
A study of the reversing of relative volatilities by extractive distillation
by An-I Yeh

A thesis submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy in
Chemical Engineering
Montana State University
© Copyright by An-I Yeh (1986)

Abstract:
The separation of the close-boiling mixture, m-xylene-o-xylene; three binary azeotropes: ethanol-water,
methyl acetate-methanol, acetone-methanol, and four ternary azeotropes: n-propyl
acetate-n-propanol-water, isopropyl acetate-isopropanol-water, n—butyl acetate-n- butanol-water,
isobutyl acetate-isobutanol-water has been enhanced by extractive distillation. The azeotropes have
been negated and the relative volatilities of key components have been reversed by the agents used.

The plot of polar interaction versus hydrogen bonding, called polarity diagram, was used to compare
the affinity of agents for key components. Thus the key component which will be the overhead product
can be predicted. The three solubility parameters were used to describe the intermolecular forces
occurring between agents and key components in extractive distillation. The MOSCED model was
used to calculate the activity coefficients of the key components using the properties of the pure
compounds. The calculated values fitted the experimental data well. The advantage of this model was
to calculate the. relative volatilities of key components in the presence of the agent using the properties
of pure compounds instead of using the properties of mixtures.

Temperature inversion, where the overhead temperature was higher than the stillpot temperature, was
observed for the acetone-methanol system when ketones were used as the agents. The data showed that
the temperature inversion could be caused by the dissolving of the vapor of key components in the
liquid agents. 
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ABSTRACT

The s e p a r a t i o n  o f  th e  c l o s e - b o i l i n g  m ix tu re ,  m—x y le n e —o—x y le n e ; 
t h r e e  b i n a r y  a z e o t r o p e s :  e th a n o l - w a t e r ,  m eth y l a c e t a te - m e th a n o l , 
a c e to n e -m e th a n o l ,  and f o u r  t e r n a r y  a z e o t r o p e s :  n - p r o p y l  a c e t a t e - n -  
p r o p a n o l - w a te r ,  i s o p r o p y l  a c e t a t e - i s o p r o p a n o l - w a te r ,  n - b u ty l  a c e t a t e - n -  

,b u t a n o l - w a te r , i s o b u t y l  a c e t a t e - i s o b u t a n o l - w a te r  h a s  b e e n  enhanced  by  
e x t r a c t i v e  d i s t i l l a t i o n .  The a z e o t ro p e s  have  b een  n e g a te d  and th e  
r e l a t i v e  v o l a t i l i t i e s  o f  k e y  com ponents hav e  been  r e v e r s e d  by  th e  a g e n ts  
u s e d .

The p l o t  o f  p o l a r  i n t e r a c t i o n  v e r s u s  hy d ro g en  b o n d in g , c a l l e d  
p o l a r i t y  d ia g ra m , was u se d  t o  com pare th e  a f f i n i t y  o f  a g e n ts  f o r  k e y  
co m p o n en ts . Thus th e  k e y  com ponent w h ich  w i l l  b e  t h e  o v e rh e a d  p ro d u c t  
can  b e  p r e d i c t e d .  The t h r e e  s o l u b i l i t y  p a ra m e te rs  w ere  u s e d  t o  d e s c r ib e  
th e  in te r m o le c u la r  f o r c e s  o c c u r r in g  b e tw een  a g e n ts  and k e y  com ponents in  
e x t r a c t i v e  d i s t i l l a t i o n .  The MOSCED m odel was u s e d  t o  c a l c u l a t e  th e  
a c t i v i t y  c o e f f i c i e n t s  o f  th e  k e y  com ponents u s in g  th e  p r o p e r t i e s  o f  th e  
p u re  com pounds. The c a l c u l a t e d  v a lu e s  f i t t e d  th e  e x p e r im e n ta l  d a ta  
w e l l .  The a d v a n ta g e  o f  t h i s  m odel was to  c a l c u l a t e  th e .  r e l a t i v e  
v o l a t i l i t i e s  o f  k e y  com ponents in  th e  p re s e n c e  o f  th e  a g e n t  u s in g  th e  
p r o p e r t i e s  o f  p u re  compounds i n s t e a d  o f  u s in g  th e  p r o p e r t i e s  o f  
m ix tu r e s .

T e m p era tu re  i n v e r s io n ,  w here th e  o v e rh e a d  te m p e ra tu re  was h ig h e r  
th a n  th e  s t i l l p o t  t e m p e r a tu r e ,  was o b s e rv e d  f o r  th e  a c e to n e -m e th a n o l  
sy s te m  when k e to n e s  w ere  u se d  as  th e  a g e n t s .  The d a ta  showed t h a t  th e  
te m p e ra tu re  i n v e r s io n  c o u ld  b e  c a u se d  by  th e  d i s s o l v in g  o f  th e  v a p o r  o f  
k e y  com ponents in  th e  l i q u i d  a g e n t s .
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I .  INTRODUCTION

S e p a ra t io n  p r o c e s s e s  a r e  th o s e  o p e r a t io n s  w h ich  t r a n s f e r  a  m ix tu re  

o f  s u b s ta n c e s  i n t o  two o r  m ore p r o d u c ts  w h ich  d i f f e r  from  e a c h  o th e r  in  

c o m p o s i t io n . O f te n  s e p a r a t i o n  i t s e l f  can  b e  th e  m ain  f u n c t io n  o f  an  

e n t i r e  p r o c e s s .  The need  f o r  s e p a r a t i o n  p r o c e s s e s  can  a c c o u n t  f o r  m ost 

o f  th e  c o s t  o f  a p u re  s u b s ta n c e .  A s im p le  s c h e m a tic  o f  a  s e p a r a t i o n  

p r o c e s s  i s  shown in  F ig u re  I .  The fe e d  may c o n s i s t  o f  one o r  o f  s e v e r a l  

s tre a m s  o f  m a t t e r .  T h e re  m ust b e  a t  l e a s t  two p r o d u c t  s tr e a m s  w hich  

d i f f e r  in  c o m p o s itio n  from  e a c h  o t h e r .  T h is  fo llo w s  from  th e  fu n d am e n ta l 

n a tu r e  o f  a  s e p a r a t i o n .  The s e p a r a t i o n  i s  c a u se d  b y  t h e  a d d i t io n  o f  a  

s e p a r a t i n g  a g e n t ,  w h ich  ta k e s  th e  form  o f  a n o th e r  s tr e a m  o f  m a t te r  

o r /a n d  e n e rg y .  U s u a l ly  t h e  e n e rg y  in p u t  r e q u i r e d  f o r  t h e  s e p a r a t i o n  i s  

s u p p l ie d  b y  th e  s e p a r a t i n g  a g e n t ,  and th e  s e p a r a t i n g  a g e n t  c o u ld  c a u se  

t h e  fo rm a tio n  o f  a  se co n d  p h a se  o f  m a t t e r .

We can  c a t e g o r i z e  s e p a r a t i o n  p r o c e s s e s  in  s e v e r a l  w ays: ( i )  

m e c h a n ic a l  v s .  d i f f u s i o n a l  p r o c e s s e s ,  ( i i )  e q u i l i b r a t i o n  p r o c e s s e s  v s .  

r a te - g o v e r n e d  p r o c e s s e s ,  ( i i i )  e n e rg y - s  e p a r a t i n g - a g e n t  v s .  m ass- 

s e p a r a t i n g - a g e n t  p r o c e s s .  A s e p a r a t i o n  d e v ic e  w h ic h  r e c e iv e s  a 

h e te ro g e n e o u s  fe e d  c o n s i s t i n g  o f  m ore th a n  one p h a s e  o f  m a t te r  and 

s i n g l y  s e r v e s  t o  s e p a r a t e  th e  p h a s e s  from  e a c h  o t h e r  i s  c a l l e d  a  

m e c h a n ic a l s e p a r a t i o n  p r o c e s s .  M e c h a n ic a l p r o c e s s e s  a r e  im p o r ta n t  

i n d u s t r i a l l y  b u t  a r e  n o t  a  p r im a ry  c o n c e rn  o f  t h i s  s t u d y .  D i f f u s io n a l  

s e p a r a t i o n  p r o c e s s e s  r e c e iv e  a. hom ogeneous fe e d  and  in v o lv e  a
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S e p a r a t in g  ag e n t  

(m atter  or energy)

Feed  s tream P ro d u c t  s t ream s

(one or  more)
(different compositions)

F ig u re  I .  G e n e ra l s e p a r a t i o n  p ro c e s s
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d i-ff u s i o n a l  t r a n s f e r  o f  m a t te r  from  th e  fe e d  s tr e a m  t o  one o f  th e  

p ro d u c t  s t r e a m s . M ost d i f f u s i o n a l  s e p a r a t i o n  p r o c e s s e s  o p e r a te  th ro u g h  

e q u i l i b r a t i o n  o f  two im m is c ib le  p h a s e s  w h ich  have  d i f f e r e n t  c o m p o s itio n s  

a t  e q u i l ib r iu m .  They a r e  th e  p r i n c i p a l  s u b j e c t  m a t t e r  o f  t h i s  s tu d y .  

On th e  o t h e r  h a n d , some s e p a r a t i o n  p r o c e s s e s  w ork b y  v i r t u e  o f  

d i f f e r e n c e  in  t r a n s p o r t  r a t e  th ro u g h  some medium u n d e r  t h e  im p e tu s  o f  an  

im posed f o r c e ,  r e s u l t i n g  from  a  g r a d i e n t  i n  p r e s s u r e ,  t e m p e r a tu r e , 

c o m p o s i t io n , e l e c t r i c  p o t e n t i a l ,  o r  t h e  l i k e .  T h ese  a r e  t h e  r a t e -  

g o v e rn e d  p r o c e s s e s . E nergy—s e p a r a t i n g —a g e n t  p r o c e s s e s  u s e  e n e rg y  a s  th e  

s e p a r a t i n g  a g e n t  s u c h  a s  d i s t i l l a t i o n .  In  m ass—s e p a r a t i n g —a g e n t 

p r o c e s s e s ,  m a t te r  i s  u se d  a s  th e  s e p a r a t i n g  a g e n t  su c h  a s  l i q u i d - l i q u i d  

e x t r a c t i o n .

S e p a ra t io n  F a c to r

The d e g re e  o f  s e p a r a t i o n  w h ich  can  b e  o b ta in e d  w i th  any  p a r t i c u l a r  

s e p a r a t i o n  p r o c e s s  i s  i n d i c a t e d  by  th e  s e p a r a t i o n  f a c t o r .  S in ce  th e  

o b j e c t  o f  a  s e p a r a t i o n  d e v ic e  i s  t o  p ro d u c e  p r o d u c ts  o f  d i f f e r i n g  

c o m p o s i t io n s ,  i t  i s  l o g i c a l  t o  d e f in e  t h e  s e p a r a t i o n  f a c t o r  in  te rm s  o f  

p ro d u c t  c o m p o s i t io n s .

a s
i j

x i 2/ x j 2
( I )

The s e p a r a t i o n  f a c t o r  b e tw een  com ponents i  and j  i s  t h e  r a t i o  o f  

th e  m ole f r a c t i o n s  o f  th o s e  two com ponents in  p ro d u c t  I  d iv id e d  b y  th e  

r a t i o  in  p ro d u c t  2 . The s e p a r a t i o n  f a c t o r  w i l l  rem a in  u n changed  i f  a l l
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t h e  m ole f r a c t i o n s  a r e  r e p la c e d  by  w e ig h t f r a c t i o n s ,  by  m o la r  f lo w  r a t e s  

o f  t h e  i n d iv i d u a l  co m p o n en ts , o r  b y  m ass f lo w  r a t e s  o f  t h e  i n d iv i d u a l  

co m p o n en ts .

An e f f e c t i v e  s e p a r a t i o n  i s  a c c o m p lish e d  t o  th e  e x t e n t  t h a t  th e

s e p a r a t i o n  f a c t o r  i s  s i g n i f i c a n t l y  d i f f e r e n t  from  u n i t y .  I f  a . . s = I ,
1J

no  s e p a r a t i o n  o f  com ponents i  and j  h a s  b e e n  a c c o m p lis h e d . I f  a ^ . S  > I ,  

com ponent i  te n d s  t o  c o n c e n t r a te  in  p ro d u c t  I  more th a n  com ponent j  

d o e s ,  and com ponent j  te n d s  t o  c o n c e n t r a t e  in  p ro d u c t  2 more th a n  

com ponent i  d o e s . On th e  o t h e r  h a n d , i f  a  „ S < I ,  com ponent j  te n d s  t o  

c o n c e n t r a te  p r e f e r e n t i a l l y  in  p ro d u c t  I .  By c o n v e n t io n ,  com ponents i  

and j  a r e  g e n e r a l l y  s e l e c t e d  s o  t h a t  a ^ 8 , d e f in e d  b y  E q u a tio n  I ,  i s  

g r e a t e r  th a n  u n i t y .

The s e p a r a t i o n  f a c t o r  r e f l e c t s  th e  d i f f e r e n c e s  i n  e q u i l ib r iu m  

c o m p o s itio n s  and t r a n s p o r t  r a t e s  due t o  th e  fu n d a m e n ta l p h y s ic a l  

phenom ena u n d e r ly in g  th e  s e p a r a t i o n .  I t  c an  a l s o  r e f l e c t  th e  

c o n s t r u c t i o n  and f lo w  c o n f i g u r a t io n  o f  t h e  s e p a r a t i o n  d e v ic e .  F o r t h i s  

r e a s o n  i t  i s  c o n v e n ie n t  t o  d e f in e  an  i n h e r e n t  s e p a r a t i o n  f a c t o r ,  w h ich

T h is  i n h e r e n t  s e p a r a t i o n  f a c t o r  i s  th e  

s e p a r a t i o n  f a c t o r  w h ich  w ould b e  o b ta in e d  u n d e r  i d e a l i z e d  c o n d i t i o n s ,  a s  

f o l lo w s :

1 . F o r  e q u i l i b r a t i o n  s e p a r a t i o n  p r o c e s s e s , th e  i n h e r e n t  s e p a r a t i o n  

f a c t o r  c o rre s p o n d s  t o  th o s e  p ro d u c t  c o m p o s i t io n s  w h ich  w i l l  b e  o b ta in e d  

when s im p le  e q u i l ib r iu m  i s  a t t a i n e d  b e tw e e n  th e  p ro d u c t  p h a s e s .

2 . F o r  r a te - g o v e r n e d  s e p a r a t i o n  p r o c e s s e s ,  th e  i n h e r e n t  s e p a r a t i o n  

f a c t o r  c o r re s p o n d s  t o  th o s e  p ro d u c t  c o m p o s i t io n s  w h ich  w i l l  o c c u r  in  th e  

p r e s e n c e  o f  th e  u n d e r ly in g  p h y s ic a l  t r a n s p o r t  m echanism  a lo n e , w i th  no

we s h a l l  d e n o te  b y  a . . .
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c o m p l ic a t io n  from  co m p e tin g  t r a n s p o r t  phenom ena„ f lo w  c o n f i g u r a t i o n s „ o r  

o th e r  e x tr a n e o u s  e f f e c t s .

B oth  th e  in h e r e n t  s e p a r a t i o n  f a c t o r  ou j  and th e  a c t u a l  s e p a r a t i o n  

f a c t o r  a £ j S » b a s e d  on th e  a c t u a l  p ro d u c t  c o m p o s itio n s  th ro u g h  E q u a tio n  

I ,  can  b e  u se d  f o r  th e  a n a ly s i s  o f  s e p a r a t i o n  p r o c e s s e s .  When can  

b e  d e r iv e d  r e l a t i v e l y  e a s i l y ,  th e  m ost common a p p ro a c h  i s  t o  a n a ly z e  a 

s e p a r a t i o n  p r o c e s s  on th e  b a s i s  o f  th e  in h e r e n t  s e p a r a t i o n  f a c t o r  

and a llo w  f o r  d e v ia t io n s  from  i d e a l i t y  th ro u g h  e f f i c i e n c i e s .  T h is  

p ro c e d u re  i s  a d v a n ta g e o u s  s in c e  ouj  i s  f r e q u e n t l y  i n s e n s i t i v e  t o  changes 

i n  m ix tu re  c o m p o s i t io n , t e m p e r a tu r e ,  and p r e s s u r e .

F r a c t i o n a l  D i s t i l l a t i o n

The u l t i m a t e  a p p l i c a t i o n  o f  ' d i s t i l l a t i o n  i s  f o r  t h e  p u rp o se  o f  

s e p a r a t i n g  two o r  more com ponents o c c u r r in g  in  a  m ix tu re  t o  p ro d u c e  

p r o d u c ts  w h ich  m eet c e r t a i n  s p e c i f i c a t i o n s .  T hese s p e c i f i c a t i o n s  may b e  

s a l e s  s p e c i f i c a t i o n s  w h ich  r e q u i r e  c e r t a i n  p u r i t y  o r  c h a r a c t e r i s t i c s  

b a s e d  on b o i l i n g  r a n g e ,  o r  p r o c e s s  s p e c i f i c a t i o n s  w h ich  r e q u i r e  p u r i t y  

o r  c o n c e n t r a t io n  w i th  r e s p e c t  t o  one o r  more com ponents f o r  u s e  in  

s u b s e q u e n t  p r o c e s s e s . The econom ic c o n s id e r a t io n  o f  y i e l d  o f  m a te r i a l  

o f  s p e c i f i e d  c h a r a c t e r i s t i c s  h as  r e s u l t e d  in  th e  d e v e lo p m en t o f  th e  

f r a c t i o n a l  d i s t i l l a t i o n  w h ich  may b e  o f  th e  s ta g e  ty p e  o r  d i f f e r e n t i a l  

ty p e .

A c o n v e n t io n a l  f r a c t i o n a t i n g  colum n i s  shown in  F ig u r e  2 . From a  

s i m p l i f i e d  p o i n t  o f  v ie w , m u l t i - s t a g e  f r a c t i o n a l  d i s t i l l a t i o n  may be  

c o n s id e r e d  t o  b e  a  p r o c e s s  in  w h ich  a  s e r i e s  o f  f l a s h  v a p o r i z a t i o n
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Distilla te

Residue

F ig u re  2 . C o n v e n tio n a l f r a c t i o n a t i n g  co lu m n .
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s ta g e s  a r e  a r ra n g e d  in  s e r i e s  in  su c h  a  m anner t h a t  th e  p ro d u c ts  from  

e a c h  s t a g e  a r e  fe d  t o  a d ja c e n t  s t a g e s .  The v a p o r  p ro d u ce d  in  one s t a g e  

i s  c o n d u c te d  t o  th e  s t a g e  above and th e  l i q u i d  t o  th e  s t a g e  b e lo w . In  

t u r n ,  t h i s  s t a g e  r e c e iv e s  t h e  l i q u i d  from  th e  s t a g e  above and th e  v a p o r  

from  th e  s t a g e  be low  as  i t s  fe e d  m a t e r i a l .  In  t h i s  a rra n g e m e n t th e  

c o n c e n t r a t io n  o f  th e  lo w e r b o i l i n g  com ponen t( s )  i s  b e in g  in c r e a s e d  in  

th e  v a p o r  from  e a c h  s ta g e  in  th e  d i r e c t i o n  o f  v a p o r  f lo w  and d e c re a s e d  

in  th e  l i q u i d  in  th e  d i r e c t i o n  o f  th e  l i q u i d  f lo w . B ecause  th e  lo w e r 

b o i l i n g  c o n s t i t u e n t s  a r e  c o n c e n t r a t in g  in  t h e  v a p o r  from  e a c h  s u c c e s s iv e  

s t a g e ,  th e  te m p e ra tu re  d e c re a s e s  from  s t a g e  t o  s t a g e  and r e a c h e s  th e  

minimum as  t h e  f i n a l  v a p o r  i s  p ro d u ce d  from  th e  p r o c e s s .  S i m i la r ly ,  th e  

te m p e ra tu re  i n c r e a s e s  a lo n g  w i th  t h e  d i r e c t i o n  o f  f lo w  o f  t h e  l i q u i d ,  

and th e  maximum te m p e ra tu re  i s  re a c h e d  a t  th e  p o in t  w here  th e  l i q u i d
i

p ro d u c t  i s  w ith d raw n  from  th e  p r o c e s s .  S in c e  te m p e ra tu re  i s  a  m easu re  

o f  th e  l e v e l  o f  h e a t  e n e rg y , i t  i s  o b v io u s  t h a t  h e a t  e n e rg y  i s  n e c e s s a r y  

t o  th e  d i s t i l l a t i o n  p r o c e s s .  In  a d d i t i o n  t o  th e  h e a t  e n e rg y  in v o lv e d  i n  

m a in ta in in g  a ' te m p e ra tu re  d i f f e r e n t i a l ,  an  am ount o f  h e a t  e n e rg y  ro u g h ly  

e q u iv a le n t  t o  th e  l a t e n t  h e a t  o f  th e  v a p o r  e v o lv e d  from  t h e  l a s t  s t a g e  

(w ith  r e s p e c t  t o  v a p o r  f lo w ) m ust b e  s u p p l i e d .  T h is  h e a t  e n e rg y  may b e  

s u p p l ie d  in  t h e  f e e d ,  in  t h e  l a s t . s t a g e  from  w hich  th e  l i q u i d  p ro d u c t  i s  

w ith d ra w n , o r  in  b o th  p l a c e s .

In  g e n e r a l ,  f r a c t i o n a l  d i s t i l l a t i o n  can  a p p ly  when;

I .  The com ponents hav e  a p p r e c ia b le  d i f f e r e n c e s  in  v o l a t i l i t y  o r  th e  

r e l a t i v e  v o l a t i l i t y  o f  th e  com ponents t o  b e  s e p a r a te d  i s  1 .0 5  o r  

g r e a t e r .

2 . T h ere  i s  no a z e o t ro p e  fo rm a tio n .
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3 .  T h ere  i s  no  c h e m ic a l r e a c t i o n  be tw een  co m p o n en ts .

4 . T here  i s  no d e c o m p o s itio n  o r  p o ly m e r iz a t io n  o f  one o r  more o f  th e  

c o m p o n e n ts .

5 . The com ponents a r e  c a p a b le  o f  v a p o r i z a t i o n  a t  p r a c t i c a l  te m p e ra tu re  

and p r e s s u r e .

H ow ever, in  some c a s e s ,  d i s t i l l a t i o n  te c h n iq u e s  o t h e r  th a n  f r a c t i o n a l  

d i s t i l l a t i o n  hav e  t o  be  u s e d  f o r  a  s p e c i f i c  s e p a r a t i o n .  T hose c a s e s  a r e  

(a )  two o r  more o f  th e  com ponents t o  b e  s e p a r a te d  hav e  b u t  s l i g h t  

d i f f e r e n c e  in  v o l a t i l i t y  ( r e l a t i v e  v o l a t i l i t y  a p p ro x im a te ly  e q u a l  t o  

u n i ty )  and t h e i r  v a p o r  p r e s s u r e  c u rv e s  a r e  e s s e n t i a l l y  o f  th e  same 

s h a p e ; (b) two o r  more o f  th e  com ponents form  a  hom ogeneous minimum 

a z e o tro p e  w h ich  i s  n o t  p r e s s u r e  s e n s i t i v e  o r  w h ich  i s  p r e s s u r e  s e n s i t i v e  

b u t  w i l l  n o t  p ro v id e  s u f f i c i e n t  r e l a t i v e  v o l a t i l i t y  ch an g e  n e a r  = I 

o r  x ^  = 0 ; (c )  one o r  m ore o f  t h e  compounds w i l l  decom pose o r  change  

c h e m ic a l ly  a t  te m p e ra tu re  and p r e s s u r e  w i th in  econom ic d i s t i l l a t i o n  

r a n g e s .

E x t r a c t i v e  and A z e o tro p ic  D i s t i l l a t i o n

A z e o tro p e  i s  a  synonym f o r  c o n s t a n t - b o i l i n g  m ix tu r e ,  a  s p e c i f i c  

m ix tu re  o f  two o r  more c o m p o n en ts , w h ich  c a n n o t be  r e a d i l y  s e p a r a te d  b y  

o r d in a r y  d i s t i l l a t i o n .  A ls o , i t  i s  v e ry  d i f f i c u l t  t o  s e p a r a t e  m ix tu re s  

w hose com ponents b o i l  v e r y  c lo s e  t o g e t h e r . T hese a r e  t h e  c a s e s  a  and b 

f o r  w h ich  f r a c t i o n a l  d i s t i l l a t i o n  i s  n o t  a p p l i c a b l e . The s e p a r a t i o n  

can  b e  som etim es g r e a t l y  f a c i l i t a t e d  by  a d d in g  a  t h i r d  co m ponen t, c a l l e d  

h e r e in  an  " a g e n t " . I n  th e s e  c a s e s  two m ethods , n am ely  a z e o t r o p ic  and
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e x t r a c t i v e  d i s t i l l a t i o n ,  have  b een  d e v e lo p e d  c o m m e rc ia l ly . A z e o tro p ic  

and e x t r a c t i v e  d i s t i l l a t i o n  a r e  o ld  p r o c e s s e s  w h ich  hav e  become w id e ly  

u se d  s in c e  a b o u t 1930 . In  1908 G u illau m e [1] p a te n te d  an  e x t r a c t i v e  

d i s t i l l a t i o n  p r o c e s s  f o r  th e  rem o v a l o f  f u s e l  o i l  from  f e r m e n ta t io n  

a lc o h o l .  E x t r a c t i v e  and a z e o t r o p ic  d i s t i l l a t i o n  hav e  th e  p r o p e r ty  i n  

common t h a t  a  s u b s ta n c e  n o t  n o rm a l ly  p r e s e n t  in  t h e  m ix tu re  t o  b e  

s e p a r a te d  i s  added  t o  i n c r e a s e  th e  d i f f e r e n c e  in  v o l a t i l i t y  o f  th e  m ost 

d i f f i c u l t l y  s e p a r a b le  c o m p o n en ts . B e n e d ic t  and R ubin  [2] have  d e f in e d  

e x t r a c t i v e  and a z e o t r o p ic  d i s t i l l a t i o n .  E x t r a c t i v e  d i s t i l l a t i o n  i s  

d i s t i l l a t i o n  in  t h e  p r e s e n c e  o f  a  s u b s ta n c e  w h ich  i s  r e l a t i v e l y  n o n ­

v o l a t i l e  com pared t o  th e  com ponents t o  b e  s e p a r a te d  and w h ic h , 

t h e r e f o r e ,  i s  c h a rg e d  c o n t in u o u s ly  n e a r  t h e  to p  o f  t h e  d i s t i l l i n g  colum n 

so  t h a t  an a p p r e c ia b l e  c o n c e n t r a t io n  i s  m a in ta in e d  on a l l  t h e  p l a t e s  o f  

t h e  co lum n. A z e o tro p ic  d i s t i l l a t i o n  i s  th e  p r o c e s s  i n  w h ich  th e  

s u b s ta n c e  added  form s an  a z e o t ro p e  w i th  one o r  more o f  t h e  com ponents 

and by  v i r t u e  o f  t h i s  f a c t  i s  p r e s e n t  on m ost o f  t h e  p l a t e s  o f  th e  

colum n in  a p p r e c ia b le  c o n c e n t r a t io n .  A p p l ic a t io n s  o f  a z e o t r o p ic  and 

e x t r a c t i v e  d i s t i l l a t i o n  h av e  c o n tin u e d  t o  expand b e c a u s e  many v e ry  c lo s e  

b o i l i n g  m ix tu re s  may b e  s e p a r a te d  e c o n o m ic a l ly  b y  u s e  o f  th o s e  

t e c h n iq u e s .  The s e p a r a t i o n  o f  s u c h  m ix tu re s  by  c o n v e n t io n a l  

d i s t i l l a t i o n  m ethods i s  u s u a l l y  u n e c o n o m ica l b e c a u s e  o f  t h e  l a r g e  num ber 

o f  p l a t e s  w h ich  w ould b e  r e q u i r e d  t o  a f f e c t  s u c h  s e p a r a t i o n .  F o r a 

s e p a r a t i o n  o f  a b in a r y  m ix tu r e ,  b o th  o v e rh e a d  and b o tto m s  p ro d u c ts  a r e  

s p e c i f i e d  t o  hav e  99% p u r i t y .  F ig u re  3 shows th e  num ber o f  t h e o r e t i c a l  

p l a t e s  as  a  f u n c t io n  o f  r e l a t i v e  v o l a t i l i t y .  I t  c a n  b e  s e e n  t h a t  th e  

t h e o r e t i c a l  p l a t e s  num ber a p p ro a c h e s  i n f i n i t e  a s  th e  r e l a t i v e  v o l a t i l i t y
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u 4 2 0

R e l a t i v e  v o l a t i l i t y

F ig u re  3 . Number o f  t h e o r e t i c a l  p l a t e s  a s  a f u n c t io n  o f  th e  r e l a t i v e  
v o l a t i l i t y .  In  a  s e p a r a t i o n  o f  a b in a r y  m ix tu r e ,  th e  
o v e rh e a d  and b o tto m s p ro d u c ts  a r e  s p e c i f i e d  t o  have  99% 
p u r i t y .
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becom es c l o s e r  t o  u n i t y .  T h a t i s  th e  s i t u a t i o n  f o r  th e  p re s e n c e  o f  a 

m in im u m -b o ilin g  a z e o t r o p e .  The t h e o r e t i c a l  p l a t e s  num ber d ro p s  r a p i d l y  

when th e  r e l a t i v e  v o l a t i l i t y  i n c r e a s e s  t o  a b o u t 1 .2 5 .  I f  th e  p l a t e  

e f f i c i e n c y  i s  75% and th e  colum n c o s t  i s  l i n e a r l y  p r o p o r t i o n a l  to  th e  

p l a t e  num ber, th e  c o m p a riso n  o f  th e  colum n c o s t  f o r  d i f f e r e n t  r e l a t i v e  

v o l a t i l i t i e s  i s  shown in  T a b le  I .  The colum n c o s t  i s  a  r e l a t i v e  v a lu e  

w h ich  i s  b a se d  on a  v a lu e  o f  r e l a t i v e  v o l a t i l i t y  o f  1 .0 5 .  The l i n e a r  

p r o p o r t i o n a l i t y  o f  colum n c o s t  t o  p l a t e  num ber o c c u rs  up t o  some p o i n t . 

Beyond t h a t  p o i n t ,  th e  colum n w i l l  becom e more e x p e n s iv e  th a n  th e  

l i n e a r l y  p r o p o r t i o n a l  p r i c e .  In  a d d i t i o n ,  h ig h e r  p r e s s u r e  d ro p  

accom panys more p l a t e s .  T h is  c a u s e s  m ore h e a t  r e q u ire m e n t  t o  e v a p o ra te  

t h e  l i q u i d  m ix tu re  and o p e r a t i o n a l  d i f f i c u l t i e s .  T h e r e f o r e ,  i t  i s  v e ry  

a d v a n ta g e o u s  t o  i n c r e a s e  th e  r e l a t i v e  v o l a t i l i t y .

In  a z e o t r o p ic  d i s t i l l a t i o n  th e  a g e n t  h as  a b o u t t h e  same v a p o r  

p r e s s u r e  as  th e  fe e d  com ponents and i s  rem oved w i th  th e  o v e rh e a d  p ro d u c t  

w i th  w h ich  i t  form s a  m in im u m -b o ilin g  a z e o t r o p e .  F ig u r e  4 shows th e  

s c h e m a tic  o f  d e h y d ra t io n  o f  e th a n o l  w i th  b e n z en e  b y  a z e o t r o p ic  

d i s t i l l a t i o n .  In  colum n I  t h e  minimum t e r n a r y  a z e o t r o p e ,  e th a n o l - w a te r -  

b e n z e n e , comes o u t  a s  t h e  o v e rh e a d  p r o d u c t .  E th a n o l  i s  o b ta in e d  from  

th e  b o t to m s . B enzene i s  r e c o v e re d  from  colum n I I  and th e n  r e c y c le d .  

W ater i s  rem oved from  colum n I I I .  I n  e x t r a c t i v e  d i s t i l l a t i o n  th e  a g e n t  

h a s  a  low v a p o r  p r e s s u r e ,  so  th e  a g e n t  i s  added n e a r  t h e  to p  o f  th e  

colum n and rem oved w i th  th e  b o tto m  p r o d u c t .  The a g e n t  f lo w s  down th e  

co lum n , w ash in g  th e  a s c e n d in g  v a p o rs  and a b s o rb in g  one o f  t h e  .com ponents 

p r e f e r e n t i a l l y .  A t y p i c a l  schem e f o r  s e p a r a t i n g  a  b in a r y  m ix tu re ,  

com ponents A and B, b y  e x t r a c t i v e  d i s t i l l a t i o n  i s  shown in  F ig u re  5 . I n
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T a b le  I .  Column c o s t f o r  d i f f e r e n t r e l a t i v e  v o l a t i l i t y

R e la t iv e P l a t e Column
v o l a t i l i t y num ber c o s t

1 .01 1231 .5 4 9 0 .2 5

1 .0 2 6 1 8 .8 2 4 6 .3 4

1 .03 4 1 4 .5 1 6 5 .0 1

1 .0 4 3 1 2 .4 1 2 4 .3 6

1 .0 5 1 8 8 .4 1 0 0 .0 0

1 .0 6 210 .3 8 3 .7 2

1 .0 8 1 5 9 .2 6 3 .3 8

1 .1 0 12 8 .5 5 1 .1 5

1 .1 2 10 8 .1 4 3 .0 3

1 .1 5 . 8 7 .7 3 4 .9 1

1 .1 7 7 8 .0 3 1 .0 5

1 .2 0 6 7 . 2 2 6 .7 5

1 .3 0 4 6 .7 1 8 .5 9

1 .4 0 3 6 . 4 1 4 .4 9

1 .8 0 2 0 . 8 8 .2 8

2 .0 0 17 .7 7 .0 5

2 .4 0 . 1 4 .0 5 .5 7

2 .8 0 1 1 .9 4 . 7 4

3 .00 1 1 .2 4 .4 6

3 .5 0 9 .7 3 .8 6

4 .0 0 8 . 8 3 .5 0

The colum n c o s t  i s  a  r e l a t i v e  v a lu e  b a s e d  on a  v a lu e  o f  r e l a t i v e  
r e l a t i v e  v o l a t i l i t y  o f  1 .0 5 .



Recycle w a te r /E tOH az eo tropes

W ater/E tO H /B enzene azeo trope

T ernary  azeotrope

D e c a n te r

M akeup
benzene

T ern a ry  m ix tu re
water/EtOH azeotrope

EtOH Water
water/EtOH

F ig u re  4 . A z e o tro p ic  d i s t i l l a t i o n  schem e f o r  e th a n o l  d e h y d ra t io n  w ith  b e n z e n e .
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Makeup agent

(A & B)

B /ag e n t

Agent recycle

F ig u re  5 . S ch em atic  d iag ra m  o f  an e x t r a c t i v e  d i s t i l l a t i o n  p r o c e s s .
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colum n I ,  com ponent A i s  o b ta in e d  a s  o v e rh e a d  p r o d u c t .  The b o tto m  

p r o d u c t ,  m ix tu re  o f  com ponent B and th e  a g e n t ,  i s  fe d  t o  th e  seco n d  

colum n and B i s  o b ta in e d  a s  o v e rh e a d  p r o d u c t . The a g e n t  i s  r e c o v e re d  

and r e c y c le d .

O b v io u s ly , f o r  a z e o t r o p ic  o r  e x t r a c t i v e  d i s t i l l a t i o n  to  b e  

e c o n o m ic a l ly  a t t r a c t i v e ,  t h e  im provem ent i n  r e l a t i v e  v o l a t i l i t y ,  and 

r e s u l t i n g  s a v in g  in  colum n h e ig h t  and s te a m  and w a te r  c o s t s ,  sh o u ld  more 

th a n  o f f s e t  t h e  added  c o s t s  o f  r e c i r c u l a t i n g  th e  a g e n t ,  r e c o v e r in g  i t  

from  th e  p r o d u c t s , and p ro v id in g  make up a g e n t  b e c a u s e  o f  l o s s e s  i n  

r e c i r c u l a t i o n .  I n  a z e o t r o p ic  d i s t i l l a t i o n  an  a g e n t  im m is c ib le  w i th  th e  

o v e rh e a d  p ro d u c t  can  b e  s e p a r a te d ,  by  d e c a n t a t i o n ,  and w i th  a  h y d ro c a rb o n  

o v e rh e a d  p ro d u c t  a  w a te r - s o lu b le  a g e n t  ca n  u se d  and th e n  re c o v e re d  b y  

w ash in g  th e  o v e rh e a d  p ro d u c t  w i th  w a te r .  As shown i n  F ig u r e  4 , t h r e e  

co lum ns a r e  n e e d ed  t o  c o m p le te  th e  s e p a r a t i o n  o f  w a te r  and e th a n o l ,  

a g e n t  r e c o v e r y ,  and w a te r  re m o v a l. I n  e x t r a c t i v e  d i s t i l l a t i o n ,  a g e n t  

r e c o v e r y  from  th e  b o tto m s p ro d u c t  i s  e a s i l y  a f f e c t e d  in  a  s e p a r a te  

s t r i p p i n g  colum n b e c a u s e  o f  t h e  a g e n t 's  low  v a p o r  p r e s s u r e . As shown i n  

F ig u re  5 ,  o n ly  two colum ns a r e  r e q u i r e d  t o  c o m p le te  t h e  s e p a r a t i o n  o f  a  

b i n a r y  m ix tu re  and a g e n t  r e c o v e r y .  C om paring F ig u re s  4 and  5 shows t h a t  

t h e  c a p i t a l  c o s t  f o r  e x t r a c t i v e  d i s t i l l a t i o n  c o u ld  b e  lo w e r  th a n  t h a t  

f o r  a z e o t r o p ic  d i s t i l l a t i o n .

The p r i n c i p a l  d i f f e r e n c e  b e tw e en  t h e  p r o c e s s e s  o f  a z e o t r o p ic  and 

e x t r a c t i v e  d i s t i l l a t i o n  i s  t h a t  th e  a g e n t  i s .  a lm o s t e n t i r e l y  r e c o v e re d  

in  th e  d i s t i l l a t e  in  a z e o t r o p ic  d i s t i l l a t i o n ,  and i n  e x t r a c t i v e  

d i s t i l l a t i o n  th e  a g e n t  i s  r e c o v e re d  in  th e  r e s id u e  o r  b o t to m s . A ls o ,  

t h e  optim um  p o i n t  o f  a d d in g  o f  th e  a g e n t  t o  th e  colum n i s  d i f f e r e n t  f o r



th e  two ty p e s  o f  p r o c e s s e s .  G e r s te r  [3] i l l u s t r a t e d  th e  d i f f e r e n c e  

b e tw een  th e s e  two m ethods b y  th e  v a r io u s  s p e c i a l - a g e n t  d i s t i l l a t i o n s  

r e q u i r e d  a t  C e la n e s e ' s  B is h o p , Texas p l a n t .  I f  th e  f e e d  i s  a  c l o s e ­

b o i l i n g  h y d ro c a rb o n  p a i r ,  th e  d i f f e r e n c e s  in  th e  n a t u r e  o f  th e  fe e d  

com ponents a r e  u s u a l l y  c o m p a ra t iv e ly  s m a l l ,  so  t h a t  th e  a g e n t  i s  

r e q u i r e d  t o  im prove  th e  r e l a t i v e  v o l a t i l i t y  o v e r  th e  e n t i r e  h e ig h t  o f  

th e  co lum n. T h is  i s  a c h ie v e d  b e s t  in  e x t r a c t i v e  d i s t i l l a t i o n  w here th e  

a g e n t  e n t e r s  a t ,  o r  n e a r ,  th e  to p  and i s  d is c h a r g e d  a t  t h e  b o tto m  o f  th e  

co lum n. A z e o tro p ic  d i s t i l l a t i o n  i s  p a r t i c u l a r l y  u s e f u l  w here  th e  fe e d  

com ponent s e l e c t e d  t o  come o v e rh e a d  a s  an  a z e o t ro p e  w i th  t h e  a g e n t i s  

p r e s e n t  in  th e  fe e d  i n  s m a l l  am ount. I n  s u c h  an  in s t a n c e  th e  am ount o f  

a g e n t  n e e d ed  t o  be  c i r c u l a t e d  i s  s m a l l ,  r e s u l t i n g  i n  o n ly  s m a l l  

a d d i t i o n a l  s te a m  c o s t s  b e c a u s e  o f  t h e  p r e s e n c e  o f  t h e  a g e n t  and in  a 

lo w -a g e n t r e c o v e r y  c o s t .

In  many i n d u s t r i a l  m ix tu re s  th e  k e y  com ponents u n d e r  c o n s id e r a t io n

can  b e  s e p a r a te d  e i t h e r  by  e x t r a c t i v e  o r  a z e o t r o p ic  d i s t i l l a t i o n  by  th e
1

s e l e c t i o n  o f  th e  p r o p e r  a g e n t ,  and th e  econom ic c o m p a riso n  o f  t h e  

p r o c e s s e s  w i l l  u s u a l l y  i n d i c a t e  th e  one m ore s u i t a b l e  f o r  t h e  p u r p o s e . 

A n o th e r  im p o r ta n t  c o n s id e r a t io n  in  th e  s e l e c t i o n  o f  a  p r o c e s s  i s  th e  

th e rm a l  s t a b i l i t y  o f  th e  co m p o n en ts , p a r t i c u l a r l y  t h a t  o f  t h e  heav y  k ey  

and h e a v ie r  k e y  co m p o n e n ts . I f  one o f  th e s e  com ponents i s  u n s ta b le  o r  

te n d s  t o  decom pose , p o ly m e r iz e ,  o r  o th e r w is e  r e a c t  a t  a h ig h e r  

te m p e ra tu re  l e v e l ,  i t  i s  b e t t e r  t o  u s e  a z e o t r o p ic  d i s t i l l a t i o n  to  k eep  

th e  b u b b le - p o in t  te m p e ra tu re  o f  th e  b o tto m s  a t  i t s  lo w e s t  p o i n t .  A 

heav y  a g e n t  w ould i n c r e a s e  th e  b u b b le  p o i n t  above t h i s  te m p e ra tu re  and 

c o u ld  h av e  a  d e l e t e r i o u s  e f f e c t  on t h e  com ponents i n  t h e  r e s i d u e .

16
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T re y b a l [A] h as  p o in te d  o u t t h a t  e x t r a c t i v e  d i s t i l l a t i o n  i s  

g e n e r a l l y  c o n s id e r e d  t o  b e  m ore d e s i r a b l e  th a n  a z e o t r o p ic  d i s t i l l a t i o n  

s in c e  ( i )  t h e r e  i s  a  g r e a t e r  c h o ic e  o f  a g e n ts  b e c a u s e  t h e  p ro c e s s  do es  

n o t  depend  upon  th e  a c c id e n t  o f  a z e o t ro p e  fo rm a tio n  and ( i i )  g e n e r a l l y  

s m a l le r  q u a n t i t i e s  o f  a g e n t  m ust b e  v a p o r iz e d .  Due t o  t h e  in c r e a s e  in  

e n e rg y  c o s t s ,  e x t r a c t i v e  d i s t i l l a t i o n  i s  w o r th  c o n s id e r in g  ev en  when th e  

c o n v e n t io n a l  a p p ro a c h  i s  f e a s i b l e .  S u ck sm ith  [5] h a s  shown t h a t  42 

m i l l i o n  B tu /h o u r  a r e  r e q u i r e d  t o  s e p a r a t e  t h e  m ix tu re  o f  n -h e p ta n e  and 

to lu e n e  b y  c o n v e n t io n a l  d i s t i l l a t i o n ;  o n ly  18 m i l l i o n  B tu /h o u r  a r e  

r e q u i r e d  f o r  th e  same s e p a r a t i o n  b y  e x t r a c t i v e  d i s t i l l a t i o n .  I f  an  

a g e n t  p ro v id e s  a p p ro x im a te ly  40% g r e a t e r  r e l a t i v e  v o l a t i l i t y ,  B o jnow ski 

and Hanks [6 ] s u g g e s te d  t h a t  th e  e x t r a c t i v e  d i s t i l l a t i o n  c o u ld  b e  

c o n s id e r e d  in s t e a d  o f  c o n v e n t io n a l  f r a c t i o n a l  d i s t i l l a t i o n .

B e h a v io r  o f  A gen ts

An e f f e c t i v e  a g e n t  f o r  an  e x t r a c t i v e  d i s t i l l a t i o n  i s  one w h ich  i s  

a t t r a c t i v e  t o  one o r  m ore o f  th e  c o m p o n en ts . T h is  a t t r a c t i o n  o f  t h e  

a g e n t  f o r  t h e s e  com ponents re d u c e s  th e  v o l a t i l i t y  o f  t h e  a g e n t  a s  w e l l  

a s  th e  v o l a t i l i t y  o f  th e  com ponents t o  w h ich  i t  i s  a t t r a c t e d .  I t  i s  

d e s i r a b l e  t h a t  t h e  a t t r a c t i o n  o c c u r  in  th e  n a t u r a l  d i r e c t i o n ,  t h a t  i s ,  

t h a t  th e  a g e n t  b e  a t t r a c t e d  to  th e  r e l a t i v e l y  h e a v y  com ponen ts . 

H ow ever, t h i s  i s  n o t  a  n e c e s s a r y  c o n d i t io n  f o r  t h e  b e h a v io r  o f  th e  

a g e n t .  Many s e p a r a t i o n s  a r e  c a r r i e d  o u t  i n  w h ich  one o f  t h e  r e l a t i v e l y  

l i g h t  com ponents i s  a t t r a c t e d  by  th e  a g e n t  and rem oved i n  th e  b o tto m s 

p ro d u c t  w i th  th e  a g e n t .  I n  t h i s  c a s e ,  th e  e n e rg y  c o n su m p tio n  f o r
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r e c o v e r in g  th e  a g e n t  in  a  s t r i p p i n g  colum n can  be  re d u c e d  due t o  lo w er 

b u b b le  p o i n t  o f  th e  m ix tu re  o f  th e  a g e n t  and th e  r e l a t i v e l y  l i g h t  

com ponen t.

A v a r i e t y  o f  t h e o r i e s  h as  b e e n  ad v an ced  f o r  t h e  r o l e s  o f  th e  a g e n t  

in  a z e o t r o p ic  and e x t r a c t i v e  d i s t i l l a t i o n .  In  th e  c a s e  o f  e x t r a c t i v e  

d i s t i l l a t i o n ,  a t t r a c t i o n  o f  th e  a g e n t  f o r  c e r t a i n  com ponents o f  th e  

m ix tu re  i s  commonly a t t r i b u t e d  t o  one o r  m ore o r  a  c o m b in a tio n  o f  th e  

fo llo w in g  phenom ena: ( I )  h y d ro g en  b o n d in g , ( 2 ) p o l a r  c h a r a c t e r i s t i c s  o f  

t h e  a g e n t  and com ponents o f  th e  m ix tu r e ,  (3) t h e  fo rm a tio n  o f  weak 

u n s ta b l e  c h e m ic a l c o m p le x e s , and (4) c h e m ic a l r e a c t i o n s  b e tw een  th e  

a g e n t  and one o r  more o f  t h e  com ponents o f  t h e  m ix tu re .

In  th e  c a s e  o f  a z e o t r o p ic  d i s t i l l a t i o n ,  th e  a g e n t  s h o u ld  have  th e  

c a p a c i ty  t o  re d u c e  th e  te n d e n c y  o f  a t t r a c t i o n  b e tw een  m o le c u le s . F o r  

e x am p le , a  n o n p o la r  a g e n t  may b e  added  t o  a  m ix tu re  o f  p o l a r  m o le c u le s  

in  o r d e r  t o  i n c r e a s e  t h e  v o l a t i l i t i e s  o f  th e  m ore p o l a r  compounds 

r e l a t i v e  t o  th e  l e s s  p o l a r  com pounds.,

A lth o u g h  ■ any  one th e o r y  does n o t  s u f f i c i e n t l y  e x p la in  a l l  

a p p l i c a t i o n s  o f  a z e o t r o p ic  and e x t r a c t i v e  d i s t i l l a t i o n ,  t h e  t h e o r i e s  do 

p ro v id e  q u a l i t a t i v e  v a lu e s  f o r  th e  s e l e c t i o n  o f  a g e n t s .  The r o l e  o f  

p o l a r i t y  h a s  b een  e lu c i d a t e d  b y  H opkins and F r i t s c h  [7] who d e s c r ib e d  

th e  u s e  o f  p r o d u c ts  o b ta in e d  b y  o x id a t io n  o f  s e l e c t e d  h y d ro c a rb o n s . 

B ecause  o f  t h e  d i s s i m i l a r i t i e s  in  m o le c u la r  s t r u c t u r e ,  t h e  o x id a t io n  

p ro d u c ts  can  b e  a r r a n g e d  i n  th e  o r d e r  o f  i n c r e a s i n g  p o l a r i t y  [8] ,  

n a m e ly , e s t e r s ,  o x id e s ,  a ld e h y d e s ,  k e to n e s ,  a c e t a l s ,  and  a l c o h o l s . I n  

any  c l a s s  o f  com pounds, th e  p o l a r i t y  i s  i n v e r s e ly  p r o p o r t i o n a l  t o  th e  

m o le c u la r  w e ig h t ,  t h e  p o l a r i t y  o f  s t r a i g h t - c h a i n  m o le c u le s  i s  g r e a t e r .
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th a n  t h a t  o f  b r a n c h e d - c h a in  s t r u c t u r e s , and o l e f i n ic  compounds a r e  more 

p o l a r  th a n  t h e i r  c o r r e s p o n d in g  p a r a f f i n  d e r i v a t i v e s .

C ho ice  o f  A gen ts

Among th e  d e s i r a b l e  f e a t u r e s  f o r  an a g e n t  a r e  th e  f o l lo w in g :

1 . I t  sh o u ld  h av e  a  h ig h  c a p a c i ty  f o r  th e  s p e c i e s  b e in g  s e p a r a te d  by  i t .  

The h ig h e r  th e  a g e n t  c a p a c i t y ,  th e  lo w e r th e  a g e n t  c i r c u l a t i o n  r a t e  

r e q u i r e d .

2 . I t  s h o u ld  b e  s e l e c t i v e ,  h a v in g  a  w id e r  ra n g e  o f  te m p e ra tu re  and 

c o n c e n t r a t io n  o f  m i s c i b i l i t y  w i th  one o r  more o f  t h e  com ponents b e in g  

s e p a r a te d  w h i le  h a v in g  a  s m a l l  ra n g e  o f  th e  m i s c i b i l i t y  w i th  o th e r  

c o m p o n e n ts .

3 .  I t  m ust have a  low m o la r  l a t e n t  h e a t  s in c e  i t  i s  t o  b e  v a p o r iz e d .

A. I t  s h o u ld  b e  c h e m ic a l ly  s t a b l e ,  i : e . , i t  s h o u ld  n o t  u n d e rg o  

i r r e v e r s i b l e  r e a c t i o n s  w i th  com ponents o f  th e  f e e d  s tr e a m  o r  d u r in g  

r e c o v e r y .

5 .  I t  s h o u ld  be  e a s i l y  s e p a r a b le  from  th e  com ponents w i th  w h ich  i t  

a s s o c i a t e s .  Thus i t  c an  b e  r e u s e d  a g a in  and a g a in .

6 . I t  s h o u ld  be  n o n to x ic  and n o n c o r r o s iv e  and s h o u ld  n o t  b e  a  s e r io u s  

c o n ta m in a n t t o  th e  p r o c e s s  s tr e a m  b e in g  h a n d le d .

7 . I t  s h o u ld  b e  in e x p e n s iv e  t o  keep  th e  c o s t  o f  m a in ta in in g  a g e n t  

in v e n to r y  and o f  r e p l a c i n g  l o s t  a g e n t  lo w .

8 . I t  s h o u ld  have a  low enough v i s c o s i t y  to  b e  pumped and flo w  by  

g r a v i t y  e a s i l y .

9 . I t  s h o u ld  have, a  d e n s i t y  d i f f e r e n t  enough from  t h a t  o f  th e  fe e d
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s tr e a m  f o r  th e  p h a s e s  t o  c o u n te r f lo w  and s e p a r a t e  r e a d i l y .

10 . I t  sh o u ld  n o t  form  so  s t a b l e  an e m u ls io n  t h a t  th e  p h a s e s  c a n n o t b e  

s e p a r a te d  a d e q u a te ly .

11 . I t  s h o u ld  be  c o m p le te ly  s o lu b le  w i th  th e  com ponents in  th e  

d i s t i l l i n g  sy s te m  a t  th e  te m p e ra tu re  and c o n c e n t r a t io n s  i n  t h e  co lum n.

The s e l e c t i o n  o f  th e  a g e n t  can  b e  b a s e d  upon i t s  a b i l i t y  t o  m od ify

th e  r e l a t i v e  v o l a t i l i t y  o f  th e  s y s te m . H ow ever, i t s  f i n a l  s e l e c t i o n

m ust b e  d e te rm in e d  th ro u g h  econom ic e v a lu a t i o n  w h e re in  a l l  v a r i a b l e s  and

c r i t e r i a  a r e  c o n s id e r e d  in  c o n d u c tio n  w i th  s e l e c t i v i t y  t o  d e te rm in e  th e

minimum o p e r a t in g  and in v e s tm e n t  c o s t  f o r  th e  p r o c e s s .  C o lbu rn  and 
O

Schoenborn  [9] and o th e r s  h av e  a n a ly z e d  th e  s e l e c t i o n  o f  a g e n ts  on th e  

c o s t  b a s i s .  ' (

I n  some c a s e s  an a g e n t  m ix tu re  may b e  u se d  t o  d e r i v e  p r o p e r t i e s  

t h a t  c a n n o t b e  a c h ie v e d  w i th  p u re  a g e n t s .  G e r s te r  [10] d i s c u s s e d  a g e n t  

s e l e c t i o n  in  m ore d e t a i l .  O b v io u s ly  no a g e n t  w i l l  b e  b e s t  from  a l l  o f  

t h e s e  v ie w p o in t s ,  and th e  s e l e c t i o n  o f  a  d e s i r a b l e  a g e n t  in v o lv e s  

com prom ises b e tw e en  th e s e  v a r io u s  f a c t o r s ,  e . g . , b e tw e e n  c a p a c i ty  and 

s e l e c t i v i t y .

I t  i s  n e c e s s a r y  t o  em p h asize  t h a t  th e  w hole p r o c e s s  m ust b e  

c o n s id e re d  in  t h e  s e l e c t i o n  o f  an  e f f e c t i v e  a g e n t ,  and  th e  r e c o v e ry  

p r o c e s s  m ust b e  in c lu d e d  i n  th e  e v a lu a t i o n .  An a g e n t  m ust hav e  th e  b e s t  

s e l e c t i v i t y  o f  a l l  o f  th o s e  o f  an e n t i r e  g roup  c o n s id e r e d ,  b u t  i t  m ig h t 

b e  more d i f f i c u l t  t o  b e  s e p a r a te d  from  th e  com ponents w i th  w hich  i t  

a s s o c i a t e s  th a n  an  a g e n t  h a v in g  low  s e l e c t i v i t y ,  and econom ic

c o n s id e r a t io n s  m ig h t p ro v e  th e  u se  o f  t h e  l a t t e r  t o  b e  m ore f e a s i b l e .
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R e s e a rc h  O b je c t iv e

C lo se —b o i l i n g  compounds and a z e o t r o p ic  m ix tu re s  a r e  d i f f i c u l t  o r  

im p o s s ib le  t o  s e p a r a te  by  o r d in a r y  d i s t i l l a t i o n .  The o b j e c t iv e  o f  th e  

r e s e a r c h  i s  t o  s tu d y  th e  s o l u t i o n  b e h a v io r  o f  a g e n ts  in  te rm s  o f  

m o le c u la r  i n t e r a c t i o n s .  To a c c o m p lis h  t h i s ,  some a g e n t s , w h ich  ( i )  

w ould n e g a te  t h e  a z e o t ro p e s  o r  a l t e r  th e  r e l a t i v e  v o l a t i l i t y  o f  t h e  

c l o s e - b o i l i n g  compounds and ( i i )  a r e  e a s y  t o  r e c o v e r  from  th e  b o tto m s 

p r o d u c t ,  h av e  b e e n  exam ined  t o  en h an ce  th e  s e p a r a t i o n  b y  e x t r a c t i v e  

d i s t i l l a t i o n .  The a g e n t  c o u ld  b e  a  p u re  compound o r  a  m ix tu re  o f  

com pounds.

S e l e c t io n  o f  M ix tu re s

F o u r b i n a r y  m ix tu re s  w h ich  in c lu d e d  one c l o s e - b o i l i n g  p a i r  o f  

compounds and t h r e e  b in a r y ,  a z e o t ro p e s  and fo u r  a c e t a t e —a lc o h o l - w a te r  

t e r n a r y  a z e o t ro p e s  w ere  s t u d i e d .  T hese  sy s te m s  a r e  d e s c r ib e d  f o l lo w in g .

m -X ylene and o -X y len e  System

X y len es  a r e  m ajo r p r e c u r s o r s  t o  many p r o c e s s e s  f o r  m aking p l a s t i c s  

and d y e s .  I n  t h e s e  u s e s  i t  i s  e s s e n t i a l  t h a t  t h e  x y le n e s  b e  v e ry  p u r e . 

I t  i s  th e  p r e s e n c e  o f  im p u r i t i e s  t h a t  make them  p o o r  p o ly m e r iz a t io n  

a g e n ts  a s  a  p l a s t i c  o r  r e n d e r  them  i n c o n s i s t e n t  a s  dye  in t e r m e d ia t e s .  

The x y le n e s  o f  commerce o r i g i n a t e  e i t h e r  from  c o a l  t a r  o r  from  

p e tro le u m , u s u a l l y  v i a  t h e  h y d ro fo rm in g  o f  t h e  c o r r e s p o n d in g  n a p h th e n e s  

and th u s  a r e  a lw ays found  as  m ix tu re s  o f  is o m e rs .  m -X ylene b o i l s  a t
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1 3 9 .2°C and o- x y le n e  b o i l s  a t  1 4 4 .5°C a t  one a tm o s p h e re . B erg [11] has 

r e p o r te d  t h a t  t h e  r e l a t i v e  v o l a t i l i t y  o f  m -x y len e  t o  o -x y le n e  i s  1 . 1 2 . 

E x t r a c t i v e  d i s t i l l a t i o n  w ould h e  an a t t r a c t i v e  m ethod i f  a g e n ts  can  be  

found t o  i n c r e a s e  t h e  a p p a re n t  r e l a t i v e  v o l a t i l i t y  o f  m -x y len e  t o  o -  

x y le n e  to  a  v a lu e -  h ig h e r  th a n  1 . 3 .

The o p e r a t io n  t o  p r e p a r e  b e n z en e  from  c lo s e  b o i l i n g  n o n -a ro m a tic  

h y d ro c a rb o n s  h as  b een  w e l l  d e s c r ib e d  by  B u t l e r  [ 1 2 ] .  He s u g g e s te d  a  

l a r g e  num ber o f  p u re  compounds in c lu d in g  a l c o h o l s , g ly c o l  e th e r s  and 

s u l f o l a n e s  t o  s e p a r a t e  b o th  b en zen e  and t o lu e n e .  No in fo r m a t io n  was 

g iv e n  on th e  r e l a t i v e  v o l a t i l i t y  and th u s  r e l a t i v e  p e rfo rm a n c e  o f  t h e s e  

compounds as  e x t r a c t i v e  d i s t i l l a t i o n  a g e n t s .  A t l a n i  e t  a l .  [13] 

d e s c r ib e d  th e  u s e  o f  s e v e r a l  cyanam ide d e r i v a t i v e s  a s  a g e n ts  f o r  

s e p a r a t i n g  a ro m a tic s  in c lu d in g  b e n z e n e  from  n a p h th e n e s  and d i e n e s .  

C ooper [14] em ployed m o lte n  p h t h a l i c  a n h y d r id e  a s  t h e  a g e n t  t o  s e p a r a te  

a ro m a tic s  in c lu d in g  b e n z en e  from  n o n —a ro m a tic  h y d ro c a r b o n s . M ik i t in k o , 

C ohen, and A s s e l in ie a u  [15] u se d  th e s e  same r e a g e n ts  w i th  w a te r  added t o  

b r in g  th e  n o n -a ro m a tic  h y d ro c a rb o n s  o f f  o v e rh e a d  a s  a  tw o -p h ase  

a z e o t ro p e  and th u s  lo w e r th e  b o i l i n g  p o i n t .  E i s e n lo h r  and M u e lle r  [16] 

r e p o r t e d  an  im proved  eq u ip m en t a r ra n g e m e n t t o  s e p a r a te  b o th  b en zen e  and 

to lu e n e  from  n o n -a ro m a tic  h y d ro c a rb o n s  b y  e x t r a c t i v e  d i s t i l l a t i o n .  

P r e u s s e r  e t  a l .  [17] d e s c r ib e d  th e  u s e  o f  m o rp h o lin e  and  some o f  i t s  

d e r i v a t i v e s  f o r  t h i s  s e p a r a t i o n .  Im proved  eq u ip m en t f o r  t h i s  s e p a r a t i o n  

was p r e s e n te d  by  M u e lle r  and John  [1 8 ] .  B erg  [19] d e s c r ib e d  th e  u s e  o f  

c h lo r o  compounds and o x y g e n a te d  compounds t o  s e p a r a t e  e th y lb e n z e n e  from  

p - x y le n e  and m -x y le n e . A lth o u g h  th e  s e p a r a t i o n  o f  h y d ro c a rb o n s  h as  b een
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s t u d i e d ,  th e  s e p a r a t i o n  b y  e x t r a c t i v e  d i s t i l l a t i o n  o f  one x y le n e  from  

a n o th e r  x y le n e  h a s  n o t  b e e n  s t u d i e d .

B erg e t  a l . [20] have  shown t h a t  p ack ed  colum ns can  a l s o  b e  u se d  in  

e x t r a c t i v e  d i s t i l l a t i o n .  In  t h i s  s t u d y ,  b o th  th e  p e r f o r a t e d  p l a t e  and 

packed  colum ns w ere u se d  t o  exam ine th e  e f f e c t s  o f  a g e n t s .

E th a n o l  and W ater System

The s e p a r a t i o n  o f  w a te r  (no rm al b .p .= 1 0 0 °C ) from  e th a n o l  (no rm al 

b . p .= 7 8 .5  C) i s  one o f  th e  w o r ld 's  o l d e s t  t e c h n i c a l  p ro b le m s . Two 

p r i n c i p a l  m ethods o f  p ro d u c in g  e th a n o l  a r e  by  th e  f e r m e n ta t io n  o f  

c a rb o h y d ra te s  and th e  h y d r a t io n  o f  e th y l e n e .  B o th  m ethods a r e  in  

aqueous s o l u t i o n s  and s o  t h e  s e p a r a t i o n  o f  e th a n o l  from  th e  r e a c t i o n  

m ix tu re  in  e i t h e r  c a s e  in v o lv e s  th e  fo rm a tio n  o f  t h e  e th a n o l - w a te r  

a z e o t r o p e .  The f e r m e n ta t io n  o f  c a rb o h y d r a te s  t o  e th a n o l  t y p i c a l l y  

p ro d u c e s  a  p r o d u c t ,  w in e , w i th  14 wt.%  e th a n o l .  A t t h a t  l e v e l ,  t h e  

b a c t e r i a  d ie  and th e  f e r m e n ta t io n  c e a s e s .  D i s t i l l a t i o n  o f  t h e  w ine w i l l  

i n c r e a s e  th e  e th a n o l  c o n te n t .  The minimum a z e o t ro p e  o f  w a te r  and 

e th a n o l  c o n ta in s  9 5 .5  wt.%  e th a n o l ,  4 .5  wt.%  w a te r  and  l i m i t s  th e  u p p e r  

c o n c e n t r a t io n  o f  e th a n o l  t h a t  can  b e  o b ta in e d  b y  r e c t i f i c a t i o n  

r e g a r d l e s s  o f  t h e  num ber o f  t h e o r e t i c a l  p l a t e s  em p loyed . T h is  i s  t h e  

c a s e  shown i n  F ig u re  3 .  The t h e o r e t i c a l  p l a t e s  num ber a p p ro a c h e s  

i n f i n i t e  when th e  r e l a t i v e  v o l a t i l i t y  i s  u n i t y .

In  o r d e r  t o  p ro d u c e  e th a n o l  f r e e  o f  w a te r ,  a b s o lu t e  a l c o h o l ,  t h r e e  

g e n e r a l  m ethods can  b e  em ployed . D i s t i l l a t i o n  w i th  a  t h i r d  com ponent 

w h ich  form s a  minimum a z e o t ro p e  t h a t  b o i l s  lo w e r th a n  7 8 .1 5 °C , th e  

b o i l i n g  p o in t  o f  th e  e th a n o l - w a te r  a z e o t r o p e ,  su c h  a s  w a t e r - e t h y l  e t h e r .
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r e p o r te d  by  Othm er and W entw orth  [2 1 ] ,  o r  a  t e r n a r y  a z e o t ro p e  su c h  a s  

b e n z e n e - w a te r - e th a n o l ,  w e l l  d e s c r ib e d  in  K irk  and Othm er [2 2 ] .  W hile 

th e  b e n z e n e - w a te r - e th a n o l  t e r n a r y  i s  p ro b a b ly  th e  m ost w id e ly  u se d  

m ethod o f  d e h y d ra t in g  e th a n o l ,  t h e s e  m ethods r e q u i r e  a  g r e a t  d e a l  o f  

b o i l i n g  and c o n s e q u e n t ly  a  l a r g e  h e a t  r e q u i r e m e n t .  F ig u re  4 shows t h a t  

t h r e e  colum ns a r e  n eed ed  t o  c a r r y  o u t t h e  s e p a r a t i o n .

Removal o f  w a te r  w i th  a  s o l i d  d e h y d ra t in g  a g e n t  i s  w e l l  known. 

F r e s h  q u ic k l im e , a n h y d ro u s  c a lc iu m  c h l o r i d e ,  an h y d ro u s  c a lc iu m  s u l f a t e ,  

fu se d  a n h y d ro u s  p o ta s s iu m  a c e t a t e  and sodium  a c e t a t e ,  b a r iu m  o x id e  and 

s i l i c a  g e l  hav e  b e e n  w id e ly  u s e d .  B arium  o x id e  u se d  t o  r e a c t  w i th  w a te r  

t o  form  b a riu m  h y d ro x id e  g e t s  th e  l a s t  t r a c e s  o f  w a te r  from  e th a n o l .  

S i l i c a  g e l  i s  p ro b a b ly  c u r r e n t l y  th e  m ost w id e ly  u s e d .  A l l  o f  t h e s e  

r e a g e n ts  have th e  d is a d v a n ta g e  in  t h a t  th e y  m ust b e  e x t e n s i v e l y  t r e a t e d  

t o  rem ove w a te r  b e f o r e  th e y  can  b e  r e u s e d .

E x t r a c t i v e  d i s t i l l a t i o n  i s  a  t h i r d  g e n e r a l  m eth o d . The e a r l i e s t  

a p p l i c a t i o n  o f  e x t r a c t i v e  d i s t i l l a t i o n  t o  t h e  d e h y d ra t io n  o f  e th a n o l  i s  

p ro b a b ly  S c h n e ib le  [23] who u se d  g l y c e r in e  a s  th e  e x t r a c t i v e  a g e n t .  

S m ith  and C a r ls o n  [24] em ployed e th o x y e th a n o l  and b u to x y e th a n o l  a s  t h e  

e x t r a c t i v e  a g e n ts  and C a t t e r a l l  [25] r e p o r te d  g a s o l i n e  a s  b e in g  

e f f e c t i v e .  D ro u t and D ow ling [26] u s e d  g l y c o l s ,  g ly c o l  e t h e r s  o r  g ly c o l  

e s t e r s  a s  th e  a g e n ts  and W ash a ll [27] d e h y d ra te d  t h e  h ig h e r  a lc o h o ls  

u s in g  e th y le n e  g ly c o l  a s  th e  e x t r a c t i v e  d i s t i l l a t i o n  a g e n t .  A l l  o f  

t h e s e  e x t r a c t i v e  d i s t i l l a t i o n  p r o c e s s e s  have  one th in g  i n  common; th e y  

to o k  o u t  e th a n o l  a s  t h e  o v e rh e a d  p ro d u c t  and w a te r  and th e  a g e n t came 

o u t  th e  b o tto m  o f  th e  co lum n. O nly two colum ns a r e  r e q u i r e d  f o r  t h i s

p r o c e s s .
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W ater has a  h ig h e r  l a t e n t  h e a t ,  970 b t u / l b  a t  i t s  n o rm a l b o i l i n g  

p o i n t ,  th a n  e t h a n o l ,  3 6 7 .5  b t u / l b  a t  i t s  n o rm a l b o i l i n g  p o i n t .  In  th e  

p r e v io u s  s t u d i e s ,  w a te r  was ta k e n  o u t  a s  b o tto m s p r o d u c t ,  i . e . , w a te r  

was h e a te d  tw ic e  in  th e  w hole s e p a r a t i o n  p r o c e s s . I n  t h e  f i r s t  s t e p  

w a te r  was h e a te d  in  th e  e x t r a c t i v e  d i s t i l l a t i o n  colum n and ta k e n  o u t a s  

th e  b o tto m s p ro d u c t  w i th  th e  a g e n t .  As a  com ponent o f  th e  b o tto m s 

p r o d u c t ,  w a te r  g iv e s  up i t s  l a t e n t  h e a t  in  th e  f i r s t  colum n and becomes, 

l i q u i d . In  t h e  a g e n t  r e c o v e r y  co lum n , w a te r  was h e a te d  a g a in .  E nergy  

co n su m p tio n  can  b e  re d u c e d  i f  w a te r  i s  v a p o r iz e d  o n ly  once  in s te a d  o f  

tw ic e .  I n  t h e  seco n d  m ethod , w a te r  i s  t h e  o v e rh e a d  p r o d u c t  o f  t h e  

e x t r a c t i v e  d i s t i l l a t i o n  co lum n. I t  was a t te m p te d  t o  s c r e e n  o u t some 

a g e n ts  w h ich  can  r e v e r s e  th e  v o l a t i l i t y  o f  e th a n o l  and w a te r .

M ethano l and M ethy l A c e ta te  System

M ethy l a c e t a t e  can be used as a s o lv e n t f o r  n i t r o c e l l u l o s e .

a c e t y l c e l l u l o s e ,  many r e s i n s and o i l s , and in t h e  m a n u fa c tu re  o f

a r t i f i c i a l  l e a t h e r .  A lso i t has a new u se in th e  m a n u fa c tu re  o f

a r t i f i c i a l  l e a t h e r . One o f  t h e  c o m m e rc ia lly  im p o r ta n t  ways t o

m a n u fa c tu re  m e th y l a c e t a t e  i s  b y  th e  c a t a l y t i c  e s t e r i f i c a t i o n  o f  

m e th a n o l w i th  a c e t i c  a c i d .  M ethy l a c e t a t e  (no rm al b . p .  o f  56 .3°C ) and v 

m e th an o l (n o rm al b . p .  o f  6 4 .5°C) form  a  b i n a r y  a z e o t ro p e  b o i l i n g  a t  5 4 ° C 

and c o n ta in in g  8 1 .3  wt.%  m e th y l a c e t a t e ,  1 8 .7  wt.%  m e th a n o l.  M ethy l 

a c e t a t e  a l s o  form s a  b i n a r y  a z e o tro p e  w i th  w a te r  w h ich  b o i l s  a t  5 6 .1°C 

and c o n ta in s  95 wt.%  m e th y l a c e t a t e .  M ethy l a c e t a t e ,  m e th a n o l, and 

w a te r  do n o t  form  a  t e r n a r y  a z e o t r o p e .  Thus in  r e c t i f i c a t i o n  o f  

m e th a n o l w i th  a c e t i c  a c id  t o  form  m e th y l a c e t a t e  and w a te r ,  t h e
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r e c t i f i c a t i o n  o f  t h i s  m ix tu re  y i e l d s  th e  lo w e s t  b o i l i n g  c o n s t i t u e n t ,  

nam ely  th e  m e th y l a c e ta te - m e th a n o l  a z e o t r o p e .

B erg and Yeh [28] have a p p l i e d  some a g e n t s ,  s u c h  a s  DMSO and 

e th y le n e  g l y c o l ,  t o  s e p a r a t e  m eth y l a c e t a t e  from  m e th a n o l b y  e x t r a c t i v e  

d i s t i l l a t i o n .  They o b ta in e d  m eth y l a c e t a t e  a s  th e  o v e rh e a d  p r o d u c t ,  a  

n o rm a l r e s u l t ,  t h e  lo w e r b o i l i n g  com ponent com ing o u t  o v e rh e a d . 

H ow ever, Yeh [29] r e p o r te d  t h a t  n i t r o b e n z e n e  c o u ld  c a u s e  m e th a n o l t o  b e  

more v o l a t i l e  th a n  m e th y l a c e t a t e .

A ce tone  and M ethano l System

A cetone  and m eth a n o l a r e  two o f  t h e  m ost w id e ly  u s e d  s o l v e n t s ,  and 

m ix tu re s  o f  t h e s e  two o c c u r  w i th  g r e a t  f re q u e n c y . The u s u a l  m ethod o f  

r e c o v e r in g  v o l a t i l e  s o lv e n t s  i s  by  r e c t i f i c a t i o n  in  a  m u l t i p l a t e  co lum n. 

How ever, in  t h i s  c a s e ,  c o m p le te  r e c o v e r y  b y  r e c t i f i c a t i o n  i s  p r a c t i c a l l y  

im p o s s ib le  due to  th e  fo rm a tio n  o f  t h e  minimum a z e o t ro p e  b e tw een  th e s e  

two com pounds. T a b le  I I  [30] shows th e  b o i l i n g  p o i n t s  o f  a c e to n e , 

m e th a n o l, and th e  m in im u m -b o ilin g  a z e o t ro p e  a t  one a tm o s p h e re . The 

n o rm a l b o i l i n g  p o i n t  o f  a c e to n e  i s  8 .65°C  lo w e r th a n  t h a t  o f  m e th a n o l. 

The e f f e c t  o f  p r e s s u r e  change  on th e  v a p o r  l i q u i d  e q u i l ib r iu m  o f  a c e to n e

T a b le  I I .  P r o p e r t i e s  o f  com ponents and a z e o t ro p e  a t  I  Atm.

A z e o tro p e
c o m p o s itio n

A cetone 5 6 .1 5

M ethano l 6 4 .7

A ce to n e  -  M ethano l 
a z e o tro p e

5 5 .0 86 wt.%  a c e to n e
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and m e th a n o l h as  b een  r e p o r te d  by  B r i t t o n  e t  a l .  [ 3 1 ] . .  How ever, a  

m in im u m -b o ilin g  a z e o t ro p e  w i th  a b o u t 25 wt.%  m eth an o l e x i s t s  a t  200 mm 

Hg. I t  w ould b e  v e ry  c o s t l y  to  s e p a r a t e  t h i s  b in a r y  m ix tu re  by  vacuum  

d i s t i l l a t i o n .  E x t r a c t i v e  d i s t i l l a t i o n  w ould b e  an  a t t r a c t i v e  m ethod t o  

s e p a r a te  t h i s  m ix tu re .

T e rn a ry  A z e o tro p e s

One o f  th e  c o m m e rc ia lly  im p o r ta n t  ways t o  m a n u fa c tu re  a c e t a t e s , 

s u c h  as  n - p r o p y l  a c e t a t e ,  i s  by  th e  c a t a l y t i c  e s t e r i f i c a t i o n  o f  th e  

c o r r e s p o n d in g  a lc o h o l ,  su c h  . a s  n - p r o p a n o l ,  w i th  a c e t i c  a c i d .  The 

r e a c t i o n  can  b e  g e n e r a l i z e d  a s

R-OH + CH3COOH ---------- ROCOCH3 + H2O (2)

(A lc o h o l)  (A c e tic  a c id )  ( A c e ta te )  (W ater)

W ater i s  a lw ays a  b y -p ro d u c t  o f  t h i s  s y n t h e s i s . Many o f  th e  lo w er 

m o le c u la r  w e ig h t a c e t a t e s  form  minimum t e r n a r y  a z e o t r o p e s  w i th  a lc o h o l  

and w a te r  and t h e r e f o r e  r e c o v e r y  b y  d i s t i l l a t i o n  b r in g s  m ost o f  th e  

a c e t a t e  o u t o v e rh e a d  as  th e  t e r n a r y  a z e o t r o p e .  T ab le  I I I  [32] l i s t s  th e  

u s e s  o f  some a lc o h o l s  and a c e t a t e s .

F o u r s y s te m s , n - p r o p y l  a c e t a t e (nPAc) - n - p r o p a n o l (nPOH)- w a te r , 

i s o p r o p y l  a c e t a t e (IP A c)- " is o p ro p a n o l(IPOH)- w a te r ,  n - b u t y l  a c e t a t e (nBA c)- 

n - b u t a n o l (nBOH)- w a te r ,  and i s o b u t y l  a c e t a t e (IB A c)- i s o b u t a n o l (IBOH)- w a te r  

w ere  s t u d i e d .  H ow ever, t h e r e  a r e  t h r e e  minimum b in a r y  a z e o tro p e s  and 

one minimum t e r n a r y  a z e o t ro p e  in  e a c h  o f  th e s e  s y s te m s . T a b le  IV [30] 

l i s t s  t h e  n o rm a l b o i l i n g  p o i n t s  o f  t h e  k e y  com ponents and  a z e o t r o p e s .
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T a b le  I I I .

Compound
n -P ro p a n o l

n - P ro p y l  a c e t a t e  

I s o p ro p a n o l

I s o p r o p y l  a c e t a t e  

n -B u ta n o l

n - B u ty l  a c e t a t e  

I s o b u ta n o l

The u s e s  o f  some a lc o h o l s  and a c e t a t e s . ' iJ

U ses___________________________________________________
A s o lv e n t  f o r  r e s i n s  and c e l l u l o s e  e s t e r s ,  e t c .

M a n u fa c tu r in g  f l a v o r s ,  p e rfu m e s , s o lv e n t  f o r

P e s i n s ,  c e l l u l o s e  d e r i v a t i v e s ,  p l a s t i c s .

In  a n t i f r e e z e  c o m p o s i t io n s , a s  s o lv e n t  f o r  gum s,

s h e l l a c , e s s e n t i a l  o i l s ;  in  th e  e x t r a c t i o n  o f

a l k a l o i d s ,  in  q u ic k - d r y in g  o i l ,  i n  q u ic k - d r y in g

in k s ;  in  d e n a tu r in g  e th a n o l ,  in  body ru b s ,h a n d

l o t i o n s ,  a f t e r - s h a v e  l o t i o n s ,  and s i m i l a r

c o s m e t ic s ,  s o lv e n t  f o r  c r e s o l ,  r e s i n s  and gum s.

S o lv e n t f o r  c e l l u l o s e  d e r i v a t i v e s ,  p l a s t i c s ,  o i l s

and f a t s ,  in  p e rfu m e ry .

S o lv e n t f o r  f a t s ,  w a x e s , r e s i n s ,  s h e l l a c ,  v a r n i s h ,  

gum s, m a n u fa c tu re  l a c q u e r s ,  r a y o n , d e t e r g e n t s ,  

o t h e r  b u ty l  com pounds, in  m ic ro sc o p y  f o r  p r e p a r in g  

p a r a f f i n  im bedd ing  m a t e r i a l s .

M a n u fa c tu re  l a c q u e r s ,  a r t i f i c i a l  l e a t h e r ,  

p h o to g ra p h ic  f i l m s ,  p l a s t i c s ,  s a f e t y  g l a s s .  

M a n u fa c tu r in g  e s t e r s  f o r  f r u i t  f l a v o r in g  e s s e n c e s ,  

s o lv e n t  in  p a i n t ,  v a r n i s h  re m o v e rs .

F la v o r in g  and s o l v e n t .I s o b u ty l  a c e t a t e
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T a b le  IV . The n o rm a l b o i l i n g  p o i n t s  o f  p u re  com ponents and a z e o tro p e s

Compounds
Normal b o i l i n g  
p o i n t ,  C

H2O 1 0 0 .0
n -P ro p a n o l 9 7 .2
n -P ro p y l  a c e t a t e 101 .6
n - P r o p a n o l ,H 0 
n - P ro p y l  a c e t a t e ,  H^O

8 1 .7 *  .
8 2 .4 ^

n - P ro p y l  a c e t a t e ,  n -p ro p a n o l 9 4 .7
n - P ro p y l  a c e t a t e ,  n - p r o p a n o l ,H O 8 2 .5
I s o p ro p a n o l 8 2 .5
I s o p r o p y l  a c e t a t e 9 1 .0
I s o p r o p a n o l ,  H^O 8 0 .1
I s o p r o p y l  a c e t a t e ,  H^O 7 6 .6
I s o p r o p y l  a c e t a t e ,  i s o p ro p a n o l 8 0 .1
I s o p r o p y l  a c e t a t e ,  i s o p r o p a n o l ,  H_0 7 5 .5
n -B u ta n o l 1 1 7 .8
n - B u ty l  a c e t a t e 125 .5
n - B u ta n o l ,  H O 9 2 .4
n - B u ty l  a c e t a t e ,  H O 9 0 .2
n - B u ty l  a c e t a t e ,  n = b u ta n o l 1 1 6 .2
n - B u ty l  a c e t a t e ,  n - b u ta n o l ,H O 9 0 .7
I s o b u ta n o l 1 0 8 .0
I s o b u t y l  a c e t a t e 1 1 7 .2
I s o b u ta n o l ,  H'O 8 9 .8
I s o b u t y l  a c e t a t e ,  H^O 8 7 .4
I s o b u t y l  a c e t a t e ,  i s o b u ta n o l 1 0 7 .4
I s o b u ty l  a c e t a t e ,  i s o b u t a n o l ,  H O 8 6 .8

a ;  a t  600 mm Hg; b ;  a t  700 mm Hg.



30

I n  t h e s e  f o u r  s y s te m s , th e  a c e t a t e , e x c e p t  i s o p r o p y l  a c e t a t e  ( n .b .p .  

91 C ) , i s  th e  h i g h e s t . b o i l i n g  i n d iv i d u a l  com ponent in  e a c h  t e r n a r y  

m ix tu r e .  T a b le  V [30] l i s t s  th e  a z e o t r o p ic  c o m p o s itio n s  f o r  b in a r y  and 

t e r n a r y  a z e o t r o p e s .  The s o l u b i l i t y  o f  a c e t a t e s  in  w a te r  i s  v e ry  low . 

O nly  n -p ro p a n o l  and is o p r o p a n o l  a r e  m is c ib le  w i th  w a te r  a t  any  

c o m p o s i t io n s .  T a b le  VI [33] shows th e  s o l u b i l i t y  o f  a c e t a t e s  and 

a lc o h o l s  in  w a te r .

/



31

T a b le  V. A z e o tro p ic  c o m p o s itio n s  o f  b in a r y  and 

t e r n a r y  a z e o t r o p e s .

A z e o tro p e C o m p o s itio n 5 wt.%

nPAc, nPOH 51.1% nPAc+48.9% nPOH

nPAc, H2° 86% nPAc+14% H^O

nPOH, H2° 71.5% nPOH+28.5% H^O

nPAc, nPOH, H2° 73% nPAc+10% nPOH+ 17% H^O

IP A c, IPOH 47.7% IPAc+52.3% IPOH

IPA c, H2°  ' 89.6% IPAc+10.4% H2O

IPOH. H2° 88% IPOH+12% H2O

IP A c. IPOH5 H2° 76% IPAc+13% IP0H+11%H20

nBAc, nBOH 36.7%  nBAc+63.3% nBOH

nBAc, H2O 71.3% nBAc+28.7% H3O

nBOH, H2O 57.2% nBOH+42.8% HgO

nBAc, nBOH, H2° 63% nBAc+8% nBOH+ 29% H2O

IBAc, IBOH - 45% IBAc+55% IBOH

IBAc5 H2° 8 3 .5  IBAc+16.5% H3O

IBOH5 H2° 67% IBOH+33% H2O

IBAc5 I  BOH, H2° 46.5% IBAc+23.1% IBOH+30.4% H2O

I
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T a b le  V I. S o l u b i l i t i e s  o f  a c e t a t e s  and a lc o h o l s  i n  w a te r .

Compound S o l u b i l i t y ,  g ./ lO O  g .  w a te r

n - P ro p y l  a c e t a t e

I s o p r o p y l  a c e t a t e 3 . c f °

n - B u ty l  a c e t a t e 0 .7

I s o b u t y l  a c e t a t e 0 . 625

n -P ro p a n o l M is c ib le

I s o p ro p a n o l M is c ib le

n -B u ta n o l 9 . 0 15

I s o b u ta n o l 1 0 . O15

The num bers o f  th e  s u p e r s c r i p t  a r e  th e  d e g re e s  i n  C.
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I I .  THEORECTICAL ASPECTS

V a p o r-L iq u id  E q u i l ib r iu m

D i s t i l l a t i o n  i s  a  m ethod o f  s e p a r a t i n g  th e  com ponents o f  a  l i q u i d  

m ix tu r e . I t  d epends upon  th e  d i s t r i b u t i o n  o f  th e  s u b s ta n c e s  be tw een  a 

g as  and a  l i q u i d  p h a se  a p p l i e d  t o  c a s e s  w here a l l  com ponents a r e  p r e s e n t  

in  b o th  p h a s e s  a t  th e  p r e s s u r e  and te m p e ra tu re  o f  t h e  s y s te m . I n s te a d  

o f  in t r o d u c in g  a  new s u b s ta n c e  i n t o  t h e  m ix tu re  in  o r d e r  t o  p ro v id e  th e  

seco n d  p h a s e ,  a s  i s  done in  g as  a b s o r p t io n  o r  d e s o r p t io n ,  t h e  new p h a se  

i s  c r e a te d  from  th e  o r i g i n a l  s o l u t i o n  b y  v a p o r i z a t i o n  o r  c o n d e n s a t io n .  

T h is  p r o c e s s  i s  c o n c e rn e d  w i th  t h e  s e p a r a t i o n  o f  a  s o l u t i o n  w here a l l  

t h e  com ponents a r e  a p p r e c ia b ly  v o l a t i l e .  When th e  two ( o r  m ore) p h a s e s  

a r e  in  a  s t a t e  o f  p h y s ic a l  e q u i l ib r iu m ,  t h e  maximum r e l a t i v e  d i f f e r e n c e  

i n  c o n c e n t r a t io n  o f  th e  m a t e r i a l s  in  th e  p h a s e s  o c c u r s . T h e r e f o r e ,  

a t t a in m e n t  o f  an  e q u i l ib r iu m  c o n d i t io n  i s  d e s i r a b l e  in  t h e  d i s t i l l a t i o n  

p r o c e s s .  The a p p l i c a t i o n  o f  d i s t i l l a t i o n  m ethods d ep en d s g r e a t l y  upon 

an  u n d e r s ta n d in g  o f  th e  e q u i l i b r i a  e x i s t i n g  be tw een  th e  v a p o r  and l i q u i d  

p h a s e s  o f  th e  m ix tu re  e n c o u n te re d .

V a p o r - l iq u id  e q u i l ib r iu m  d a t a ,  e x c e p t  in  th e  s p e c i a l  s i t u a t i o n s  o f  

i d e a l  and r e g u l a r  s o l u t i o n s ,  m ust b e  d e te rm in e d  e x p e r im e n ta l l y .  P hase  

d iag ra m s a r e  u sed  t o  d e s c r ib e  tw o-com ponent sy s te m s  b y  p l o t t i n g  two o f  

t h e  t h r e e  in d e p e n d e n t v a r i a b l e s ,  c o m p o s i t io n , t e m p e r a tu r e ,  and  p r e s s u r e ,  

a t  a  c o n s ta n t  v a lu e  o f  th e  re m a in in g  o n e . In  F ig u re  6 , t h e  a ,  e ,  i  

d iag ra m s a r e  t y p i c a l  o f  r e g u l a r  o r  n o rm a l s y s te m s . The b ,  f , j  d iag ra m s
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TEM PERA TU R E C O N S T A N T
Normal System Minimum azeotrope

(a )  (b )

Maximum azeotrope Heterogeneous 
minimum azeotrope

P R E S S U R E  C O N S T A N T

P R E S S U R E  C O N S T A N T

( i )  ( j )  (k )  ( I )

F ig u re  6 . P hase  d iag ra m s f o r  v a r io u s  ty p e s  o f  b in a r y  s y s te m s .
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a r e  t y p i c a l  o f  m in im u m -b o ilin g  hom ogeneous a z e o t r o p e s , th e  c , g» k 

d iag ra m s o f  m ax im um -bo iling  hom ogeneous a z e o t ro p e s  B and th e  d» h» I  

d ia g ra m s  o f  m in im u m -b o ilin g  h e te ro g e n e o u s  a z e o t r o p e s . I n  th e  f i r s t  

t h r e e  sy s te m s  o n ly  one  l i q u i d  p h a se  e x i s t s ;  w hereas  in  th e  f o u r t h ,  two 

l i q u i d  p h a se s  can  e x i s t  a t  and be low  th e  a z e o tro p e  te m p e r a tu r e .

F o r an  i d e a l  s o l u t i o n ,  th e  e q u i l ib r iu m  p a r t i a l  p r e s s u r e  p ^°  of. a 

c o n s t i t u e n t  a t  a  f ix e d  te m p e ra tu re  e q u a ls  th e  p r o d u c t  o f  i t s  v a p o r  

p r e s s u r e ,  p , when p u re  a t  t h i s  te m p e ra tu re  tim e s  i t s  m ole f r a c t i o n ,  x ^ ,  

i n  th e  l i q u i d  p h a s e .  T h is  i s  R a o u l t ' s  law

P i 0 = P i  Xi  (3)

I n  a  n o n id e a l  s o l u t i o n ,  th e  e x t e n t  o f  d e v ia t io n  from  n o n i d e a l i t y  o f  

com ponents in  l i q u i d  m ix tu re s  i s  m easu red  b y  th e  a c t i v i t y  c o e f f i c i e n t ,  

Y . When th e  o b se rv e d  a c t i v i t y  c o e f f i c i e n t s  a r e  g r e a t e r  th a n  u n i t y ,  t h e  

s o l u t i o n  i s  s a id  t o  e x h i b i t  p o s i t i v e  d e v ia t i o n  from  R a o u l t  ' s  law . T h is  

i s  th e  u s u a l  c a s e ,  and a l l  s o lu t i o n s  w here  d i s p e r s io n  o r  v a n  d e r  W aals 

f o r c e s  d o m in a te  e x h i b i t  p o s i t i v e  d e v ia t i o n s  from  R a o u l t ' s  la w . S tro n g  

p o s i t i v e  d e v ia t io n s  a r e  a l s o  t y p i c a l  o f  s o l u t i o n s  t h a t  a r e  te rm ed  

a s s o c i a t e d .  An a s s o c i a te d  s o l u t i o n  i s  one in  w h ich  one (o r  m ore) o f  

th e  com ponents u n d e rg o e s  e x c e p t io n a l ly  s t r o n g  s e l f - i n t e r a c t i o n s ,  b u t  

w h ich  e x h i b i t s  o n ly  n o rm a l i n te r m o le c u la r  p o t e n t i a l s  w i th  th e  o t h e r  

co m p o n e n ts . F o r e x am p le , in  th e  s o l u t i o n s  o f  a lc o h o ls  i n  h y d ro c a rb o n s , 

th e  a lc o h o l s  h y d ro g en -b o n d  s t r o n g l y  w i th  th e m s e lv e s ,  b u t  n o t  w i th  

h y d ro c a rb o n s . As a  r e s u l t ,  d i l u t i o n  o f  t h e  a lc o h o l  b y  t h e  h y d ro ca rb o n
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c a u se s  d i s r u p t i o n  o f  hy d ro g en  b o n d in g , and t h i s  in c r e a s e s  th e  

v o l a t i l i t y ,  o r  f u g a c i t y ,  o f  th e  a lc o h o l  t o  w e l l  above th e  i d e a l  c a s e .

On th e  o th e r  h a n d , n e g a t iv e  d e v ia t io n s  from  R a o u l t 1 s  law  a r e  

d e f in e d  by  a c t i v i t y  c o e f f i c i e n t s  o f  ■ l e s s  th a n  u n i t y .  F r e q u e n t ly ,  b u t  

n o t  a lw a y s , s t r o n g  n e g a t iv e  d e v ia t i o n s  from  R a o u l t 's  law  a r e  

a t t r i b u t a b l e  t o  th e  phenomenon known a s  s o l v a t i o n .  S o lv a te d  s o lu t i o n s  

o c c u r  when th e  u n l i k e - p a i r  in te r m o le c u la r  f o r c e s  a r e  m ark e d ly  s t r o n g e r  

th a n  th e  l i k e - p a i r  i n t e r a c t i o n s ,  th u s  r e d u c in g  th e  f u g a c i t i e s  o f  th e  

com ponents i n  th e  m ix tu r e .  An exam ple o f  su c h  b e h a v io r  i s  th e  s o lu t i o n  

o f  c h lo ro fo rm  w i th  e t h e r .  The p r o to n  in  c h lo ro fo rm  can  form  a  hydrogen  

bond w i th  th e  e t h e r  o xygen , b u t  n e i t h e r  p u re  s p e c ie s  ca n  h y d ro g en -b o n d  

i t s e l f .

S tro n g  d e v ia t io n s  from  R a o u l t 's  law  may o f te n  r e s u l t  in  th e  

phenomenon known as  a z e o t r o p y .  V ery s t r o n g  p o s i t i v e  d e v ia t i o n s  le a d  t o  

l i q u i d —l i q u i d  i m m i s c i b i l i t y .  F o r e x a m p le , th e  s t r o n g l y  a s s o c i a te d  

s o l u t i o n  o f  e th a n o l—b e n z en e  shows a  . maximum in  th e  i s o th e r m a l  v a p o r -  

p r e s s u r e  c u r v e ,  and th e  s o lv a te d  s o l u t i o n  o f  a c e to n e -c h lo ro f o rm  shows a 

minimum in  t h i s  ty p e  o f  p l o t .  The extrem um  in  th e  e th a n o l-b e n z e n e  

s o l u t i o n  i s  c a l l e d  a  m in im u m -b o ilin g  a z e o t r o p e .  The extrem um  in  th e  

a c e to n e -c h lo ro f o rm  s o l u t i o n  i s  c a l l e d  a  m ax im um -bo iling  a z e o t r o p e .

A p p ly in g  t h i s  c o r r e c t i o n  f a c t o r  to  R a o u l t 's  law  r e s u l t s  in

p i  = Yi  1 I  p i (4)

H ere we assum ed t h a t  th e  s ta n d a r d  s t a t e  f u g a c i ty  

a p p ro x im a te d  by  th e  p u re -c o m p o n e n t v a p o r  p r e s s u r e .

f ,
o can  be

a t  lo w - to -
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m o d era te  p r e s s u r e s  and te m p e r a tu r e .  At e q u i l ib r iu m ,  th e  f u g a c i t i e s  o f  

any  com ponent i  i n  th e  v a p o r  and l i q u i d  p h a s e s  m ust be  e q u a l .  T h is  can  

b e  e x p re s s e d  a s :

* i  ? i  P = Yi  x i  Pi  (5)

w here (jh i s  th e  f u g a c i ty  c o e f f i c i e n t  o f  com ponen t,

P i s  th e  t o t a l  p r e s s u r e  o f  th e  s y s te m , and 

Yi  i s  th e  m ole f r a c t i o n  o f  i  in  v a p o r  p h a s e .

The g r e a t e r  th e  d i s t a n c e  b e tw een  e q u i l ib r iu m  c u rv e s  and d ia g o n a ls  

o f  F ig u re  6 i ,  j , k ,  I ,  th e  d i f f e r e n c e  in  v a p o r  and l i q u i d  c o m p o s itio n s  

i s  g r e a t e r  and th e  e a s i e r  th e  s e p a r a t i o n  by  d i s t i l l a t i o n .  One n u m e r ic a l  

m easu re  o f  t h i s  i s  c a l l e d  th e  s e p a r a t i o n  f a c t o r ,  o r ,  p a r t i c u l a r l y  in  th e  

c a s e  o f  d i s t i l l a t i o n ,  th e  r e l a t i v e  v o l a t i l i t y ,  a „ . T h is  i s  th e  r a t i o  

o f  th e  c o n c e n t r a t io n  r a t i o  o f  i  and j  in  one p h a se  t o  t h a t  in  th e  o t h e r  

p h a se  and i s  a  m easu re  o f  th e  s e p a r a b i l i t y .

a
i j

Vy1 V l1N
yA

( 6 )

The v a lu e  o f  a . ,  w i l l  o r d i n a r i l y  change  a s  x  v a r i e s  from  0 t o  1 .0 .  I f  

Yi  = ( e x c e p t  a t  x  = 0 o r  1 . 0 ) ,  a  = 1 .0  and no s e p a r a t i o n  i s  p o s s ib l e  

b y  c o n v e n t io n a l  r e c t i f i c a t i o n .  The l a r g e r  th e  v a lu e  o f  a  above u n i t y ,  

th e  g r e a t e r  th e  d e g re e  o f  s e p a r a b i l i t y .

B r i t t o n  e t  a l .  [31] have  r e p o r te d  t h a t  p r e s s u r e  h a s  a  m arked e f f e c t  

on th e  a z e o t r o p ic  c o m p o s i tio n  and v a p o r  l i q u i d  e q u i l ib r iu m  d iag ra m s o f  

a lc o h o l—k e to n e  s y s te m s . I f  th e  sy s te m  i s  i n s e n s i t i v e  t o  p r e s s u r e ,  th e



38

a d d i t i o n  o f  an a g e n t  i s  a n o th e r  m ethod t o  change  th e  e q u i l ib r iu m  c u r v e . 

The a d d i t io n  o f  an  a g e n t  was b e l i e v e d  t o  a l t e r  th e  r e l a t i v e  v o l a t i l i t y  

o f  two k e y  com ponents b e in g  s e p a r a t e d .  An e f f e c t i v e  a g e n t  s h o u ld  a l t e r  

th e  r e l a t i v e  v o l a t i l i t y  in  th e  d i r e c t i o n  o f  m aking th e  s e p a r a t i o n  

e a s i e r ,  i . e . , t h e  r e l a t i v e  v o l a t i l i t y  i s  i n c r e a s e d .  How ever, some 

a g e n ts  may r e v e r s e  th e  r e l a t i v e  v o l a t i l i t y  o f  two com pounds. In  o th e r  

w o rd s , th e  l e s s  v o l a t i l e  compound w ould become more v o l a t i l e .

The F enske  E q u a tio n

In  an  i d e a l  c a s e  th e  r a t i o  o f  v a p o r  p r e s s u r e s  o f  th e  k e y  com ponents 

i s  v e ry  c lo s e  t o  a c o n s t a n t ,  i . e . , t h e  r e l a t i v e  v o l a t i l i t y  i s  c o n s ta n t .  

I f  t h i s  c a s e  can  b e  assum ed w i th o u t  in t r o d u c in g  e x c e s s iv e  e r r o r  in  a  

d i s t i l l a t i o n  p r o c e s s ,  th e  num ber o f  t h e o r e t i c a l  p l a t e s  r e q u i r e d  a t  t o t a l  

r e f l u x  may b e  c a l c u l a t e d  by  th e  F en sk e  e q u a t io n  [34 ]

V  = ( - V - A  (7)
y j  x i

w here N i s  th e  minimum t h e o r e t i c a l  p l a t e s  a t  t o t a l  r e f l u x  and s u b s c r i p t s  

0 and B d e n o te  th e  o v e rh e a d  and b o tto m s p r o d u c t s .

OIqv may be  e v a lu a te d  a s  th e  a r i t h m e t i c  a v e ra g e  b e tw e en  th e  o v e rh e a d

and b o tto m s te m p e r a tu r e .

■ “a v = (a0 + V /2  . . : CS)
w here i s  th e  r e l a t i v e  v o l a t i l i t y  a t  th e  o v e rh e a d  te m p e ra tu re  and 

c o m p o s i t io n , and
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a  i s  th e  r e l a t i v e  v o l a t i l i t y  a t  th e  b o tto m s te m p e ra tu re  and 
B I

c o m p o s i t io n .

H ow ever ,  a  may b e  a l s o  b e  e v a lu a te d  a s  th e  g e o m e tr ic  a v e ra g e  o f  th e  

v a lu e s  o f  th e  o v e rh e a d  and b o tto m s p r o d u c ts  [ 4 ] .

The w e ig h t p e r c e n t  ca n  b e  e x p re s s e d  in  te rm s  o f  m o le c u la r  w e ig h t 

and m ole f r a c t i o n  a s  fo l lo w s :

v a p o r  p h a s e :

y i
mi y i

m .y . + m .y .

w here i s  th e  w e ig h t o f  com ponent i  i n  th e  v a p o r  p h a s e a

Wrnri i s  th e  t o t a l  w e ig h t in  th e  v a p o r  p h a s e ,  and 10

mu i s  th e  m o le c u la r  w e ig h t o f  com ponent i ;

l i q u i d  p h a s e :

mi x i

m .x . + m .x .
3 3

( 10 )

w here i s  th e  w e ig h t o f  com ponent i  i n  th e  l i q u i d  p h a se  and i s  

th e  t o t a l  w e ig h t in  t h e  l i q u i d  p h a s e .

S u b s t i t u t i n g  E q u a tio n  9 and 10 i n to  E q u a tio n  7 y i e ld s

W . W .

. y j  x i

( H )

The b a s i c  a ssu m p tio n  f o r  th e  . F en sk e  e q u a t io n  i s  c o n s ta n t  r e l a t i v e  

v o l a t i l i t y .  In  th e  o t h e r  w o rd s , th e  v a l i d i t y  o f  th e  F e n sk e  e q u a t io n  i s
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r e s t r i c t e d  to  i d e a l  s o l u t i o n s .  I n  e x t r a c t i v e  d i s t i l l a t i o n  th e  s o l u t i o n  

b e h a v io r  i s  v e r y  n o n - i d e a l .  Thus th e  u s e  o f  th e  F en sk e  e q u a t io n  in  t h i s  

s tu d y  i s  o n ly  an a p p ro x im a te  a p p ro a c h  and th u s  th e  co m p a riso n  can  b e  

made on th e  same b a s i s .  E q u a tio n  11 was u se d  t o  c a l i b r a t e  th e  

r e c t i f i c a t i o n  colum n and c a l c u l a t e  th e  r e l a t i v e  v o l a t i l i t i e s  in  t h i s  

i n v e s t i g a t i o n .  Thus e v e ry th in g  was done on a  c o n s i s t e n t l y  c o m p arab le  

b a s i s .

E f f e c t  o f  A dding An A gent

E x a m in a tio n  o f  E q u a tio n  6 i n d i c a t e s  t h a t  th e  r e l a t i v e  v o l a t i l i t y  

may b e  changed  by  t h r e e  w ays:

1 . A l t e r  th e  r a t i o  o f  p u re -c o m p o n e n t v a p o r  p r e s s u r e s .  T h is  r a t i o  

in c r e a s e s  s l i g h t l y  a s  te m p e ra tu re  i s  r e d u c e d ,  b u t  n o t  u s u a l l y  enough t o  

en h an ce  s e p a r a t i o n  t o  a  s i g n i f i c a n t  d e g r e e .

2 . A l t e r  th e  r a t i o  o f  v a p o r -p h a s e  f u g a c i ty  c o e f f i c i e n t s . T hese a r e  

m easu res  o f  th 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 . At m o d era te  

p r e s s u r e s , t h e s e  c o e f f i c i e n t s  a r e  u s u a l l y  c lo s e  t o  one and do n o t  

p r o v id e  a  p r a c t i c a l  means o f  c h a n g in g  r e l a t i v e  v o l a t i l i t y .

3 .  A l t e r  th e  r a t i o  o f  l iq u i d - p h a s e  a c t i v i t y  c o e f f i c i e n t s .  Many l i q u i d  

m ix tu re s  a r e  h ig h ly  n o n id e a l ,  and t h e r e f o r e  t h e s e  c o e f f i c i e n t s  can  be  

much g r e a t e r  th a n  o n e . The r a t i o  o f  th e  two c o e f f i c i e n t s  ca n  be  changed  

s u b s t a n t i a l l y  by  a d d in g  an  a g e n t  t h a t  i s  c h e m ic a l ly  m ore s i m i l a r  t o  one 

com ponent th a n  to  th e  o t h e r .  T h is  a p p ro a c h  i s  th e  b a s i s  o f  e x t r a c t i v e

d i s t i l l a t i o n .
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S c h e ib e l  [35] h as  p o in te d  o u t t h r e e  m ain id e a s  on s e l e c t i n g  a  

p r o p e r  a g e n t :  ( i )  t h e  a g e n t  m ust n o t  form  an  a z e o t ro p e  w i th  any  

com ponents in  th e  m ix tu re  t o  be  s e p a r a t e d ,  ( i i )  i t  m ust b e  l e s s  v o l a t i l e  

th a n  any  co m p o n en ts , ( i i i )  th e  a g e n t m ust hav e  a  d i f f e r e n t  e f f e c t  on th e  

p a r t i a l  p r e s s u r e  o f  e a c h  o f  th e  com ponents in  th e  m ix tu r e . B erg [11] 

s u g g e s te d  t h a t  th e  b o i l i n g  p o i n t  d i f f e r e n c e  be tw een  th e  compounds b e in g  

s e p a r a te d  and th e  a g e n t  s h o u ld  b e  tw e n ty  d e g re e s  C e l s iu s  o r  m ore . As 

th e  p re v io u s  d i s c u s s io n  on th e  d e v ia t io n  from  R a o u l t ' s  law  shows t h a t  an  

a g e n t  can  b e s t  en h an ce  th e  s e p a r a t i o n ,  i f  th e  a g e n t  form s a  p o s i t i v e  

d e v ia t io n  w i th  one k e y  com ponent and a  n e g a t iv e  d e v ia t i o n  w i th  a n o th e r  

k e y  com ponen t. The r a t i o  o f  th e  a c t i v i t y  c o e f f i c i e n t s  w i l l  b e  changed  

c o n s id e r a b ly .

B e s id e s  th e  r e l a t i v e  v o l a t i l i t y ,  s e l e c t i v i t y  can  b e  u se d  to  

i n d i c a t e  th e  e f f e c t  o f  an  a g e n t  on s e p a r a t i o n .  Q u a n t i t a t i v e l y ,  

s e l e c t i v i t y  i s  d e f in e d  a s  th e  r a t i o  o f  th e  r e l a t i v e  v o l a t i l i t y  o f  th e  

k e y  com ponents in  th e  m ix tu re  w h ich  a r e  t o  b e  s e p a r a te d  in  th e  p re s e n c e  

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

o f  th e  a g e n t .  One e x p r e s s io n  u se d  t o  d e f in e  s e l e c t i v i t y  [36] i s

41

i j
[ a i i ] P

[0ti j ] A

[Cy i Zxi ) / ( y . / x . ) ]  p

I Cyi Zx^/(y VXj)] A
i  i  i  ' r  3

cViVYj^
(12)

w here th e  s u b s c r i p t  P i n d i c a t e s  th e  p r e s e n c e  o f  a g e n t  and th e  s u b s c r i p t  

A i n d i c a t e s  th e  a b se n c e  o f  a g e n t .

To o b ta in  th e  s e l e c t i v i t y  on a  s t r i c t l y  co m p arab le  b a s i s ,  i t  s h o u ld  

b e  e v a lu a te d  f o r  th e  same r e l a t i v e  l i q u i d  c o m p o s i tio n  o f  th e  k e y
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com ponen ts; a n d , i f  t h e  te m p e ra tu re  i s  w id e ly  d i f f e r e n t ,  th e  a c t i v i t y  

c o e f f i c i e n t s  and v a p o r  p r e s s u r e s  o f  th e  com ponents s h o u ld  b e  c o r r e c te d  

t o  th e  same b a s i s .  I f  th e  a g e n t  u s e d  i n  e x t r a c t i v e  d i s t i l l a t i o n  i s  

added  a t  t h e  b u b b le  p o i n t  o f  th e  a g e n t—f r e e  m ix tu r e ,  and i f  th e  

te m p e ra tu re  i s  f a r  b e lo w  th e  b o i l i n g  p o in t  o f  th e  a g e n t  ( i . e . , i t s  v a p o r  

p r e s s u r e  i s  lo w ) , th e  c o r r e c t i o n  i s  s m a l l  and n e g l i g i b l e .

S e l e c t i v i t y  o r  th e  a b i l i t y  o f  a  compound to  a f f e c t  th e  b e h a v io r  o f  

o t h e r  compounds i n  s o l u t i o n  t o  t h e  e x te n t  t h a t  t h e i r  r e l a t i v e  

v o l a t i l i t i e s  a r e  changed  i s  th e  r e s u l t  o f  m o le c u la r  i n t e r a c t i o n .  The 

w ork o f  H ild e b ra n d  [37] , van  A rk e l [ 3 8 ] ,  London [39] and o th e r s  h av e  

r e s u l t e d  in  th e  r e c o g n i t i o n  o f  two b ro a d  form s o f  m o le c u la r  i n t e r a c t i o n ,  

nam ely  p h y s ic a l  and c h e m ic a l  f o r c e s .  F ig u re  7 i l l u s t r a t e s  th e  p h y s ic a l  

i n t e r a c t i o n s  in  a  s o l u t i o n  c o n ta in in g  one p o l a r  and one n o n p o la r  o r  one 

p o l a r  com ponen t.

The p h y s ic a l  f o r c e s  c a u s in g  m o le c u la r  i n t e r a c t i o n s  in  w h ich  e n e rg y  

e f f e c t s  a r e  th e rm o d y n a m ic a lly  p o s i t i v e  i n  s ig n  (e n d o th e rm ic )  a r e  

c l a s s i f i e d  by  H ild e b ra n d  [37] a s ;

1 . D is p e r s io n  f o r c e s  w h ich  te n d  t o 1 c a u se  a  p e r t u r b a t i o n  in  th e  

e l e c t r o n i c  m o tio n  o f  one m o le c u le  a s  th e  r e s u l t  o f  i t s  b e in g  w i th in  th e  

f i e l d  o f  i n f lu e n c e  o f  a n o th e r .  T h is  i s  c o n s id e r e d  a  n o n p o la r  e f f e c t .

2 . I n d u c t io n  f o r c e s  w h ich  a r e  e x e r te d  b y  one m o le c u le  on a n o th e r ,  th e  

f i r s t  h a v in g  a  p e rm a n en t d ip o le  moment w hich  makes i t  c a p a b le  o f  

in d u c in g  a  p o l a r i z a t i o n  o r  in d u c e d  d ip o le  in  th e  o t h e r .  T h is  i s  an 

a t t r a c t i v e  f o r c e .

3 . O r i e n t a t i o n  f o r c e s  w h ich  a r e  e x e r t e d  b y  th e  a c t i o n  o f  one pe rm an en t
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Molecule Interactions Molecule

Polar
Dipole - Dipole 
Dipsersion

DipoIe-induced 
dipole

Polar

Polar
Dispersion

D i p o I e - i n d u c e d  
d i p o l e

Polar

F ig u re  7 . P h y s ic a l  i n t e r a c t i o n s  b e tw een  m o le c u le s
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d ip o le  on a n o th e r  p e rm an en t d ip o le  c a u s in g  m o le c u le s  to  o r i e n t  w i th  

r e s p e c t  t o  one a n o th e r .

I t  h as  b e e n  shown [3 7 , 3 8 , 39] t h a t  m o le c u le s  w h ich  a r e  n o n p o la r  in  

makeup o r  e l e c t r o n e u t r a l  -  s u c h  a s  th e  s a tu r a t e d  h y d ro c a rb o n s  -  when 

fo rm in g  a  n o n id e a l  s o l u t i o n  w i th  o t h e r  n o n p o la r  m o le c u le s , o n ly  

d i s p e r s io n  f o r c e s  a r e  in v o lv e d . Where n o n id e a l  m ix tu re s  o f  n o n p o la r  and 

p o l a r  m o le c u le s  a r e  fo rm ed , b o th  d i s p e r s io n  and in d u c t io n  f o r c e s  a r e  

in v o lv e d  w i th  th e  m ix tu re  fo rm a tio n  accom pan ied  by  an e n d o th e rm ic  h e a t  

o f  m ix in g . When p o l a r - p o l a r  m ix tu re s  a r e  fo rm ed , a l l  t h r e e  p h y s ic a l  

e f f e c t s  o f  d i s p e r s i o n ,  i n d u c t io n ,  and o r i e n t a t i o n  a r e  in  e v id e n c e  t o  

c o n t r i b u t e  t o  a  p o s i t i v e  e n d o th e rm ic  h e a t  o f  m ix in g .

The c h e m ic a l f o r c e s  a r e  u s u a l l y  a t t r i b u t e d  t o  h y d ro g en  b o n d in g  o r  

com p lex in g  o f  th e  m o le c u le s  in  a  s o l u t i o n .  T hese f o r c e s  c a u se  m o le c u la r  

i n t e r a c t i o n s  in  w h ich  th e  e n e rg y  e f f e c t s  a r e  therm odynam ic a l l y  n e g a t iv e  

i n  s ig n  o r  e x o th e rm ic .  E f f e c t i v e . c h e m ic a l-c o m p le x in g  a g e n ts  and k e y  

com ponents te n d  t o  g iv e  r e a c t i o n  bond e n e r g ie s  f a l l i n g  i n  a  c e r t a i n  

c r i t i c a l  r a n g e . F ig u re  8 shows t h i s  ra n g e  and g iv e s  f o u r  exam ples o f  

c l a s s e s  o f  c h e m ic a l i n t e r a c t i o n s  w i th  bond e n e r g ie s  w i th in  t h a t  r a n g e . 

I t  i s  b e l i e v e d  t h a t  van  d e r  W aals f o r c e s ,  a c id - b a s e  i n t e r a c t i o n s  and 

h y d ro g en  b o n d in g  o c c u r  m o s tly  in  t h i s  r a n g e  f o r  e x t r a c t i v e  d i s t i l l a t i o n .

E w ell e t  a l .  [40] c o n c lu d e d  t h a t  hy d ro g en  can  c o o r d in a te  be tw een  

two m o le c u le s  o f  0 ^ »  a n d /o r  F , and can  c o o r d in a te  b e tw e en  O^, F 

and C i f  a  num ber o f  n e g a t iv e  a tom s a r e  a t t a c h e d  t o  th e  c a rb o n  a to m . 

They s u g g e s te d  th e  fo l lo w in g  c l a s s i f i c a t i o n  o f  h y d ro g en  bonds as  

" s t r o n g "  o f  "w e a k " .
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Like ly r a n g e  for  
r e v e r s i b l e  c h e m ic a l  c o m p l e t i n g

Van der WaaTs

Acid-base interactions

Hydrogen bond

Pi bond

, , I I ■ ■ ■ . I
I Covalent
I . . I

20 50 100
Bond energy, kJ/mol

200 500

F ig u re  8 . Bond e n e r g i e s  o f  d i f f e r e n t  ty p e s  o f  b o n d in g s .
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S tro n g Weak

0 — > HO N — > HN

N — > HO

C
HCCl2

O — > HN 0 HCCl - C d

N HCNO2

HCCN

They a l s o  c l a s s i f i e d  th e  l i q u i d  m a t e r i a l s  i n t o  f i v e  g ro u p s  b a se d  on th e  

p o t e n t i a l  f o r  fo rm in g  h y d ro g en  bonds as  fo l lo w s :

C la s s  I . L iq u id s  c a p a b le  o f  fo rm in g  th r e e - d im e n s io n a l  n e tw o rk s  o f  

s t r o n g  hy d ro g en  b o n d s , e . g . , w a te r ,  g l y c o l ,  g l y c e r o l ,  am ino a l c o h o l s ,  

h y d ro x y la m in e , h y d roxy  a c i d s ,  p o ly p h e n o ls , a m id e s , e t c .  Compounds su c h  

as  n i t r o m e th a n e  and a c e t o n i t r i l e  a l s o  form  th r e e - d im e n s io n a l  n e tw o rk s  o f  

h y d ro g en  bonds b u t  th e  bonds a r e  much w eaker th a n  th o s e  in v o lv in g  OH and 

NH g r o u p s . T h e r e f o r e ,  th e s e  ty p e s  o f  compounds a r e  p la c e d  in  c l a s s  I I .

C la s s  I I . O th e r  l i q u i d s  composed o f  m o le c u le s  c o n ta in in g  b o th  

a c t i v e  hy d ro g en  atom s and d ono r atom s (o x y g en , n i t r o g e n ,  and f l u o r i n e ) ,  

e . g . ,  a l c o h o l s ,  a c i d s ,  p h e n o ls , p r im a ry  and s e c o n d a ry  a m in e s , o x im e s , 

n i t r o  compounds w ith  cx-hydrogen a to m s , n i t r i l e s  w i th  a -h y d ro g e n  a to m s , 

h y d r a z in e ,  h y d rogen  f l u o r i d e ,  h yd rogen  c y a n id e ,  e t c .

C la s s  I I I .  L iq u id s  composed o f  m o le c u le s  c o n ta in in g  d o n o r atom s b u t  

no a c t i v e  h y d ro g en  a to m s , e . g . ,  e t h e r s , k e to n e s ,  a ld e h y d e s , e s t e r s , 

t e r t i a r y  am ines ( in c lu d in g  p y r id in e  t y p e ) ,  n itro c o m p o u n d s  and n i t r i l e s  

w i th o u t  a -h y d ro g e n  a to m s , e t c .
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C la s s  IV . L iq u id s  composed o f  m o le c u le s  c o n ta in in g  a c t i v e  h y d rogen  

a tom s b u t  no  d o n o r a to m s . T hese  a r e  m o le c u le s  h a v in g  two o r  t h r e e  

c h lo r i n e  atom s on th e  same c a rb o n  a s  a  h y d ro g en  a to m , o r  one c h lo r in e  on 

t h e  same c a rb o n  atom  and one o r  m ore c h lo r i n e  atom s on a d ja c e n t  c a rb o n  

a to m s , e . g . ,  CHCl3 , CH3C l3 . CH3CHCl3 . CH3Cl-CH3C l ,  CH3Cl-CHCl-CH3C l .  

CH3Cl-CHCl3 , e t c .

C la s s  V. A l l  o t h e r  l i q u i d s , i . e . ,  l i q u i d s  h a v in g  no  h y d ro g en —b o n d - 

fo rm in g  c a p a b i l i t i e s ,  e . g . ,  h y d ro c a rb o n s , . c a rb o n  d i s u l f i d e ,  s u l f i d e s , 

m e rc a p ta n s , h a lo h y d ro c a rb o n s  n o t  in  c l a s s  IV , n o n m e ta l l ic  e le m e n ts  su c h  

a s  i o d in e ,  p h o s p h o ru s , s u l f u r ,  e t c .

F a c to r s  A f f e c t in g  S e l e c t i v i t y

The v a r i a b l e s  a f f e c t i n g  s e l e c t i v i t y  o f  one compound f o r  a n o th e r  a r e  

n u m ero u s , and th e  q u a n t i t a t i v e  e x t e n t ,  and i n  some i n s t a n c e s  even  th e  

q u a l i t a t i v e  e x t e n t ,  and d i r e c t i o n  o f  t h e  e f f e c t s  a r e  l i t t l e  u n d e r s to o d .  

E x p e r im e n ta l  s tu d y  o f  t h e  e f f e c t s  o f  some o f  th e  v a r i a b l e s  h a s  g iv e n  

some i n s i g h t  t o  th e  p ro b lem  f o r  some s y s te m s , b u t  i n  t h e  s tu d y  o f  some 

sy s te m s  th e  e x p e r im e n ta l  r e s u l t s  a r e  n o t  r e a d i l y  e x p la in e d  b y  a c c e p te d  

th e o r y .

T e m p era tu re

T e m p era tu re  i s  b e l i e v e d  t o  a f f e c t  s e l e c t i v i t y  i n  t h a t  an  i n c r e a s e  

i n  te m p e ra tu re  te n d s  t o  i n c r e a s e  m u tu a l s o l u b i l i t y  o f  compounds i n  a  

l i q u i d  m ix tu re  and th u s  d e c re a s e  th e  s e l e c t i v i t y  o f  one  com ponent f o r  

a n o th e r .  T h is  may be  r e f e r r e d  t o  a s  a  p h y s ic a l  e f f e c t  a s  c o n t r a s t e d  t o

y /
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a  c h e m ic a l e f f e c t .  In  a d d i t io n  to  th e  p h y s ic a l  e f f e c t  o f  s o l u b i l i t y , ,  

th e  c h e m ic a l e f f e c t  o f  com plex in g  i s  g e n e r a l l y  c o n s id e r e d  t o  be  a f f e c t e d  

by  te m p e r a tu r e . P r a u s n i t z  [41] and o th e r s  o b se rv e d  t h a t  th e  com plex 

s t a b i l i t y  d e c re a s e d  w i th  an  i n c r e a s e  in  te m p e ra tu re  a n d , t h e r e f o r e ,  th e  

s e l e c t i v i t y  a t t r i b u t e d  to  com p lex in g  was d e c re a s e d  b y  an in c r e a s e  in  

t e m p e r a tu r e .  T h is  i s  c o n s i s t e n t  w i th  th e  g e n e r a l i z a t i o n  t h a t  e x o th e rm ic  

r e a c t i o n s  a r e  f a v o re d  by  lo w e r te m p e ra tu re  l e v e l .

P r e s s u r e

In  g e n e r a l ,  th e  s p e c i f i c  e f f e c t  o f  p r e s s u r e  on a c t i v i t y  c o e f f i c i e n t  

i s  n e g l i g i b l e ,  and t h e r e f o r e  p r e s s u r e  ca n  be  s a id  t o  h a v e  no  e f f e c t  on 

s e l e c t i v i t y  a t  lo w - to -m o d e ra te  r a n g e s .

Volume F r a c t io n  o f  A gent

The q u a n t i ty  o f  a g e n t  r e l a t i v e  to  t h e  q u a n t i ty  o f  o r i g i n a l  m ix tu re  

(a s  volum e f r a c t i o n ,  m ole f r a c t i o n ,  o r  w e ig h t f r a c t i o n )  can  e x e r t  a 

s t r o n g  e f f e c t  on . th e  s e l e c t i v i t y ;  I t  i s  p o s s ib l e  f o r  th e  d i l u t i o n  

e f f e c t  o f  f u r t h e r  a d d i t io n s  o f  a g e n t t o  b re a k  com plexes form ed in  th e  

s o lu t i o n s  w i th  l e s s  c o n te n t  o f  th e  a g e n t ,  t o  re d u c e  th e  a b s o lu t e  v a lu e s  

o f  Cyi Zxi K y jZ X j)  t o  i n s i g n i f i c a n c e ,  and t o  re d u c e  th e  s o l u b i l i t y  o f  th e  

l e s s  s o lu b le  com ponent to  th e  p o in t  o f  i m m i s c i b i l i t y .

R e la t i v e  S iz e  o f  M o lecu le

A nderson  e t  a l .  [42] p o in te d  o u t t h a t  th e  lo g a r i th m  o f  th e  a c t i v i t y  

c o e f f i c i e n t  f o r  i n d iv i d u a l  p a r a f f i n  h y d ro c a rb o n s  m ixed w i th  a  p o l a r  

a g e n t  in c r e a s e d  a p p ro x im a te ly  l i n e a r l y  w i th  th e  num ber o f  c a rb o n  atom s
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i n  th e  p a r a f f i n  m o le c u le  w here t h e r e  i s  no h y d ro g en  b o n d in g  o r  c h e m ic a l 

e f f e c t .  In  a d d i t i o n ,  th e  l a r g e r  m o le c u le  w i l l  have  th e  g r e a t e r  a c t i v i t y  

c o e f f i c i e n t  o f  t h a t  o f  two d i f f e r e n t l y  s iz e d  p a r a f f i n  m o le c u le s  in  th e  

same a g e n t .

C hem ical E f f e c t  o f  H ydrogen Bonding

The h y d ro g e n -b o n d in g  th e o r y  a c c o u n ts  f o r  m o le c u la r  a s s o c i a t i o n  

b e tw een  l i k e  and a l s o  u n l ik e  m o le c u le s ,  u s u a l l y  d e s ig n a te d  a s  th e  

c h e m ic a l e f f e c t  in  n o n id e a l  b e h a v io r  o f  l i q u i d s . H—bond e n e r g ie s  v a r y  

from  2 t o  8 K c a l /m o le  com pared t o  a  r e g u l a r  bond  s t r e n g t h  o f  87 

K c a l/m o le  f o r  C-H bonds and 84 K c a l/m o le  f o r  N-H b o n d s . T h is  a c c o u n ts  

f o r  e a s y  b r e a k in g  o f  H b o n d s .

A pproaches to  th e  A c t i v i t y  C o e f f i c i e n t s

P a r t i a l  m o la r  e x c e s s  G ibbs e n e rg y , w h ich  y i e l d s  an  a c t i v i t y  

c o e f f i c i e n t  i s  g iv e n  by

In  T. = [9 (n TGE/R T ) /8 n . ] T jP ^n> (13)
3 ' . <

Thus th e  e x c e s s  G ibbs e n e rg y  r e p r e s e n t s  a  s o lu t i o n  t o  t h e  Gibbs-Duhem 

d i f f e r e n t i a l  e q u a t io n ,  and from  i t ,  e x p r e s s io n s  f o r  y  may b e  e v a lu a te d .

In n u m e ra b le  s o l u t i o n s  have b e e n  p ro p o se d  f o r  t h e  Gibbs-Duhem 

e q u a t io n ,  r a n g in g  from  th e  e m p i r ic a l  t o  th e  h ig h ly  t h e o r e t i c a l .  I n  

g e n e r a l , t h e s e  ta k e  th e  form  o f  m odels o f  e x c e s s  G ibbs e n e rg y , and as
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lo n g  as  th e y  s a t i s f y  p r o p e r  b o u n d a ry  c o n d i t i o n s „. . a l l  o f  them  g iv e  v a lu e s  

o f  a c t i v i t y  c o e f f i c i e n t s  from  E q u a tio n  1 3 .

B a s i c a l l y ,  t h e r e  a r e  two m ajo r ty p e s  o f  s o lu t i o n s  -  e n th a lp ic  and 

e n t r o p i c .  The fo rm e r ,  in c lu d in g  th e  M a rg u le s , van  L a a r , and r e g u l a r  

s o l u t i o n  t r e a tm e n t ,  a c c o u n ts  f o r  e n e r g e t i c  d i f f e r e n c e  b e tw een  s o lu t i o n s  

and p u re  co m p o n e n ts . The e n t r o p ic  t r e a tm e n t s ,  on th e  o t h e r  h a n d , te n d  

t o  em p h asize  d i f f e r e n c e s  in  s t r u c t u r e  o r  a rra n g e m e n t in  s o l u t i o n s ,  

o r d e r in g  o r  d i s o r d e r i n g ,  th e  m ix in g  o f  l a r g e  and s m a l l  m o le c u le s , o r  

l o c a l  o r d e r i n g . T y p ic a l  o f  su c h  t r e a tm e n ts  a r e  F lo ry -H u g g in s  and W ilson  

e q u a t i o n s .

E n th a lp ic  M odels

P e rh a p s  th e  s im p le s t  c o n c e p tu a l  m odel o f  th e  l i q u i d  s t a t e  i s  th e  

l a t t i c e  l i q u i d ,  o r  th e  s t r i c t l y  r e g u l a r  s o l u t i o n  th e o r y  o f  Guggemheim 

[4 3 ] .  The l i q u i d  i s  p i c t u r e d  as  a  p s e u d o c r y s ta l  in  t h i s  t r e a tm e n t ,  i n  

w h ich  m o le c u le s  o f  th e  same s i z e  and sh a p e  a r e  i n te r c h a n g e a b le  on th e  

l a t t i c e  s i t e s .  I t  i s  assum ed f u r t h e r  t h a t  th e  e x c e s s  e n tr o p y  and e x c e s s  

volum e o f  m ix in g  a r e  b o th  z e r o ,  and f i n a l l y  t h a t  one h a s  a  know ledge o f  

th e  p o t e n t i a l  e n e r g ie s  f o r  a l l  p a i r w is e  i n t e r a c t i o n s ,  and th e s e  a r e  

g iv e n  as  -

1-  1 i n t e r a c t i o n ,  p o t e n t i a l  e n e rg y  = w ^ / s ,

2-  2 i n t e r a c t i o n ,  p o t e n t i a l  e n e rg y  =

1 -2  i n t e r a c t i o n ,  p o t e n t i a l  e n e rg y  =

w here s i s  th e  assum ed c o o r d in a t io n  num ber f o r  th e  q u a s i l a t t i c e .  The 

i n t e r n a l  e n e rg y  o f  th e  m ix tu re  i s  th e n  ta k e n  as  th e  sum o f  a l l  p a i r w is e  

i n t e r a c t i o n s ,  so  t h a t  a  q u a d r a t ic  e x p r e s s io n  in  c o m p o s itio n  r e s u l t s .
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A l/ = l /2 { ( x 12a) l l +2x1x 2a)12+x22a)22) - x ;l^ 11-x 2a)22}; (IA)

w here th e  f a c t o r  o f  1 /2  p r e v e n ts  d o u b le  c o u n t in g .  Thus e x c e s s  G ibbs 

e n e rg y  i s

AGE = X1X2O) (15) .

Then from  E q u a tio n  14 th e  a c t i v i t y  c o e f f i c i e n t s  a r e

In  Y1 = X22 O) (16)

In  Y2 = X12 O) (17)

w here th e  in te r c h a n g e  e n e rg y  r e p r e s e n t s  p h y s i c a l l y  th e  d i f f e r e n c e  

b e tw een  l i k e - p a i r  and u n i i k e - p a i r  i n t e r a c t i o n s .

I f  th e  in te r c h a n g e  e n e rg y  i s  ta k e n  n o t  a s  a  q u a n t i t y  d e te rm in e d  

from  in te r m o le c u la r  f o r c e s , b u t  m e re ly  a s  an e m p i r ic a l  m easu re  o f  tw o - 

body  i n t e r a c t i o n s , s t r i c t l y  r e g u l a r  s o l u t i o n  p r o v id e s  t h e  le a d in g  te rm  

in  a  s e r i e s  e x p a n s io n , s e v e r a l  o f  w h ich  a r e  commonly u s e d . The R e d l ic h -  

K i s t e r  [44] s e r i e s  i s  g iv e n  a s

AG = x 1x 2 [A+B(x 1- x 2 )+C (x 1- x 2) + . . . . ]  (18)

from  w h ich  one o b ta in s  th e  a c t i v i t y  c o e f f i c i e n t s .

RT In  Y1 = x 22 [A-B(4x 2-3 )+ C (2 x 2- 1 ) ( 6 x 2- 5 ) - . . . . . . ] (19)

RT In  Y2 = x 12 [A+B(4x1-3 )+ C (2 x 1- l ) (Gx1- S ) + . . . . . . ] (20)

I n  t h i s  ty p e  o f  e x p r e s s io n ,  th e  f i r s t  te rm  i s  s i m i l a r  to  th e  p a i r
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in te r c h a n g e  e n e rg y , and in  a lo o s e  s e n s e ,  h ig h e r - o r d e r  te rm s  te n d  to  

c o rre s p o n d  t o  h i g h e r - o r d e r  i n t e r a c t i o n s .  I n  any  e v e n t „ one o f te n  u s e s  

e i t h e r  t h i s  s e r i e s  form  o r  th e  s i m i l a r  one o f  M arg u les  [ 4 5 ] ,  w h ich  g iv e s  

a  s e r i e s  e x p a n s io n  o f  y . F o r two c o n s ta n t s  and a  b i n a r y  s o l u t i o n ,  th e

M arg u les  s e r i e s  a r e

In  Y1 = x 22 [A+2(B-A)x 1] (21)

In  Y2 = x 12 [B+2(A-B)x 2] ‘ (22)

Van L a a r  [4 6 , 47] b eg an  by  assu m in g  t h a t  b o th  t h e  e x c e s s  e n tr o p y  

and volum e a r e  z e ro  and t h a t  van  d e r  W aals e q u a t io n s  a p p ly  t o  f l u i d  and 

f l u i d  m ix tu r e s . He th e n  c a l c u l a t e d  t h e  i n t e r n a l  e n e rg y  o f  m ix ing  p u re  

l i q u i d s  i n t o  l i q u i d  m ix tu re  a s  th e  sum o f  t h r e e  p a r t s :

Aum  =  AU1 +  AU11 +  AU111 (23)

w here AU  ̂ = e n e rg y  to  e v a p o ra te  p u re  l i q u i d  t o  i d e a l  g a s e s ,

AU11 = e n e rg y  t o  mix i d e a l  g a s e s ,

AU111 == e n e rg y  t o  c o n d en se  i d e a l - g a s  m ix tu re  t o  l i q u i d  m ix tu r e .

Of c o u r s e ,  A u  =  0 , and AU and AU _ may be  found i f  t h e  f u n c t i o n a l  IX x xxx,

d ep en d en ce  o f  m o le c u la r  v o lu m e, v ,  on th e  i n t e r n a l  e n e rg y ,  U 0 i s  known:

(3 U /3 v )T = T (3 P /3 T )v - P =  a / v 2 , (24)

E q u a tio n  24 was a p p l i e d  t o  b o th  p u re  com ponents and t o  th e  m ix tu r e ,  

u s in g  th e  e m p i r ic a l  m ix in g  r u l e s  f o r  th e  u s u a l  van  d e r  W aals c o n s ta n t s  a

and b
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v / S ~  = X 1 ^  +  X2Z i ^

bHiix = = Ib I  + =2b 2

(25)

(26)

and th e  r e s u l t  f o r  th e  e x c e s s  G ibbs e n e rg y  i s  g iv e n  a s

AG -  AUm -  X1X ^ 1B2 (Za^Zb1-ZS^Zb2 ) 2Z ( X jb ^ x 2IJ2) (27)

E q u a tio n  27 th u s  g iv e s  a  r e l a t i o n s h i p  f o r  c a l c u l a t i n g  a c t i v i t i e s  in  

s o l u t i o n  from  p u re  com ponent p r o p e r t i e s  o n ly  -  th e  v an  d e r  W aals 

c o n s t a n t s .  The c o n s ta n t s  a r e  d e f in e d  as

A = V b 2

B = Tb1 ( Z a ^ Z t)1 +  Z a ^ Z b 2 ) 2 ZR

(28)

(29)

Then

AG ZRT = X1BZTfAx1Zx2+ !) (30)

and th e  a c t i v i t y  c o e f f i c i e n t s  in  a  b i n a r y  m ix tu re  a r e  g iv e n  in  th e  

f a m i l i a r  van  L a a r  form  a s

I n y 1 = BZT(IfA x1Zx2) 

In y 2 = ABZT(Afx2Zx1) '

(31)

(32)

Not o n ly  d id  van  L a a r ’s m ethod p ro v id e  a  good e m p i r ic a l  e q u a t io n ,  

b u t  i t  a l s o  form ed a  b a s i s  f o r  th e  d ev e lo p m en t o f  th e  S c a tc h a rd — 

H ild e b ra n d  r e g u l a r  s o l u t i o n  th e o r y  [4 8 , 4 9 , 5 0 ] ,  w h ich  i s  p ro b a b ly  th e
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m ost g e n e r a l l y  a p p l i c a b l e  m ethod now a v a i l a b l e  f o r  t h e  p r e d i c t i o n  o f  

m ix tu re  p r o p e r t i e s  from  p u re  com ponent p r o p e r t i e s .

The d e v e lo p m en t o f  H ild e b ra n d  was q u i t e  s i m i l a r  t o  t h a t  o f  van  

L a a r ;  he  assum ed z e ro  e x c e s s  volum e and z e ro  e x c e s s  e n t r o p y „ b u t  he d id  

n o t  u s e  th e  v an  d e r  W aals e q u a t io n .  R a th e r  he o b se rv e d  t h a t  in  E q u a tio n  

24 th e  te rm  T (9P /8T ) was f a r  l a r g e r  th a n  P e and may b e  e x p re s s e d  i n  

te rm s  o f  th e  i s o th e r m a l  c o m p r e s s i b i l i t y ,  g , and th e  c o e f f i c i e n t  o f  

th e rm a l  e x p a n s io n ,  a , w h ich  have  b een  m easu red  e x p e r im e n ta l ly  f o r  many 

common n o n p o la r  l i q u i d s :

T(9P/9T) = -T (9 P /9 v )T/(9 T /9 v )p = Ta/6 (33)

E m p ir ic a l ly ,  he  found  t h a t  to . a  good a p p ro x im a tio n  (9 U /9 v )T was 

g iv e n  b y  th e  c o n f i g u r a t i o n a l  e n e rg y  (v e ry  c lo s e  t o  t h e  i n t e r n a l  e n e rg y  

o f  v a p o r i z a t i o n )  p e r  u n i t  v o lu m e, w here th e  e n e rg y  ( i n t r i n s i c a l l y  

n e g a t iv e )  i s  p r o p o r t i o n a l  t o  th e  vo lu m e,

-U = cv (34)

and th e  c o n s ta n t  o f  p r o p o r t i o n a l i t y  i s  t h e  c o h e s iv e  e n e rg y  d e n s i t y .  

Then th e .e n e r g y  o f  a  b in a ry ,  m ix tu re  i s  g iv e n  as

- D ( m « .)  = ( c 11v 12x 12t2 = 12\Jlu 2x 1x 2+c22v 22x 22 ) / ( x 1v 1« 2v 2 ) (35)

T h is  can  b e  e x p re s s e d  i n  te rm s  o f  volum e f r a c t i o n  $

$1 = x1v1/Cx1V1+x2v2  ̂ (36)
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and th e  f o l lo w in g  r e l a t i o n s h i p  r e s u l t s  when th e  p u re -co m p o n en t 

p r o p e r t i e s  a r e  s u b t r a c t e d :

Au = ( c l l +c2 2 '2 c12) V a b Iv I-titZv Z1 (37)

I f  th e  s u b s ta n c e s  I  and 2 a r e  n o n p o la r  o r  o n ly  s l i g h t l y  p o l a r ,  t h e  

London th e o r y  s u g g e s t s  th e  m ix in g  r u l e  f o r  u n l i k e - p a i r  i n t e r a c t i o n s

(38)C12 / c l l c 22

U sing  t h i s  r e s u l t ,  and d e f in in g  th e  s o l u b i l i t y  p a ra m e te r  6 a s  th e  s q u a re  

r o o t  o f  c ,  we o b ta in  from  E q u a tio n  37

AGE = (X1V ^ x 2V2 ) ^ 11I12 ( S1- S 2 ) 2 (39)

N ote t h a t  th e  r ig h t - h a n d  s id e  o f  E q u a tio n  39 c o n ta in s  o n ly  p u r e -  

com ponent p r o p e r t i e s ,  a s  t h e  s o l u b i l i t y  p a ra m e te r  may b e  e s t im a te d  from  

th e  h e a t  o f  v a p o r i z a t i o n  ( a v a i l a b l e  in  t u r n  from  th e  v a p o r - p r e s s u r e  

c u rv e  and t h e  C la u s iu s -C la p e y ro n  e q u a t i o n ) :

« “ ( A\ a p /V) = I to h vap '  ET1 M  1 /2  .

The r e s u l t i n g  e x p r e s s io n s  f o r  t h e  a c t i v i t y  

m ix tu re  a r e  th e n

RT I n y 1 = 2 ' - (A l)

RT In y 2 = v ^ 2 ^ - ^ ) 2

( 40 )

c o e f f i c i e n t s  in  th e

(4 2)
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E n tro p ic  Model

The f i r s t  o f  th e  e n t r o p i c  e x p r e s s io n s  was t h a t  d e v e lo p e d  by  F lo r y  

[ S l s 52„ 53] and H uggins [5 4 , 55] f o r  a th e rm a l  s o l u t i o n s , I t  a p p l i e s  

r i g o r o u s ly  t o  s o l u t i o n s  w i th  no d i f f e r e n c e s  in  i n te r m o le c u la r  f o r c e s ,  

b u t  o n ly  in  m o le c u la r  s i z e ,  s u c h  a s ,  th e  s o l u t i o n  o f  a  p o ly  e th y le n e  

p o ly m er i n  a  h y d ro c a rb o n  s o l v e n t , The e x c e s s  G ibbs e n e rg y  f o r  a g e n e r a l  

N -com ponent m ix tu re  i s  g iv e n  by

age / rt Z x . ln ( 5 > . /x . ) (43)

w here  $ i s  th e  volum e f r a c t i o n  as  d e s c r ib e d  b y  E q u a tio n  3 6 .

A lth o u g h  th e  m a jo r  e n t r o p i c  c o n c e p t  em bodied i n  t h e  F lo ry -H u g g in s  

t r e a tm e n t  i s  th e  e f f e c t  o f  s i z e  d i f f e r e n c e s , e n t r o p ic  c o n t r i b u t i o n  due 

t o  nonrandom  m ix in g  can  a l s o  b e  shown t o  have  l a r g e  e f f e c t s .  In  

a d d i t i o n ,  e f f e c t s  o c c u r  i n  many a s s o c i a t e d  s o l u t i o n s  t h a t  can  n o t  b e  

r a t i o n a l i z e d  b y  an y  o f  t h e  common e n th a l p i c  e x p r e s s io n s .

The W ilson  e q u a t io n  [56] u s e s  an  e n t r o p ic  a p p ro a c h  b a s e d  on th e  

c o n c e p t o f  " l o c a l  volum e f r a c t i o n " ,  w h ich  h a s  b een  s u c c e s s f u l l y  a p p l ie d  

t o  th e  r e p r e s e n t a t i o n  o f  b o th  b in a r y  and m u ltic o m p o n en t d a t a  [5 7 , 5 8 , 

5 9 ] .  W ilson  assum ed t h a t  in  a  b i n a r y  s o l u t i o n  o f  ty p e s  I  and 2 , a  

c e n t r a l  m o le c u le  o f  ty p e  I  w ould have  a  f r a c t i o n  x ^ ^  o f  ty p e - 2  n e ig h b o rs  

and a  f r a c t i o n  o f  x ^  o f  ty p e -1  n e ig h b o r s :

Xi 2 Zx H  = x 2exP 2/'RT) Zx 1ex P (""W1 1 ZRT) (44)

w here  th e  p r o b a b i l i t i e s  a r e  w e ig h te d  / by  B oltzm an f a c t o r s  and w . . a r e
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p a i r  p o t e n t i a l  e n e r g ie s  b e tw een  m o le c u le s  i  and j .  T h is  l e a d  t o  a  l o c a l  

volum e f r a c t i o n  o f  t y p e - I  n e ig h b o r s  a b o u t a  ty p e —I c e n t r a l  m o le c u le

a s :

^ l lixI v I exp (-h)i i / RT) /  [X1V1Bxp (-OJ11ZRT) +x2V2exp (-OJ12ZRT) ] (45)

A s i m i l a r  e x p r e s s io n  i s  d e r iv e d  f o r  ^2 (n o te  t h a t  5 1 and ? 2 a r e  

in d e p e n d e n t , ? 1+^2Jr l)  . When th e s e  l o c a l  volum e f r a c t i o n s ,  a r e  

s u b s t i t u t e d  i n t o  th e  F lo r y —H uggins e x p r e s s io n s ,  th e  r e s u l t  i s

Iny1 -  l n ( x 1+x2A12)+x2 [A12Z(x1+x2A12) A21Z( x ^ X j A ^ ) ]

Any2 = -In (X g fx 1A21)-X 1 [A12Z(x1+x2A12)-A 21Z(x2+x1A21)]

(46)

(47)

w here A „  = V ^expt (OJj^-OJi j , ) /RT]'/ v ± . When X1=O, I n y 1 = -ln A 12 + I-A g1?
CO

when Xg=O, In y 2 = -ln A 21+ l-A 1 2 *

F o r p r a c t i c a l  . p u rp o se s  o n ly  th e  te rm s  a r e  e m p i r i c a l l y

d e te rm in e d , and th e y  r e p r e s e n t  e n e rg y  te rm s  r e l a t e d  t o  t h e  d i f f e r e n c e  in  

c o h e s iv e  e n e rg y  b e tw e en  an  i - j  p a i r  o f  m o le c u le s  and an  i - i  p a i r .  To a  

good f i r s t ■ a p p ro x im a tio n  t h i s  e n e rg y  d i f f e r e n c e  i s  r e l a t i v e l y  

te m p e ra tu re  in d e p e n d e n t o v e r  a m odest r a n g e .

W ils o n 's  e q u a t io n  h a s  a  num ber o f  d i s t i n c t  a d v a n ta g e s ,  b u t  a l s o  

c e r t a i n  l i m i t a t i o n s .  I t  r e q u i r e s  o n ly  two p a ra m e te r s  p e r  b in a r y  

m ix tu r e ,  and i t  does h av e  a  " b u i l t - i n "  te m p e ra tu re  d e p e n d e n c e . I t  g iv e s  

e x c e l l e n t  r e s u l t s  f o r  some h ig h ly  n o n id e a l  sy s te m s  — s u c h  a s  d i l u t e  

a lc o h o l s  in  h y d ro c a rb o n s . The p a ra m e te rs  a r e  r e l a t i v e l y  e a s y  t o  o b t a i n ,  

and th e y  have  m ore p h y s ic a l  s i g n i f i c a n c e .  The g r e a t  a d v a n ta g e  i s  t h e
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unam biguous e x te n s io n  t o  m u ltic o m p o n en t s y s te m s . The two g r e a t e s t  

l i m i t a t i o n s  o f  W ils o n 's  e q u a t io n  a r e  i t s  i n c a p a c i t y  t o  p r e d i c t  e i t h e r  

p a r t i a l  i n m i s c i b i l i t y  o r  a  maximum in  t h e  a c t i v i t y  c o e f f i c i e n t .

A num ber o f  o t h e r  v e r y  u s e f u l  e n t r o p i c  e x p r e s s io n s  have  b een  

d e v e lo p e d . F o r e x a m p le , th e  NRTL e q u a t io n  o f  Renon and P r a u s n i t z  [60] 

p r o v id e s  a  good e n t r o p i c  e x p r e s s io n  f o r  u s e  w i th  p a r t i a l l y  m is c ib le  

s y s te m , th o u g h  i t  i s  p r o b a b ly  n o t  a s  good f o r  v a p o r—l i q u i d  e q u i l ib r iu m  

i n  f u l l y  m is c ib l e  m ix tu res^ .

Q u ite  r e c e n t l y  a  m uck' more g e n e r a l  e x p r e s s io n  was d e v e lo p e d  by  

H s ie h  and E c k e r t  [61] on th e  b a s i s  o f  t h e  c o n c e p t o f  ” f r e e  c o o r d in a te s ” . 

They have shown t h a t  in  r e a l  l i q u i d  m ix tu re s  th e  num ber o f  in d e p e n d e n tly  

d e te r m in a b le  n e ig h b o r s  f o r  a  g iv e n  m o le c u le s  l i e s  c l o s e r  t o  u n i t y  th a n  

th e  a c t u a l  c o o r d in a t io n  num ber, d e p e n d in g  on s t r u c t u r e .  From th e  

a p p l i c a t i o n  o f  s t a t i s t i c a l  m ech an ics  t o  su c h  a s  a p p ro a c h , th e  Z e ta  

e q u a t io n ,  i s  d e r iv e d  a s  ,

GE/RT =E(X1V1^x2V2) [<E>1ln(<l>1+i(J12 li>2 )+ $ 2l n ( $ 2+iJ;21$1)]  +

X1I n ( $ i / x i ) +X2^ 2Zx Z (48)

w here t h e  0 's  a r e  volum e f r a c t i o n s ,  e  i s  th e  c o n s ta n t  p r o p o r t i o n a l  to  

t h e  num ber o f  " f r e e  c o o r d i n a t e s ” , and th e  p a r a m e te r s , ^ , a r e  g iv e n  in  

te rm s  o f  th e  c o h e s iv e  e n e rg y  d e n s i t y  c a s

^ 12 = e x p [ - (C 11-C 12)Ze r t ] (49)

^ 2 1  = ^ p r - ( C 22-C 12)ZeRT] (5 0)
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T h is  Z e ta  e q u a t io n  has a  num ber o f  v e ry  i n t e r e s t i n g  and u s e f u l  

p r o p e r t i e s .  F i r s t  o f  a l l ,  f o r  c e r t a i n  v a lu e s  o f  t h e  p a ra m e te rs  i t  

d e g e n e r a te s  in  l i m i t i n g  c a s e s  t o  th e  S c a tc h a rd -H ild e b ra n d  r e g u l a r  

s o l u t i o n  th e o r y ,  t o  th e  W ilson  e q u a t io n ,  o r  t o  th e  NRTL e q u a t io n .  I t  i s  

c a p a b le  o f  g r e a t  p r e c i s i o n  in  r e p r e s e n t in g  b in a r y  v a p o r - l iq u i d  

e q u i l i b r i a ,  and t h i s  r e p r e s e n t a t i o n  i s  q u i t e  i n s e n s i t i v e  t o  th e  v a lu e  o f  

e  u s e d .  C o n v e rs e ly , i t  i s  n o t  p o s s ib l e  t o  d e te rm in e  e b y  f i t t i n g  su c h  

d a t a .

H ow ever, h e a ts  o f  m ix in g , p a r t i a l  m i s c i b i l i t i e s ,  and i n f i n i t e  

d i l u t i o n  a c t i v i t y  c o e f f i c i e n t s  a r e  a l l  q u i t e  s e n s i t i v e  t o  t h e  v a lu e  o f  

e ,  and may b e  u se d  t o  d e te rm in e  i t .  The Z e ta  e q u a t io n  i s  found t o  

r e p r e s e n t  s u c c e s s f u l l y  n o t  o n ly  v a p o r - l i q u i d  e q u i l i b r i a ,  b u t  a l s o  

l i q u i d - l i q u i d  . e q u i l i b r i a  and e n th a lp y  d a t a .  M o re o v e r, i t  i s  

p a r t i c u l a r l y  w e l l  s u i t e d  f o r  u s e  w i th  l im i t e d  d a t a ,  s u c h  a s  i n f i n i t e  

a c t i v i t y  c o e f f i c i e n t s  m easu red  by  c h ro m a to g ra p h ic  t e c h n iq u e s .  Thus t h i s  

v e r y  g e n e r a l  ty p e  o f  s e m ie m p ir ic a l  e q u a t io n ,  in c lu d in g  a l l  o f  th e  common 

form s as  s p e c i a l  c a s e s ,  shows g r e a t  p ro m ise  f o r  f u tu r e  a p p l i c a t i o n .

MOSCED Model

Van A rk e l [3 8 ] , S m all [62] and P r a u s n i t z  and c o -w o rk e rs [4 1 , 4 8 ,

6 3 , 6 4 , 6 5 , 6 6 , 67] d iv id e d  up th e t o t a l  c o h e s iv e  p a ra m e te r i n to  two

m ain c o m p o n en ts , d e f in in g  a  n o n p o la r  c o h e s io n  p a ra m e te r  (6 T) and a p o l a r  

p a ra m e te r  ( S ^ ) . A lth o u g h  t h i s  te n d s  t o  n e g le c t  i n d u c t io n  i n t e r a c t i o n s , 

t h e s e  may b e  ta k e n  c a r e  o f  by  an  a d d i t i o n a l  p a ra m e te r .  T h ese  p a ra m e te rs  

a r e  r e l a t e d  t o  t h e  H ild e b ra n d  p a ra m e te r  by
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( 51 )

v a p o r i z a t i o n  i s  th e  d i f f e r e n c e  b e tw een  th e  e x p e r im e n ta l ly  d e te rm in e d  

t o t a l  e n e rg y  o f  v a p o r i z a t i o n  and th e  e n e rg y  o f  v a p o r i z a t i o n  o f  a  

n o n p o la r  l i q u i d  h a v in g  m o le c u le s  v e ry  n e a r l y  th e  same s i z e  a n d .s h a p e  as  

th o s e  o f  th e  p o l a r  l i q u i d .

I f  i t  i s  assum ed t h a t  th e  c o h e s iv e  e n e rg y  i s  made up o f  a  l i n e a r

c o m b in a tio n  o f  c o n t r i b u t i o n s  from  n o n p o la r  o r  d i s p e r s io n  i n t e r a c t i o n s ,

( - U , ) ,  p o l a r  i n t e r a c t i o n s ,  (-U ) ,  and hy d ro g en  b o n d in g  o r  s i m i l a r  a P

s p e c i f i c  a s s o c i a t i o n  i n t e r a c t i o n s ,  ( -U ^ ) , th e n  i t  i s  g iv e n  by

I t  fo llo w s  t h a t  th e  c o r r e s p o n d in g  c o h e s iv e  p r e s s u r e  and c o h e s io n  

p a ra m e te r  ca n  b e  d e f in e d  s o  t h a t

T h is  m ethod was d e v e lo p e d  b y  H ansen e t  a l .  [68 -  83] on an  e m p i r ic a l

a l s o  be  u se d  f o r  t h e o r e t i c a l  s u b d iv i s io n s  o f  th e  H ild e b ra n d  p a ra m e te r .  

W ith  th e  a id  o f  r e l a t i o n s h i p s  o f  t h e  p h y s ic a l  f o r c e s  c a u s in g  m o le c u la r  

i n t e r a c t i o n s ,  th e  H ansen p a ra m e te rs  c a n  b e  d e s c r ib e d  in  te rm s o f  

m o le c u la r  p a ra m e te r s  r e l a t e d  to  i n te r m o le c u la r  f o r c e s  and m o le c u la r  s i z e

-U = -  U, -  U — U, d p h (52)

- u /v  = - u , / v -u  /v  -  u, / vd p  h (53)

(54)

b a s i s  and b y  means o f  s e m ie m p ir ic a l  e q u a t io n s  [8 3 , 8 4 , 8 5 ] ,  b u t  i t  may
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b e tw een  th e  p a ra m e te r s  a r e

61

o f  E q u a tio n s  51 and 54$ th e  r e l a t i o n s h i p

(56)

(55)

2 26t o r  th e  s q u a re  r o o t  o f  (6  +8^ ) i s  c o n s id e r e d  a s  th e  p o l a r i t y  o f  th e

m o le c u le  [67] .

W hile  th e  r e g u l a r  s o l u t i o n  e q u a t io n  g iv e s  a  good s e m iq u a n t i t  a t iv e  

r e p r e s e n t a t i o n  o f  th e  e x c e s s  G ibbs energy : o f  n o n p o la r  o r  m o d e ra te ly  

p o l a r  s o l u t i o n s ,  i t  i s  n o t  a p p l i c a b l e  to  m ix tu re s  c o n ta in in g  h ig h ly  

p o l a r  o r  p r o t i c  co m p o n en ts . To e x te n d  th e  u s e f u ln e s s  o f  E q u a tio n s  41 

and 4 2 , l a t e r  r e s e a r c h e r s  (A rkeI  and V lex  [8 6 ]; A rk e l [3 8 ] ;  B lanks and 

P r a u s n i t z  [6 4 ] ;  Weimer and P r a u s n i t z  [6 6 ] ;  Gordon [8 7 ] ;  H ansen [6 9 ] ;  

H e l p i n s t i l l  and van  W inkle  [8 8 ] ;  N e lso n  e t  a l .  [8 9 ] ;  K e l l e r  e t  a l .  [90] ; 

H s ie h  [9 1 ] ;  B a r to n  [92] ; Koenhen and Sm olders [93] K a rg e r  e t  a l .  [94] ; 

T i j s s e n  e t  a l .  [9 5 ] ;  K a rg e r  and Snyder [9 6 ])  assum ed t h a t  th e  f o r c e s  

c o n t r i b u t i n g  t o  c a c t  in d e p e n d e n tly  and a r e  a d d i t i v e .  M ost su c h  

e x te n s io n s  y i e l d  form s f o r  th e  c o h e s iv e  e n e rg y  d e n s i t y  s i m i l a r  to  57 58 59

(57)

(58)

(59)

, and a ^ j  te rm s  r e p r e s e n t  th e  d i s p e r s i o n .where th e  A.. X., t . t .
i  I i  3
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o r i e n t a t i o n ,  i n d u c t io n ,  and hy d ro g en  b o n d in g  f o r c e s ,  r e s p e c t i v e l y .  H ere 

X i s  a m easu re  o f  a  m o le c u le 's  p o l a r i z a b i l i t y ,  T r e p r e s e n t s  i t s  

p o l a r i t y ,  O r e f l e c t s  th e  a b i l i t y  o f  th e  n o n p o la r  p a r t  o f  m o le c u le  to  

i n t e r a c t  w i th  a  d i p o l e ,  and ex and B a r e  a c i d i t y  and b a s i c i t y  p a ra m e te r s ,  

r e s p e c t i v e l y .  U sing  th e  above e x p r e s s io n  f o r  t h e  c o h e s iv e  e n e rg y  

d e n s i t i e s ,  th e  a c t i v i t y  c o e f f i c i e n t  f o r  com ponent I  i n f i n i t e l y  d i l u t e  in  

s o lv e n t  2 becom es

00 O 9
I n r 1 = V a 1-A 2) + (T r T2} + (a r a2 ) ( T r T2 ) + ( a r a 2 ) ( 6 r 62 )3 /R T  (60)

To a c c o u n t f o r  d i f f e r e n c e s  in  m o le c u la r  s i z e ,  a F lo ry -H u g g in s  [5 1 , 5 2 , 

54] te rm  d 12 was added  w here

'd12 = l n W ) + 1 ~ (W  (61 ) '

The f i n a l  e x p r e s s io n  th e n  becom es

co a 9 O
in Y1 = V(VX2) +(VV +(ar a2 )(Tr T2 ) +

( V V ( S 1-B 2 ))ZRT + In (V 1ZV2) + I - ( V v 2) (62 )

T a b le  V II i s  a  summary o f  some p r e v io u s  a t te m p ts  a t  a  m odel o f  t h i s  

ty p e .  To s im p l i f y  E q u a tio n  6 2 , i t  i s  r e w r i t t e n  in  a  form  a n a lo g o u s  to  

Weimer and P r a u s n i t z  [66]

00 9 9 9 9
In  Y1 = V1 [(X 1-X 2 ) V 1 q2 (T1-T 2 ) z + (a 1- a 2 ) (B1-B 2 )] ZRT+

l n ( v 1Zv2 ) + l - ( v 1Zv2 ) (63),
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T a b le  V I I .  P re v io u s  f o rm u la t io n s  o f  a c t i v i t y  c o e f f i c i e n t s  
u s in g  s o l u b i l i t y  p a ra m e te r .

E x p re s s io n s I n v e s t i g a t o r

In y i cT v i  (S j - S 2 ) 2 ^22ZRT H ild e b ra n d  

& S c o t t  [37] .

I n y 11H  l t Y r Y 2 '  + Y 2 ' ]  +2Y E i 2Zr t  ■ P r a u s n i t z  and 

A nderson  [4 1 ] .

CO O  p

InY 1 =V1 KA1-A 2) +(T1-T 2) - 2 ^ 121/RT +InC v1Zv ) W eimer and

+ ' - V V  Y 2=c t V V 2 P r a u s n i t z  [66]

InY1 =V1 CfA1-A 2) 2+(T1-T 2)2 + (o i _o2) (T1-T 2) ] ZRT H sie h  [91] &

+ In(V 1ZV2 )+ I -V i Zv2 Newman [97] .

oo . p o 9
InY1 + (Ti ” T2  ̂ + ( o ^ i y - ^ g )  ] ZRT+ H ansen [6 9 ] .

In  (V1Zv2 )+ I-V 1ZV2

CO p  p

In y 1 =V1 [(A 1-A 2 ) ^+ (T 1-T 2 )^ + 2 (a 1 - a 2 ) (B1-B 2 )IZRT T i j s s e n  e t  a l .  

+Ir i(V1 Zv2 ) + I - V 1ZV2 , [ 9 5 ] .

CO p  p  0

In y 1 =V1 [(X 1-X 2) + (T 1-T 2 ) + 2 (a 1- a 2 ) (B1- P 2 ) K a rg e r  e t  a l .

+Z(CX1- O 2 ) (T1-T 2)IZRT [9 4 ]
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Weimer [66] assum ed t h a t  q i s  a  f u n c t io n  o n ly  o f  th e  c l a s s  o f  

compound o f  t h e  s o l u t e ,  i . e . „  p a r a f f i n ,  o l e f i n ,  o r  a r o m a t ic ,  w here q i s  

a  m easu re  o f  th e  d ip o le - in d u c e d  d ip o le  e n e rg y .  H ow ever, th e  g r e a t e r  th e  

d i f f e r e n c e s  in  p o l a r i t y  o r  d e g re e  o f  h y d ro g en  b o n d in g , t h e  more t h e  

sym m etry i n  volum e f r a c t i o n  a s su m p tio n  a p p e a rs  t o  f a i l .  Thomas and 

E c k e r t  [98] m o d if ie d  E q u a tio n  63 t o  in c lu d e  a  te rm  and a  te rm  £ t o  

a c c o u n t  f o r  t h i s  asym m etry  e f f e c t .  T h e i r  m odel i s  c a l l e d  a  m o d if ie d  

s e p a r a t i o n  o f  c o h e s iv e  e n e rg y  d e n s i t y  m odel (MOSCED). The e q u a t io n  i s

I n  Y1 =6v 1 [(X 1-X 2) z +q1 q2z (T1-T 2> % 2+ (a 1- a 2) CB1-B 2^ 521 /RT+

In  (V1Zv2) + I - (V 1Zv2)" (64)

Thomas and E c k e r t  h as  r e p o r t e d  t h a t  MOSCED m odel y ie ld e d  b e t t e r  r e s u l t s  

th a n  UNIFAC w h ich  a p p l i e s  t h e  g roup  c o n t r i b u t i o n  m eth o d . H ow ever, some 

l i m i t a t i o n s  r e s t r i c t  th e  a p p l i c a b i l i t y  o f  t h i s  m o d el. The p r e d i c t i o n  

w ere p o o r e s t  f o r  sy s te m s  w here . s t e r i c  c o n s id e r a t i o n s  p re d o m in a te . 

A n o th e r  l i m i t a t i o n  i s  th e  m o d e l 's  i n a p p l i c a b i l i t y  t o  aqueous s y s te m . 

They a l s o  d e s c r ib e d  th e  p a ra m e te r  e s t i m a t io n  and te m p e r a tu r e  d e p e n d en c e . 

T hese  a r e  sum m arized  i n  A ppendix  A.

The p a ra m e te r  q r e f l e c t s  th e  a b i l i t y  o f  th e  n o n p o la r  p a r t  o f  a  

m o le c u le  t o  i n t e r a c t  w i th  a  p o l a r  p a r t .  E q u a tio n  64 c a n  b e  m o d if ie d  t o  

b e

c o  9 9 9 9
lnyI =:Vl ^ Xl''X2) +ql tI2 [(t 1~T2) /^2+(al''a2)(gl‘'g2)/^2-l",'/RT

+ In(V 1Zv2) +I - Cv1/ v2 ) (65)
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When s tu d y in g  s o l u t i o n  b e h a v io r  in  th e  p a s t ,  s c i e n t i s t s  and 

e n g in e e r s  f r e q u e n t l y  em braced  s o l u b i l i t y  p a ra m e te r  a p p ro a c h e s  b e c a u s e  o f  

t h e i r  s i m p l i c i t y  and i n t u i t i v e  a p p e a l ,  b u t  th e y  o f t e n  shunned  them  

b e c a u s e  o f  t h e i r  q u a l i t a t i v e  p r e d i c t i v e  a b i l i t y .  T h is  w ork a tte m p te d  t o  

a p p ly  s o l u b i l i t y  p a ra m e te rs  t o  s tu d y  th e  m o le c u la r  i n t e r a c t i o n s  b e tw een  

o r g a n ic  m o le c u le s  i n  e x t r a c t i v e  d i s t i l l a t i o n .

P ro p o sed  E f f e c t  o f  The A gen ts

The n e t  e n e rg y  o f  i n t e r a c t i o n  o r  i n t e r n a l  e n e rg y , U, o f  nonbonded 

a tom s o r  m o le c u le s  i s  th e  r e s u l t  o f  b o th  a t t r a c t i v e  and r e p u l s iv e  

e f f e c t s . T h ere  i s  one m ajo r r e p u l s iv e  i n t e r a c t i o n ,  t h e  te n d e n c y  o f  two 

m o le c u le s  t o  a v o id  o cc u p y in g  th e  same s p a c e ,  t h i s  e n e rg y  te rm  r i s i n g  

v e r y  s t e e p l y  t o  h ig h  p o s i t i v e  v a lu e s  when th e  i n te r m o l e c u l a r  s e p a r a t i o n  

f a l l s  be low  a  c e r t a i n  d i s t a n c e  b u t  o th e r w is e  h a v in g  l i t t l e  e f f e c t  on th e  

i n t e r n a l  e n e rg y .  T h ere  a r e  s e v e r a l  p o s s ib l e  a t t r a c t i v e  i n t e r a c t i o n s ,  

c o l l e c t i v e l y  c a l l e d  van  d e r  W a a l 's  f o r c e s ,  . and a l l  o f  t h e s e  h av e  w eaker 

d ep en d en ce  on in te r m o le c u la r  s e p a r a t i o n  th a n  th e  r e p u l s iv e  i n t e r a c t i o n s ,  

and t h e r e f o r e  d o m in a te  a t  l a r g e r  d i s t a n c e s .  C o n s e q u e n tly ,

1 . The e q u i l ib r iu m  in te r m o le c u la r  s e p a r a t i o n  i s  l a r g e l y  d e te rm in e d  by  

th e  r e p u l s iv e  i n t e r a c t i o n s .

2 . The n e t  e n e rg y  o f  i n t e r a c t i o n  a t  e q u i l ib r iu m  i s  m a in ly  a. f u n c t io n  o f  

th e  a t t r a c t i v e  i n t e r a c t i o n .

I t  i s  assum ed t h a t  th e  r e p u l s iv e  i n t e r a c t i o n s  a r e  n e g l i g i b l e .  

T h e r e f o r e ,  t h e  a t t r a c t i v e  i n t e r a c t i o n s  w i l l  d o m in a te  t h e  e f f e c t  o f  an  

a g e n t  in  e x t r a c t i v e  d i s t i l l a t i o n .  As shown i n  F ig u re  7 ,  t h e r e  a r e  t h r e e
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k in d s  o f  p h y s ic a l  i n t e r a c t i o n s  o c c u r r in g  b e tw een  two p o l a r  m o le c u le s . 

Thus in  a  m ix tu re  two k e y  com ponents and an  a g e n t ,  t h e r e  a r e  t h r e e  p a i r s  

o f  m o le c u la r  i n t e r a c t i o n s ,  i . e . , ( i )  k e y  com ponent I  -  k e y  com ponent 2 , 

( i i )  k e y  com ponent I  -  a g e n t ,  ( i i i )  k e y  com ponent 2 -  a g e n t .  I f  th e  

f i r s t  p a i r  o f  m o le c u la r  i n t e r a c t i o n s  i s  n e g l i g i b l e ,  o n ly  two p a i r s  o f  

a t t r a c t i v e  i n t e r a c t i o n s  n e e d  t o  b e  c o n s id e r e d .  I n  t h i s  c a s e ,  th e  

s e l e c t i v i t y  o f  th e  a g e n t  i s  d e p e n d e n t upon w h ich  p a i r  has g r e a t e r  

a t t r a c t i v e  i n t e r a c t i o n .  I f  t h e  se co n d  p a i r ,  k e y  com ponent I  -  a g e n t ,
'i I

h a s  g r e a t e r  i n t e r a c t i o n ,  th e  k e y  com ponent I  w i l l  b e  b ro u g h t  b y  th e  

a g e n t  t o  th e  b o tto m  o f  th e  colum n and th e  k e y  com ponent 2 w i l l  b e  th e  

o v e rh e a d  p r o d u c t ,  and v i c e  v e r s a .

The c o m p a riso n  o f  th e  a t t r a c t i v e  i n t e r a c t i o n s  i s  t h e  m ajo r p ro b lem  

on s e l e c t i n g  a g e n t s .  The s o l u b i l i t y  p a ra m e te r  i s  p ro p o se d  t o  b e  th e  

m easu re  o f  th e  a t t r a c t i v e  i n t e r a c t i o n s .  I t  i s  assum ed t h a t  th e  t h r e e  

s o l u b i l i t y  p a ra m e te rs  ca n  d e s c r ib e  t h e  a t t r a c t i v e  i n t e r a c t i o n s  i n  te rm s  

o f  d i s p e r s io n  f o r c e ,  S ^ , p o l a r  i n t e r a c t i o n ,  6 ^ , and h y d ro g en  b o n d in g , 

6^ . In  t h i s  s tu d y ,  t h e  t h r e e  s o l u b i l i t y  p a ra m e te rs  w ere  u s e d  t o  com pare 

t h e  a t t r a c t i v e  i n t e r a c t i o n s  b e tw een  th e  a g e n t  and k e y  co m p o n en ts . 

T h e r e f o r e ,  t h e  s o l u b i l i t y  p a ra m e te r  can  b e  u se d  f o r  i n i t i a l  e v a lu a t io n

o f  a g e n ts .
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I I I .  APPARATUS AM) CHEMICALS 

V a p o r-L iq u id  E q u i l ib r iu m  S t i l l

An Othm er ty p e  e q u i l ib r iu m  s t i l l  was u se d  t o  c o n d u c t th e  

e x p e r im e n ts  f o r  v a p o r - l i q u i d  e q u i l ib r iu m .  F ig u re  9 shows th e  s e tu p  o f  

t h e  e q u ip m e n t. The s t i l l  i s  c o n s t r u c te d  o f  P y rex  g l a s s  and w rapped w i th  

i n s u l a t i o n  t o  p r e v e n t  h e a t  l o s s  from  th e  s t i l l .  H ea t i s  s u p p l i e d  by  a 

h e a t in g  c o i l  a ro u n d  th e  s t i l l .  T h e re  a r e  two c o n d e n s e r s . The m ain 

c o n d e n se r  i s  t o  c o n d e n se  th e  v a p o r  com ing from  th e  s t i l l .  The se c o n d a ry  

c o n d e n se r  a ro u n d  th e  v e n t  tu b e  i s  t o  c o n d e n se  any  v a p o r  g o in g  o u t  th e  

v e n t  and p r e v e n t in g  a  l o s s  o f  v a p o r . Thus th e  q u a n t i t y  o f  th e  compounds 

b e in g  t e s t e d  re m a in s  c o n s t a n t .  The v e n t  k e e p s  th e  s t i l l  a t  a tm o s p h e r ic  

p r e s s u r e  and i s  a  s a f e t y  m e a s u re . The c o n d e n s a te  w i l l  a c c u m u la te  in  th e  

sa m p lin g  tu b e  and th e n  flo w  b a c k  t o  t h e  s t i l l .  The l i q u i d  l e v e l  in  th e  

s t i l l  m ust b e  lo w e r th a n  p o i n t  B and h ig h e r  th a n  p o i n t  A t o  a s s u r e  good 

o p e r a t i o n .  Due t o  th e  n e g l i g i b l e  h e a t  l o s s  from  th e  S t i l l s v a p o r  do es  

n o t  c o n d e n se  on th e  i n s i d e  w a l l  o f  t h e  s t i l l .  In  s e v e r a l  h o u rs  r u n n in g , 

t h e  v a p o r  and l i q u i d  p h a se  w i l l  r e a c h  e q u i l ib r iu m .  Thus t h i s  s e tu p  

c o m p rise s  one t h e o r e t i c a l  s t a g e .  The sa m p les  can  b e  ta k e n  from  th e  

sa m p lin g  tu b e  o f  th e  c o n d e n se r  and s t i l l .  A gas c h ro m a to g ra p h  was u se d  

t o  a n a ly z e  t h e  s a m p le s . They r e p r e s e n t  t h e  v a p o r  and l i q u i d  c o m p o s itio n  

a t  e q u i l ib r iu m .  A m ercu ry  th e rm o m e te r  was u se d  t o  m easu re  th e  v a p o r  

t e m p e r a tu r e . A K -ty p e  th e rm o c o u p le  was u se d  t o  d e t e c t  th e  te m p e ra tu re
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Condenser

Sampling
Tube

F ig u re  9 . O th m er-ty p e  v a p o r - l i q u i d  e q u i l ib r iu m  s t i l l .
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o f  th e  l i q u i d  p h a s e .  A te m p e ra tu re  i n d ic a to r . ,  OMEGA 2176A, was 

c o n n e c te d  t o  th e  th e rm o c o u p le  to  r e a d  th e  te m p e r a tu r e .

P l a t e  Column

In  o r d e r  t o  c a r r y  o u t  th e  n e c e s s a r y  o p e r a t io n s  f o r  b a tc h  e x t r a c t i v e  

d i s t i l l a t i o n ,  a  s e tu p  was d e s ig n e d  in c o r p o r a t in g  a  c o n d e n s e r ,  a  v a p o r -  

l i q u i d  e x t r a c t i v e  d i s t i l l a t i o n  c o n ta c t in g  s e c t i o n ,  a  h e a t  s o u rc e  f o r  

in t r o d u c in g  v a p o r  t o  th e  b o tto m  o f  t h e  c o n ta c t in g  s e c t i o n ,  and a  means 

o f  f e e d in g  th e  a g e n t  t o  th e  to p  o f  t h e  e x t r a c t i v e  d i s t i l l a t i o n  s e c t i o n .  

The g e n e r a l  a s se m b ly  o f  th e  equ ip m en t i s  shown in  F ig u re  1 0 . I t  

c o n s i s t e d  o f  e ig h t  p a r t s  a s  d e s c r ib e d  b e lo w .

(1) A C orad c o n d e n s in g  h e a d . A, co n d en sed  th e  v a p o r  t o  t h e  l i q u i d  p h a s e . 

The v a p o r  t h a t  co n d en sed  on th e  i n s i d e  s u r f a c e  o f  th e  i n n e r  tu b e  and was 

d iv id e d  by  means o f  v e r t i c a l  s t r i p s  i n t o  s i x  d i f f e r e n t ,  s i z e d  p a r a l l e l  

p a r t s . The c o n d e n s a te  from  any  one p a r t  c o u ld  be  ta k e n  o f f  a s  p ro d u c t  

w h i le  t h e  re m a in d e r  was r e tu r n e d  a s  r e f l u x  t o  t h e  c o lu m n . A s id e a rm  

sa m p lin g  p o r t  was su sp en d e d  from  th e  C orad c o n d e n s in g  h e a d . The C orad 

head  was c o n s id e r e d  a  t o t a l  c o n d e n s e r .

(2 ) A c o n ta c t in g  s e c t i o n  w h ich  was 20. in c h  lo n g  and 1 .5  in c h  in  

d ia m e te r ,  B, c o n ta in e d  f i v e  O ldershaw  p e r f o r a t e d  p l a t e s .  I t  was made o f  

P y rex  g l a s s .  The a rra n g e m e n t o f  th e  g l a s s  p e r f o r a t e d  p l a t e  i s  shown in  

F ig u re  1 1 . The t r a y  s p a c in g  was 1 .8  in c h  and th e  w e i r  was 3 /8  in c h  

h ig h .  F ig u re  12 i l l u s t r a t e s  th e  d i r e c t i o n  o f  l i q u i d  f lo w  on th e  p l a t e .  

The colum n was e q u ip p e d  w i th  a  s i l v e r e d  vacuum  j a c k e t  w i th  a  th ic k n e s s  

o f  3 /4  i n .  The s i l v e r e d  vacuum  j a c k e t  e f f e c t i v e l y  re d u c e d  h e a t  l o s s
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C O O L I N G  WATER O U T

S T E A M  I N

C O O L I N G  WATER I N

S T E A M  O U T

THERMOCOUPLE

7 HERMOCOUPL E

T H E R M O C O U P L E

SAMPLING
T U B E

F ig u re  1 0 . D iagram  o f  th e  b a tc h - w is e  e x t r a c t i v e  d i s t i l l a t i o n  co lum n .
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PERFORATED PLATE

W E I R

F ig u re p l a t e a rra n g e m e n t
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p e r f o r a t e d  a r e a

F ig u re  1 2 . P e r f o r a t e d - p l a t e  sch em e. A rrow s show th e  d i r e c t i o n  
o f  l i q u i d  f lo w .
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from  th e  colum n t o  a  n e g l i g i b l y  s m a l l  am ount.

(3 ) A 5 - l i t e r  ro u n d —b o tto m  P y rex  g l a s s  f l a s k  s e rv e d  a s  a  r e b o i l e r  o r  

s t i l l p o t , C. I t  was f i t t e d  w i th  a  th e rm o c o u p le  w e l l  and sa m p lin g  tu b e .

(4) Column h e a t  was s u p p l i e d  e l e c t r i c a l l y  b y  means o f  a G la s -C o l m a n t le » 

D, w h ich  was f u r t h e r  la g g e d  t o  r e d u c e  t h e  h e a t  l o s s  from  th e  s t i l l p o t .  

The maximum a l lo w a b le  te m p e ra tu re  was 450°C .

(5) A V a r ia c , E 1 a d ju s te d  th e  h e a t  in p u t  i n t o  t h e  s t i l l p o t  and 

c o n t r o l l e d  t h e  b o i l - u p  r a t e .  The in p u t  s id e  was f o r  115 v o l t s „ 5 0 /6 0  

Hz1 s i n g l e  p h a s e ;  and th e  o u tp u t  was 0 t o  140 v o l t s ,  and a  maximum 

r a t i n g  o f  1 .4  KVA.

(6) A gent was s to r e d  in  a  c y l i n d r i c a l „ F 1 s te a m - ja c k e te d  s e p a r a to r y  

f u n n e l . I t  was made o f  P y rex  g l a s s  and had  a  c a p a c i ty  o f  200 m l. The 

s te a m  j a c k e t  was u se d  t o  c o n t r o l  th e  te m p e ra tu re  o f  t h e  a g e n t  e n te r in g  

th e  co lum n.

(7) A f l u i d  m e te r in g  pump„ G1 a d ju s t e d  t h e  a d d i t i o n  r a t e  o f  a g e n t s .  The 

pump was a  m ic ro -b e llo w s  m e te r in g  pump made b y  R e s e a rc h  A p p lia n c e  

Company. I t  was a  s ta n d a r d  m o d e l, 0 .5  in c h  I  .D . ,  3 1 6 - s t a i n l e s s  b e l lo w s .

(8) F iv e  K -ty p e  th e rm o c o u p le s  w ere  u s e d  t o  m easu re  t h e  te m p e ra tu re  a t  

t h e  o v e rh e a d , s t i l l p o t ,  v a p o r  and l i q u i d  o f  t h e  to p  p l a t e ,  and th e  a g e n t  

e n t e r in g  th e  co lu m n . The th e rm o c o u p le s  f o r  v a p o r  and l i q u i d  p h a se s  o f  

t h e  to p  p l a t e  a r e  n o t  shown i n  th e  d ra w in g .

A u x i l i a r i e s  n o t  shown on th e  d raw in g  in c lu d e d  a  n ich ro m e  h e a t in g  

w ire  w rapped  on th e  pump l i n e ,  a  G la s -C o l m a n tle  c o n n e c te d  to  th e  

h e a t in g  w i r e ,  a  d i g i t a l  te m p e ra tu re  i n d i c a t o r ,  OMEGA 2176A, c o n n e c te d  to  

th e  K -ty p e  th e rm o c o u p le s , and two b a l l - a n d - s o c k e t  j o i n t s .  The f i r s t  two 

w ere  u se d  t o  c o n t r o l  t h e  te m p e ra tu re  o f  t h e  a g e n t e n t e r i n g  th e  co lum n.
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The temperature indicator was used to read the temperature at the 

overhead, Stillpot8 top plate, and pump line. A 6 5 /4 0  female ball-and- 

socket joint and 6 5 /4 0  male ball-and-socket joint connected the column 

with the Corad condensing head and stillpot, respectively.

Packed Column

B erg e t  a l .  [20] have  r e p o r te d  t h a t  p ack ed  colum ns c a n  a l s o  be  u se d  

f o r  e x t r a c t i v e  d i s t i l l a t i o n .  The a sse m b ly  o f  th e  eq u ip m en t was s i m i l a r  

t o  t h a t  o f  th e  p l a t e  colum n e x c e p t  th e  ty p e  o f  th e  co lum n . B e r l  s a d d le  

p a c k in g  u se d  i s  shown i n  F ig u re  1 3 . The p a c k in g s  w ere  made o f  c e ra m ic s  

and p ack ed  random ly  in  t h e  co lum n . The p ack ed  colum n had  a  d ia m e te r  o f  

1 .2 5  in c h e s  and c o n ta in s  90 gm. o f  t h e  p a c k in g .  The s i z e  o f  th e  B e r l  

s a d d le  was 3 /4  in c h  from  one end t o  t h e  o th e r  end and w i th  th e  w id th  o f  

3 /8  i n c h .  The d e p th  o f  th e  p a c k in g  was 5 i n c h e s . The colum n was 

w rapped w i th  i n s u l a t i o n  t o  re d u c e  th e  h e a t  l o s s  from  th e  co lu m n .

C a l ib r a t i o n  o f  th e  E x t r a c t i v e  D i s t i l l a t i o n  Columns

The g l a s s  p e r f o r a t e d  p l a t e  r e c t i f i c a t i o n  colum n w i th  th e  s t i l l p o t  

was c a l i b r a t e d  w ith  a  e th y lb e n z e n e  and p -x y le n e  w h ich  p o s s e s s e s  an  

a v e ra g e  r e l a t i v e  v o l a t i l i t y  o f  1 .0 6 . The s e tu p  was found  t o  have  4 .5  

t h e o r e t i c a l  p l a t e s  [9 9 ] .  T h is  num ber was t e s t e d  a g a i n s t  th e  v a p o r -  

l i q u i d  e q u i l i b r i a  d a ta  r e p o r t e d  by  H a rp e r  e t  a l .  [100] u s in g  th e  

m e th a n o l-a c e to n e  m ix tu r e .  The e x p e r im e n ta l  d a ta  was o b ta in e d  from  

o r d in a r y  d i s t i l l a t i o n .  The r e l a t i v e  v o l a t i l i t i e s  c a l c u l a t e d  from  th e
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F ig u re  1 3 . B e r l  s a d d le  p a c k in g .
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T a b le  V I I I .  The c a l c u l a t e d  r e l a t i v e  v o l a t i l i t i e s  o f  m e th an o l 
to  a c e to n e .

C o rre sp o n d in g  VLE d a ta  R e la t i v e
wt.% o f  m eth an o l from  H a rp e r  e t  a l . [ 7 9 ] _______ v o l a t i l i t y

1 0 .5  in  v a p o r  9 .6  in  l i q u i d  1 .1 0 5

7 .1  i n  l i q u i d  7 .8  in  v a p o r  1 .1 0 7

l i t e r a t u r e  d a ta  a r e  shown in  T a b le  V I I I .  . The a v e ra g e  r e l a t i v e  

v o l a t i l i t y  o f  1 .1 0 6  can  b e  c a l c u l a t e d  b y  E q u a tio n  8 . I f  th e  o v e rh e a d  

p ro d u c t  c o n ta in s  1 0 .5  wt.%  m eth an o l and th e  b o tto m s c o n ta in s  7 .1  wt.% 

m e th a n o l , a  r e l a t i v e  v o l a t i l i t y  o f  1 .1 0  can  b e  o b ta in e d  b y  u s in g  th e  

F en sk e  e q u a t io n  w i th  4 .5  t h e o r e t i c a l  p l a t e s .  T h is  i s  th e  e x p e r im e n ta l  

r e s u l t .  T h is  c o m p a riso n  f i t s  w e l l  t h a t  th e  colum n h a s  4 .5  t h e o r e t i c a l  

p l a t e s .

H ow ever, i t  i s  n e c e s s a r y  t o  ch e ck  th e  t h e o r e t i c a l  p l a t e s  o f  th e  

s e tu p  u n d e r  th e  o p e r a t io n  o f  e x t r a c t i v e  d i s t i l l a t i o n .  The e q u i l ib r iu m  

d a ta  in  th e  p re s e n c e  o f  a g e n ts  was g a th e r e d  from  th e  O thm er—ty p e  v a p o r -  

l i q u i d  e q u i l ib r iu m  s t i l l  a t  a tm o s p h e r ic  p r e s s u r e .  I s o p r o p y l  e t h e r -  

a c e to n e  and m e th y l a c e t a t e —m eth an o l sy s te m s  w ere u se d  w i th  d im e th y l 

s u l f o x id e  (DMS0) a s  th e  a g e n t . The a c e to n e —m eth a n o l sy s tem  was 

i n v e s t i g a t e d  w i th  m e th y l e t h y l  k e to n e  (MEK) a s  th e  a g e n t .  The m e th a n o l-  

a c e to n e  sy s te m  w i th  MEK a s  th e  a g e n t  was c o n d u c te d  in  th e  e x t r a c t i v e  

d i s t i l l a t i o n  co lum n. The o v e rh e a d  and b o tto m s c o m p o s i tio n s  w ere 

o b ta in e d .  Yeh [29] h a s  r e p o r t e d  th e  d a ta  f o r  th e  o t h e r  two s y s te m s . 

F ig u re s  14 , 15 [101] and 16 show th e  e q u i l ib r iu m  c u rv e s  w ith  th e  

c o m p o s i tio n s  b a se d  on a g e n t  f r e e  and th e  p seudo  M cC abe-T h ie le  m ethod .
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wt.% of isopropyl ether in liquid phase

F ig u re  14 . P seudo  M cC abe-T h ie le  m ethod f o r  i s o p r o p y l  e t h e r -  
a c e to n e  sy s te m  w ith  DMSO as  th e  a g e n t .



wt
.%
 o

f 
me
th
yl
 a

ce
ta
te
 i

n 
va
po
r 

ph
as
e

78

wt.% of methyl acetate in liquid phase
F ig u re  15 . Pseudo M cC abe-T h ie le  m ethod f o r  m e th y l a c e t a t e -  

m eth an o l sy s te m  w ith  DMSO as  th e  a g e n t .
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0 6 . 1
wt.% of methanol in liquid phase

F ig u re  1 6 . P seudo  M cC abe-T h ie le  m ethod f o r  a c e to n e -m e th a n o l  
sy s te m  w i th  MEK as th e  a g e n t .
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u s in g  th e  s t e p - b y - s t e p  p r o c e d u r e . D u rin g  th e  o p e r a t i o n s ,  th e

te m p e ra tu re  o f  th e  o u t l e t  c o o l in g  w a te r  was in  th e  r a n g e  o f  5 to  10°C . 

I t  i s  r e a s o n a b le  t o  s a y  t h a t  th e  Corad head  i s  a  t o t a l  c o n d e n s e r .  Thus 

th e  c o n d e n s a te s  have  th e  same c o m p o s i tio n s  as  th e  v a p o r  com ing o u t  from  

th e  to p  p l a t e .  Thus th e  o v e rh e a d  c o m p o s itio n  i s  c o n s id e r e d  a  v a p o r  

c o m p o s itio n  on th e  to p  p l a t e .  , Due t o  th e  t o t a l  r e f l u x  o p e r a t i o n ,  th e  

45° d ia g o n a l  was th e  o p e r a t in g  l i n e .  The s t e p - b y - s t e p  p ro c e d u re  s t a r t e d  

a t  th e  o v e rh e a d  c o m p o s itio n  and t r i e d  t o  r e a c h  th e  e x p e r im e n ta l  b o tto m s 

c o m p o s i t io n . The c o r r e s p o n d in g  c o m p o s i tio n s  w ere c a l l e d  " p r e d i c t e d  

b o tto m s c o m p o s i t io n s " .  T a b le  IX l i s t s  th e  e x p e r im e n ta l  a n d .p r e d i c t e d  

b o tto m s c o m p o s i t io n s .

T a b le  IX . The c o m p a riso n  o f  b o tto m s c o m p o s itio n  from  e x p e r im e n ts  
e x p e r im e n ts  w i th  p seu d o  M cC abe-T h ie le  m ethod .

Bottoms composition, wt%
Run O verhead  c o m p o s i t io n , wt.% E x p e r im e n ta l P r e d ic te d

I . 9 8 .7  I s o p r o p y l  e th e r 3 .0  IPE 3 .6  IPE

2. 3 3 .4  M ethano l 6 .4  MeOH 6 .1  MeOH

3 . 9 9 .9  MeAc 9 .2  MeAc 8 .3  MeAc

From th e  f i g u r e s ,  i t  a p p e a re d  t h a t  th e  s e tu p  h as  5 .5  t h e o r e t i c a l

p l a t e s .  The a d d i t i o n  o f  th e  a g e n t i n t o  t h e  colum n w ould  in c r e a s e  th e

e f f i c i e n c y  o f  th e  p l a t e s .  I f  th e  s e tu p  h a s  5 .5  t h e o r e t i c a l  p l a t e s ,  th e
'

colum n h a s  an  a v e ra g e  p l a t e  e f f i c i e n c y  o f  90%. I t  i s  f a r  from  th e  

a v e ra g e  p l a t e  e f f i c i e n c y  o f  40 -  60% w h ich  has b e e n  r e p o r t e d .  I t  i s  

m ore r e a s o n a b le  t o  s a y  t h a t  th e  s e tu p  h a s  4 .5  t h e o r e t i c a l  p l a t e s ,  i . e . ,
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th e  a v e ra g e  p l a t e  e f f i c i e n c y  i s  70%. To com pare th e  e f f e c t  o f  a g e n ts  on 

th e  same b a s i s „ 4 .5  t h e o r e t i c a l  p l a t e s  and F enske  w ere  u se d  t o  c a l c u l a t e  

th e  r e l a t i v e  v o l a t i l i t i e s  o f  k e y  c o m p o n e n ts . The p a c k ed  colum n was 

c a l i b r a t e d  w i th  a  e th y lb e n z e n e  and p - x y le n e  m ix tu re  w h ich  p o s s e s s e s  an  

a v e ra g e  r e l a t i v e  v o l a t i l i t y  o f  1 .0 6 . The p acked  colum n was found t o  

hav e  1 .5  t h e o r e t i c a l  p l a t e s .  T h is  num ber was u s e d  w i th o u t  f u r t h e r  

c h e c k in g . The d a ta  o b ta in e d  from  th e  VLE s t i l l  i s  j u s t  one p o in t  in  a 

p h a se  d ia g ra m  and th e  d a ta  o b ta in e d  from  th e  e x t r a c t i v e  d i s t i l l a t i o n  

colum ns i s  an a v e ra g e  v a l u e . T h e r e f o r e ,  th e  d a ta  o b ta in e d  from  th e  

colum ns a r e  c o n s id e r e d  more r e l i a b l e  th a n  t h a t  o b ta in e d  from  th e  VLE 

s t i l l .

A n a ly t i c a l  E quipm ent

A g as  c h ro m a to g ra p h  was u sed  t o  a n a ly z e  th e  s a m p le s . The a c t u a l

a p p a ra tu s  in c lu d e d  an  A e ro g ra p h  1800 i o n i z a t i o n  g as  c h ro m a to g ra p h  hooked

t o  a  S a rg e n t r e c o r d e r .  M odel SR. The colum n in  th e  c h ro m a to g ra p h  was 15

f e e t  lo n g  and 1 /8  in c h  in  o u t s id e  d ia m e te r .  The colum n p a c k in g  was made
-

u p . as f o l l o w s : 0 .5  g . e a c h  o f  B en tone  34 (an  o rg an o  c la y  com plex .

N a t io n a l  Lead B a rio d  D iv is io n )  and d i i s o d e c y l  p h t h a l a t e  w ere  d e p o s i te d  

on 9 .0  g . o f  ch rom eso rb  P u s in g  th e  c o n v e n t io n a l  v a p o r i z a t i o n  and s l u r r y  

t e c h n i q u e s . The d e t e c t o r  was o f  th e  f o u r - f i l a m e n t  ty p e ,  tu n g s te n -  

rh en iu m  NX, h o t  w ire  w h ich  had a te m p e ra tu re  l i m i t  o f  400°C . . The 

o p e r a t in g  c o n d i t io n s  u se d  w e re : colum n te m p e r a tu r e ,  75°C; i n j e c t i o n  p o r t  

t e m p e r a tu r e ,  2 0 0 °; d e t e c t o r  t e m p e r a tu r e ,  140°C; h e liu m  f lo w  r a t e ,  20 -30
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m l. p e r  m in u te ; h y d ro g en  f lo w  r a t e ,  20 -30  m l. p e r  m in u te ;  a i r  f lo w  r a t e ,  

250-400  m l. p e r  m in u te .

Gas C hrom atograph  C a l ib r a t i o n

A s e r i e s  o f  known c o m p o s itio n  m ix tu re s  w ere made up and a n a ly z e d  on 

th e  g a s  c h ro m a to g ra p h . The peak  h e ig h t  p e r c e n ts  o f  t h e  c h ro m a to g ra p h  

t r a c i n g  o f  th e  com ponents in  th e  m ix tu re s  w ere c o r r e l a t e d  t o  th e  a c t u a l  

w e ig h t p e r c e n t s  o f  t h e  com ponents in  th e  m ix tu r e s .  The c a l i b r a t i o n s  a r e  

shown in  F ig u re s  17 th ro u g h  23 . The c a l i b r a t i o n  c u rv e  f o r  m e th y l

a c e ta te - m e th a n o l  m ix tu re  h a s  been  r e p o r t e d  by  Yeh [ 2 9 ] .  The sh ap e  o f  

t h e  c a l i b r a t i o n  c u rv e  v a r i e s  from  sy s te m  t o  s y s te m . Thus i t  i s  

n e c e s s a r y  t o  c a l i b r a t e  t h e  g as  c h ro m a to g ra p h  f o r  a  p a r t i c u l a r  s y s te m . 

From th e s e  c a l i b r a t i o n  c u r v e s ,  th e  w e ig h t p e r c e n ts  o f  t h e  com ponents in  

th e  sam p les  w ere  o b ta in e d .  In  t h i s  s tu d y ,  a l l  th e  a n a ly s e s  w ere on an  

a g e n t - f r e e  b a s i s .

E quipm ent f o r  A gent R ecovery

The a g e n ts  w ere r e c la im e d  b y  s im p le  d i s t i l l a t i o n .  F ig u re  24 

i l l u s t r a t e s  th e  a sse m b ly  o f  th e  a p p a r a tu s .  A 2 - l i t e r  d i s t i l l i n g  f l a s k  

s e rv e d  as  a  s t i l l p o t .  A m ercu ry  th e rm o m e te r  was u se d  t o  i n d i c a t e  th e  

te m p e ra tu re  o f  v a p o r  in  th e  d i s t i l l i n g  f l a s k .  A f te r  e v e ry  ru n  made in  

e x t r a c t i v e  d i s t i l l a t i o n  co lum n, th e  a g e n t  was r e c o v e re d  b y  d i s t i l l i n g  

o f f  e v e ry th in g  be low  th e  b o i l i n g  p o i n t  o f  th e  m ix tu re  b e in g  s t u d i e d .  

The o p e r a t io n  was t y p i c a l l y  c a r r i e d  o u t in  one h o u r f o r  e a c h  b a tc h .  The
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40. OO SO. OO 80. OO
WeJgh t X o f  m—xyJene

F ig u r e  1 7 .  C a l i b r a t i o n  c u r v e  f o r  t h e  m - x y l e n e - o - x y l e n e  m i x t u r e .
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0. OO 20. OO 40. OO SO. OO SO. OO 100. OO 
WsJg h t  X o f  me t h a n o j

F ig u r e  1 8 .  C a l i b r a t i o n  c u r v e  f o r  t h e  m e th a n o l—a c e t o n e  m i x t u r e .
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SO. OOOO 40. OO SO. OO 
Htojght X  o f  e t h a n o j

too. oo

F ig u r e  1 9 .  C a l i b r a t i o n  c u r v e  f o r  t h e  e t h a n o l - w a t e r  m ix t u r e .
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40. OO0. OO , SO. OO SO. OO
Mb j g h t  X  o f  n —p r o p y j  a c e t a t e

F ig u r e  2 0 .  C a l i b r a t i o n  c u r v e  f o r  t h e  n - p r o p y l  a c e t a t e —n —p ro p a n o l
m ix t u r e .
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0. OO 20. OO 40. OO 80. OO 80. OO 
HipJght X  o f  J s o p r o p y J  a c e t a t e

F ig u r e  2 1 .  C a l i b r a t i o n  c u r v e  f o r  t h e  i s o p r o p y l  a c e t a t e  i s o p r o p a n o l
m ix t u r e .

I O O
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F ig u r e  2 2 .  C a l i b r a t i o n  c u r v e  f o r  t h e  n- b u t y l  a c e t a t e - n - b u t a n o l
m i x t u r e .
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40. OO SO. OO SO. OO
HbjgAt  X  o f  J s o b u t y J  a c e t a t e

F ig u r e  2 3 .  C a l i b r a t i o n  c u r v e  f o r  t h e  i s o b u t y l  a c e t a t e - i s o b u t a n o l
m i x t u r e .
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THERMOMETER

RUBBER
TUBE

D I S T I L L I N G
FLASK

CONDENSER

ERL ENMYER FLASH

TRANSFORMER

HEATIN G  M A N T L E

F ig u re  2 4 . D iagram  o f  th e  s im p le  d i s t i l l a t i o n .
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p u rp o se  o f  r e c la im in g  th e  a g e n ts  i s  to  ch eck  th e  s t a b i l i t y  o f  th e  

a g e n t s .  To r e u s e  th e  a g e n t , t h e  s t a b i l i t y  i s  a  r e q u ire m e n t  f o r  

i n d u s t r i a l  a p p l i c a t i o n .

C hem ica ls  As The A gen ts

The c h e m ic a ls  u se d  a s  th e  a g e n ts  can  be c a t e g o r i z e d  i n t o  f i v e  

g ro u p s :  g l y c o l s ,  n i tro c o m p o u n d s , k e to n e s „ b e n z o a te s ,  and m is c e l la n e o u s .  

T a b le s  X th ro u g h  XIV [3 2 , 102 , 103] l i s t  th e  m o le c u la r  f o r m u la s , b o i l i n g  

p o i n t s ,  m e l t in g  p o i n t s  and v a p o r  p r e s s u r e  o f  th e  a g e n t s .  The g ly c o l s  

w ere  d o n a te d  by  Dow C hem ical Co. N itrocom pounds w ere s u p p l i e d  by  W. R. 

G race & Co. M ethy l e t h y l  k e to n e  was o b ta in e d  from  Colum bia P a in t  

Company M a n u fa c tu r e r s . O th e r  k e to n e s  w ere  o b ta in e d  from  A ld r ic h  

C hem ical C o ., I n c .  B e n z o a te s  e x c e p t  d ip ro p y le n e  g l y c o l  d ib e n z o a te  

(DGDB) w ere p ro d u ce d  by  H e rc o f in a  Co. DGDB was m a n u fa c tu re d  by  K alam a 

C hem ical I n c .  D im eth y l s u l f o x i d e  (DMSO) was from  Crown Z e l le r b a c h . 

A d i p o n i t r i l e  and d im e th y l  form am ide (DMFA) w ere  from  E . I .  du P o n t Co. 

I - P e n t a n o l . was s u p p l i e d  b y  A ld r ic h  C hem ical C o .,  I n c .  The a c e t a t e s  and 

a lc o h o ls  w ere  s u p p l ie d  b y  U nion C a rb id e  Company.

E x p e r im e n ta l  P ro c e d u re s  

V apor—L iq u id  E q u i l ib r iu m

, The O thm er-ty p e  e q u i l ib r iu m  s t i l l  was u se d  t o  c o n d u c t th e  

e x p e r im e n ts .  F o r  t h e  sy s te m s  w ith o u t  an y  a g e n ts  a d d e d , 100 gram s b in a r y  

m ix tu re  o f  a  s p e c i f i c  c o m p o s i tio n  was c h a rg e d  i n t o  t h e  s t i l l  and th e n
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T a b le  X. M o le c u la r  s t r u c t u r e s  and p h y s ic a l  p r o p e r t i e s  o f  g l y c o l s .

Compound 
Ethylene glycol

Propylene glycol

I,3-Butanediol

I, 4-Butanediol

1.5- PentanedioI 

Diethylene glycol

Triethylene glycol

Dipropylene glycol

1.6- Hexanediol

19 7.6
OH OH
CH^CH-CH- 3J I 2 OH OH

18 8

CH0CH0CH0CH^ I Z I I 2 3 207.5
OH OH
CH0CH0CH0CH0I 2. 2 2 I 2 230
OH OH
CH0CH0CH0CH0CHI 2 2 2 2 I 2 239
OH OH
O-CH2CH2OH 244.8
xCH2CH2OH

CH0OCH0CH0OHI Z Z Z
CH2OCH CH2OH

290

/CH-CHOHCH^
CH2CHOHCh 3

231.8

CH0CH0CH0OH I Z Z Z
CH2CH2CH2OH

208

M . P .
0C

Vapor

-13 3 @ 70°C

— 6 0 I @ 45°C

below
50

0.06 @ 
20°C

19 10 @ 
120°C

-18 3 @ 12°C

-6.5 < 0.01 
@ 20°C

-5 14 a 
165°C

- 0.03 @ 
20°C

42.8 10 @
13 4 ° C
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T a b le  X I . M o le c u la r  s t r u c t u r e s  and p h y s ic a l  p r o p e r t i e s  o f  
n itro c o m p o u n d s .

Vapor
Compound

Molecular
structure V c- M, P. 

4C
pressure 
mm Hg

Nitromethane CHfO; 101.2 -29 40 9 2 7°C 
100 9 47°C

Nitroethane CH3CH2NO2 114 -50 16 9 20°C

I-Nitropropane CB3CH2CH2
NO2

131.6 -108 7.5 9 20°C 
94 9 70°C

2-Nitropropane CH3CHCH3

NO;
120.3 -93 7 9 IO0C 

95 9 60°C

Nitrobenzene NO; 210.9 5.7 2.2 P 50°Cd
o-Nitrotoluene 222 -10 10 @ 94°C

m-Nitrotoluene

p-Nitrotoluene

231.9 15.5 I 9 50°C
5 P 81°C

238 53 10 9 IOO0C

2-Nitro-m-xylene 246 2

o
n
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T a b le  X I I . M o le c u la r  s t r u c t u r e s  and p h y s ic a l  p r o p e r t i e s  o f  k e to n e s .
Vapor

Compound
Molecular
structure

B.P.
6C

M6P. pressure 
mm Hg

Methyl ethyl ketone CH^CCH-CH1 3II 2 3O
79.6 —8 6 100 @ 

25°C

I-Choloro-2-Propanone ClCH-CCH1 2II 3 O
119.7 -44.5 12 O 

20°C
2-Pentanone CH1CH-CH-CCH1 3 2 2 H 3

O
10 2 -78 10 0 

IR0C
3-Pentanone CH1CH-CCH-CH1 3 2,| 2 3

O
101.5 -4 2 10 0 P 

56°C
Methyl isobutyl ketone /̂CH-.

CH--CCH-CH
117 I C

o

--
J 15.7 P 

20°C

5-Hexen-2-one CH-CHCH1CH-CCH1 2 2 2„ 30
127

2-Heptanone CH-CH-CH-CH1| 2 2 2 J
CH1CCH1 2II 3 0

151.5 -35 21 @ 
I i T c

3-Heptanone CH2CH2CH2CH3

CCH1CH1 Il 2 30

148 -39 10 @ 
55 C

Methyl isoamyl ketone /CR
CH1CCH1CH1CH

0 xGH 3
14 4 -73.9

2-0ctanone CH2CH2CH2CH3

CH1CH1CCH1 2 2|| 3
0

172 -16 10 @
60.9°C

Diisobutyl ketone CH-CiTcs 3 
/ = '"CM]

O=C
\  /CHg
CH1CH

""CH3

168.1 mrHTTI 1.7 @ 
2 0°C
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T a b le  X I I .  M o le c u la r  s t r u c t u r e s  and p h y s ic a l  p r o p e r t i e s  o f  k e to n e s . 
( c o n tin u e d )

Compound Molecular
structure V c- X -

Vapor 
pressure 
mm Hg

2-Undecanone CH3CH2CH2CH2CH2

CH2CH2CH2CH2
O=CCH3

231 15 10 9 
109°C

2,4-Pentanedione CKCCH-CCH- 3Il 2II 3 0 0
140.5 -23 -

2,5-Hexanedione CH-CCH-CH-CCH- 3II 2 2II 3 0 0
188 -9 0.43 9 

20°C
Ethyl acetoacetate CH ̂ CCH-COCH-CH - 3II 2II 2 30 0

180.8 -45 5 9
54 C

Phorone CH1 0 CH1X3 Il / 3^C=CHCCH=C
19 8 28 17 9 

8 8°C

Cyclopentanone 9 130.6 -58.2 10 @
23 C

Cyclohexanone

Ace tophenone

0Ii

0
IlCCH.

155.6

202

-32.1 609 
78°C

2 0 . 5  10 9
73°C

Phenyl ethyl ketone

o-Hydroxy acetophenone

218 21 10 9
92 C

213
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T a b le  X I I I .  M o le c u la r  s t r u c t u r e s  and p h y s ic a l  p r o p e r t i e s  o f  b e n z o a te s .

Molecular
Compound structure

B.P . 
6C

MaP.
6C

Vapor 
pressure 
mm Hg

Methyl benzoate

0

0
COCH3 19 8 -15 10 @ 

77 C

Ethyl Benzoate

d )

0IlCOCH-CH3

211 -34

Methyl p-hydroxybenzoate 270 131
O
IlCOCH

OH

Benzyl benzoate 21 4.5 @
156 C

Dipropylene glycol 
dibenzoate

?3|| 
CH-CHOC / ’ 2
\CH-CHOC

250
@ 10 mm Hg



T a b le  XIV. M o le c u la r  s t r u c t u r e s  and p h y s ic a l  p r o p e r t i e s  o f  
m is c e l la n e o u s  a g e n t s .

Vapor
Molecular BP. M . P . pressure

Compound structure °C uc mm Hg
I-Pentanol CH2CH2CH2CH2CH3

OH
137.5 -79 10 @ 45°C 

40 @ 6S0C
N,N-Dimethylformamide 
(DMFA) HX//°CI

CH3 CH3

153 -61 4 P 25°C 
39 @ 76°C

Dimethyl sulfoxide 
(DMSO)

H3C
SO

H3C
189 18 .5 5 P 5 7°C

Glycerine CH-CH-CH- I 2I 2I 2 OH OH OH
290 17 .9 I P 

125°C
Adiponitrile CH-CH-CH-CH-I 2 2 21 2

CN CN
308 1.0 10 P 

15 4°C
Benzil O O^ Il Il- 346 95 12 P 

18 8°C

U
O
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r e f lu x e d  f o r  6 h o u r s . F o r th e  sy s te m s  w i th  an a g e n t  a d d e d , 50 gram s 

a g e n t  and 50 gram s b in a r y  m ix tu re  w i th  d i f f e r e n t  c o m p o s i t io n s  w ere  

c h a rg e d  i n t o  th e  s t i l l  and th e n  r e f lu x e d  f o r  6 h o u rs  t o o .  A l l  th e  

sa m p les  w ere  a n a ly z e d  b y  a  g a s  c h ro m a to g ra p h  and on an  a g e n t - f r e e  b a s i s .

E x t r a c t i v e  D i s t i l l a t i o n

The o p e r a t i o n a l  p ro c e d u re s  f o r  th e  sem i—b a tc h  e x t r a c t i v e  

d i s t i l l a t i o n  a r e  d e s c r ib e d  a s  f o l l o w s :

(1 ) The s t i l l p o t  was f i l l e d  w i th  400 gram s o f  th e  m ix tu re  t o  b e  s tu d i e d  

and th e n  h e a t e d .

(2 ) When th e  c o n d e n s a te  r e f lu x e d  and th e  sy s te m  was s t a b l e ,  th e  a g e n t  

was added  a t  a  r a t e  o f  20 m l/m in . and th e  te m p e ra tu re  d e s i r e d .  The tim e  

f o r  i n i t i a l  a d d i t i o n  o f  t h e  a g e n t  was r e c o rd e d  a s  th e  tim e  z e r o .

(3) The t o t a l  r e f l u x  r a t e  was c o n t r o l l e d  b y  a d j u s t i n g  t h e  V a r ia c  f o r  

v a ry in g  th e  h e a t  in p u t  t o  t h e  s t i l l p o t .  I f  r e f l u x  r a t e  i s  to o  h ig h ,  th e  

e f f e c t  o f  th e  a g e n t  w i l l  b e  r e d u c e d , som etim es ev en  c a u s in g  f l o o d i n g . 

I f  th e  r e f l u x  r a t e  i s  to o  low , th e  o p e r a t io n  becom es m ore and more 

d i f f i c u l t .

(4) The te m p e ra tu re s  o f  t h e  a g e n t ,  o v e rh e a d , s t i l l p o t ,  v a p o r  and l i q u i d  

p h a se s  on th e  to p  p l a t e  w ere  r e c o rd e d  e v e ry  t e n  m in u te s  from  tim e  z e r o .

(5) The sy s te m  was o p e ra te d  a t  t o t a l  r e f l u x .  T h e r e f o r e ,  no  p ro d u c ts  

w ere  ta k e n  o u t  e x c e p t  t h e  s a m p le s . By a llo w in g  th e  sy s te m  t o  r e a c h  

e q u i l ib r iu m ,  th e  h ig h e s t  r e l a t i v e  v o l a t i l i t y  c o u ld  b e  o b t a in e d .

(6 ) T h ree  s e t s  o f  sa m p le s  w ere  ta k e n  from  o v e rh e a d  and  s t i l l p o t  a t  one 

h o u r ,  one. and h a l f  h o u rs  and two h o u rs  o p e r a t io n .  The sa m p les  w ere 

a n a ly z e d  by  g a s  ch ro m a to g ra p h y  and th e  w e ig h t p e r c e n ts  w ere  o b ta in e d
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from  th e  c a l i b r a t i o n  c u r v e s . The a v e ra g e  o f  t h r e e  s e t s  o f  d a ta  was 

r e p o r t e d .

(7 ) D u rin g  th e  o p e r a t i o n ,  th e  a g e n t  was pumped c o n t in u o u s ly  i n t o  th e  

sy s te m  and a c c u m u la te d  in  t h e  s t i l l p o t  d u r in g  th e  o p e r a t i o n .

(8) A f t e r  th e  sy s te m  was s h u t  down, th e  m ix tu re  o f  th e  a g e n ts  and 

com ponents b e in g  s tu d i e d  was p o u red  i n t o  t h e  d i s t i l l i n g  f l a s k  f o r  a g e n t  

r e c o v e r y .  The re c la im e d  a g e n t  was r e u s e d  in  o r d e r  to  ch eck  i t s  

s t a b i l i t y .

The same p ro c e d u re s  w ere  u se d  f o r  b o th  th e  p l a t e  and p acked  

co lu m n s. H e re , one  can  d e f in e  a  te rm  " b la n k  r u n " .  I t  was d e f in e d  a s  

t h e  sy s te m  o p e r a t in g  w i th o u t  a d d in g  any  a g e n t s .  T h e r e f o r e ,  th e  s t e p s  

( 2 ) ,  ( 7 ) ,  and (8 ) w ere  o m it te d .

The o p e r a t io n  tim e  f o r  th e  m e th a n o l-a c e to n e  sy s te m  was 30 m in u te s , 

lo n g e r  th a n  f o r  th e  o t h e r  s y s te m s . The a d d i t i o n  o f  a g e n ts  was c o n d u c te d  

f o r  120 m in u te s  and th e n  s to p p e d .  A f t e r  s to p p in g  th e  a g e n t s ,  t h e  sy s te m  

was o p e ra te d  30 m in u te s  more and s h u t  . down. The i n i t i a l  c o m p o s itio n s  

and te m p e ra tu re s  o f  th e  a g e n ts  f o r  s e p a r a t i n g  b in a r y  m ix tu re s  a r e  l i s t e d  

in  T a b le  XV. F o r  th e  t e r n a r y  m ix tu r e s ,  th e  i n i t i a l  c o m p o s i tio n s  w ere  

th e  a z e o t r o p ic  c o m p o s i t io n s  l i s t e d  i n  T a b le  V. The a g e n ts  w ere  added a t  

te m p e ra tu re s  o f  60°C and th e  t o t a l  r e f l u x  r a t e  was c o n t r o l l e d  a t  10 -1 6  

m l/m in .

L iq u id - L iq u id  E q u i l ib r iu m  f o r  T e rn a ry  M ix tu re s

The e x p e r im e n ts  w ere  c o n d u c te d  b y  a d d in g  th e  t h i r d  c o m p o n e n t(w a te r)  

i n t o  th e  b i n a r y  m ix tu re  w i th  a  s p e c i f i c  r a t i o  o f  two c o m p o n e n ts (a c e ta te



100

T a b le  XV. The i n i t i a l  c o m p o s itio n s  and te m p e ra tu re s  o f  a g e n ts  
f o r  s e p a r a t i n g  b in a r y  m ix tu r e s .

I n i t i a l  c o m p o s itio n  T e m p era tu re  o f  T o ta l
M ix tu re wt.% a g e n ts ,° C r e f l u x

m -X ylene & 
o -x y le n e

30% m -x y len e  and 
70% o -x y le n e

65 5 -1 0

E th a n o l  & 
w a te r

f i v e  d i f f e r e n t  
c o m p o s i t io n s ,  s e e  
T a b le  X I I .

67 10-16

M ethano l & 
m e th y l a c e t a t e

15% m eth an o l and 
85% m eth y l a c e t a t e

48 10-15

M ethano l & 
a c e to n e

7% m eth a n o l and 
93% a c e to n e

25 15-20

T o ta l  r e f l u x  i s  in  th e  u n i t s  o f  m l/m in .

and a lc o h o l )  u n t i l  two p h a s e s  a p p e a re d . T h is  was r e p e a te d  f o r  s e v e r a l  

d i f f e r e n t  r a t i o s  o f  a c e t a t e  to  a l c o h o l .

F o r a  t e r n a r y  m ix tu r e ,  th e  a n a ly s i s  becom es more c o m p lic a te d  th a n  

t h a t  f o r  a b in a r y  m ix tu r e .  F ig u re  25 shows t h a t  th e  c o n s ta n t  r a t i o  o f  

com ponent B t o  com ponent C i s  on a  s t r a i g h t  l i n e  w i th  v a r i e d  c o n te n t  o f  

com ponent A. T h e r e f o r e ,  th e  r a t i o  o f  a c e t a t e  t o  a lc o h o l  can  be  an  

i n d i c a t i o n  o f  th e  c o m p o s itio n  e x c e p t  w a te r  c o n te n t .  So th e  r e l a t i v e  

v o l a t i l i t y  o f  a c e t a t e  to  a lc o h o l  was u s e d  t o  e v a lu a te  th e  e f f e c t i v e n e s s  

o f  a g e n t s .

A gent R ecovery

A f t e r  e v e ry  ru n  made in  e x t r a c t i v e  d i s t i l l a t i o n  c o lu m n s , th e  a g e n t  

was r e c o v e r e d ,b y  d i s t i l l i n g  o f f  e v e r y th in g  b o i l i n g  20°C h ig h e r  th a n  th e  

b o i l i n g  p o i n t s  o f  th e  k e y  com ponents i n  th e  s im p le  d i s t i l l a t i o n  s y s te m .
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o  q

/> o

wt.% o f  com pon en t  c

F ig u re  25 . The map f o r  c o n s ta n t  r a t i o s  o f  one com ponent t o  a n o th e r  
one in  a t e r n a r y  m ix tu r e .
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The o p e r a t io n  was t y p i c a l l y  c a r r i e d  o u t  in  one h o u r f o r  e a c h  b a tc h ,  

r e c la im e d  a g e n t  was r e u s e d  w i th o u t  c h e c k in g  th e  p u r i t y .

The
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IV . RESULTS AND DISCUSSION

V a p o r-L iq u id  E q u i l i b r i a

F ig u re  26 shows th e  v a p o r—l i q u i d  e q u i l i b r i a  o f  i s o p r o p y l  e th e r  and 

a c e to n e . I t  i s  a  c o m p a riso n  b e tw een  th e  sy s te m s  w i th  and  w ith o u t  an 

a g e n t . The a g e n t  u se d  was DMSO. The e x p e r im e n ts  w ere  c o n d u c te d  b y  

u s in g  t h e  O thm er-ty p e  e q u i l ib r iu m  s t i l l .  Due t o  t h e  l i m i t a t i o n  o f  th e  

e q u ip m e n t, t h e  p r e s s u r e  o f  th e  sy s te m  c o u ld  n o t  be  c o n t r o l l e d  and c o u ld  

o n ly  b e  t h e  same p r e s s u r e  a s  th e  b a r o m e tr ic  p r e s s u r e . H ow ever, th e  

b a r o m e tr ic  p r e s s u r e  o n ly  v a r i e d  from  630 to  645 mm Hg d u r in g  th e  

e x p e r im e n ts .  The v a r i a t i o n  was s m a ll  and ig n o re d .

I n  t h e  sy s te m  w ith o u t  th e  a g e n t ,  i s o p r o p y l  e t h e r  ( n . b . p .  68 .5 °C ) 

was l e s s  v o l a t i l e  th a n  a c e to n e  ( n .b .p .  56 .5 °C ) when th e  c o n te n t  o f  

i s o p r o p y l  e t h e r  was h ig h e r  th a n  42 wt.% „ and th e  m in im u m -b o ilin g  

a z e o t ro p e  e x i s t e d  a t  a c o m p o s itio n  o f  42 wt.%  i s o p r o p y l  e t h e r . H ow ever, 

n o t  o n ly  t h e  a z e o t ro p e  was n e g a te d  b u t  a l s o  th e  r e l a t i v e  v o l a t i l i t y  o f  

i s o p r o p y l  e t h e r  t o  a c e to n e  was in c r e a s e d  by  a d d in g  DMSO a s  th e  a g e n t .  

B erg  and Yeh [104] hav e  r e p o r te d  t h i s  phenomenon from  th e  r e s u l t s  o f  

e x t r a c t i v e  d i s t i l l a t i o n .

The v a p o r - l i q u i d  e q u i l ib r iu m  d a t a  f o r  t h e  a c e to n e -m e th a n o l  m ix tu re  

i s  shown in  F ig u re  2 7 . T here  w ere two a g e n t s ,  DMSO and m e th y l e t h y l  

k e to n e ,  u s e d .  When no  a g e n ts  w ere a d d e d , th e  minimum a z e o t ro p e  w i th  a 

c o m p o s i tio n  o f  8 6 .1  w t.%  a c e to n e  e x i s t e d  in  th e  s y s te m . The a z e o tro p e  

was n e g a te d  b y  a d d in g  DMSO and MEK. H ow ever, th e  r e l a t i v e  v o l a t i l i t y  o f
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it) 80

c 60

*• No a g e n tO 20
W ith  DMSO

wt.% o f  i s o p r o p y l  e t h e r  i n  l i q u i d  p h a s e

F ig u re  2 6 . V a p o r - l iq u id  e q u i l ib r iu m  c u rv e s  f o r  th e  is o p ro p y l  
e th e r - a c e to n e  s y s te m .
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No agent 

With DMSO

With MEK

2 0  4 0  (50
wt. % of acetone in liquid phase

F ig u re  27 . V apor—l i q u i d  e q u i l ib r iu m  c u rv e s  f o r  th e  m e th a n o l-  
a c e to n e  sy s te m .
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a c e to n e  t o  m eth an o l was in c r e a s e d  by  DMSO and r e v e r s e d  by  MEK. Thus 

m eth an o l becam e more v o l a t i l e  th a n  a c e to n e  when MEK was u se d  a s  th e  

a g e n t .

A ssum ing t h a t  th e  g as  p h a se  i s  i d e a l  g a s .  E q u a tio n  5 can  b e  

s im p l i f i e d  t o  b e

y i P = Yi x i p i  (66)

U nder th e  b a ro m e tr ic  p r e s s u r e ,  w i th  th e  same v a lu e  o f  x ^ ,  y^ can  b e  

changed  o n ly  by  a l t e r i n g  th e  v a lu e s  o f  and p ^ . Even w ith  20°C 

v a r i a t i o n ,  p^  w i l l  n o t  have  a s i g n i f i c a n t  e f f e c t  o f  in c r e a s in g  o r  

d e c r e a s in g  y ^ . The r e s u l t s  show t h a t  y ^ 's  have  b e e n  a l t e r e d  q u i t e  a  b i t  

b y  a d d in g  th e  a g e n t .  T h is  shows t h a t  t h e  m ain e f f e c t  o f  a d d in g  an a g e n t  

i s  t o  a l t e r  th e  a c t i v i t y  c o e f f i c i e n t s .

m -X ylene and o -X y len e  System

The co m p a riso n  o f  th e  two k in d s  o f  colum ns i s  shown in  T a b le  XVI. 

The r e s u l t s  show t h a t  b o th  p l a t e  and p acked  colum ns a r e  s u i t a b l e  f o r  

e x t r a c t i v e  d i s t i l l a t i o n .  The r e l a t i v e  v o l a t i l i t i e s  o b ta in e d  in  th e  

p ack ed  colum n w ere  a  l i t t l e  b i t  h ig h e r  th a n  th o s e  o b ta in e d  in  th e  p l a t e  

co lum n . T h is  c o u ld  b e  due t o  s l i g h t  foam ing  in  th e  p l a t e  co lum n. When 

foam i s  fo rm e d , th e  p ack ed  colum n i s  b e t t e r  th a n  th e  p l a t e  co lum n.

P u re  com pounds, . m e th y l b e n z o a te  and e th y l  b e n z o a te ,  d id  n o t  

i n c r e a s e  th e  r e l a t i v e  v o l a t i l i t y  t o  b e  h ig h e r  th a n  1 .3 .  The p e rfo rm a n c e  

o f  th e  p l a t e  and pack ed  colum ns i s  s i m i l a r .  Thus th e  c h o ic e  o f  th e
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T a b le  XVI . The p e rfo rm a n c e o f  p l a t e and packed c o lu m n s .

A gent Column ty p e '
wt.,% o f  K  

O verhead
i-x y le n e

Bottom s
R e la t iv e
v o l a t i l i t y

M e th y l- Cl) P l a t e 5 1 .2 3 1 .1 1 .2 1

B en zo a te (2) Packed 4 0 .7 2 8 .4 1 .2 6

E th y l - ( I )  P l a t e 5 0 .0 3 0 .6 1 .2 0

B en zo a te (2) Packed 4 1 .6 2 6 .1 1 .2 9

R e la t i v e  v o l a t i l i t y  i s  o f  m -x y len e  r e l a t i v e  t o  o - x y le n e .

T a b le  X V II. The r e s u l t s o f  s e p a r a t i n g m -x y len e  from  o -x y le n e

A gent Column ty p e
wt.%  o f  m -x y len e  
O verhead  B ottom s

R e la t iv e
v o l a t i l i t y

B enzy l P l a t e 5 0 .7 2 7 .8 1 .2 4

B en zo a te

D GD+DM SO P l a t e 5 4 .3 2 4 .9 1 .3 3

A d i p o n i t r i l e Packed 4 0 .6 3 1 .0 1 .1 9

M e th y l-2 - P acked 4 0 .8 2 9 .7 1 .2 3

h y d ro x y  b e n z o a te +  

DMSO

R e la t iv e  v o l a t i l i t y  i s  o f  m -x y len e  r e l a t i v e  to  o - x y le n e .

-W ’
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colum n was d e p e n d e n t upon w h e th e r  foam ing  was p r e s e n t  o r  n o t .  I f  

foam ing e x i s t e d ,  th e  packed  colum n was c h o s e n . T a b le  XVII l i s t s  th e  

e f f e c t i v e n e s s  o f  some a g e n ts  in  p l a t e  o r  packed  co lu m n s . Only th e  

m ix tu re  o f  d ip ro p y le n e  g ly c o l  d ib e n z o a te  (DODB) and DMSO e n s u re d  a  v a lu e  

o f  r e l a t i v e  v o l a t i l i t y  h ig h e r  th a n  1 .3 .  The w e ig h t r a t i o  o f  DGDB t o  

DMSO was o n e . From T a b le  I , t h e  colum n c o s t  f o r  a = l .3  i s  l e s s  th a n  h a l f  

o f  t h a t  f o r  Ot=I.1 2 . Not o n ly  i s  th e  colum n c o s t  lo w e r ,  b u t  a l s o  th e  

e a s e  o f  o p e r a t io n  and h e a t  r e q u i r e d  a r e  more a d v a n ta g e o u s . Thus 

e x t r a c t i v e  d i s t i l l a t i o n  i s  a  v a lu a b le  m ethod f o r  s e p a r a t i n g  m -xy lene  

from  o - x y le n e . B o th  p l a t e  and p ack ed  colum ns can  be  u s e d  in  e x t r a c t i v e  

d i s t i l l a t i o n .

E th a n o l  and W ater System

The i n i t i a l  e v a lu a t io n  o f  th e  a g e n ts  • has b een  r e p o r t e d  e lse w h e re  

[1 0 5 ] . One p u re  a g e n t ,  1 - p e n ta n o l ,  and one m ixed a g e n t ,  1 - p e n ta n o l  and 

d ip ro p y le n e  g ly c o l  d ib e n z o a te ,  w ere  u se d  a s  th e  a g e n ts  f o r  e x t r a c t i v e  

d i s t i l l a t i o n .  T here  w ere f i v e  d i f f e r e n t  i n i t i a l  c o m p o s i tio n s  t e s t e d  f o r  

e a c h  a g e n t .  T h is  was to  s tu d y  th e  e f f e c t  o f  w a te r  c o n te n t  on th e  

s e p a r a t i o n .  T a b le  X V III shows, th e  r e l a t i v e  v o l a t i l i t i e s  o f  w a te r  t o  

e th a n o l  w i th  and w i th o u t  a g e n t s .

The r e l a t i v e  v o l a t i l i t y  o f  w a te r  t o  e th a n o l  d e c re a s e d  w ith  an 

i n c r e a s e  o f  w a te r  c o n te n t  in  th e  i n i t i a l  m ix tu re  f o r  b la n k  r u n s .  The 

w a te r  c o m p o s i t io n  o f  th e  o v e rh e a d  p ro d u c t  v a r i e d  from  6.2% t o  6.9% when 

th e  i n i t i a l  w a te r  c o n te n t  v a r i e d  from  29.94%  t o  80.05% . I t  a p p e a re d  t o  

have an  u p p e r  l i m i t  f o r  w a te r  c o n te n t  in  t h e  o v e rh ead  p r o d u c t .  T h is
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T a b le  X V III . The e f f e c t  o f  i n i t i a l  c o m p o s itio n  on r e l a t i v e  
v o l a t i l i t i e s  o f  w a te r  t o  e th a n o l .

A gen t: None

I n i t i a l  c o m p o s itio n  
wt.% o f  w a te r

wt.%  o f  w a te r  
O verhead B ottom s

R e la t iv e
v o l a t i l i t y

Om

4 .0 5 .6 . 0 .9 2

1 9 .2 5 5 .9 1 7 .5 0 .7 6

2 9 .9 4 6 .2 2 5 .7 0 .6 9

4 0 .6 3 6 .3 3 5 .0 0 .6 3

8 0 .0 5 6 .9 8 4 .2 0 .3 9

A gen t: I - P e n ta n o l

I n i t i a l  c o m p o s itio n wt.% o f  w a te r R e la t i v e
wt.% o f  w a te r O verhead B ottom s v o l a t i l i t y

5 .0 2 2 .1 3 .8 1 .5 5

1 9 .2 5 3 1 .9 14 .3 1 .2 6

2 9 .9 4 3 0 .3 2 1 .8 1 .1 0

40 .6 3 3 3 .5 3 3 .5 1 .0 0

80 .0 5 4 0 .7 7 0 .3 0 .7 5

A g en t: I - P e n ta n o l  + D ip ro p y le n e  g ly c o l  d ib e n z o a te

I n i t i a l  c o m p o s itio n  
wt.% o f  w a te r

wt.% o f  w a te r  
O verhead B ottom s

R e la t iv e
v o l a t i l i t y

5 .0 1 8 .4

<NC
O 1 .5 3

1 9 .2 5 .2 0 .8 1 4 .9 1 .0 9

2 9 .9 4 2 8 .6 2 1 .6 1 .0 9

4 0 .6 3 2 5 .1 3 2 .9 0 .9 2  ,

8 0 .0 5 3 1 .4 8 3 .8 0 .5 8



H O

c o u ld  be  due t o  th e  s t r o n g  h yd rogen  b o n d in g  b e tw een  w a te r  m o le c u le s . 

More w a te r  m o le c u le s  y i e l d  s t r o n g e r  h y d rogen  bonds and th u s  l e s s  

v o l a t i l e .  T h is  c o u ld  be  th e  c h a r a c t e r i s t i c s  o f  w a te r .  I - P e n ta n o l  

c a u se d  w a te r  to  be  more v o l a t i l e  th a n  e th a n o l  when th e  i n i t i a l  b in a r y  

m ix tu re  c o n ta in e d  l e s s  th a n  AO wt.%  w a te r .  The m ix tu re  o f  1 -p e n ta n o l  

and d ip ro p y le n e  g ly c o l  d ib e n z o a te  c a u se d  w a te r  t o  be  m ore v o l a t i l e  th a n  

e th a n o l  when th e  i n i t i a l  b in a r y  m ix tu re  c o n ta in e d  l e s s  th a n  a b o u t 35 

wt.%  w a te r .  D ip ro p y le n e  g ly c o l  d ib e n z o a te  re d u c e d  s l i g h t l y  th e  e f f e c t  

o f  1 - p e n ta n o l . When w a te r  i s  more v o l a t i l e ,  h ig h e r  r e l a t i v e  v o l a t i l i t y  

was o b ta in e d  i f  1—p e n ta n o l  was u se d  a s  th e  a g e n t . H ow ever, when w a te r  

i s  l e s s  v o l a t i l e  th a n  e th a n o l ,  th e  m ixed a g e n t  y ie ld e d  a  h ig h e r  r e l a t i v e  

v o l a t i l i t y .

The a f f i n i t y  b e tw een  hom ologous compounds u s u a l l y  i s  h ig h e r  th a n  

t h a t  b e tw een  nonhom ologous com pounds. I - P e n ta n o l  i s  a  hom ologous 

compound o f  e th a n o l .  The o th e r  r e a s o n  c o u ld  be  th e  m o le c u la r  s i z e s  o f  

w a te r  and e th a n o l .  E th a n o l  i s  a b o u t t h r e e  tim e s  th e  s i z e  o f  w a te r  ( s e e  

T a b le  X X V II). The a g e n t  w ould c o l l i d e  m ore f r e q u e n t l y  w i th  th e  m o le c u le  

w i th  t h e  l a r g e r  s i z e .  So th e  l a r g e r  m o le c u le s  w ould be  b ro u g h t  down to  

th e  s t i l l p o t  by  th e  a g e n t .  I n  t h i s  c a s e ,  i t  was e th a n o l .  These two 

r e a s o n s  c o u ld  b e  why 1 - p e n ta n o l  b ro u g h t  w a te r  down t o  t h e  s t i l l p o t .  

However w a te r  m o le c u le s  have v e ry  s t r o n g  h y d rogen  b o n d in g . T h is  c o u ld  

o f f s e t  t h e  e f f e c t s  m en tio n ed  a b o v e . T h e re fo re  w h ich  k e y  com ponent would 

b e  b ro u g h t  by  down to  th e  s t i l l p o t  by  1 - p e n ta n o l  w ould depend  upon th e  

s t r e n g t h  o f  th e  h y d ro g en  b o n d in g  o f  w a te r  m o le c u le s .  When w a te r  c o n te n t  

i s  s m a l l ,  l e s s  w a te r  and l e s s  h y d ro g en  b o n d in g  c a p a c i ty  e x i s t e d .  Thus 

1 - p e n ta n o l  b ro u g h t  i t s  hom ologous com pound, e th a n o l ,  down t o  th e

(
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s t i l l p o t .  Once w a te r  h a s  enough  h y d ro g en  b o n d in g  c a p a c i ty  t o  com pete 

w i th  th e  m o le c u la r  i n t e r a c t i o n  b e tw een  two hom ologous com pounds„ w a te r  

w ould i n t e r a c t  more s t r o n g l y  w ith  1 - p e n ta n o l  th a n  e th a n o l  and e th a n o l  

was o b ta in e d  as  o v e rh e a d  p r o d u c t„ So in  th e  p re s e n c e  o f  1—p e n ta n o l , 

w a te r  was m ore v o l a t i l e  th a n  e th a n o l  o n ly  a t  low  w a te r  c o n te n t .  T h is  

r e s u l t  shows t h a t  w a te r  b e h a v es  d i f f e r e n t l y  in  s o l u t i o n  due t o  s t r o n g  

h y d ro g en  b o n d in g .

M ethy l A c e ta te  and M eth an o l System

Some o f  th e  i n i t i a l  e v a lu a t io n  ' a r e  l i s t e d  in  T a b le  XIX. The 

d e t a i l e d  r e s u l t s  a r e  r e p o r t e d  e ls e w h e re  [1 0 6 ] . The e f f e c t  o f  some 

a g e n ts  w ere  i l l u s t r a t e d  by  u s in g  th e  e x t r a c t i v e  d i s t i l l a t i o n  co lum n . 

The r e s u l t s  a r e  shown in  T a b le  XX. I n  T a b le  XX0 th e  r e l a t i v e  v o l a t i l i t y  

in c r e a s e s  w i th  th e  i n c r e a s e  o f  c a rb o n  num ber o f  n itro co m p o u n d  -which i s  a 

n i t r o  p a r a f f i n .  H ow ever, n i t r o b e n z e n e  h a s  a  lo w er r e l a t i v e  v o l a t i l i t y .  

T h a t c o u ld  b e  due t o  th e  c h a r a c t e r i s t i c s  o f  th e  b e n z e n e  r in g  w h ich  

w ith d ra w s  e le c t r o n s  from  n i t r o  f u n c t i o n a l  g ro u p s and d e c re a s e s  i t s  

p o t e n t i a l  o f  a t t r a c t i v e  i n te r m o le c u la r  f o r c e s  w i th  m e th y l a c e t a t e .

A cetone  and M eth an o l System

The i n i t i a l  e v a lu a t io n  o f  th e  a g e n ts  was done u s in g  th e  Othmer ty p e  

s t i l l .  T a b le  XXI l i s t s  t h e  r e s u l t s  f o r  some a g e n ts  w h ich  in c r e a s e d  th e  

r e l a t i v e  v o l a t i l i t y  o f  a c e to n e  t o  m e th a n o l. The d e t a i l s  o f  th e  r e s u l t s  

a r e  r e p o r te d  e ls e w h e re  [1 0 7 ] . The g ly c o l s  w i th  two t o  f i v e  c a rb o n s
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T a b le  XIX. The i n i t i a l  e v a lu a t io n  o f  th e  n itro c o m p o u n d s  f o r
th e  m e th y l a c e ta te - m e th a n o l sy s te m .

A gent
wt.%  o f  
V apor

m eth a n o l
L iq u id

R e la t i v e
v o l a t i l i t y

N itro m e th a n e 2 0 .3 1 0 .9 1 .9 8

N itro b e n z e n e 2 3 .3 1 2 .1 2 .2 1

Z -N ith o to lu e n e 1 8 .2 1 0 .1 1 .9 8

3 - N i t r o to lu e n e 1 8 .0 9 .6 2 .0 7

4 - N i t r o to lu e n e 1 9 .8 . 1 0 .5 2 .1 0

2 -N itro -m -x y le n e 1 9 .0 1 3 .4 1 .5 2

The r e l a t i v e  v o l a t i l i t y  i s  o f  m e th an o l t o  m eth y l a c e t a t e .

T a b le  XX. The r e l a t i v e  v o l a t i l i t y  o f  m e th a n o l t o  m e th y l a c e t a t e  
exam ined b y  e x t r a c t i v e  d i s t i l l a t i o n .

T em p., °C wt.%  o f  m eth an o l
A gen ts O verhead O verhead B ottom s

2 .0 6N itro m e th a n e 6 2 .2 7 5 .3 1 0 .6

N i t r o e th a n e 6 1 .8 7 7 .9 6 .4 2 .4 0

I -N it ro p r o p a n e 6 0 .8 7 4 .0 3 .4 2 .6 5

2 -N itro p ro p a n e 6 1 .8 7 8 .9 3 .7 2 .7 7

N itro b e n z e n e 6 0 .6 7 6 .5 1 1 .0 2 .0 8

i s  th e  r e l a t i v e  v o l a t i l i t y  o f  m e th an o l t o  m e th y l a c e t a t e .
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T a b le  XXI. I n i t i a l  e v a lu a t io n  o f  
to  b e  more v o l a t i l e .

t h e  a g e n ts w h ich  c a u s e  a c e to n e

A gen t3
w t .% o f  
V apor

a c e to n e
L iq u id

R e la t i v e  A 
V o l a t i l i t y

G ly c e r in e 8 9 .8 7 2 .7 3 .3

DMSO 8 8 .5 7 0 .1 3 .3

E th y le n e  G ly c o l 9 0 .2 7 7 .0 2 .7

P ro p y le n e  G ly c o l 8 8 .7 7 6 .7 2 .4

1 ,3 - B u ta n e d io l 8 8 .5 7 7 .9 2 .2

I , 4 -B u ta n e d io l 9 0 .0 7 8 .2 2 .5

1 ,5 - P e n ta n e d io l 8 8 .8 7 7 .7 2 .3

DMSO, 3 -P e n ta n o n e 9 3 .0 8 8 .5 1 .7

DMSO, Iso p h o ro n e 9 3 .5 1 3 .5 2 .2

a :  The w e ig h t r a t i o  o f  a g e n ts  in  '.m ix tu re s  i s  o n e .

* : The r e l a t i v e  v o l a t i l i t y  i s  e x p re s s e d  in  te rm s o f  a c e to n e

r e l a t i v e  to  m e th a n o l .
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a r e  r e p o r te d  e ls e w h e re  [1 0 7 ] . The g ly c o l s  w i th  two t o  f i v e  c a rb o n s  

y ie ld e d  a lm o s t th e  same v a lu e s  o f  th e  r e l a t i v e  v o l a t i l i t y .  The g ly c o ls  

w ere  c h o sen  due t o  t h e i r  h y d ro g en  b o n d in g  c a p a b i l i t y .  How ever, 3 -  

p e n ta n o n e  and is o p h o ro n e  re d u c e d  s i g n i f i c a n t l y  th e  e f f e c t . o f  DMSO. DMSO 

and g l y c e r in e  w ere two e f f e c t i v e  a g e n t s .  K e to n es  c o u ld  a t t r a c t  more 

s t r o n g l y  w i th  a c e to n e  th a n  w i th  m eth a n o l due t o  h ig h e r  a f f i n i t y .  I f  s o ,  

m e th a n o l sh o u ld  be  t h e  o v e rh e a d  p ro d u c t  when k e to n e s  w ere  u se d  as  th e  

a g e n t s .  F ig u re  27 h as  shown t h i s  e f f e c t  w i th  MEK a s  t h e  a g e n t .  T a b le  

XXII l i s t s  th e  r e s u l t s  o f  th e  i n i t i a l  e v a lu a t io n  f o r  k e to n e s . A l l  

k e to n e s  c a u se d  m e th a n o l t o  be more v o l a t i l e .  The m ost e f f e c t i v e  one was

3 -h e x e n -2 -o n e  w h ich  y ie ld e d  a  r e l a t i v e  v o l a t i l i t y  (m e th an o l r e l a t i v e  t o  

a c e to n e )  o f  3 .2 .

W arren [108] d e m o n s tra te d  th e  e f f e c t  o f  some a g e n ts  l i s t e d  in  

T a b le  XXI u s in g  an  e x t r a c t i v e  d i s t i l l a t i o n  co lum n. H is r e s u l t s  

c o n firm e d  t h a t  DMSO was a v e ry  e f f e c t i v e  a g e n t .  A ce to n e  was th e  

o v e rh e a d  p ro d u c t  when DMSO and g ly c o l s  w ere th e  a g e n t s .  S e v e ra l  ru n s  

w i th  th e  k e to n e  a g e n ts  w ere  d e m o n s tra te d  in  th e  p l a t e  e x t r a c t i v e  

d i s t i l l a t i o n  co lum n . The r e l a t i v e  v o l a t i l i t i e s  o f  m e th a n o l to  a c e to n e  

a r e  l i s t e d  in  T a b le  X X III . The r e s u l t s  a r e  v e ry  c lo s e  t o  th o s e  l i s t e d  

in  T a b le  X X II. T h is  c o n firm e d  t h a t  m e th a n o l was b ro u g h t  o u t  o v e rh ead  in  

e x t r a c t i v e  d i s t i l l a t i o n  when k e to n e s  w ere  used , a s  th e  a g e n t s .  T h is  

phenomenon c o u ld  be  a l t e r e d  b y  c h a n g in g  th e  c o m p o s itio n  o f  th e  i n i t i a l  

m ix tu re  s i m i l a r  t o  t h a t  o f  th e  e th a n o l - w a te r  s y s te m . T a b le  XXIV shows 

t h a t  th e  n e g a t io n  o f  th e  a z e o t ro p e  b y  • m e th y l e t h y l  k e to n e  (MEK) i s  

in d e p e n d e n t o f  th e  i n i t i a l  m ix tu re  c o m p o s i t io n . The m e th a n o l c o n te n t  in  

th e  i n i t i a l  b in a r y  m ix tu re  was v a r i e d  from  7 t o  80 w t.% . M ethano l was
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T a b le  X X II. I n i t i a l  E v a lu a t io n  o f  K e to n e s .

A gent
W t  . %  I

Vapor
of m eth an o l 

L iq u id
R e l a t i v e  ^ 
V o l a t i l i t y

M ethy l e t h y l  k e to n e 1 5 .5 1 2 .7 1 .3

3 -P e n ta n o n e 1 9 .7 1 4 .9 1 .4

2 -P e n ta n o n e 1 9 .4 1 5 .3 1 .3

3—H eptanone 1 8 .7 1 0 . 8 1 .9

M ethy l i s o b u t y l  k e to n e 1 9 .4 1 4 .0 1 .5  .

M ethy l iso a m y l k e to n e 20 . 0 1 5 .3 1 .4

A cetophenone 1 9 .2 9 .1 2 .4

2 ,4 -P e n ta n o n e 1 9 .6 11.1 2 . 0

A c e to n y la c e to n e 1 8 .4 1 1 .9 1 .7

E th y la c e to a c e t a te 1 0 . 8 5 .2 2 . 2

2 -H ep tanone 1 9 .2 1 4 .3 1 .4

2 -O ctan o n e 1 8 .8 11.1 1 .9

C y c lo p e n ta n o n e 1 9 .7 1 4 .9 1 .4

C yclohexanone 1 8 .7 1 5 .3 1 .3

2-U ndecanone 1 9 .2 1 3 .8 1 .5

C h lo ro -2 -p ro p a n o n e 1 9 .2 12 . 6 1 . 6

D i i s o b u ty l  k e to n e 1 7 .9 1 3 .8 1 .4

P h e n y l e th y l  k e to n e 1 8 .8 1 3 .5 1 .5

E th y l  b u t y l  k e to n e 1 9 .7 1 2 . 0 1 . 8

P horone 1 9 .5 ' 1 4 ,3 1 .5

3-H e x e n -2 -o n e 1 9 .4 7 .0 3 .2

o -H y d ro x y ace to p h en o n e 2 0 .4 1 1 .9 1 .9

* : The r e l a t i v e  v o l a t i l i t y  i s e x p re s s e d  in  te rm s o f  m e th a n o l
r e l a t i v e  t o  a c e to n e .
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T a b le  X X III . The e f f e c t s  o f  k e to n e s  u se d  as 
e x t r a c t i v e  d i s t i l l a t i o n .

th e  a g e n ts  in

A gen ta
wt.% o f  
O verhead

m eth an o l
B ottom s

R e l a t i v e  # 
V o l a t i l i t y

B lank 1 0 .5 7 .1 1 . 1 0

M ethy l e t h y l  k e to n e 3 3 .4 6 .4 1 .5 6

2-P e n ta n o n e 4 6 .1 7 .8 1 .6 7

3 -P e n ta n o n e 4 6 .4 6 .7 1 .7 4

M ethy l i s o b u t y l  k e to n e 2 4 .8 7 .5 1 .3 7

M ethy l iso a m y l k e to n e 3 0 .5 5 .1 1 .5 9

2 , 4 -P e n ta n e d io n e 5 2 .9 . 6 . 1 1 . 8 8

D i i s o b u ty l  k e to n e 3 2 .1 5 .3 1 .6 1

A cetophenone 3 8 .4 5 .5 1 .6 9

E th y l  a c e t o a c e t a t e 3 3 .7 4 .3 1 .7 1

M ethy l e t h y l  k e to n e .

B e n z il 3 9 .4 6 .4 1 .6 5

a : The w e ig h t r a t i o  o f  th e  a g e n t  in  m ix tu re s  i s  o n e .
* : The r e l a t i v e  v o l a t i l i t y  i s  e x p re s s e d  in  te rm s o f  m eth an o l 

r e l a t i v e  t o  a c e to n e ,  a l s o  in  T a b le  XXIV.

T a b le  XXIV. R e s u l ts  from  d i f f e r e n t  
m e th y l e t h y l  k e to n e  as

i n i t i a l  c o m p o s i tio n s  u s in g  
th e  a g e n t .

Feed c o m p o s itio n  
wt.% o f  m eth an o l

wt.% o f  m eth a n o l 
O verhead B ottom s

R e l a t i v e  A 
V o l a t i l i t y

"tj O 3 1 .1 6 . 2 1 .5 3

2 5 .0 7 2 .4 2 9 .2 1 .5 1

5 5 .0 8 4 .5 6 4 .7 1 .2 7

8 0 .0 9 7 .6 9 4 .4 1 . 21
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found  to  b e  more v o l a t i l e  th a n  a c e to n e  in  th e  e n t i r e  r a n g e .  The

r e l a t i v e  v o l a t i l i t y  o f  m e th an o l t o  a c e to n e  changed  s l i g h t l y  from  1 .53  t o

1 .2 1 .  H igh p u r i t y  m eth a n o l was o b ta in e d  when th e  i n i t i a l  m ix tu re

c o n ta in e d  80w t.% o f  m e th a n o l. I n  te rm s  o f  th e  • t h r e e  s o l u b i l i t y

p a r a m e te r s „ m e th a n o l h a s  a  hy d ro g en  b o n d in g  o f  24 (J /c m  ) and w a te r

3 I  / 2h a s  a  h y d ro g en  b o n d in g  o f  4 0 .4  (J /c m  ) . Thus m e th a n o l m o le c u le s  do

n o t  have  so  s t r o n g  hy d ro g en  b o n d in g  a s  w a te r  m o le c u le s .  T h is  c o u ld  b e  

th e  r e a s o n  why th e  m e th a n o l c o n te n t  do es  n o t  change th e  r e v e r s a l  o f  th e  

r e l a t i v e  v o l a t i l i t y  o f  m e th a n o l t o  a c e to n e .

T e m p era tu re  I n v e r s io n

When th e  k e to n e s  w ere  u se d  as  th e  a g e n t s „ n o t  o n ly  d id  m eth an o l 

become more v o l a t i l e  b u t  a l s o  " te m p e r a tu r e  in v e r s io n "  was o b s e rv e d . The 

te m p e ra tu re  i n v e r s io n  was t h a t  th e  o v e rh e a d  te m p e ra tu re  was h ig h e r , th a n  

th e  s t i l l p o t  t e m p e r a tu r e .  The th e rm o c o u p le s  and te m p e ra tu re  i n d i c a t o r  

w ere r e c a l i b r a t e d  a g a in s t  a  m ercu ry  th e rm o m e te r . The r e a d in g s  w ere 

c o r r e c t .  The m easurem ent was ch ecked  by  m e a su rin g  th e  b o i l i n g  p o in t  o f  

m e th a n o l. At an a tm o s p h e r ic  p r e s s u r e  o f  6 4 3 .5  mmHg» th e  b o i l i n g  p o in t  

o f  m e th a n o l was m easu red  a s  6 0 .4 ° C u s in g  th e  same a p p a r a tu s .

I n t e r p o l a t i n g  from  th e  d a ta  r e p o r te d  by  Sm ith  [109] y ie ld e d  a  b o i l i n g  

p o i n t  o f  6 0 .6 °C . A v a lu e  o f  60 .5 °C  was c a l c u l a t e d  from  th e  A n to in e  

e q u a t io n  p ro v id e d  b y  R eid  e t  a l .  [1 1 0 ] . The m easurem ent was a s s u r e d .

F ig u re  28 shows a  t y p i c a l  exam ple o f  th e  p r o g r e s s  o f  th e  o v e rh ead  

and s t i l l p o t  t e m p e r a tu r e .  The i n i t i a l  b i n a r y  m ix tu re  c o n ta in e d  15 wt.% 

m eth an o l and 85 wt.%  a c e to n e .  B e fo re  th e  a d d i t i o n  o f  th e  a g e n t ,  MEK8 t h e  

o v e rh e a d  te m p e ra tu re  i s  lo w e r  th a n  t h a t  . o f  th e  s t i l l p o t .  A f te r  th e

i
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F ig u re  2 8 . The p r o g r e s s io n  o f  th e  o v e rh e a d  and s t i l l p o t  te m p e ra tu re s  f o r  th e  m e th a n o l-a c e to n e  system  
w i th  MEK a s  th e  a g e n t .
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a d d i t io n  o f  MEK, th e  o v e rh e a d  te m p e ra tu re  r o s e  r a p i d l y  t o  69°C in  a b o u t 

t e n  m in u te s  and th e n  s ta y e d  a t  a b o u t 7 0 .0  -  7 0 .8 °C  d u r in g  th e  r e s t  o f  

th e  o p e r a t io n .  The s t i l l p o t  te m p e ra tu re  r o s e  g r a d u a l ly  due to  th e  

a d d i t io n  o f  a g e n t ,  MEK. A f t e r  two h o u rs  ru n n in g  t im e ,  t h e  a d d i t io n  o f  

MEK was s to p p e d .  The s t i l l p o t  te m p e ra tu re  d id  n o t  change  b u t  th e  

o v e rh e a d  te m p e ra tu re  d ropped  r a p i d l y  t o  a b o u t th e  te m p e ra tu re  a t  t im e  

z e r o .  T h is  r e s u l t  im p l ie s  t h a t  t h e  s e p a r a t i n g  e f f e c t  o f  th e  a g e n t  

o c c u rs  p r i n c i p a l l y  in  t h e  co lum n . S im i la r  p r o g r e s s io n  o f  th e  o v e rh e a d  

and s t i l l p o t  . te m p e ra tu re s  w i th  o th e r  k e to n e s  as  a g e n ts  was o b se rv e d  and 

shown in  A ppendix  C. The d i f f e r e n c e  o f  th e  te m p e ra tu re  o f  o v e rh ead  and 

b o t to m s , AT^T^—T ^, i s  an i n d i c a t i o n  o f  th e  r e v e r s e d  t e m p e r a tu r e . 

T e m p era tu re  i n v e r s io n  e x i s t s  when AT i s  p o s i t i v e .  F ig u re  29 shows t h a t  

AT ch an g es w i th  tim e  and th e  n o rm a l b o i l i n g  p o i n t s  o f  k e to n e s . The 

num bers on th e  c u rv e s  a r e  th e  m in u te s  d u r in g  w h ich  th e  o p e r a t io n  

p ro c e e d e d . A t t im e  z e r o ,  th e  d ash ed  l i n e ,  AT was n e g a t i v e  and a lm o s t 

th e  same f o r  a l l  a g e n t s . The o v e rh e a d  te m p e ra tu re  was lo w e r  th a n  th e  

s t i l l p o t  t e m p e r a tu r e . The same A T 's  a t  t im e  z e ro  was due  t o  th e  same 

i n i t i a l  b i n a r y  m ix tu re .  Once t h e .  a g e n t  was a d d e d , th e  AT r o s e  in  a l l  

t h e  c a s e s  s t u d i e d .  Then AT d e c re a s e d  g r a d u a l ly  due t o  t h e  g ra d u a l  r i s e  

o f  th e  s t i l l p o t  t e m p e r a tu r e .  T h is  f i g u r e  shows t h a t  t h e  a g e n t  w i th  

lo w e s t  n o rm a l b o i l i n g  p o i n t  g iv e s  t h e  g r e a t e s t  AT. As th e  n o rm a l 

b o i l i n g  p o i n t  o f  th e  a g e n ts  i n c r e a s e s ,  AT becom es s m a l l e r  and th e  tim e  

o f  p o s i t i v e  AT becom es s h o r t e r .  The v a lu e  o f  n o rm al b o i l i n g  p o in t  i s  an  

i n d i c a t i o n  o f  th e  v o l a t i l i t y  o f  th e  compound. . MEK. h as  th e  lo w e s t  

b o i l i n g  p o i n t  among th e  k e to n e s  u s e d .
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H eat o f  m ix in g  was th e  f i r s t  r e a s o n  s u g g e s te d .  How ever, no 

s i g n i f i c a n t  te m p e ra tu re  r i s e  was o b se rv e d  when MEK was m ixed w ith  th e  

a c e to n e -m e th a n o l  m ix tu r e .  I t  has b e e n  r e p o r te d  by  C h r i s te n s e n  e t  a l .  

[ I l l ]  t h a t  t h e  h e a ts  o f  m ix in g  b e tw een  m eth a n o l a c e to n e ,  m e th an o l and 

MEK and a c e to n e  and MEK a r e  p o s i t i v e  v a lu e s .  Thus no e x o th e rm ic  h e a t  o f  

m ix in g  o c c u r s .  MEK can  h a r d ly  r e a c t  w i th  a c e to n e  o r  m e th a n o l u n d e r . t h e  

o p e r a t in g  c o n d i t i o n s .  To s tu d y  i f  th e  phenomenon was r e l a t e d  to  

a z e o t r o p y ,  p u re  a c e to n e  and p u re  m e th a n o l w ere u s e d  i n s t e a d  o f  th e  

b in a r y  m ix tu r e .

The m a t e r i a l  fe d  i n t o  th e  s t i l l p o t  i n i t i a l l y  was p u re  a c e to n e  (o r  

m e th a n o l) . The e x p e r im e n ts  w ere o p e ra te d  by  th e  p ro c e d u r e s  d e s c r ib e d  

p r e v io u s ly  e x c e p t  t h e  a g e n t ,  MEK, was s to p p e d  a t  50 m in u te s  o p e r a t io n  

and r e —added  a t  90 m in u te s  o p e r a t i o n .  T o ta l  o p e r a t io n  tim e  was 140 

m in u te s .  I n  F ig u re  3 0 , th e  o v e rh e a d  te m p e ra tu re  d ro p p ed  when MEK was 

s to p p e d  i n  b o th  c a s e s .  T em p era tu re  i n v e r s io n  e x i s t e d  in  t h e  two sy s tem s 

when MEK was added  i n t o  th e  e x t r a c t i v e  d i s t i l l a t i o n  co lu m n . From th e  

a n a l y s i s ,  i t  was found  t h a t  t h e  o v e rh e a d  c o n ta in e d  more MEK th a n  th e  k ey  

com ponen t. T a b le  XXV. l i s t s  th e  MEK c o n te n t  in  th e  o v e rh e a d  and b o tto m s 

p r o d u c ts  f o r  t h e  p u re  m e th a n o l and p u re  a c e to n e  s y s te m s „ In  th e  p u re  

m e th a n o l s y s t e m , . MEK c o n te n t  was much h ig h e r  th a n  m eth an o l in  th e  

o v e rh e a d  w h ich  had h ig h e r  wt.%  o f  MEK th a n  th e  b o tto m s  a t  50 m in u te s  

o p e r a t i o n .  A t 90 m in u te s  o p e r a t i o n ,  MEK had b e e n  s to p p e d  f o r  40 

m in u te s , wt.%  o f  MEK d ro p p ed  from  7 9 .5  to  2 6 .4  w h ich  was lo w er th a n  

6 6 . 6 , t h e  wt.%  o f  MEK in  th e  b o t to m s . MEK c o n te n t  i n  o v e rh e a d  was 

h ig h e r  a g a in  a t  140 m in u te s  o p e r a t i o n ,  a s  MEK had b e e n  re - a d d e d  f o r  50 

m in u te s .  S im i la r  te m p e ra tu re  p r o g r e s s io n  was o b se rv e d  f o r  p u re  a c e to n e .
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F ig u re  3 0 . The p r o g r e s s io n  o f  th e  o v e rh e a d  and s t i l l p o t  te m p e ra tu re s  f o r  p u re  m ethano l and pu re  
a c e to n e  u s in g  MEK as th e  a g e n t .
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T a b le  XXV. The o v e rh e a d  and b o tto m s c o m p o s itio n s : f o r  p u re  m eth an o l 
m e th a n o l and p u re  a c e to n e  sy s te m s  w ith  MEK.

wt.%  o f  MEK 
50 m in . 90 m in . 140 m in .

P u re  m e th a n o l

O verhead 7 9 .5 2 6 .4 7 6 .3

B ottom s 6 3 .9 6 6 . 6 8 0 .0

P u re  a c e to n e

O verhead 8 5 .1 6 .4 8 0 .7

Bottom s 5 6 .8 5 8 .6

001—<

H ow ever, th e  MEK c o n te n t  a t  90 m in u te s  f o r  p u re  a c e to n e  ( 6 .4  wt.% ) was 

lo w e r  th a n  t h a t  f o r  p u re  m eth an o l ( 2 6 .4  w t.% ). T h a t was why th e  

o v e rh e a d  te m p e ra tu re  f o r  t h e  p u re  a c e to n e  sy s te m  was lo w e r  th a n  t h a t  f o r  

t h e  p u re  m e th a n o l sy s te m  d u r in g  th e  o p e r a t io n  p e r io d  from  50 t o  90 

m in u te s .  The b o i l i n g  p o i n t  o f  a s o l u t i o n  i s  a f u n c t io n  o f  th e  

c o m p o s i t io n . Due t o  h ig h e r  c o n te n t  o f  MEK in  t h e  o v e rh e a d , th e  b o i l i n g  

p o i n t  o f  th e  o v e rh e a d  i s  h ig h e r  th a n  t h a t  o f  th e  b o tto m s  s o l u t i o n .  

T h e r e f o r e ,  t h e  o v e rh e a d  te m p e ra tu re  was h ig h e r  th a n  th e  b o tto m s 

t e m p e r a tu r e .  The ch ange  o f  th e  c o m p o s i tio n s  in  th e  p u re  a c e to n e  sy s te m  

b eh av ed  s i m i l a r l y .  H ow ever, t h e  MEK c o n te n t  was 8 .9  w t.%  h ig h e r  th a n  

t h a t  in  th e  b o tto m s a t  140 m in u te s  o p e r a t io n .  Thus th e  o v e rh e a d  

te m p e ra tu re  was h ig h e r  th a n  th e  s t i l l p o t  t e m p e r a tu r e .  T h is  d e m o n s tra te d  

t h a t  th e  te m p e ra tu re  i n v e r s io n  was n o t  r e l a t e d  t o  th e  a z 'e o tro p y  b u t  to  

th e  s o l u t i o n  c o m p o s i t io n .
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The a g e n t  was added  n e a r  th e  to p  o f  th e  co lum n . A t t h e  b e g in n in g  

o f  a d d in g  an  a g e n t ,  t h e  c o m p o s itio n  o f  th e  a g e n t  a t  t h e  o v e rh e a d  was 

h ig h e r  th a n  t h a t  in  th e  b o t to m s . I f  th e  a g e n t  i s  much l e s s  v o l a t i l e ,  

t h e  v a p o r  w i l l  b e  co n d en sed  and no  v a p o r  e x i s t s  u n t i l  t h e  s t i l l p o t  

r e a c h e s  a te m p e ra tu re  h ig h  enough . I f  th e  . a g e n t  i s  c o m p a ra t iv e ly  

v o l a t i l e ,  t h e  a g e n t  w i l l  b e  v a p o r iz e d  by  th e  v a p o r . Due to  th e  

c o n tin u o u s  a d d i t i o n  o f  th e  a g e n t ,  th e  a g e n t  c o n te n t  w ould d e c re a s e  from  

th e  to p  t o  b o tto m  o f  th e  co lum n. T h is  c o u ld  c a u se  t h e  te m p e ra tu re

i n v e r s io n .  T a b le  XXVI shows h ig h e r  MEK c o n te n t  in  t h e  o v e rh e a d  u n le s s  

MEK was s to p p e d .  To m a in ta in  th e  b o i l i n g  on e a c h  p l a t e ,  m ore v a p o r  i s  

r e q u i r e d .  Thus v a p o r  com ing i n t o  a p l a t e  w i l l  p a r t i a l l y  c o n d en se  and 

p a r t i a l l y  go th ro u g h  th e  p l a t e .  From th e  id e a  d i s c u s s e d ,  one c o u ld  

e x p e c t  th e  e f f e c t  o f  th e  a g e n t  te m p e r a tu r e .  U s u a l ly ,  th e  l a t e n t  h e a t  o f  

a  compound d e c re a s e s  as  th e  te m p e ra tu re  i n c r e a s e s .  I f  t h e  te m p e ra tu re

T a b le  XXVI. The c o m p o s i tio n s  f o r  a c e to n e -m e th a n o l  sy s te m  u s in g  
MEK as  t h e  a g e n t .

C o m p o sitio n  in  wt.%
I  h r . I .5  h r s . 2 h r s . no  a g e n t

O v erh ead : a c e to n e 10.1 9 .3 6 .3 7 9 .2

m eth an o l 4 .6 3 .8 3 .2 1 5 .2

MEK 8 5 .3 8 6 .9 9 0 .5 5 .6

B o ttom s: a c e to n e 4 1 .8 3 3 .8 2 6 .7 2 5 .1

m eth an o l 2 .7 1 .7 1 . 8 1 .4

MEK 5 5 .5 6 4 .5 7 1 .5 7 3 .5
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o f  th e  a g e n t  i s  r a i s e d  and th e  o p e r a t i o n a l  c o n d i t io n s  a r e  th e  sam e, 

t h e r e  w ould b e  more a g e n t  v a p o r iz e d  due to  lo w er l a t e n t  h e a t  o f  th e  

a g e n t  a t  a  h ig h e r  t e m p e r a tu r e .  H ow ever, t h i s  e f f e c t  w ould n o t  be  very- 

s i g n i f i c a n t .  Thus th e  o v e rh e a d  te m p e ra tu re  w ould be  in c r e a s e d  a  l i t t l e  

b i t .  F ig u re  31 shows th e  c o m p ariso n  o f  th e  te m p e ra tu re  o f  th e  a g e n t ,  

MIBK, a t  25°C and 50°C . The s t i l l p o t  te m p e ra tu re  b eh av ed  v e ry  

s i m i l a r l y .  The .^overhead  te m p e ra tu re  w i th  MIBK a t  50°C was s l i g h t l y  

h ig h e r  th a n  t h a t  a t  25°C . T h is  in d ic a te d  t h a t  th e  te m p e ra tu re  i n v e r s io n  

c o u ld  be  c a u se d  b y  th e  d i s s o l v in g  o f  th e  v a p o r  i n t o  t h e  l i q u i d  p h a s e .  

The k e y  com ponents com ing up th e  colum n as  a v a p o r  d i s s o l v e  i n t o  th e  

l i q u i d  p h a se  on th e  p l a t e  and g iv e  up t h e i r  l a t e n t  h e a t s .  The l a t e n t  

h e a ts  g iv e n  up by  th e  v a p o r  w ould p a r t i a l l y  e v a p o ra te  t h e  l i q u i d  and 

p a r t i a l l y  i n c r e a s e  th e  te m p e ra tu re  o f  th e  l i q u i d .  To t e s t  t h i s  i d e a ,  

th e  s o l u b i l i t y  o f  th e  v a p o r  o f  k e y  com ponents in  th e  a g e n ts  i s  need ed  

f o r  t h e o r e t i c a l  c a l c u l a t i o n .  The s o l u b i l i t y  o f  th e  v a p o r  o f  m e th an o l in  

l i q u i d  m e th y l e t h y l  k e to n e  has n o t  b e e n  fo u n d . H ow ever, C op ley  e t  a l .  

[112 ] hav e  r e p o r t e d  t h a t  th e  m ole f r a c t i o n  s o l u b i l i t i e s  o f  m e th an o l in  

am ines a r e  in  th e  ra n g e  o f  0 .4  t o  '0 . 6 .  To do a  h y p o th e t i c a l  

c a l c u l a t i o n ,  th e  m ole f r a c t i o n  s o l u b i l i t y  o f  m e th a n o l and a c e to n e  i s  

assum ed b e in g  0 .1 5 .  The d e t a i l e d  c a l c u l a t i o n  i s  shown in  A ppendix  D . 

The c a l c u l a t e d  r e s u l t s  show t h a t  i t  i s  q u i t e  r e a l i t y  p o s s i b l e  to  h e a t  up 

th e  l i q u i d  MEK from  45 t o  70 C by  th e  l a t e n t  h e a ts  g iv e n  up b y  th e  v a p o r  

o f  m e th a n o l and a c e to n e  a c c o rd in g  t o  th e  l i s t e d  v a p o r  s o l u b i l i t i e s .  

H ow ever, more s t u d i e s  a r e  n eed ed  t o  v e r i f y  t h i s  h y p o t h e s i s .
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F ig u re  3 1 . The e f f e c t  o f  th e  a g e n t  te m p e ra tu re  on te m p e ra tu re  i n v e r s io n .  The a g e n t was MIBK a t  
25°C and 50°C .
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■The R e v e rs in g  o f  R e la t i v e  V o l a t i l i t i e s

The r e v e r s a l  o f  th e  r e l a t i v e  v o l a t i l i t y  was f i r s t  r e p o r te d  in  1947 

b y  B u e ll  and B o a t r ig h t  [113] and m ore r e c e n t l y  in  1983 by  Yeh [29] . 

H ow ever, t h i s  phenomenon h a s  n o t  b een  e x p la in e d  s a t i s f a c t o r i l y .  The 

u n d e r s ta n d in g  o f  th e  e f f e c t s  o f  th e  e x t r a c t i v e  a g e n ts  w ould  b e  im proved 

b y  s tu d y in g  th e  r e v e r s a l  o f  r e l a t i v e  v o l a t i l i t i e s .

The p o t e n t i a l  o f  th e  k e y  com ponent t o  i n t e r a c t  w i th  t h e  a g e n t  can  

be  an i n d i c a t i o n  o f  th e  e f f e c t  o f  th e  a g e n t .  S o l u b i l i t y  p a ra m e te r  

w h ich  in c lu d e s  d i s p e r s io n  f o r c e ,  p o l a r  i n t e r a c t i o n  and h y d ro g en  b o n d in g  

can  be  u se d  t o  s tu d y  th e  p h y s ic a l  f o r c e s  o c c u r r in g  b e tw e e n  m o le c u le s . 

H ow ever, th e  p h y s ic a l  f o r c e s  sh o u ld  be  a t t r a c t i v e .  T h is  i n d i c a t e s  t h a t  

th e  m o le c u le s  m ust hav e  some s i m i l a r  c h a r a c t e r i s t i c s .  ' T h is  w ork 

a tte m p te d  to  c a t e g o r i z e  th e  m o le c u le s  and f in d  a  way t o  s e l e c t  an 

e f f e c t i v e  a g e n t  by  u s in g  s o l u b i l i t y  p a ra m e te r .  T a b le  XXVII [114] l i s t s  

t h e  t h r e e  s o l u b i l i t y  p a ra m e te rs  and s p e c i f i c  vo lum es o f  th e  k e y  

com ponents s t u d i e d .

The d i f f e r e n c e s  b e tw e en  k e y  com ponents in  s o l u b i l i t y  p a ra m e te rs  in  

e a c h  sy s te m  a r e  m a in ly  p o l a r  i n t e r a c t i o n ,  6 , and h y d ro g en  b o n d in g ,

F o r  th e  a c e to n e -m e th a n o l  s y s te m , th e  d i f f e r e n c e  in  d i s p e r s io n  f o r c e  

b e tw een  a c e to n e  and m e th a n o l i s  o n ly  1 .4  (J /cm 3 ) 1^ 2 , w h ich  i s  a v e ry  

s m a l l  v a lu e  com pared w i th  th e  d i f f e r e n c e s  in  p o l a r  i n t e r a c t i o n ,  3 . 2  

(J /cm 3 ) 1^ 2 , and th e  d i f f e r e n c e  in  h y d ro g en  b o n d in g , 1 3 .0  (J /cm 3 ) 1^2 . 

A lso  th e  d i f f e r e n c e  in  s p e c i f i c  vo lu m e, 34  cm3 /m o l, i s  a p p r e c i a b l e .
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T a b le  XXVII. S o l u b i l i t y  p a ra m e te rs  and s p e c i f i c  vo lum es o f  
k ey  c o m p o n en ts .

Compounds

V •
3

(cm /m ol)

6a

(J/c rn 3 ) 172

6

<J/=m3 ) 1 / 2

6h

(J/cnf*)

A cetone 7 4 .0 1 3 .0 9 .8 1 1 . 0

M ethanol 4 0 .7 11 . 6 1 3 .0 2 4 .0

E th a n o l 5 8 .7 12 . 6 1 1 . 2 2 0 . 2

W ater 1 8 .1 12 . 2 2 2 . 8 4 0 .4

M ethy l a c e t a t e 7 9 .9 1 3 .3 9 .5 1 0 .4

T h is  d i s c u s s io n  can  b e  a p p l ie d  t o  th e  .e th a n o l -w a te r  and m e th a n o l-  

m e th y l a c e t a t e  sy s te m s  a s  w e l l  and i t  c an  b e  c o n c lu d e d  t h a t  t h a t  th e  

d i s p e r s io n  f p r c e  can  be  ig n o re d  when d i s c u s s in g  th e  m o le c u la r  

i n t e r a c t i o n  i n  t h i s  s tu d y .  F ig u re s  32„ 3 3 , and 34 show th e  p l o t s  o f  6

v e r s u s  6^ ,  h e r e in  c a l l e d  p o l a r i t y  d ia g ra m , f o r  th e  sy s te m s  o f  a c e to n e -  

m e th a n o l, e th a n o l - w a te r ,  and m e th a n o l-m e th y l a c e t a t e  r e s p e c t i v e l y .  In  

F ig u re  3 2 , th e  l o c a t io n  o f  m e th an o l i s  r e f e r r e d  t o  a s  t h e  p o i n t  A and 

th e  l o c a t i o n  o f  a c e to n e  i s  r e f e r r e d  to  a s  th e  p o in t  B. We can  draw  a 

segm en t AB t o  c o n n e c t t h e s e  two p o i n t s .  T here  i s  one  p o i n t  C w hich  

makes th e  r a t i o  o f  AC to  CB e q u a l th e  r a t i o  o f  th e  s p e c i f i c  volum e o f  

a c e to n e  t o  t h a t  o f  m e th a n o li D raw ing a l i n e  p e r p e n d ic u la r  t o  AB th ro u g h  

th e  p o in t  C d iv id e s  th e  p o l a r i t y  d iag ra m  i n t o  two p a r t s .  One i s  th e  

m eth an o l s id e  and a n o th e r  i s  th e  a c e to n e  s i d e .  A g e n ts , su c h  a s  

g l y c e r in e  and e th y le n e  g l y c o l ,  on th e  m eth an o l s id e  have g r e a t e r  

a f f i n i t y  f o r  m e th a n o l th a n  f o r  a c e t o n e . Those a g e n ts  w ould b r in g  

m eth a n o l down t o  th e  s t i l l p o t  and a c e to n e  w ould be  th e  o v e rh e a d  p r o d u c t .



(£uio/r)

Glycerine

Ethylene Glycol

1,4 -  Butanediol
0 D M F A

Methanol
, - ' • a Propylene Glycol

Acetophenone ° 1,5 ~ Pentanediol
A 2 ,4  -  Pentanedione  

A Ethyl Acetoacetate

1,3 ~ Butanediol•Acetone

2 -Pentanone

3  -  Pentanone

( J / c m 3) 2

F ig u re  3 2 . P o l a r i t y  d iag ra m  f o r  th e  m e th a n o l—a c e to n e
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Water

Glycerine

Ethylene glycol

Methyl b e n z o a t e

1-P ro pa n o l  #" 
1-Butanol  ^  E thano l

A l - P e n t a n o l

I -Hexano l

(J/cm3)
F ig u re  3 3 . P o l a r i t y  d iag ra m  f o r  th e  w a te r - e th a n o l  sy s te m .
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Dipropy lene  glycol

N i t r o m e th a n e

DMSO

Die thy lene  glycol

1 ,4 -ButanediolA N i t r o be n z en e
Methanol

,  -*Trie thylene  glycolN i t r oe th an e

Ethylene glycolA l - N i t r o p r o p a n e

2 -N i t rop ro pa ne

Methyl a c e t a t e Propy lene glycol

( J / c m 3 )

F ig u re  3 4 . P o l a r i t y  d iag ra m  f o r  th e  m e th a n o l-m e th y l a c e t a t e  sy stem
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T h is  c o n c e p t was c o n firm e d  by  th e  d a ta  r e p o r te d  in  T a b le  XXI. The 

a g e n ts ,,  su c h  as  m e th y l e th y l  k e to n e  and a c e to p h e n o n e , on a c e to n e  s id e  

have  g r e a t e r  a f f i n i t y  f o r  a c e to n e  th a n  f o r  m e th a n o l. T h e re fo re  a c e to n e  

w ould be  th e  b o tto m s p r o d u c t . The r e s u l t s  p r e s e n te d  in  T a b le s  XXII and 

X X III , w i th  th e  e x c e p t io n s  ,of DMFA, a r e  in  a c c o rd  w ith  t h i s  t h e o r y .  DMFA 

i s  on th e  a c e to n e  s id e  b u t  b r in g s  m eth an o l down t o  th e  s t i l l p o t .  T h is  

i n d i c a t e s  t h a t  t h e r e  i s  a  g r e a t e r  m o le c u la r  i n t e r a c t i o n  b e tw een  DMFA and 

m e th a n o l. R i t c h i e  [115] has shown t h a t  DMSO and DMFA can  in d u c e  th e  

a c i d i t y  o f  a l c o h o l s .  DMSO and DMFA b eh av ed  a s  th e  b a s e s .  Thus t h e r e  

e x i s t e d  s t r o n g  m o le c u la r  i n t e r a c t i o n  b e tw een  th e s e  a g e n ts  and m eth an o l 

and th u s  a c e to n e  was o b ta in e d  a s  th e  o v e rh e a d  p r o d u c t .  As shown in  

F ig u re  8 , th e  a c id - b a s e  i n t e r a c t i o n s  c o u ld  c a u se  th e  p re s e n c e  o f  a 

c h e m ic a l com p lex .

A p p ly in g  th e  same te c h n iq u e  in  F ig u re s  33 and 34  shows th e  same 

r e s u l t  a s  th e  p r e v io u s  o b s e r v a t io n .  The v a lu e s  o f  s o l u b i l i t y  p a ra m e te rs  

f o r  a  num ber o f  compounds have been  e d i t e d  by  B a rto n  [1 1 4 ] .  Thus th e  

m ethod p r e s e n te d  p r e v io u s ly  m ig h t b e  c o n s id e r e d  th e  s im p le s t  way t o  

p r e d i c t  w h ich  k e y  com ponent w ould be  t h e  o v e rh e a d  p r o d u c t .

The m ethod p r e s e n te d  above can  be  . an  i n i t i a l  e s t im a t io n  o f  th e  

p e rfo rm a n c e  o f  an a g e n t .  How ever, a  more a c c u r a te  p r e d i c a t i o n  o f  th e  

p e rfo rm a n c e  o f  an  a g e n t  m ig h t be  d e p e n d e n t upon th e  e x p r e s s io n  o f  th e  

a c t i v i t y  c o e f f i c i e n t .  E q u a tio n  65 was u se d  to  c a l c u l a t e  th e  a c t i v i t y  

c o e f f i c i e n t s  o f  t h e  k e y  com ponents in  th e  a g e n ts .  S u b s t i t u t i n g  th e s e  

v a lu e s  in  E q u a tio n  6 and assum ing  t h a t  (jj's a r e  u n i ty  y i e l d  t h e  v a lu e s  o f  

th e  r e l a t i v e  v o l a t i l i t i e s ,  p ^ 's  w ere  c a l c u l a t e d  from  A n to in e  e q u a t io n s  

w i th  th e  p a ra m e te r  v a lu e s  p ro v id e d  by  R eid  e t  a l .  [ H O ] . T a b le s  XXVIII
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T a b le  X X V III. The co m p a riso n  o f  th e  
m e th a n o l( I ) - a c e to n e (2)

r e l a t i v e  v o l a t i l i t y  
s y s te m .

A gent E x p e r im e n ta l C a lc u la te d

MEK 1 .5 3 1 .4 6

2 -P e n ta n o n e 1 .6 6 1 .60

3 -P e n ta n o n e 1 .7 6 1 .6 0

M ethy l i s o -

b u t y l  k e to n e 1 .4 8 1 .6 9

D i i s o b u ty l

k e to n e 1 .6 4 1 .6 5

A cetophenone 1 .7 1 1 .33

T a b le  XXIX. The co m p a riso n  o f  th e  r e l a t i v e  v o l a t i l i t y  
m e th a n o l( I ) -m e th y l a c e t a t e (2 ) sy s te m .

A gent E x p e r im e n ta l C a lc u la te d

N itro m e th a n e 2 .0 6 . 1 .7 2

N i t ro e th a n e 2 .4 0 2 .4 1

I -N it ro p r o p a n e 2 .6 5 2 .9 1

2 - N i t r o p ropane 2 .7 7 2 .9 6

N itro b e n z e n e 2 .0 4 2 .83

E x p e r im e n ta l  oU j a r e  th e  v a lu e s  o b ta in e d  by  u s in g  th e  p l a t e  
e x t r a c t i v e  d i s t i l l a t i o n  co lu m n .
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and XXIX show th e  c a l c u l a t e d  r e s u l t s  com pared w ith  th e  e x p e r im e n ta l  

d a t a .  I n  t h e s e  two t a b l e s , th e  " E x p e r im e n ta l"  i n d i c a t e s  t h a t  th e  

r e l a t i v e  v o l a t i l i t i e s  w ere  o b ta in e d  b y  u s in g  th e  p l a t e  e x t r a c t i v e  

d i s t i l l a t i o n  co lum n.

In  T a b le  X X V III, t h e  a v e ra g e  e r r o r  i s  9.1% w i th  a  maximum e r r o r  o f  

22.2% . The minimum e r r o r  i s  0.7% . In  T a b le  XXIX, t h e  a v e ra g e  e r r o r  is .  

14.5% w i th  a  maximum e r r o r  o f  38.7% and a  minimum e r r o r  o f  0.4% . The 

a v e ra g e  e r r o r  f o r  two t a b l e s  i s  11.5% . The c a l c u l a t e d  a ^ ' s  f i t  t h e  

e x p e r im e n ta l  0̂ ' 3 f a i r l y  w e l l  e x c e p t  f o r  th e  a ro m a tic  com pounds, 

n i t r o b e n z e n e  and a c e to p h e n o n e . T h is  c o u ld  be  due t o  th e  e l e c t r o n  

w ith d ra w a l  o f  th e  f u n c t i o n a l  g roup  on th e  b en zen e  r i n g  i n  a d d i t io n  t o  

o th e r  c h a r a c t e r i s t i c s  o f  th e  m o le c u le . The a d v a n ta g e  o f  t h i s  m odel i s  

t h a t  o n ly  th e  p r o p e r t i e s  o f  p u re  com ponents need  be  known t o  c a l c u l a t e  

th e  r e l a t i v e  v o l a t i l i t y  o f  th e  k e y  co m p o n en ts . U n f o r tu n a te ly  th e  m odel 

i s  i n a p p l i c a b l e  t o  aqueous s y s te m s .

T e rn a ry  A z e o tro p e s

L iq u id - L iq u id  E q u i l ib r iu m

F ig u re s  3 5 , 3 6 , 3 7 , and 38 show th e  one p h a se  r e g io n  f o r  e a c h  

t e r n a r y  m ix tu r e .  F o r t h e  n - b u ty l  and i s o b u t y l  s y s te m s ,  a  sm a ll  one 

p h a se  r e g io n  in  h ig h  c o n c e n t r a t io n  o f  w a te r  e x i s t s .  T h is  i s  due to  th e  

s o l u b i l i t y  o f  a lc o h o l s  and a c e t a t e s  in  w a te r .  . I f  m ix tu re s  a r e  in  th e  

two p h a se  r e g io n ,  th e y  can  be  s e p a r a te d  f i r s t  b y .p h a s e  s e p a r a t i o n  and 

th e n  by  d i s t i l l a t i o n .  How ever, i f  a  t e r n a r y  minimum a z e o t ro p e  e x i s t s ,  

t h e  s e p a r a t i o n  o f  a  one p h a se  m ix tu re  can  n o t  be done by  c o n v e n t io n a l
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<2

/ A

O O)

Two p h a s e s

One p h a se

wt.% o f  n - p r o p a n o l

F ig u r e  3 5 .  L i q u i d - l i q u i d  e q u i l i b r i u m  d iagram  f o r  t h e  n - p r o p y l  a c e t a t e -
n - p r o p a n o l - w a t e r  s y s t e m .
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Two p h a s e s

One p h a se

wt.% o f  i s o p r o p a n o l

F ig u r e  3 6 .  L i q u i d - l i q u i d  e q u i l i b r i u m  d iagram  f o r  th e  i s o p r o p y l  a c e t a t e -
i s o p r o p a n o l - w a t e r  s y s t e m .
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One p h a se

Two p h a s e s

One p h a se

wt.% o f  n - b u t a n o l

F ig u r e  3 7 .  L i q u i d - l i q u i d  e q u i l i b r i u m  d iagram  fo r  t h e  n - b u t y l  a c e t a t e -
n - b u t a n o l - w a t e r  s y s t e m .



o 2 0  4 0  6 0  8 0  1 0 0
w t . % o f  i s o b u t a n o l

F ig u r e  3 8 .  L i q u i d - l i q u i d  e q u i l i b r i u m  d iagram  f o r  t h e  i s o b u t y l  a c e t a t e -
i s o b u t a n o l - w a t e r  s y s t e m .
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d i s t i l l a t i o n .  I f  a lc o h o l  can  be  s e p a r a te d  from  th e  m ix tu r e , th e  f u r t h e r  

s e p a r a t i o n  b e tw een  a c e t a t e  and w a te r  can  be done by  d e c a n ta t i o n  due to  

low m i s c i b i l i t y  o f  a c e t a t e  in  w a te r .

A p p l i c a t io n  o f  The P o l a r i t y  D iagram

T h is  w ork a tte m p te d  to  a p p ly  th e  p o l a r i t y  d ia g ra m  to  t e r n a r y  

m ix tu r e s . To s i m p l i f i e d  th e  s i t u a t i o n ,  th e  a c e t a t e  and  a lc o h o l  w ere 

c o n s id e r e d  as  th e  k e y  com ponents in  e a c h  s y s te m . T a b le  XXX [114] l i s t s  

th e  t h r e e  s o l u b i l i t y  p a ra m e te rs  f o r  th e  k e y  com ponents and w a te r .  The 

m ain d i f f e r e n c e s  b e tw een  a c e t a t e s  and th e  c o r r e s p o n d in g  a lc o h o l s  i s  th e  

s i z e  o f  th e  m o le c u le , 6 ^ , and 8 ^ . The k e y  com ponents h av e  a lm o s t th e  

same v a lu e s  o f  8^ . The d i f f e r e n c e  o f  th e  m o le c u la r  s i z e  be tw een  

a c e t a t e s  and th e  c o r r e s p o n d in g  a lc o h o l s  i s  a b o u t 41 cnfV m ol. T h is  i s  an  

a p p r e c ia b le  am ount and b e l i e v e d  to  a f f e c t  s i g n i f i c a n t l y  t h e  s e l e c t i v i t y  

o f  th e  a g e n t .  A lc o h o ls  have  g r e a t e r  h y d ro g en  b o n d in g  and s l i g h t l y  

h ig h e r  p o l a r  i n t e r a c t i o n  f o r c e s  th a n  th e  c o r r e s p o n d in g  a c e t a t e s .  T h is  

im p l ie s  t h a t  an  a g e n t  w i th  h ig h  h y d ro g en  b o n d in g  and p o l a r  i n t e r a c t i o n  

f o r c e s  w ould  a t t r a c t  more s t r o n g l y  w i th  a lc o h o l  th a n  a c e t a t e .  The 

p o l a r i t y  o f  th e  a g e n t  was t h e  m ain c o n c e rn  in  s e l e c t i n g  a g e n t s .  T a b le  

XXXI [114] l i s t s  th e  t h r e e  s o l u b i l i t y  p a ra m e te rs  and th e  s p e c i f i c  

vo lum es o f  t h e  a g e n ts  u s e d .  The g ly c o l s  hav e  g r e a t e r  h y d ro g en  b o n d in g . 

Among th e  g l y c o l s ,  e th y le n e  g ly c o l  h as  t h e  h ig h e s t  p o l a r i t y  and s m a l le s t  

m o le c u la r  s i z e .  DMSO and DMFA hav e  m o d era te  h y d ro g en  b o n d in g  b u t  

c o m p a ra t iv e ly  g r e a t  p o l a r  i n t e r a c t i o n  f o r c e s  and m o d e ra te  s p e c i f i c  

v o lu m e s .
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T a b le  XXX. S o l u b i l i t y  p a ra m e te rs  and s p e c i f i c  vo lum es o f  th e  
k e y  co m p o n e n ts .

Component

V

cmP/m ole

6a

( J Z c 3 ) 1 /2

6

W /c B3) 1 /2

6h

(J /c m 3 )"

n - P ro p y l  a c e t a t e 1 1 5 .9 1 4 .1 8 .1

C
O

n -P ro p a n o l 7 5 .2 1 4 .1 1 0 .5 1 7 .7

I s o p r o p y l  a c e t a t e 1 1 7 .9 1 4 .3 8 .4 5 .7

I s o p ro p a n o l 7 7 .0 1 4 .0 9 .8 1 6 .0

n - B u ty l  a c e t a t e 1 3 2 .6 1 4 .5

C
O C
O

V
O

n -B u ta n o l 9 1 .9 1 5 .0 1 0 .0 1 5 .4

I s o b u t y l  a c e t a t e 1 3 4 .2 1 4 .5 7 .8 5 .1

I s o b u ta n o l 9 2 .9 1 4 .4 9 .8 1 5 .0

T a b le  XXXI. S o l u b i l i t y  p a ra m e te rs , and 
th e  a g e n t s .

s p e c i f i c  vo lum es o f

A gent V
4 i h

DMSO 7 1 .3 1 8 .4 1 6 .4 1 0 .2

DMFA 7 7 .0 1 7 .4  ' 1 3 .7 1 1 .3

E th y le n e  g ly c o l 5 5 .9 1 0 .1 1 5 .1 2 9 .8

I ,4 - B u ta n e d io l 8 8 .9 1 5 .0 1 3 .6 2 7 .0

P ro p y le n e  g ly c o l 7 3 .7 1 1 .8 1 3 .3 2 5 .0

D ie th y le n e  g ly c o l 95 .3 1 2 .4 12 .3 2 3 .3

T r ie th y le n e  g ly c o l 12 0 .3 1 5 .0 1 2 .2 2 1 .8

D ip ro p y le n e  g ly c o l 13 2 .1 1 2 .2 10 .3 1 7 .4

N o te : v ,  6 .»  <5 » and
Q  p

6- have  n th e  same u n i t s  a s  w h ich in  T a b le
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F ig u re  39 shows th e  l o c a t io n  o f  th o s e  compounds in  a p o l a r i t y

d ia g ra m . The l o c a t io n  i s  an i n d i c a t i o n  o f  th e  p o l a r i t y  o f  th e .

com ponen t. We can  s e e  t h a t  th e  p o l a r i t y  i n c r e a s e s  from  a c e t a t e s „

a l c o h o l s ,  a g e n ts  and th e n  w a te r .  DMSO and DMFA a r e  two e x c e p t io n s  to

t h i s  te n d e n c y . A p p ly in g  th e  same te c h n iq u e  as  f o r  F ig u re  3 2 , a l l . t h e

a g e n ts  a r e  on th e  a lc o h o l  s i d e .  Thus th o s e  a g e n ts  w ould have  g r e a t e r

a f f i n i t y  f o r  a lc o h o ls  th a n  f o r  a c e t a t e s .  I t  was e x p e c te d  t h a t  th e

a lc o h o l s  w ere c a r r i e d  down by  th e  a g e n ts  t o  th e  s t i l l p o t  and th e

a c e t a t e s  w ere f o rc e d  i n t o  th e  o v e rh e a d . Thus th e  e f f e c t  o f  th e  a g e n ts

ca n  b e  e x p la in e d  by  th e  a t t r a c t i o n  o f  i n te r m o le c u la r  f o r c e s .  Among th e

g l y c o l s ,  e th y le n e  g ly c o l  has th e  h ig h e s t  v a lu e s  o f  6^ and 6 ^ , T h is

i n d ic a te d  t h a t  e th y le n e  g ly c o l  h a s  a  g r e a t e r  c a p a b i l i t y  f o r  hydrogen

b o n d in g  and p o l a r  i n t e r a c t i o n  th a n  th e  o th e r  g l y c o l s .  Thus e th y le n e

g ly c o l  w ould have  th e  h ig h e s t  e f f e c t  on e n h a n c in g  t h e  s e p a r a t i o n .

D ip ro p y le n e  g l y c o l ,  w h ich  h as  th e  s m a l l e s t  v a lu e s  o f  6 and <$, , w ould
P h

y i e l d  th e  p o o r e s t  p e r fo rm a n c e .

E f f e c t s  o f  A gen ts

Two s e r i e s  o f  e x p e r im e n ts  w ere u se d  t o  s tu d y  th e  e f f e c t s  o f  th e  

a g e n t s .  F i r s t ,  t h e  a g e n ts  w ere e v a lu a te d  b y  u s in g  th e  Othm er ty p e  VLE 

s t i l l .  A f t e r  th e  i n i t i a l  e v a lu a t i o n ,  th e  e f f e c t  o f  t h e  a g e n ts  w ere 

d e m o n s tra te d  by  u s in g  th e  p l a t e  e x t r a c t i v e  d i s t i l l a t i o n  co lum n .

Some o f  th e  r e s u l t s  f o r  i n i t i a l  e v a lu a t io n  o f  th e  a g e n ts  a r e  l i s t e d  

i n  T a b le s  XXXII . The d e t a i l s  o f  t h e  r e s u l t s  h a v e  b e e n  r e p o r te d  

e ls e w h e re  [116 , 117 , 118 , 1 1 9 ] . DMSO had th e  h i g h e s t  r e l a t i v e  

v o l a t i l i t i e s  e x c e p t  f o r  n - b u ty l  a c e t a t e - n - b u t a n o l - w a te r  s y s te m . In  b o th



(J
/c

m
17r

D/W SO

15
Ethylene glycol

DMFA 1,4 Butanediol

13 Propylene glycol 
Diethylene glycol

Triethylene glycol

\ 1 1 n -  Propanol
Aen - Buta nol w

^  Dipropylene glycol
Isobutanol Isopropanol

7%

Isopropyl acetate 
° n -  Propyl acetate 

o on -  Butyl acetate 
Isobutyl acetate

_________________________ I ______ __________________I

19 2 4
Sh , (J / c m 3)3\  %

3 4

Water
O

3 9

F ig u re  3 9 . P o l a r i t y  d iag ra m  f o r  th e  a c e t a t e - a l c o h o l  w a te r  s y s te m s .
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T a b le  XXXII . I n i t i a l  e v a lu a t io n  o f  t h e  a g e n ts  f o r  th e  
a c e t a t e - a l c o h o l - w a t e r  s y s te m s .

R e la t i v e  v o l a t i l i t y  o f  a c e t a t e  to  a lc o h o l
A gent nPAc-nPOH IPAc-IPOH nBAc—nBOH I BAc- I BOH

DMSO 2 .7 3 2 .0 8 1 .6 7  . 2 .5 5

E th y le n e  g ly c o l - - 1 .9 9 2 .1 8

P ro p y le n e  g ly c o l - 1 .6 8 1 .3 1 1 .6 7

I , 4 -B u ta n e d io l 1 .7 0 1 .8 2 1 .1 8 1 .8 4

D ie th y le n e  g ly c o l - 2 .1 2 - 1 .6 4

I ,5 - P e n ta n e d io l 1 .5 8 1 .8 1 - 1 .6 6

T r ie th y le n e  g ly c o l - 1 .9 8 - 1 .5 3

D ip ro p y le n e  g ly c o l 1 :05 1 .7 4 1 .1 5

I , 6-H exa n e d io l 1 .3 0 1 .6 7 - 1 .3 1

T a b le  X X X III. The e f f e c t i v e n e s s  o f  t h e  a g e n ts  shown in  
p l a t e  e x t r a c t i v e  d i s t i l l a t i o n  co lum n.

th e

A gent
R e la t i v e  v o l a t i l i t y  o f  
nPAc-nPOH IPAc-IPOH

a c e t a t e  to  
nBAc-nBOH

a lc o h o l  
I BAc- I BOH

B lank 1 .2 5 1 .0 3 0 .8 2 1 .1 2

DMSO 2 .7 7 2 .1 9 2 .1 1 3 .0 5

DMFA 1 .8 5 1 .4 0 1 .7 6 2 .6 5

E th y le n e  g ly c o l 2 .2 1 1 .9 6 1 .8 6 2 .9 0

I , 4 -B u ta n e d io l 2 .0 0 1 .8 8 1 .6 7 2 .4 8

P ro p y le n e  g ly c o l 1 .7 4 1 .5 9 1 .4 6 2 .5 5

D ie th y le n e  g ly c o l 1 .8 9 1 .7 5 1 .6 1 1 .7 0

T r ie th y le n e  g ly c o l 1 .8 1 1 .4 9 1 .3 9 1 .5 8

D ip ro p y le n e  g ly c o l 1 .53 1 .1 5 1 .3 7 1 .5 5
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n - b u ty l  a c e t a t e - n - b u t a n o l - w a te r  and i s o b u t y l  a c e t a t e - i s o b u t a n o l - w a t e r ,  

e th y le n e  g ly c o l  was th e  m ost e f f e c t i v e  g ly c o l  a g e n t .  The e f f e c t s  o f  

t h e  a g e n ts  d e m o n s tra te d  i n  th e  p l a t e  e x t r a c t i v e  d i s t i l l a t i o n  colum n a r e  

l i s t e d  in  T a b le  XXXIII A g a in , DMSO y ie ld e d  th e  h ig h e s t  r e l a t i v e  

v o l a t i l i t i e s  f o r  f o u r  sy s te m s  and e th y le n e  g ly c o l  was t h e  m ost e f f e c t i v e  

a g e n t  o f  g l y c o l s . M ost o f  th e  a g e n ts  had  p o o r e s t  p e rfo rm a n c e  in  n - b u ty l  

a c e t a t e - n - b u t a n o l - w a te r  sy s te m  w i th  t h e  e x c e p t io n  o f  DMFA and 

d ip ro p y le n e  g l y c o l .  B o th  o f  them  had  t h e  l e a s t  e f f e c t  on th e  i s o p r o p y l  

a c e t a te - i s o p r o p a n o l - w a te r  s y s te m . In  a l l  c a s e s ,  t h e  a c e t a t e  and w a te r  

w ere  o b ta in e d  in  th e  o v e rh e a d  p ro d u c t  w h ich  co n d en sed  i n t o  two l a y e r s .  

The d i s c u s s io n  w i l l  b e  b a s e d  on th e  r e s u l t s  from  th e  e x t r a c t i v e  

d i s t i l l a t i o n  colum n r a t h e r  th a n  th o s e  from  th e  e q u i l ib r iu m  s t i l l  b e c a u s e  

th e  colum n h as  more t h e o r e t i c a l  p l a t e s  and y i e l d s  more r e l i a b l e  r e s u l t s .

F ig u re  40 shows th e  s e l e c t i v i t y  o f  t h e  a g e n t  v a r y in g  w i th  p o l a r i t y .  

The s e l e c t i v i t i e s  w ere  c a l c u l a t e d  u s in g  E q u a tio n  12 . I n  F ig u re  4 0 , th e  

s i x  d i f f e r e n t  v a lu e s  o f  p o l a r i t y  c o rre s p o n d  t o  t h e  s i x  a g e n ts  u s e d .  In  

t h e  o r d e r  o f  th e  i n c r e a s e  o f  th e  p o l a r i t y ,  th e y  a r e  d ip ro p y le n e  g l y c o l ,  

t r i e t h y l e n e  g l y c o l ,  d i e t h y le n e  g l y c o l ,  p ro p y le n e  g l y c o l ,  I , 4 - b u ta n e d io l , 

and th e n  e th y le n e  g l y c o l .  The s e l e c t i v i t i e s  o f  e th y le n e  g l y c o l ,  1 ,4 -  

b u t a n e d io l  and p ro p y le n e  g ly c o l  i n c r e a s e  in  th e  o r d e r  o f  n - p r o p y l  

a c e t a t e ,  i s o p r o p y l  a c e t a t e ,  n - b u ty l  a c e t a t e ,  and i s o b u t y l  a c e t a t e .  

H ow ever, th e  s e l e c t i v i t i e s  o f  d i e th y le n e  g l y c o l ,  t r i e t h y l e n e  g ly c o l  and 

d ip ro p y le n e  g ly c o l  do n o t  fo llo w  t h i s  o r d e r .  D ie th y le n e  g ly c o l  and 

t r i e t h y l e n e  g ly c o l  hav e  a b o u t th e  same s e l e c t i v i t y  on n - p r o p y l  a c e t a t e  

and i s o b u t y l  a c e t a t e  and th e  h ig h e s t  s e l e c t i v i t y  on n - b u t y l  a c e t a t e .  

D ip ro p y le n e  g ly c o l  h a s  th e  h ig h e s t  s e l e c t i v i t y  on n - b u ty l  a c e t a t e .
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2.g
< > -  Iso BuAc - IsoBuOH 
a  - n -BuAc - n -BuOH

O -  IsoPAc  -  IsoPOH  
• -  n-PAc ~ n~POH

O

2.2
A

S
7.91-

1. 6 -

1.3-

A

O

A

A

O O

A •

A O

O  .

O

O  •

O

20 25 30 35
Polarity

F ig u re  4 0 . S e l e c t i v i t i e s  o f  th e  a g e n ts  w i th  d i f f e r e n t  p o l a r i t y .  S i s  
th e  s e l e c t i v i t y .



The s p e c i f i c  volum e o f  a c e t a t e s  (T a b le  XXX) a r e  in  th e  i n c r e a s in g
O

o r d e r  o f  n - p r o p y l  a c e t a t e  (1 1 5 .9  cm /m o le ) , i s o p r o p y l  a c e t a t e ,  n - b u ty l  

a c e t a t e ,  and i s o b u t y l  a c e t a t e  (1 3 4 .2  cm /m o le ) .  The s p e c i f i c  volum es o f  

a lc o h o l s  a r e  in  th e  same o r d e r  b u t  have  s m a l le r  v a l u e s . T h is  i n d i c a t e s  

t h a t  th e  a g e n t  w ould hav e  h ig h e r  s e l e c t i v i t y  when th e  k e y  com ponents 

have  l a r g e r  s p e c i f i c  v o lu m e s . T h is  i s  due to  more f r e q u e n t  c o l l i s i o n s  

b e tw een  th e  a g e n t  and l a r g e r  m o le c u le . H ow ever, i f  t h e  a g e n t s ,  su c h  a s  

d i e th y le n e  g l y c o l , t r i e t h y l e n e  g l y c o l ,  and d ip ro p y le n e  g l y c o l ,  have 

c o m p a r a t iv e ly  l a r g e  s p e c i f i c  v o lu m e, t h e  s e l e c t i v i t y ,  w ould n o t  b e  

e x p e c te d  i n  t h i s  o r d e r  and was lo w e r th a n  t h a t  y ie ld e d  by  s m a ll  

m o le c u le s .  T h is  c o u ld  b e  b e c a u s e  t h e  c h an ce  o f  c o l l i s i o n  be tw een  th e  

a g e n t  and two k e y  com ponents was a b o u t th e  same p r o b a b i l i t y  and in  a 

random  m an n er.

DMSO and DMFA a r e  a p r o t i c  a g e n ts  and have s i m i l a r  m o le c u la r  

s t r u c t u r e s  a s  p r e s e n te d  i n  F ig u re  4 1 . R i t c h i e  [115] h a s  shown t h a t  DMSO 

and DMFA i n c r e a s e  th e  a c i d i t i e s  o f  some a l c o h o l s , The in c r e a s e  o f  

a c i d i t i e s  o f  a lc o h o ls  due t o  th e  p r e s e n c e  o f  DMSO and DMFA c o u ld  o c c u r  

i n  t h i s  s tu d y .  DMSO and DMFA w ould th u s  become b a s e s .  Thus a  c h e m ic a l 

co m p lex , e . g . , a  Lew is a c id - b a s e  co m p lex , c o u ld  fo rm  when th e s e  two 

a g e n ts  w ere  a d d e d . Thus DMSO and DMFA had h ig h e r  s e l e c t i v i t i e s .

Rouw and Somsen [120] hav e  shown t h a t  th e  n e g a t i v e  e n th a lp y  o f  

t r a n s f e r  from  DMFA t o  w a te r  o f  is o p r o p a n o l  i s  h ig h e r  th a n  t h a t  o f  n -  

p r o p a n o l . The d i f f e r e n c e  b e tw een  n —b u ta n o l  and i s o b u ta n o l  i s  

n e g l i g i b l e .  T h is  c o u ld  b e  th e  r e a s o n  why DMFA had a  h ig h e r  s e l e c t i v i t y  

f o r  n - p r o p y l  a c e ta te -n -p ro p a n o l-H g O  m ix tu re  th a n  f o r  i s o p r o p y l  a c e t a t e -  

iso p ro p a n o l-H g O  m ix tu r e .  I n  th e  m ix tu re  o f  n - p r o p y l  a c e t a te - n - p r o p a n o l -
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F ig u re  4 1 . P ro p o sed  c o n fo r m a t io n a l  s t r u c t u r e s f o r  DMSO and DMFA.
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H^O, DMFA1 had  a  more b a s ic  e f f e c t  on n - p ro p a n o l  due  t o  l e s s e r  

in te r m o le c u la r  f o r c e s  w i th  w a te r  and th u s  has h ig h e r  s e l e c t i v i t y .  The 

d i f f e r e n c e  i n  s e l e c t i v i t y  o f  DMFA on n - b u t y l  a c e t a t e  and i s o b u t y l  

a c e t a t e  c o u ld  b e  c a u se d  by  th e  c o m fo rm a tio n a l s t r u c t u r e  o f  th e  

m o le c u le s . The DMFA m o le c u le  c o u ld  b e  more c o m p a tib le  w i th  i s o b u ta n o l  

due  t o  i t s  s h o r t  c h a in  l e n g t h .

K r ish n a n  and F riedm an  [121] have r e p o r te d  t h a t  th e  s ta n d a r d  

e n th a lp y  o f  s o l u t i o n  o f  is o p r o p a n o l  in  DMSO (0 .8 7  k c a l /m o le )  i s  h ig h e r  

th a n  t h a t  o f  n -p ro p a n o l  in  DMSO (0 .6 1  k c a l /m o le ) .  The e n th a lp y  o f  

s o l u t i o n  i s  c o n t r i b u te d  b y  two f o r c e s :  ( i )  p h y s ic a l  f o r c e s  w h ich  g iv e  

r i s e  t o  an  e n d o th e rm ic  h e a t  o f  m ix in g , ( i i )  c h e m ic a l  f o r c e  w h ich  g iv e  

r i s e  t o  an  e x o th e rm ic  h e a t  o f  m ix in g  due t o  t h e  fo rm a tio n  o f  a  c h e m ic a l 

com p lex . T h u s , t h e r e  i s  m ore c h e m ic a l  com plex form ed b e tw e en  n -p ro p a n o l  

and DMSO. Thus DMSO h a s  a  h ig h e r  s e l e c t i v i t y  f o r  n - p r o p y l  a c e t a t e  th a n  

f o r  i s o p r o p y l  a c e t a t e .  Com paring n - b u ty l  a c e t a t e  and i s o b u t y l  a c e t a t e ,  

th e  same r e a s o n in g  f o r  DMFA ca n  b e  a p p l ie d  a g a in .
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V. SUMMARY

C o n c lu s io n s

1 . The s e p a r a t i o n  o f  one c l o s e - b o i l i n g  p a i r  o f  com pounds„ m -x y le n e -o -  

x y l s n e ;  t h r e e  b i n a r y  a z e o t r o p e s ;  m e th y l a c e t a t e —m e th a n o l9 e th a n o l—w a t e r 8 

a c e to n e -m e th a n o l;  and f o u r  t e r n a r y  a z e o t r o p e s :  n - p r o p y l  a c e t a t e - n -  

p ro p a n o l—w a te r , i s o p r o p y l  a c e t a t e —is o p r o p a n o l—w a te r e n —b u t y l  a c e t a t e —n — 

b u ta n o l—w a t e r # i s o b u t y l  a c e t a t e —is o b u t a n o l —w a te r , can  b e  enhanced  b y  

e x t r a c t i v e  d i s t i l l a t i o n .  The a z e o t ro p e s  c a n  b e  n e g a te d  and th e  r e l a t i v e  

v o l a t i l i t i e s  o f  k e y  com ponents w ere r e v e r s e d .

2 . The s e p a r a t i o n  o f  m -x y len e  from  o -x y le n e  h a s  . b e e n  enhanced  by  

e x t r a c t i v e  d i s t i l l a t i o n  w i th  a  p r o p e r  s e l e c t i o n  o f  a g e n t s , su c h  a s  th e  

m ix tu re  o f  d ip ro p y le n e  g ly c o l  d ib e n z o a te  and DMSO.

3 . The r e l a t i v e  v o l a t i l i t y  o f  w a te r  t o  e th a n o l  can  b e  r e v e r s e d  up t o  a 

l i m i t a t i o n  o f  w a te r  c o n te n t  b y  e x t r a c t i v e  d i s t i l l a t i o n .  The a g e n ts  a r e  

a lc o h o l s  w h ich  a r e  w a te r -  s o l u b l e ,  f o r  e x a m p le , 1 - p e n ta n o l .

4 . N itro g e n o u s  compounds ca n  r e v e r s e  th e  r e l a t i v e  v o l a t i l i t y  o f  m e th a n o l 

and m e th y l a c e t a t e  and n e g a te  the . b in a r y  a z e o t r o p e .

5 .  K e to n es  ca n  r e v e r s e  th e  r e l a t i v e  v o l a t i l i t y  o f  m e th a n o l t o  a c e to n e  

and n e g a te  th e  b in a r y  a z e o t r o p e .
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6 . The a c e t a t e —a lc o h o l - w a te r  t e r n a r y  a z e o t ro p e s  hav e  b e e n  n e g a te d  by  

e x t r a c t i v e  d i s t i l l a t i o n .  The r e l a t i v e  v o l a t i l i t y  o f  a c e t a t e  t o  th e  

c o r r e s p o n d in g  a lc o h o l  ca n  a l s o  be  r e v e r s e d .

7 . The m ajo r f a c t o r s  w h ich  a f f e c t  t h e  s o l u t i o n  b e h a v io r  in  e x t r a c t i v e  

d i s t i l l a t i o n  a r e  th e  m o le c u la r  i n t e r a c t i o n s  b e tw een  t h e  k e y  com ponents 

and a g e n t .

8 . The p o l a r i t y  d ia g ra m  ca n  b e  u se d  t o  com pare t h e  a f f i n i t y  o f  an  a g e n t  

f o r  k e y  com ponents in  b i n a r y  and t e r n a r y  m ix tu r e s .  Thus t h e  k e y  

com ponent w h ich  w i l l  b e  t h e  o v e rh e a d  p ro d u c t  can  b e  p r e d i c t e d .

9 . The MOSCED m odel f o r  a c t i v i t y  c o e f f i c i e n t s  ca n  b e  a p p l ie d  

s u c c e s s f u l l y  t o  a l l  t h e  e x t r a c t i v e  d i s t i l l a t i o n  sy s te m s  e x c e p t  t h e  

aqueous s y s te m s .

10 . The MOSCED m odel i s  more a c c u r a te  th a n  th e  p o l a r i t y  d iag ra m  in  

p r e d i c t i n g  e x t r a c t i v e  d i s t i l l a t i o n  b e h a v io r .  How eyer8 a  l a r g e  am ount o f  

d a ta  i s  need ed  t o  a p p ly  t h i s  m o d el. O nly t h e  t h r e e  s o l u b i l i t y  

p a ra m e te rs  and s p e c i f i c  vo lum es o f  t h e  compounds a r e  n e e d e d  t o  a p p ly  th e  

p o l a r i t y  d ia g ra m . T h e r e f o r e 8 th e  p o l a r i t y  d iag ram  i s  much e a s i e r  th a n  

th e  MOSCED m odel f o r  i n i t i a l  e v a lu a t io n  o f  th e  e x t r a c t i v e  d i s t i l l a t i o n  

a g e n t s .
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Recom m endation f o r  F u r th e r  S tu d ie s

1 . A c o n tin u o u s  e x t r a c t i v e  d i s t i l l a t i o n  colum n w ould b e  h e lp f u l  t o  

u n d e rs ta n d  th e  te m p e ra tu re  i n v e r s io n .  The c o m p o s i t io n s  and te m p e ra tu re s  

on th e  p l a t e s  m ust be  c a p a b le  o f  b e in g  m e a s u re d .

2 . S t a t i s t i c a l  m ech an ic s  m ig h t b e  a  good to o l  t o  i n v e s t i g a t e  th e  

te m p e ra tu re  i n v e r s io n .

3 .  A s tu d y  o f  th e  fo rm a tio n  and s t a b i l i t y  o f  c h e m ic a l com p lexes sh o u ld  

b e  u n d e r ta k e n  t o  im prove  th e  u n d e r s ta n d in g  o f  th e  r o le ,  o f  t h e  c h e m ic a l 

com plex in  e x t r a c t i v e  d i s t i l l a t i o n .

4 . A co m p u te r s im u la t io n  u s in g  th e  m odel d e v e lo p e d  h e re  sh o u ld  be  

c o n d u c te d  t o  u n d e rs ta n d  th e  w hole  p r o c e s s  and f o r  t h e  d e s ig n  o f  a  new

p r o c e s s .
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NOMENCLATURE

c o h e s iv e  e n e rg y  d e n s i t y .

h e a t  o f  v a p o r i z a t i o n  in  J /m o l .

e x c e s s  G ibbs f r e e  e n e rg y  i n  J /m o l .

m o le c u la r  w e ig h t o f  com ponent i „  i n  g /m o l.

m ole num ber o f  com ponent i .

t o t a l  num ber o f  m o le s .

sy s te m  p r e s s u r e  in  mmHg.

s a t u r a t e d  v a p o r  p r e s s u r e  o f  com ponent i ,  i n  mmHg. 

e q u i l ib r iu m  v a p o r  p r e s s u r e  o f  com ponent i ,  i n . mmHg. 

a  m easu re  o f  t h e  d ip o le - in d u c e d  d ip o le  e n e rg y , 

g as  c o n s t a n t .

in te r c h a n g e  num ber f o r  q u a s i l a t t i c e ,  

t e m p e r a tu r e ,  

o v e rh e a d  te m p e r a tu r e . 

s t i l l p o t  te m p e r a tu r e .

o v e rh e a d  te m p e ra tu re  m inus s t i l l p o t  t e m p e ra tu re ,  

i n t e r n a l  e n e rg y , 

e x c e s s  i n t e r n a l  e n e rg y .

e n e rg y  t o  e v a p o ra te  p u re  l i q u i d  t o  i d e a l  g a s e s ,  

e n e rg y  t o  mix i d e a l  g a s e s .

e n e rg y  t o  co n d e n se  i d e a l - g a s  m ix tu re  t o  l i q u i d  m ix tu r e ,  

m ass o f  com ponent i  i n  l i q u i d  p h a s e ,  

m ass o f  com ponent i  in  v a p o r  p h a s e .
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y i

a av

a ij

“ i j
s

3

6

6

. 8 

6

d

h

P

E

Y
y X

X
<J>i

CT

T

t o t a l  mass in  l i q u i d  p h a s e . 

t o t a l  m ass in  v a p o r  p h a s e .

w e ig h t p e r c e n t  o f  com ponent i  in  l i q u i d  p h a s e , 

w e ig h t p e r c e n t  o f  com ponent i  in  v a p o r  p h a s e , 

m ole f r a c t i o n  o f  com ponent i  i n  l i q u i d  p h a s e ,  

d i s t i l l a t e  c o m p o s i t io n .

m ole f r a c t i o n  o f  com ponent i  i n  v a p o r  p h a s e , 

a v e ra g e  r e l a t i v e  v o l a t i l i t y .

r e l a t i v e  v o l a t i l i t y  a t  th e  b o tto m s te m p e ra tu re ,  

r e l a t i v e  v o l a t i l i t y  o f  com ponent i  t o  com ponent j . 

s e p a r a t i o n  f a c t o r  o f  com ponent i  r e l a t i v e  to  j .  

a c i d i t y .

r e l a t i v e  v o l a t i l i t y  ^ t  th e  o v e rh e a d  te m p e ra tu re ,  

b a s i c i t y .

s o l u b i l i t y  p a ra m e te r  in. ( J / c m ^ ) ^ ^ .

d i s p e r s io n  f o r c e  o f  s o l u b i l i t y  p a ra m e te r .

h y d ro g en  b o n d in g  o f  s o l u b i l i t y  p a ra m e te r .

p o l a r  i n t e r a c t i o n  o f  s o l u b i l i t y  p a ra m e te r .

c o n s ta n t  p r o p o r t i o n a l  to  th e  num ber o f  f r e e  c o o r d i n a t e s .

a c t i v i t y  c o e f f i c i e n t .

i n f i n i t e  a c t i v i t y  c o e f f i c i e n t .

m o le c u la r  p o l a r i z a b i l i t y .

f u g a c i ty  c o e f f i c i e n t  o f  com ponent i .

r e f l e c t s  th e  a b i l i t y  o f  th e  n o n p o la r  p a r t  o f  m o le c u le  to  i n t e r a c t  

w i th  a d i p o le ,  

p o l a r i t y  o f  m o le c u le .
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V
q

m o la r volum e i n  cm /m o l.

asym m etry  f a c t o r .

wI l p a i r  in te r c h a n g e  e n e rg y  be tw een 1-1 p a i r

wI 2 p a i r  in te r c h a n g e  e n e rg y  be tw een 1-2 p a i r

W22 p a i r  in te r c h a n g e  e n e rg y  b e tw een 2 -2 p a i r

C asym m etry  f a c t o r .

S l o c a l  volum e f r a c t i o n .

0 volum e f r a c t i o n .

S u p e r s c r ip t :

N t h e o r e t i c a l  p l a t e s  num ber.

S u b s c r ip t :

av  a v e ra g e  

o o v e rh e a d  

B b o tto m s 

P

A

p re s e n c e  o f  a g e n t 

a b se n c e  o f  a g e n t
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ABBREVIATIONS
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ABBREVIATIONS

Atm. a tm o sp h e re

b . p . b o i l i n g  p o in t

DGDB d ip ro p y le n e  g ly c o l  d ib e n z o a te

DIBK d i i s o b u t y l  k e to n e

DMFA d im e th y l  form am ide

DMSO d im e th y l  s u l f o x id e

IBAc i s o b u t y l  a c e t a t e

IBOH is o b u ta n o l

IPAc is o p r o p y l  a c e t a t e

IPE i s o p r o p y l  e t h e r

IPOH is o p r o p a n o l

MeAc m e th y l a c e t a t e

MEK m eth y l e t h y l  k e to n e

MeOH m eth a n o l

MIAK m eth y l iso a m y l k e to n e

MIBK m eth y l i s o b u t y l  k e to n e

n  • b • p • n o rm a l b o i l i n g  p o i n t

nBAc n - b u ty l  a c e t a t e

nBOH n - b u ta n o l  *

nPAc n - p r o p y l  a c e t a t e

nPOH h -p ro p a n o l

Temp. te m p e r a tu r e .

VLE v a p o r  l i q u i d . e q u i l ib r iu m
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APPENDIX A

P a ra m e te r  E s t im a t io n  f o r  MOSCED Model

The m ethods f o r  e s t im a t in g  th e  p a ra m e te r  v a lu e s  f o r  MOSCED model 

a r e  p r e s e n te d  by  Thomas and E c k e r t  [76] and c i t e d  as fo l lo w s :

(1) The l i q u i d  m o la r vo lum e, V. The l i q u i d  m o la r volum e was ta k e n  

a s  t h a t  a t  20°C and was assum ed c o n s ta n t  a t  a l l  te m p e r a tu r e s .

(2) The d i s p e r s io n  p a ra m e te r ,  X. The e q u a tio n s  u se d  f o r  e s t im a t in g  

X a r e  as f o l lo w s :

f ( n D) = (nD2 -  l ) / ( n D2 + 2) ( I )

w here n^ i s  th e  r e f r a c t i v e  in d ex  a t  20°C .

Xm  = 2 0 .Sf(A c ) + 3 .0 2  (2)

Xar = 1 9 .S f(Iic ) + 2 .7 9  (3)

w here Xna i s  f o r  n o n a ro m a tic  com pounds, and

Xar i s  f o r  a ro m a tic  com pounds.

(3) The in d u c t io n  p a ra m e te r ,  q . F o r s a tu r a t e d  m o le c u le s  q was 

g iv e n  a v a lu e  o f  1 .0 .  A v a lu e  o f  0 .9  was g iv en  f o r  a ro m a tic s  and f o r  

u n s a tu r a te d  a l i p h a t i c s  q was found by

q = 1 .0  -  (n o . C = C ) / (n o . C . ) (4). 3. tr oms

(4) The p o l a r  p a ra m e te r ,  T. F o r m ost m o n o fu n c tio n a l and p r im a ry  

a lk a n e s ,  a  g roup  a p p ro a c h  was u se d  t o  c a l c u l a t e  T when p o s s i b l e .

T = CT4 .5 ( l+ ( n o .  C - I ) / 1 0 0 ) / (3 .5 + n o . C) (5)

w here C i s  a  c o n s ta n t  f o r . a  p a r t i c u l a r ,  g roup  and n o . C i s  th e  number o f  

s k e l e t a l  c a rb o n  a to m s.
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W ith o u t th e  g ro u p s  a p p ro a c h , th e  e q u a t io n

T = 33y/V3 / 4  . ( 6 )

w i l l  g iv e  r e a s o n a b le  a p p ro x im a tio n s  f o r  n o n a lc o h o ls  and n o n a ro m a tic s ,

(5 ) The a c i d i t y  and b a s i c i t y  p a r a m e te r s , a  and R. No s a t i s f a c t o r y  

m ethod o f  a c c u r a t e l y  c o r r e l a t i n g  a  and 6 c o u ld  be  fo u n d .

The te m p e ra tu re  depen d en ce  o f  th e  p a ra m e te rs  a r e  a s  f o l lo w s :

TT = t 2 9 3 (2 9 3 /T )0 - 4 (7)

“t = a 2 9 3 ( 2 9 3 /T ) ° ’ 8 (8)

3T = 32 9 3 (2 9 3 /T )0 *4 . (9)

(6) The asym m etry  f a c t o r s , and g .  B oth  and C a r e  th e .a sy m m e try

f a c t o r s  and c o n s id e re d  f u n c t io n s  o n ly  o f  T , q , and th e  d e g re e  o f  

a s s o c i a t i o n ,  a x g , o f  th e  s o l v e n t .  Thomas and E c k e r t  [76] p ro p o se d  th e

fo l lo w in g  e q u a t io n s  t o  c a l c u l a t e  \jj and g .

POL = q4 ( 1 .1 5 -1 .1 5 e x p ( -0 .d 2 0 T T3 ) ) + l  (10)

t  = 293 /T  ( H )

1P = POL + 0 .0 1 1 a  3 (12)
I c . 2

? = 0 .68 (P O L -1) + ( 3 .4 -2 .A e x p ( ( a o 3o ) i “:>( - 0 .0 2 3 ) ) ) t  (13)

I n  th e  above e x p r e s s io n s ,  a  s u b s c r i p t  o r e f e r s  t o  20°C and a  s u b s c r i p t  T 

r e p r e s e n t s  th e  te m p e ra tu re  o f  th e  s y s te m .

(7) The c o m b in a to r ia l  te rm , d ^ .  The c o m b in a to r ia l  te rm , d ^ ,  was 

c a lc u l a t e d  by  th e  e q u a t io n  a s  f o l lo w s .

d 12 = In  (V2 /v 1 ) a a  +1 -  (V2ZV1) a a  (14)

w here a a  was c a l c u l a t e d  as

a a  = 0 . 9 5 3  -  0 .0 0 9 6 8 (T  2+aJ3  ) (2 = s o lv e n t )  (15)
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APPENDIX B

CALCULATED PARAMETER VALUES FOR MOSCED MODEL



173

APPENDIX B

C a lc u la te d  P a ra m e te r  V a lu es  f o r  MOSCED M odel

The o r i g i n a l  d a ta  was ta k e n  from  th e  d a ta  s e t  r e p o r t e d  by  Thomas 

and E c k e r t  [7 6 ] .  The te m p e ra tu re  d ep en d en ce  e q u a t io n s  w ere  u sed  t o  

c a l c u l a t e  t h e  p a ra m e te r  v a lu e s  a t  th e  te m p e ra tu re  o f  321°K„ How ever, i t  

was found t h a t  t h e  te m p e ra tu re  e f f e c t  on th e  r e l a t i v e  v o l a t i l i t i e s  was 

v e ry  s m a l l  a t  th e  te m p e ra tu re  ra n g e  from  293 t o  343°K. The te m p e ra tu re  

ra n g e  was u s e d  in  t h i s  s t u d y , The c a l c u l a t e d  p a ra m e te r  v a lu e s  w ith  th e  

te m p e ra tu re  c o r r e c t i o n  a r e  l i s t e d  in  T a b le s  XXXIV and XXXV,



T a b le  XXXIV. The c a l c u l a t e d  p a ra m e te r  v a lu e s  f o r  MOSCED m odel u se d  f o r  t h e  m e th a n o l^ a c e to n e  s y s te m . '

C o m p o u n d • V X T
M et h a n o l 4 0 . 5 7 . 1 4 2 . 4 6
M e t h y l  a c e t a t e 7 9 . 3 7 . 5 2 3 . 2 0

N i t r o b e n z e n e 10 2 . 3 8 . 9 5 3 . 6 4

N i t r o m e t h a n e 5 3 . 7 7 . 7 3 6 . 0 2
N i t r o e t h a n e 7 2 . 0 7 . 8 5 4 . 6 8

I - N i t r o p r o p a n e 8 9 . 0 7 . 9 6 4 . 0 0
2 - N i t r o p r o p a n e 9 0 . 1 7 . 8 8 3 . 9 8

a B i I a a
6 . 9 3 6 . 9 3 1 . 8 2 3 . 2 6 0 . 4 3
0 . 0 3 .5 6 1 . 5 5 1 .3 8 0 . 8 5
0 . 5 9 1 . 2 6 4 . 0 9 1 .3 5 -
1 . 2 1 2 . 2 3 2 . 4 8 2 . 0 1 -

0 . 2 7 2 . 0 5 3 . 4 8 1 . 7 0 -

0 . 2 3 1 . 7 5 4 . 2 1 1 . 5 8 -

0 , 2 1 1 . 7 2 4 . 2 7 1 .5 7
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T a b le  XXXV. The c a l c u l a t e d p a ra m e te r v a lu e s f o r  MOSCED m odel u se d f o r  th e m e th a n o l-m e th y l a c e t a t e  sy s te m .

C o m p o u n d V X T a B $ .K a a
M e t h a n o l 4 0 . 5 7 .1 4 2 . 4 6 6 . 9 3 6 . 9 3 1 . 8 2 3 . 2 6 0 . 4 3
A c e t o n e 7 4 . 4 7 . 4 9 3 . 9 5 0 . 0 4 . 5 3 1 . 8 2 1 .5 5 0 . 7 9

. M e t h y l  e t h y l  k e t o n e ! 8 9 . 6 7 . 7 1 3 .1 3 0 . 0 3 . 7 6 2 . 6 8 1 .3 6 —

2 - P e n t a n o n e 1 0 6 . 5 7 . 8 3 2 . 6 7 0 . 0 3 .1 9 3 . 2 6 1 . 2 5 —

3 - P e n t a n o n e 1 0 5 . 8 7 . 8 6 2 . 6 7 0 ..0 3 .1 9 3 . 2 6 1 . 2 5 -

MIBK 1 2 5 . 1  ' 7 . 8 9 2 . 3 3 0 . 0 2 . 7 9 3 . 7 6 1 .1 8 — h-i

D i i s o b u t y l  k e t o n e 1 7 6 . 6 8 . 0 7 1 . 5 4 0 . 0 2 . 2 3 4 . 2 5 1 . 0 6
"vl
L n

A c e t o p h e n o n e 1 1 6 .9 8 . 7 9 2 . 9 1 0 . 8 0 2 . 9 1 2 . 4 4 1 . 3 9

M IBK: M e t h y l  i s o b u t y l  k e t o n e .
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APPENDIX C

THE PROGRESSION OF THE OVERHEAD AND STILLPOT 

TEMPERATURES FOR METHANOL-ACETONE SYSTEM



APPENDIX C

The P r o g r e s s io n  Of The O verhead  And S t i l l p o t  

T e m p e ra tu re s  F o r  M e th a n o l-A ce to n e  System

The o v e rh e a d  and s t i l l p o t  te m p e ra tu re  f o r  t h e  m e th a n o l-a c e to n e  

sy s te m  w i th  and w i th o u t  a g e n ts  i s  shown in  F ig u re s  4 2 -5 I . They w ere  

o b ta in e d  in  th e  same m anner a s  d e s c r ib e d  p r e v i o u s ly .  The i n i t i a l  

m ix tu re s  c o n ta in e d  m e th a n o l 7 wt.%  and a c e to n e  93 wt.%  e x c e p t  th e  d a ta  

shown in  F ig u re  43 w h ich  had th e  i n i t i a l  m ix tu re  o f  25 w t .% m eth an o l and 

75 wt.%  a c e to n e .  The d a ta  in  F ig u re  42 was o b ta in e d  from  a  b la n k  r u n .



S t i l l p o t"*'  o 0 -

O v e r h e a d

T i m e , m i n u t e

F ig u r e  4 2 . The p r o g r e s s io n  o f  th e  o v erh ea d  and s t i l l p o t  te m p era tu re s  fo r  m e th a n o l-a c e to n e
sy stem  w ith o u t  a g e n t s .

178



Te
mp
er
at
ur
e,

Overhead

O 65
-O''

O - '
.  O -  '

80
Time, minute

‘g r e  4 3 . The p r o g r e s s io n  o f  th e  o v e rh e a d  and s t i l l p o t  te m p e ra tu re s  f o r  m e th a n o l-a c e to n e  sy stem  w ith
d i f f e r e n t  i n i t i a l  c o m p o s itio n  and an a g e n t  o f  MEK. The i n i t i a l  m ix tu re  c o n ta in e d  25 wt.% 
m eth an o l and 75 wt.%  a c e to n e .



Te
mp

er
at

ur
e,

_J_______________ L
20 40

_J___________I___________I__________ I_
60 80  10 0 120 

Time, minute
_J_____ I

140 150

F ig u r e  4 4 .  The p r o g r e s s io n  o f  th e  o v erh ea d  and s t i l l p o t  te m p e r a tu r e s  fo r  m e th a n o l-a c e to n e  sy stem
w ith  2 -p e n ta n o n e  a s  th e  a g e n t .

180



8 5

Time, minute
F ig u r e  4 5 .  The p r o g r e s s io n  o f  th e  o v erh ea d  and s t i l l p o t  te m p e r a tu r e s  fo r  m e th a n o l-a c e to n e  sy stem

w ith  3 -p e n ta n o n e  a s  th e  a g e n t .

181



Time, minute
F ig u r e  4 6 . The p r o g r e s s io n  o f  th e  o v erh ea d  and s t i l l p o t  te m p e r a tu r e s  fo r  m e th a n o l-a c e to n e  sy stem

w ith  m e th y l is o a m y l k e to n e  a s  th e  a g e n t .

182



50*-

o
o

O - " 0

O ---------- O ---------0

45
0

_j______________L
20 40

_ J _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ i _

60  80 100  120  
Time, minute

__ I______ I
140 150

'g  4 7 . The p r o g r e s s io n  o f  th e  o v erh ea d  and s t i l l p o t  te m p e r a tu r e s  fo r  m e th a n o l-a c e to n e  sy stem
w ith  2 ,4 -p e n t a n e d io n e  a s  th e  a g e n t .  I

183



8 5

- O - ----0 ----- — o

Time, minute
F ig u re  4 8 . The p r o g r e s s io n  o f  t h e  o v e rh e a d  and s t i l l p o t  te m p e ra tu re s  f o r  m e th a n o l-a c e to n e  system  

w i th  d i i s o b u t y l  k e to n e  a s  th e  a g e n t ,

184



4b I___________I___________I___________L__________ I__________ I___________I___________I_____|
O 20 40 60  80  100  120 140 150

Time, minute
F ig u r e  4 9 .  The p r o g r e s s io n  o f  th e  o v erh ea d  and s t i l l p o t  te m p era tu re s  fo r  m e th a n o l-a c e to n e  sy stem

w ith  a ce to p h e n o n e  a s th e  a g e n t .

185



95
o

S t i l l p o t
—  0 -------- ----- 0  - -  0

4 5 ____________ I___________I___________I___________I___________I___________I__________ I_____I
0 20 40  60  80 100  120  140 150

Time, minute
F ig u r e  5 0 .  The p r o g r e s s io n  o f  th e  o v erh ea d  and s t i l l p o t  te m p era tu re s  fo r  m e th a n o l-a c e to n e  sy stem

w ith  e t h y l  a c e t o a c e t a t e  a s  th e  a g e n t .

186



Stillpot
- - 0 ----

Overhead
o  •— —

5 5 0v

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ I

O 20 40  60  80 100  120  140 150
Time, minute

F ig u r e  5 1 .  The p r o g r e s s io n  o f  th e  o v erh ea d  and s t i l l p o t  te m p e r a tu r e s  fo r  m e th a n o l-a c e to n e  sy stem
w^ th  th e  m ix tu re  o f  b e n z i l  and MEK a s th e  a g e n t .

187



APPENDIX D

HYPOTHETICAL CALCULATION FOR TEMPERATURE INVERSION



189

APPENDIX D

H y p o th e t ic a l  C a lc u la t i o n  f o r  T e m p era tu re  I n v e r s io n

The a ssu m p tio n  f o r  t h i s  c a l c u l a t i o n  i s  t h a t  t h e  m ole f r a c t i o n  

s o l u b i l i t i e s  o f  th e  v a p o r  o f  m e th a n o l and e th a n o l  in  t h e  l i q u i d  m eth y l 

e t h y l  k e to n e  i s  0 .1 5  [1 1 2 ] . The therm odynam ic  d a ta  [122] a r e  l i s t e d  a s  

f o l lo w s :

S p e c i f i c  g r a v i t y :

M eth an o l : 0 .7 9 2  

A ce to n e  : 0 .7 9 2  

MEK : 0 .8 0 5

L a te n t  h e a t s :

M eth an o l : 8 4 2 0 .1  c a l /m o le  (60 -  65°C) 

A ce to n e  : 7 2 3 0 .9 6  c a l /m o le  (50 — 60°C) 

MEK : 7 6 3 7 .5 5  c a l /m o le  (7 8 .2 °C )

S p e c i f i c  h e a t :

M eth an o l : 1 8 .8 8  c a l/m o le ° C  

A cetone  : 2 9 .8 1  c a l/m o le ° C  

: 3 9 .5 3  c a l/m o le ° C

(5 -  20°C)

(3 -  2 2 .6°C) 

(20 -  78°C)MEK
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The f lo w  r a t e  o f  MEK i s  20 m l/m in . w h ich  was m e a s u re d „ Thus th e  

m o la l f lo w  r a t e  o f  MEK i s  0 .2 2 3  m o le /m in . The f lo w  r a t e  o f  t h e  v a p o r  i s  

a p p ro x im a te ly  th e  same a s  th e  t o t a l  r e f l u x  r a t e  w h ich  i s  a b o u t 40 

m l/m in . w h ich  a l s o  i s  0 .9 8 9  m o le /m in .

L e t th e  c a l c u l a t i o n  b e  b a se d  on one m in u te . The m oles o f  m eth an o l 

o r  a c e to n e  w h ich  d i s s o l v e  i n t o  th e  l i q u i d  MEK i s  0 .03 3 4 5  m o le .

0 .2 2 3  x 0 .1 5  = 0 .0 3 3 4 5  m oles 

F o r m ethanol.:

0 .0 3 3 4 5  m ole x 8 4 2 0 .1  c a l /m o le  = 2 8 1 .6 5  c a l  ( l a t e n t  h e a t

g iv e n  up by  m e th a n o l)

0 .2 2 3  m ole x (70 -45°C ) x 3 9 .5 3  c a l Zmble0C

= 2 2 0 .3 8  c a l  ( h e a t  r e q u i r e d  t o  h e a t  up l i q u i d  MEK from  

45°C t o  70°C)

281 .6 5  c a l  -  2 2 0 .3 8  c a l  = 6 1 .2 7  c a l

(6 1 .2 7  c a l ) / ( 7 6 3 7 .5 5  c a l /m o le )  = 0 .0 0 8  m ole (m oles o f  MEK v a p o r iz e d  

w h ich  i s  v e ry  s m a ll  com pared w ith  0 .2 2 3  m ole and com pares f a v o r a b ly  w i th  

m easu red  v a p o r -p h a s e  c o n c e n t r a t io n  o f  MEK) .

F o r a c e to n e :

0 .0 3 3 4 5  m ole x 7 2 3 0 .9 6  c a l /m o le  = 2 4 1 .8 7 6  c a l  ( l a t e n t

h e a t  g iv e n  up b y  a c e to n e )

2 4 1 .8 7 6  c a l  -  2 2 0 .3 8  c a l  = 2 1 .4 9 6  c a l

(2 1 .4 9 6  c a l ) / ( 7 6 3 7 .5 5  c a l /m o le )  = 0 .0 0 3  m ole (m oles o f  MEK
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v a p o r iz e d  w h ich  i s  v e ry  s m a l l  com pared w ith  0.2,23 m ole and com pares 

f a v o r a b ly  w i th  m easu red  v a p o r -p h a s e  c o n c e n t r a t io n  o f  MEK) .
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