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Abstract:
Due to the similarity in their chemical structure, the separation of aromatic hydrocarbons, such as
ethylbenzene, and the three isomeric xylenes (para, meta and ortho) was difficult to perform by
conventional means. The development of a new technique to effect the separation of these types of
compounds was desirable.

Previous research indicated the use of extractive crystallization with thiourea as a possible means of
aromatic hydrocarbon separation. This investigation explored this process in further detail, optimizing
some of the variables involved.

The extractive crystallization procedure involved contacting a solution of methanol and thiourea with
the hydrocarbon feed mixture and with an inductor. The inductor was necessary for the formation of
adducts with thiourea and the aromatic system. The resulting mixture was cooled whereupon adducted
thiourea crystals were formed. Removal of the crystals by filtration and decomposition by steam
stripping yielded an enriched product that was higher in concentration than the feed mixture.

It was determined that methanol was the optimal solvent in terms of separation ability with the
aromatic systems. The optimal ratio of solvent to thiourea was found to lie between 2.5 and 5.5 ml/g.
Two inductors were studied in depth(1,2,4-trichlorobenzene and 1,1,2-trichlorotrifluoroethane).
Equilibrium data was compiled using all possible aromatic combinations with the two inductors. It was
shown that the extractive crystallization process compared well against distillation techniques and, in
some cases, it far exceeded the ability of conventional distillation. Analyses of the effect of
hydrocarbon feed and inductor amounts on separation were also performed.

In summary, it was determined that the process of extractive crystallization in conjunction with the
separation of aromatic hydrocarbons was indeed feasible and in some cases, it was much desired over
distillation techniques. 
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ABSTRACT

Due t o  t h e  . s i m i l a r i t y  i n  t h e i r  ch em ica l s t r u c t u r e , th e  
s e p a r a t io n  o f  a ro m a tic  h y d ro c a rb o n s , su ch  a s  e th y lb e n z e n e , and 
th e  t h r e e  is o m e r ic  x y le n e s  ( p a r a ,  m e ta  and  o r th o )  was d i f f i c u l t  
t o  p e rfo rm  by c o n v e n tio n a l  m eans. The developm ent o f  a  new 
te c h n iq u e  t o  e f f e c t  th e  s e p a r a t io n  o f  th e s e  ty p e s  o f  compounds 
w as d e s i r a b l e .

P re v io u s  r e s e a r c h  in d i c a te d  th e  u se  o f  e x t r a c t i v e  c r y s t a l ­
l i z a t i o n  w i th  th i o u r e a  a s  a  p o s s ib le  means o f  a ro m a tic  h y d ro carb o n  
s e p a r a t io n .  T h is  i n v e s t i g a t io n  e x p lo re d  t h i s  p ro c e s s  i n  f u r t h e r  
d e t a i l ,  o p t im iz in g  some o f  th e  v a r i a b l e s  in v o lv e d .

The e x t r a c t i v e  c r y s t a l l i z a t i o n  p ro c e d u re  in v o lv e d  c o n ta c t in g  
a  s o l u t i o n  o f  m eth an o l and  th i o u r e a  w i th  th e  h y d ro carb o n  fe e d  
m ix tu re  an d  .w ith  an  in d u c to r .  The in d u c to r  was n e c e s s a ry  f o r  th e  
fo rm a tio n  o f  a d d u c ts  w ith  t h io u r e a  and  th e  a ro m a tic  sy s tem . The 
r e s u l t i n g  m ix tu re  was c o o le d  w hereupon a d d u c te d  th io u r e a  c r y s t a l s  
w ere  -form ed. Removal o f  th e  c r y s t a l s  by  f i l t r a t i o n  and  decompo­
s i t i o n  by  s te a m  s t r i p p i n g  y ie ld e d  an e n r ic h e d  p ro d u c t t h a t  was 
h ig h e r  i n  c o n c e n tr a t io n  th a n  th e  f e e d  m ix tu re .

I t  w as d e te rm in e d  t h a t  m eth an o l was th e  o p tim a l s o lv e n t  in  
t e r n s  o f  s e p a r a t io n  a b i l i t y  w ith  th e  a ro m a tic  sy s te m s . The 
o p tim a l r a t i o  o f  s o lv e n t  t o  th i o u r e a  w as found  t o  l i e  betw een
2 .5  an d  5 .5  m l/g . Two in d u c to r s  w ere  s tu d ie d  in  d e p th (1 ,2 ,4 -  
t r i c h lo r o b e n z e n e  and  1 , 1 ,2 - t r i c h l o r o t r i f l u o r o e t h a n e  ) .  E q u i l ib ­
riu m  d a t a  w as com p iled  u s in g  a l l  p o s s ib le  a ro m a tic  co m b in a tio n s  
w i th  t h e  tw o in d u c to r s . I t  was shown t h a t  th e  e x t r a c t i v e  c ry s ­
t a l l i z a t i o n  p r o c e s s  com pared w e l l  a g a in s t  d i s t i l l a t i o n  te c h n iq u e s  
an d , i n  some c a s e s ,  i t  f a r  ex ce ed ed  t h e  a b i l i t y  o f  c o n v e n tio n a l 
d i s t i l l a t i o n .  A n a ly ses  o f  th e  e f f e c t  o f  h y d ro carb o n  f e e d  and 
in d u c to r  am ounts on s e p a r a t io n  w ere  a l s o  p e rfo rm e d .

In  summary, i t  was d e te rm in e d  t h a t  t h e  p ro c e s s  o f  e x t r a c ­
t i v e  c r y s t a l l i z a t i o n  i n  c o n ju n c tio n  w i th  th e  s e p a r a t io n  o f  
a ro m a tic  h y d ro c a rb o n s  w as in d e e d  f e a s i b l e  and  in  some c a s e s , i t  
w as much d e s i r e d  o v e r  d i s t i l l a t i o n  te c h n iq u e s .



INTRODUCTION

Ttie p e o p le  o f  th e  U n ite d  S t a t e s  liave become a  s o c i e t y  

t h a t  dem ands' a  h ig h  s ta n d a r d  o f  l i v i n g ,  y e t  th e y  d e p lo re  t h e  

c u r r e n t  h ig h  c o s t s  o f  t h i s  s ta n d a r d .  Today, a s  we a r e  becom ing 

more and  more e n e rg y  c o n s c io u s , in d u s t r y  i s  fa c e d  w ith  th e  

m onum ental t a s k  t o  p ro v id e  p ro d u c ts  a t  a  lo w er c o s t  t o  o u r  en e rg y  

r e s e r v e  and  t o  s t i l l  m a in ta in  th e  s ta n d a r d s  t h a t  a r e  s e t  by  

s o c i e t y .

W ith in  t h e  fram ew ork o f  lo n g -ra n g e  i n d u s t r i a l  p la n n in g  a  

l a r g e  a r e a  o f  c o n ce rn  f a l l s  w i th in  t h e  sco p e  o f  s e p a r a t io n  and 

p u r i f i c a t i o n  o f  h y d ro c a rb o n s . T h is  s e p a r a t io n  and p u r i f i c a t i o n  

i s  n e c e s s a ry  f o r  th e  p ro d u c tio n  o f  s y n th e t i c s ;  s p e c i f i c a l l y ,  

th o s e  n e c e s s a ry  f o r  s y n t h e t i c  ru b b e r ,  f i b e r ,  and c h em ica l p l a s t i c s .  

In c lu d e d  in  t h i s  c l a s s  o f  p ro d u c ts  a r e  th e  ch em ica l in te r m e d ia te s  

n eed ed  f o r  th e s e  m a t e r i a l s .  T h is  in v o lv e s  th e  p u r i f i c a t i o n  o r  

p ro d u c tio n  o f  is o m e r ic  x y le n e s  and  e th y lb e n z e n e .

O ver 90% o f  t h e  C iso m e rs  ( I )  u s e d  i n  th e  I k i i te d  S t a t e s  8
a r e  o b ta in e d  a s  a  b y -p ro d u c t s tre a m  from  th e  p e tro le u m  re fo rm in g  

o p e r a t io n .  A t y p i c a l  a n a l y s i s  o f  t h i s  m ixed s tre a m  i s  shown in  

T a b le  I .  The re m a in d e r  o f  th e  iso m e rs  p ro d u ced  come from  co k e- 

oven b y p ro d u c ts .
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TABLE I .  AROMATIC Cg COMPOSITIONS FROM REFORMER( I )

E t h y l b e n z e n e

p - X y l e n e

m -X y le n e

O - X y le n e

1 7 - 2 0  % 

1 6 - 2 0  

3 5 - 4 0  

1 9 - 2 6

A s c a n  b e  s e e n  i n  F i g u r e  I ,  t h e s e  a r o m a t i c  i s o m e r s  

f i n d  a  v a r i e t y  o f  u s e s .

Existing oromotics

Reforming of cydopentones,
BENZENE 
TOLUENE, 
XYLENES, 

ETHYL­
BENZENE z

cyclohexanes, ond poroffins

(minor)

*or methyl esters

Nitric ocid

Ethylene Propylene
Acetylenes Reduction

PhosgeneDehydro­
genationHydroxyl- 

omine, acid

Hexomethylene-
diamine Sulfonotion ond olkoli fusion

or chlorination ond hydrolysis

PropylenePropylene
Ietromer Irimer

Toluene

Phenol

Acetone

Styrene

Xylenes o-xylene

Epoxy
resins

Nonyl-
phcnol

Cumene

Deter­
gents

Copro-
Ioctom

Benzene

Ditolylethone

Cyclohexane

Vinyltoluene

Ethyl­
benzene

Hydro­
peroxide

Dodecyl-
benzenePolymers Phenolic

resins

Toluenediomine

Nitrotoluenes

Nylons

Phtholic
anhydride

Terephtholic
odd*

Isophtholic
ocid*

Refinery
naphthas

Toluene
diisocyonote

FIGURE I .  PETROCHEMICAL FLOW SHEET 3 7 )
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E th y lb e n z e n e , th e  m ost w id e ly  u sed  o f  t h e  C is o m e rs ,8
i s  u se d  a lm o s t e x c lu s iv e ly  i n  th e  p ro d u c tio n  o f  s ty r e n e  from  

w hich  p o ly s ty r e n e ,  p o ly e s t e r s  and  o th e r  p l a s t i c s  a r e  m anufac­

tu r e d .

The m ixed x y le n e s  a r e  a l s o  h ig h ly  in  demand a s  p a i n t  

and  v a r n is h  s o lv e n t s ,  a s  m otor f u e l  o c ta n e  b o o s te r s  and  a s  

ch e m ic a l in te r m e d ia te s  i n  th e  p l a s t i c s  and  f i lm  in d u s t r y .

The l a t t e r  in d u s t r y  a c c o u n ts  f o r  a  m a jo r p o r t io n  o f  th e  t o t a l  

u s e .

S y n th e t ic  f i b e r s  have  b een  s t e a d i l y  in c r e a s in g  in  w o rld  

p o p u l a r i t y . R ecen t f i g u r e s  show a  y e a r ly  growth- r a t e  i n  t h i s  

in d u s t r y  o f  o v e r  25% ( 3 ) .  P o ly e s te r s ,  su ch  a s  D acron , depend 

on h ig h  p u r i t y  p -x y le n e  a s  a  ch em ica l in t e r m e d ia te .  (99.2%  

p -x y le n e  i s  c o n v e r te d  t o  th e  n e c e s s a ry  t e r e p h t h a l i c  a c id  u se d  

in  th e  p o l y e s t e r  f i b e r s  and  f i l m s . )

The m ost p l e n t i f u l  o f  th e  m ixed x y le n e s  i s  u se d  th e  l e a s t .  

M -xylene f i n d s  u s e s  m a in ly  a s  a  g a s o l in e  b le n d in g  a g e n t and  a s  

a  s o lv e n t .  The m e ta -x y le n e  i s  f r e q u e n t ly  l e f t  i n  t h e  p e t r o ­

leum  s tre a m  t o  b e  iso m e r iz e d  t o  o th e r  mere e s s e n t i a l  x y le n e s .

A s m a ll  amount o f  th e  iso m e r i s  u se d  i n  th e  p ro d u c tio n  o f  i s o -  

p h t h a l i c  a c i d ,  a  c h em ica l in te r m e d ia te  i n  th e  m a n u fa c tu re  o f  

p l a s t i c i z e r s ,  a lk y d  r e s i n s  and  o th e r  e s t e r s .
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E s s e n t i a l l y , a l l  o f  th e  o -x y le n e  iso m e r i s  consumed in  th e  

p ro d u c tio n  o f  p h t h a l i c  a n h y d r id e , w hich  i s  u se d  i n  d y e s , p l a s t i c s  

and  p l a s t i c i z e r s .

S in c e  a l l  o f  th e  p ro c e s s e s  m en tio n ed  so  f a r  n e e d  one sp e ­

c i f i c  i s o m e r ' i n  r e l a t i v e l y  h igh , p u r i t y , s e p a r a t io n  o f  th e  m ixed 

p e tro le u m  s tre a m  i s  n e c e s s i t a t e d .  S e v e ra l  g e n e ra l  te c h n iq u e s  

have been  d ev e lo p e d  f o r  s e p a r a t io n  o f  th e s e  com ponents; f o r  

exam ple, f r a c t i o n a l  c r y s t a l l i z 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  and 

f r a c t i o n a l  d i s t i l l a t i o n .  H owever, i n  v iew  o f  th e  ch em ica l and 

p h y s ic a l  s i m i l a r i t i e s  o f  th e  com pounds, c u r r e n t  r e s e a r c h  (2 )  

shows t h a t  t h e  s e p a r a t io n  o f  th e s e  iso m e rs  i s  o f te n  d i f f i c u l t  

and  c o s t l y .  In  T a b le  I I ,  t h e s e  s i m i l a r i t i e s  can b e  se e n  f o r  e th y l ­

b enzene  an d  f o r  th e  t h r e e  is o m e r ic  x y le n e s  (o r th o ,  p a r a  and  m e ta ) .

C u rre n t m ethods o f  s e p a r a t io n  o f  p -x y le n e  in c lu d e  f r a c ­

t i o n a l  c r y s t a l l i z a t i o n  w hich  rem oves ^65% o f  th e  x y le n e  from  th e  

s tre a m . H i i s  s e p a r a t io n  i s  due t o  p -x y le n e  * s  h ig h  f r e e z in g  

p o in t  r e l a t i v e  t o  t h e  o th e r  com ponen ts. S e v e ra l  o th e r  c ry s ­

t a l l i z a t i o n  p ro c e s s e s  a r e  g iv e n  i n  th e  l i t e r a t u r e  ( I ) , ( 3 ) .  A 

new and  n o v e l ap p ro ac h  t o  t h i s  s e p a r a t i o n , c a l l e d  th e  P a re x  p ro ­

c e s s  , .  h a s  been  d ev e lo p e d  by U n iv e r s a l  O i l  P r o d u c ts . Ih e  UCP 

p ro c e s s  i s  th o u g h t t o  u s e  p o ta s s iu m  an d  b a riu m  s u b s t i t u t e d  mo­

l e c u l a r  s i e v e s , w h ich  a l lo w s  s e l e c t i v e  a d s o rp t io n  o f  t h e  p -x y le n e



TABLE II. VARIOUS PROPERTIES OF XYLENES AND ETHYLBENZENE(8)

E t h y l b e n z e n e
CHoCH

M o l e c u l a r  W e ig h t 1 0 6 .1 6

B o i l i n g  P o i n t  ° C ( I  a tm ) 1 3 6 .1 9

F r e e z i n g  P o i n t  °C - 9 4 . 9 8

S p e c i f i c  G r a v i t y ( 2 0 OC) .8 6 7 0

V a p o r  P r e s s u r e , mm H g ( 20 C) 7 .0 7

- x y l e n e m -x y l e n e o - x y l e n e

„ 3

CO

C
O

-
b

1 0 6 .1 6 1 0 6 .1 6 1 0 6 .1 6

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

+ 1 3 .2 6 - 4 7 . 8 7 - 2 5 . 1 8

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

6 . 5 2 6 .1 5 4 . 8 9
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and  a b s o rb a n t ( 4 ) .

S in c e  o -x y le n e  h a s  a  v o l a t i l i t y  s u f f i c i e n t l y  d i f f e r e n t  from  

th e  o th e r  compounds c o n v e n tio n a l  d i s t i l l a t i o n  te c h n iq u e s  can  be  

e f f e c t i v e l y  u se d  f o r  s e p a r a t i o n , a l th o u g h  l a r g e  num bers o f  th e o ­

r e t i c a l  p l a t e s  ( IO O )  and  h ig h  r e f l u x  r a t i o s  a r e  s t i l l  n e c e s s a ry . 

E x t r a c t iv e  d i s t i l l a t i o n  h a s  shown some im provem ents on th e  se p a ­

r a t i o n  o f  a  m ix tu re  c o n s i s t i n g  o f  e th y lb e n z e n e  and  p -x y le n e  ( 2 ) ,  

b u t  th e  q u e s t io n  o f  econom ic f e a s i b i l i t y  in  te rm s  o f  l a r g e  s c a le  

p ro d u c tio n  rem a in s  unansw ered .

D i f f i c u l t y  i s  a l s o  e n c o u n te re d  w ith  th e  s e p a r a t io n  o f  a  

s tre a m  o f  e th y lb e n z e n e  and  m -x y le n e ; th e r e f o r e  ab o u t 91% o f  

th e  e th y lb e n z e n e  m arke t i s  o b ta in e d  th ro u g h  th e  a l k y la t i o n  o f  

b enzene  w ith  e th y le n e  ( 5 ) .

S in c e  th e  m ethod o f  s e p a r a t io n  a c c o u n ts  f o r  th e  m a jo r 

p o r t io n  o f  th e  b u lk  c o s t  o f  a  m a t e r i a l , i t  a p p e a rs  t h a t  f o r  

u se  on a  p e tro le u m  s tre a m  th e  developm ent o f  a  low  c o s t ,  en erg y  

e f f i c i e n t  s e p a r a t io n  te c h n iq u e  w ould  b e  a d v a n ta g e o u s . I h e  

s a v in g s  in c u r r e d  from  su c h  a  p r o c e s s  c o u ld , t h e o r e t i c a l l y ,  b e  

p a s s e d  on t o  t h e  consum er in  th e  form  o f  lo w er p r i c e s  o f  syn­

t h e t i c  p r o d u c t s . T h is  i s  e x e m p lif ie d  by  T ab le  I I I , i n  w hich

th e  p r o je c te d  demand o f  t h e  C iso m e rs  f o r  1979 i s  shown.8
I t  i s  on t h i s  b a s i s  t h a t  w ork w as u n d e r ta k e n  t o  i n v e s t i -



TABLE III. COST.AND DEMAND FOR Cg HYDROCARBONg(O)-

E t h y l b e n z e n e p - x y l e n e m -x y l e n e o - x y l e n e

C u r r e n t  C o s t ( 1 9 7 8 )  
$ / l b .

. 13 .1 5 .2 2 .1 1

P r o j e c t e d •1 9 7 9  D em and 
( m i l l i o n s  o f  l b s )

8 5 0 0 3 5 0 0 — 1 1 4 0

P r o j e c t e d  1 9 7 9  D em and 
( b i l l i o n s  o f  $ )

I .  11 .5 3 — . 13
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g a te  t h e  u s e  o f  e x t r a c t i v e  c r y s t a l l i z a t i o n  a s  a  mode o f  C
8

h y d ro ca rb o n  s e p a r a t i o n . P r e v io u s ly ,  t h i s  p ro c e s s  showed prom­

i s i n g  r e s u l t s  ( 6 ) , ( 7 )  and  i t  c o u ld  become an im p o r ta n t u n i t  

o p e r a t io n  in  th e  ch em ica l in d u s t r y .



BACKGROUND

E x t r a c t i v e  c r y s t a l l i z a t i o n  i s  d e f in e d  in  th e  l i t e r a t u r e  

a s  any p ro c e s s  u s in g  u r e a  o r  th i o u r e a  t o  fo rm  an ad d u c t p e r ­

m i t t i n g  s e l e c t i v e  s e p a r a t io n  o f  a  p a r t i c u l a r  m o lecu le  i n  a  

h y d ro carb o n  m ix tu re .  The te rm  was f i r s t  in t ro d u c e d  i n  1957, by 

E lg in  ( 1 0 ) .  S in c e  t h a t  t im e ,  i t  h a s  g a in e d  p o p u la r i ty  a s  a  means 

o f  s e p a r a t in g  c lo s e  b o i l i n g  h y d ro ca rb o n  is o m e r s , su ch  a s  th e  d i -  

m ethy!b en ze n e  compounds ( 7 ) .

The a c t u a l  k i n e t i c s  o f  t h i s  p ro c e s s  a r e  n o t  w e l l  u n d er­

s to o d ,  a l th o u g h  s i m i l a r  fo rm a tio n s  o f  c l a t h r a t e s  w ith  Vfemer 

com plexes h av e  b een  w e l l  docum ented ( 1 1 ) , ( 1 2 ) .  The m a jo r d i f f e r ­

en ce  betw een  th e s e  tw o p ro c e s s e s  i s  th e  fo rm a tio n  i t s e l f . In  

e x t r a c t i v e  c r y s t a l l i z a t i o n , t h e  c r y s t a l  fo rm a tio n  can b e  l ik e n e d  

t o  a  tw o -d im e n s io n a l c h a n n e l s t r u c t u r e  i n  w hich  th e  g u e s t 

h y d ro carb o n  i s  t r a p p e d  b y  th e  h o s t  ( th e  a m id e ). C la th r a te s  

w ere fo u n d  t o  b e  a  th r e e -d im e n s io n a l  c a g e - l ik e  s t r u c t u r e  h e ld  

t o g e th e r  by  weak i n t r a m o le c u la r  b o n d s , su ch  a s  hydrogen  b ond ing  

o r  Van d e r  W aals f o r c e s  (1 3 ) .

As m en tio n ed  p r e v io u s l y , th e  e x a c t  m echanism  f o r  ad d u c tio n  

i s  n o t  w e l l  u n d e rs to o d . Weak b o n d in g , s i m i l a r  t o  t h a t  found  in  

c l a t h r a t e s , i s  th o u g h t t o  h o ld  t h e  c r y s t a l  i n t a c t .
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P re v io u s  h y p o th e se s  s u r e s t  t h a t  th e  d ia m e te r  o f  th e  ch anne l 

p la c e s  s t r i n g e n t  l i m i t a t i o n s , s t r u c t u r a l l y , on th e  c r o s s - s e c t io n  

o f  th e  g u e s t (5 .8 ± 0 .5  A by 6 .8 ± 0 .3  R ) . T hus, o n ly  th o s e  compounds 

t h a t  a r e  b o th  c h e m ic a lly  and s t r u c t u r a l l y  co m p a tib le  w ith  th e  h o s t  

form  a  s t a b l e  a d d u c t .  The r e l a t i v e  p o s i t i o n in g  o f  th e  g u e s t w ith in  

t h e  a d d u c t i s  n o t  s p e c i f i e d .  H a tI ie r , th e  g u e s t  i s  a llo w e d  to  

p o s i t i o n  i t s e l f  en d  t o  end  w ith  o th e r  m o le c u le s  o f  th e  sa n e  ty p e  

in  th e  fo rm a tio n .

Of th e  am ides found  t o  e x h i b i t  t h i s  b e h a v io r  o f  a d d u c tio n , 

o n ly  th io u r e a  a l lo w s  th e  fo rm a tio n  o f  s t a b l e  a d d u c ts  w ith  b ran ch e d - 

c h a in  p a r a f f i n s  o r  n a p h th e n ic  com pounds. T h is  b e h a v io r  i s  th o u g h t 

t o  b e  due t o  th e  b u lk y  s u l f u r  a tom s in  th e  th io u r e a  n e le c u le  (F ig u re  2 )  

c r e a t in g  a  l a r g e r  d ia m e te r  ch a n n e l a d d u c t .  I t  a l s o  h a s  been  shown 

t h a t  a d d u c ts  form  w ith  s e le n o u re a  and  t e l l u r o u r e a  (1 4 ) .

\
N - C -  N

FIGURE 2 . THIOUREA STRUCTURE



. RELATED RESEARCH

The a c c id e n t a l  d is c o v e ry  o f  c h an n e l a d d u c ts .o f  u r e a  was 

made in  Germany by  M. F . Bengen in  1940. T h is  in fo rm a tio n  was 

r e la y e d  t o  t h e  U n ite d  S ta t e s  th ro u g h  s e v e r a l  p u b l i c a t i o n s  i n  th e  

T e c h n ic a l O il  M iss io n  R ee l (1 5 ) .  Bengen f i l e d  and  r e c e iv e d  a  

German p a t e n t  i n  1953 f o r  th e s e  new ly d is c o v e re d  a d d u c ts .

In  1947, u s in g  s e l e c t i v e  com plex fo rm a t io n s , F e t t e r l y  

s tu m b led  a c r o s s  th e  th io u r e a  b a se d  a d d u c ts  w h ile  a t te m p t in g  t o  

im prove o c ta n e  r a t i n g s  i n  g a s o l in e .  The a d d u c ts  lie fo u n d  seem ed 

t o  com plem ent th o s e  fo u n d  by B engen, and  w ere th e  b a s i s  f o r  a  

s e r i e s  o f  U .S . p a t e n t s  aw arded  t o  F e t t e r l y  s t a r t i n g  in  1950 (1 6 ) .

Z in m e rsc h ie d  an d  o th e r  s c i e n t i s t s  (1 7 ) made one o f  th e  f i r s t  

s y s te m a t ic  s t u d i e s  i n t o  th e  v a r io u s  c a p a b i l i t i e s  o f  t h e  ch an n e l 

a d d u c ts .  T hese  men s u b s t a n t i a t e d  th e  m ethod d e s c r ib e d  by 

Bengen a s  a  p ro c e s s  w ith  s i g n i f i c a n t  p o s s i b i l i t i e s  i n  t h e  se p a ­

r a t i o n  o f  m ix tu re s  and  p u r i f i c a t i o n  o f  s p e c i f i c  ch em ic a l compounds 

T lie ir  i n v e s t i g a t i o n  in c lu d e d  a  s e a rc h  o f  p o s s ib le  a d d u c t form a­

t i o n s  o f  u r e a  w ith  l i n e a r  a l i p h a t i c  m o lecu le s  su c h  a s  t h e  norm al 

a lc o h o ls  and  th e  re c o v e ry  o f  n - a lk a n e s  from  p e tro le u m  s o u r c e s .

A ng la  ( 1 8 ) ,  w o rk in g  in d e p e n d e n tly  i n  1949, r e p o r te d  t h a t  

c e r t a i n  n a p h th e n ic  and  c l i lo ro carb o n  compounds form ed com plexes .
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w ith  th io u r e a .

R e d lic h  made a  s tu d y  (1 9 ) i n  1950 c o n c e rn in g  th e  therm o­

dynam ics o f  th e  c h a n n e l a d d u c ts  a t  e q u i l ib r iu m  c o n d i t io n s .  He 

showed t h a t  th e  e q u i l ib r iu m  was e s t a b l i s h e d  much a s  in  a  n o rmal 

ch em ica l r e a c t i o n . H is  s t u d i e s  a l s o  showed t h a t  th e  sy stem  

c o u ld  b e  d e s c r ib e d  by u s in g  G ibbs f r e e  en e rg y  r e l a t i o n s h i p s  in  

c o n ju n c tio n  w ith  a  ch e m ic a l e q u i l ib r iu m  e q u a t io n .

S in c e  th e  f i r s t  p a t e n t  w as i s s u e d ,  s e v e r a l  ,g e n e ra l im prove­

m ents on th e  b a s i c  p ro c e s s  h av e  b een  made ( 2 0 ) , ( 2 1 ) .  One o f  th e  

im provem ents f o r  t h e  a d d u c te d  p h a se  was a  w ash ing  m ethod u s in g  

a  s a t u r a t e d  aqueous s o lu t i o n  o f  th e  am ide. ' O th e r im provem ents 

i n  w ash in g  have a l s o  b een  d e s c r ib e d  (2 2 ) .  The p a t e n t  l i t e r a t u r e  

a l s o  r e p o r t  num erous p ro c e s s  d e s c r ip t io n s  c o n c e rn in g  im prove- 

m ents on a  s in g l e  s t a g e  c r y s t a l l i z a t i o n  sy s tem  (2 3 ) .

A p a te n t  was i s s u e d  in  1956 (2 4 ) f o r  a  p ro c e s s  in v o lv in g  

th e  c o n tin u o u s  f r a c t i o n a t i o n  o f  s t r a i g h t  o r  b ran ch e d  c h a in  

h y d ro c a rb o n s  i n t o  tw o l a r g e  f r a c t i o n s  from  a  p e tro le u m  s tre a m .

No t e s t  r e s u l t s  w ere  g iv e n . R a th e r , o n ly  th e  a p p a ra tu s  and  p ro ­

ced u re  w ere  d e s c r ib e d .  The p ro c e s s  em ployed th e  movement o f  2 5 - 

100 mesh u r e a  o r  t h i o u r e a  th ro u g h  a  h o r iz o n t a l  column in  w hich  

th e  u r e a  c o n ta c t s  t h e  f e e d  s tre a m  c o u n te r  c u r r e n t ly .  T h is  a llo w ed  

tw o f r a c t i o n s  t o  b e  rem oved, e a c h  e n r ic h e d  i n  a  p p r t io n  o f  th e  

incom ing  p e tro le u m  s tr e a m . In  a n o th e r  p u b l i c a t i o n ,  t h e  r e s u l t s
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o f  a  p i l o t  p l a n t  u s in g  an e x t r a c t i v e  c r y s t a l l i z a t i o n  p ro c e s s  f o r  

th e  s e p a r a t io n  o f  n - p a r a f f in s  an d  n - o l e f i n s  from  a  p e tro le u m  so u rc e  

have b een  r e p o r te d  (2 5 ) .

F u l l e r  p u b l i s h e d  th e  f in d in g s  o f  a  " s l u r r y  p ro m o te r"  w hich 

a p p e a re d  t o  a l t e r  th e  therm odynam ic e q u i l ib r iu m  in  su c h  a  way 

t h a t  a  v e ry  s m a l l  amount o f  th e  h y d ro ca rb o n  rem ain ed  in  t h e  non- 

a d d u c te d  p h a s e  (2 6 ) .

The w id e sp re a d  g e n e ra l  u se  o f  a d d u c t fo rm a tio n  w as im p le­

m ented  in  t h e  i n v e s t i g a t io n s  o f  Newey (2 7 ) c o n c e rn in g  th e  se p a ­

r a t i o n  o f  a  f a t t y  a c id  m ix tu re  t o  p ro d u c e  h ig h  q u a l i t y  d ry in g  

o i l s  su ch  a s  l i n s e e d  o i l ,  c a s to r  o i l  o r  soybean  o i l .  O th e r  

u s e s  r e p o r te d ,  i n  th e  l i t e r a t u r e  (2 8 ) in c lu d e d  s t e r e o s p e c i f i c  

p o ly m e r iz a t io n  u s in g  u r e a  com plexes o f  c e r t a i n  monomers, f r a c ­

t i o n a t i o n  and  re f in e m e n t o f  s e v e r a l  ty p e s  o f  o i l s  in c lu d in g  

v e g e ta b le  o i l ,  l i v e r  o i l  and f i s h  o i l  an d  a l s o  th e  m a n u fa c tu re  

o f  s e v e r a l  e x p l o s i v e s .

More c u r r e n t  a p p l i c a t io n s  in v o lv e d : im provem ents t o  th e  

v i s c o s i t y  in d e x  o f  s e v e r a l  l u b r i c a t i n g  o i l s  (2 9 ) ,  fo rm a tio n  o f  

a d d u c ts  w ith  b i c y c l i c  and  t r i c y c l i c  com pounds, and  s e p a r a t io n  

o f  Cqq-CgQ h y d ro c a rb o n s  from  s h a le  o i l  f r a c t i o n s .

S e v e ra l  e x c e l l e n t  rev ie w s  o f  t h e  p e r t i n e n t  l i t e r a t u r e  

th ro u g h  1970 h av e  been  p u b lis h e d  ( 2 8 ) , ( 3 0 ) , ( 3 1 ) , ( 3 2 ) , ( 3 3 ) .
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. In  t h e i r  w ork , C h iv a te  and  Shah have  r e p o r te d  num erous 

"m isu ses"  o f  t h e  te rm  e x t r a c t i v e  c r y s t a l l i z a t i o n  (3 4 ) .  The 

c o n fu s io n  w as i n  t h e  u n d e r s ta n d in g  o f  t h e  b a s ic  d e f i n i t i o n  

and  k i n e t i c s  o f  tw o s i m i l a r  o p e r a t i o n s , e x t r a c t i v e  c r y s t a l l i z a t i o n  

and  a d d u c t iv e  c r y s t a l l i z a t i o n .

E x t r a c t iv e  c r y s t a l l i z a t i o n ,  a s  r e p o r te d  by Q i iv a te  and  Shah, 

was e n t i r e l y  a  p h y s ic a l  p r o c e s s  i n  w hich  th e  com ponents o f  a  

m ix tu re  form ed an e u t e c t i c  m ix tu re  w ith  a  fo re ig n  a g e n t ,  an 

" in d u c to r " .  T h is  fo rm a tio n  s h i f t e d  th e  no rm al e u t e c t i c  p o in t  

o f  th e  tw o com po n en ts , h o p e f u l ly ,  i n  a  f a v o ra b le  d i r e c t i o n .

T h is  y ie ld e d  a  t e r n a r y  e u t e c t i c  p o in t  i n  w hich  one com ponent was 

e n r ic h e d  o v e r  t h e  o th e r  two, com ponen ts . T h e re fo re , a  s e p a r a t io n  

o c c u r re d .  I t  w as o b v io u s  t h a t  th e  in d u c to r  p la y e d  a  v e ry  im por­

t a n t  r o l e  i n  t h i s  p r o c e s s .  The u s e  o f  d i f f e r e n t  in d u c to r s  y ie ld e d  

d i f f e r e n t  e q u i l ib r iu m  c o m p o s itio n s .

A d d u c tiv e  c r y s t a l l i z a t i o n , a g a in  a s  r e p o r te d  by • Q i iv a te  

and  Shah, r e l i e d  on th e  fo rm a tio n  o f  a  lo o s e  m o lecu la r bond  w ith  

e i t h e r  t h e  com ponent o r  th e  in d u c to r .  The r e s u l t i n g  compounds 

d i f f e r e d  i n  ch e m ic a l p r o p e r t i e s  a n d , t h u s ,  behaved  d i f f e r e n t l y  

u n d e r  a  c o o l in g  s t a g e . The e x a c t  m echanism  o f  t h i s  p r o c e s s  was 

n o t  w e l l  u n d e rs to o d , b u t  i t  was th o u g h t t h a t  th e  fo rm a tio n  o f  

hydrogen  bonds p la y e d  th e  overw helm ing  r o l e  t o  f a c i l i t a t e  s e p a r a t i o n .
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I t  a p p e a re d  t h a t  th e  p re v io u s  d e f i n i t i o n s  seem ed t o  con­

f l i c t  w ith  t h e  o r i g i n a l  te rm  e x t r a c t i v e  c r y s t a l l i z a t i o n  a s  

d e f in e d  by E lg in .  B oth  te rm s  d e f in e d  by C h iv a te  and  Shah r e l i e d  

h e a v i ly  on a  d i f f e r e n c e  i n  m e lt in g  p o i n t s , w h ereas  E l g i n 's  

d e f i n i t i o n  w as b a se d  e n t i r e l y  on th e  fo rm a tio n  o f  u r e a  o r  t h i o ­

u r e a  co m p lex es . From t h i s  p o in t  fo rw a rd , t h e  te rm  " e x t r a c t iv e  

c r y s t a l l i z a t i o n ” w i l l  b e  b a s e d  on th e  d e f i n i t i o n  g iv e n  by E lg in .

P r e s e n t l y ,  th e r e  i s  o n ly  one known i n d u s t r i a l  a p p l ic a t io n  

o f  e x t r a c t i v e  c r y s t a l l i z a t i o n .  U rea  i s  u s e d  in  th e  p e tro le u m  

in d u s t r y  t o  r e c o v e r ,  e s s e n t i a l l y , a l l  o f  t h e  ' s  an d  n - p a r -  

a f f i r i s  i n  a  s in g l e  s ta g e  a d d u c tio n  u n i t .  I t  a p p e a rs  t h a t  f u r th e r  

f r a c t i o n a t i o n  u s in g  e x t r a c t i v e  c r y s t a l l i z a t i o n  c o u ld  b e  u se d  t o  

e f f e c t i v e l y  s e p a r a t e  ?the s tre a m  i n t o  a  l a r g e  v a r i e ty  o f  p r o d u c ts . 

rIhiR  p o s s i b i l i t y  h a s  n e v e r  been  e x p lo re d  t o  any g r e a t  e x t e n t .  T h is  

m ig h t b e  due t o  th e  econom ics o f  t h e  p ro c e s s  a s  i t  s to o d  i n  th e  

1 9 5 0 's .  A t t h a t  t im e ,  t h e  ca rb o n  c h a in  le n g th , was p r e f e r r e d  to  

v a ry  by f o u r  t o  s i x  ca rb o n  atom s t o  a c h ie v e  a  "good" s e p a r a t io n  

o f  t h e  f r a c t i o n .  In  te rm s  o f  eco n o m ics , t h i s  l a r g e  d i f f e r e n c e  

i n  le n g th  gave more c o n v e n tio n a l  s e p a r a t io n  te c h n iq u e s  th e  ad­

v a n ta g e .

In  g e n e r a l ,  t h e  p e tro le u m  and  p e tro c h e m ic a l  i n d u s t r i e s  

h av e  s p e n t  l i t t l e  r e s e a r c h  money on th e  s e p a r a t io n  o f  com ponents
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by an e x t r a c t i v e  c r y s t a l l i z a t i o n  p r o c e s s , e s p e c i a l l y  f o r  is o m e r ic  

compounds. I n s te a d ,  in d u s t r y  c o n c e n tr a te d  on th e  u se  o f  t h i s  

te c h n iq u e  f o r  th e  s e p a r a t io n  o f  c l a s s e s  o f  compounds.

S in c e  m ost i n d u s t r i a l  p ro c e s s e s  y ie ld e d  a  " c u t"  o f  c lo s e ly  

r e l a t e d  com pounds, a p p l i c a t io n  o f  c o n v e n tio n a l s e p a r a t io n  o p e ra ­

t i o n s  w ere o f te n  c o s t l y  b e c a u se  o f  th e  s i m i l a r i t i e s  o f  th e  com­

p o n e n ts  i n  t h e  c u t .  T h is  s u g g e s te d  t h a t  a  b e t t e r ,  more e f f i c i e n t  

s e p a r a t io n  te c h n iq u e  h ad  t o  b e  d ev e lo p ed .

R ecen t r e s e a r c h  ( 6 ) , ( 7 ) , ( 3 5 ) , ( 3 6 )  a t  lfon tana  S ta t e  by 

v a r io u s  r e s e a r c h e r s  h a s  shown th e  u se  o f  e x t r a c t i v e  c r y s t a l l i ­

z a t io n  w ith  d i f f i c u l t  s e p a r a t io n s  w a s - 'e f f e c t iv e .

The sy stem s t h a t  w ere  s tu d ie d  in c lu d e d  th e  h y d ro g e n a te d  

m o n o te rp e n e s , t h e  t r im e th y ! p e n ta n e s , 3 -p h e l l a n d r e n e ( f r a n  a  

d ipen tem e c u t )  and  th e  CgtL^ a ro m a tic  is o m e rs .  A surrmary o f  t h i s  

r e s e a r c h  i s  shown in  T a b le  IV . (The s e p a r a t io n  f a c t o r ,  a ,  i s  

an a lo g o u s  t o  r e l a t i v e  v o l a t i l i t y  i n  d i s t i l l a t i o n  d a t a . )

I t  s h o u ld  b e  n o te d  h e r e , t h e  r e s e a r c h  p e rfo rm e d  in  th e  C gH ^ 

iso m e r s e p a r a t io n  a r e a  was s l i g h t l y  m o d if ie d  from  th e  p re v io u s  

r e s e a r c h .  T liio u re a  form ed a d d u c ts  w ith  i s o p a r a f f i n ,  n a p h th e n ic ,  

and  te rp e n e  h y d ro c a rb o n s , b u t  t h io u r e a  was n o n -a d d u c tin g  w ith  

a ro m a tic  h y d ro c a rb o n s , u n le s s  c e r t a i n  a d d u c t fo rm ers  o r  in d u c to r s  

w ere in c lu d e d  in  th e  a ro m a tic  f e e d  m ix tu r e . F o r th e  CgEL- i s o -
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m ers , th e  r e p o r te d  d a ta  .in  T ab le  IV was o b ta in e d  u s in g  carbon  

t e t r a c h l o r i d e  a s  th e  a d d u c t fo rm er o r  i n d u c to r .



TABLE IV . RESULTS OF EXTRACTIVE CRYSTALLIZATION TECHNIQUE USED ON SELECTED 
______________ HYDROCARBON MIXTURES( 6 ) ,  ( 7 ) ,  ( 3 5 ) ,  ( 3 6 ) ______________________________

MIXTURE
SEPARATION FACTOR

a 1 , 2

1 . 1 . 4  t r i m e t h y l c y c l o h e p t a n e / c a r a h e  

c i s  p - m e n t h a n e / t r a n s  p - m e n t h a n e  

t r a n s  p i n a n e / c i s  p i n a n e

3 - p h e l l a n d r e n e / I im o n e n e /p - c y m e n e

2 . 2 . 4  t r l m e t h y l p e n t a n e / 2 , 3 , 3 -  a n d  2 , 3 , 4 - t r i m e t h y l p e n t a n e

2 , 3 , 3  t r i m e t h y l p e n t a n e / 2 ,3 , '4  t r i m e t h y l p e n t a n e

c i s  1 , 2  d i m e t h y l c y c l o h e x a n e / t r a n s  1 , 2  d i m e t h y ! c y c l o h e x a n e

c i s . I , 4  d i m e t h y l c y c l o h e x a n e / t r a n s  1 , 4  d i m e t h y ! c y c l o h e x a n e
+

E t h y ! b e n z e n e / m - x y l e n e  

O - x y l e n e / m - x y l e n e ^
r  j .

E t h y ! b e n z e n e / p - x y I e n e
4-

O - x y . l e n e / p - x y  I e n e  

P - x y I e n e /m - x y l e n e ^

E t h y l b e n z e n e / o - x y l e n e

• 8 , 2

2 . 7

2 . 7

5 . 8

5 . 1

1 .4

4 . S ( M c C a n d le s s )  * 

4 . S ( M c C a n d le s s )  *

5 .6
4 . 5

2 . 8  

2 .4

1 . 7

1.2
t  C a rb o n  T e t r a c h l o r i d e  u s e d  a s  i n d u c t o r  * u n p u b l i s h e d  d a t a

i1
8

-



RESEARCH OBJECTIVES

The o b je c t iv e  o f  t h i s  i n v e s t i g a t i o n  was t o  d ev e lo p  an 

e x t r a c t i v e  c r y s t a l l i z a t i o n  p ro c e s s  f o r  th e  s e p a r a t io n  o f  

c lo s e  b o i l i n g  compounds. T h is  o b je c t iv e  in v o lv e d  th e  d e t e r ­

m in a tio n  o f  s e v e r a l  o p e r a t in g  p a ra m e te rs  f o r  th e  sy stem  w hich 

in c lu d e d :

(1 )  an o p tim a l s o lv e n t  f o r  th e  t h io u r e a

(2 )  an  o p t im a l  in d u c to r  f o r  t h e  sy s tem

( 3 )  d e t e r mina t io n  o f  ru n  tim e  and te m p e ra tu re  e f f e c t  on th e  

s e p a r a t io n

(4 )  d e te rm in a t io n  o f  th e  e f f e c t  o f  th e  r a t i o  o f  s o lv e n t  t o  

t h i o u r e a  on th e  s e p a r a t io n

(5 )  d e te rm in a t io n  o f  th e  e f f e c t  o f  th e  amount o f  h y d ro carb o n  

and  in d u c to r  i n  th e  sy stem

(6 )  d e te rm in a t io n  o f  e q u i l ib r iu m  c u rv e s  f o r  th e  v a r io u s  

sy s te m s  s tu d ie d .



EXPERIMENTAL EQUIPMENT AND PROCEDURE

Ih e  m ethods o f  a d d u c t fo rm a tio n  liave been  w e l l  docum ented (3 1 ) .  

The b a s i c  p ro c e d u re  u s e d  in  t h i s  i n v e s t i g a t io n  i s  diagram m ed in  

F ig u re  3 . To f a c i l i t a t e  th e  d e s c r ip t io n  o f  th e  p ro c e d u re  and  e -  

q u ip m en t, a  t y p i c a l  ru n  w i l l  b e  d e s c r ib e d  in  d e t a i l . The a c tu a l  

p ro c e d u re  v a r ie d  w ith  v a ry in g  p a ra m e te rs  i n v e s t ig a t e d .  The r e a d e r  

i s  a sk e d  t o  r e f e r  t o  F ig u re  3 f o r  f u r t h e r  c l a r i f i c a t i o n .

U sin g  g e n t le  h e a t in g  and  a g i t a t i o n  t o  en co u rag e  d i s s o lu t i o n ,  

a  s o lu t i o n  o f  t h i o u r e a  w as p re p a re d  in  a  250-m l b e a k e r  by d i s ­

s o lv in g  2 0 .0  gram s o f  t h i o u r e a  in  HO  ml o f  m e th a n o l. A Cenco 

h o tp l a t e  w ith  a  m a g n e tic  s t i r r e r  was em ployed f o r  th e  s o lu t i o n  

p r e p a r a t i o n .

A m ix tu re  o f  10 m l o f  50 wt% e th y lb e n z e n e  and  50 wt% 

p -x y le n e  w as added  t o  10 ml o f  CCl^( in d u c to r ) .  T h is  m ix tu re ,  

in  t u r n ,  w as added  t o  t h e  h o t  m e th a n o l/ th io u re a  s o lu t i o n .  Tlie 

r e s u l t i n g  m ix tu re  was c o o le d  im m ed ia te ly  in  a  c h e s t  ty p e  f r e e z e r  

( -2 0 oC±2°) f o r  a  24 h o u r  p e r io d .  No a g i t a t i o n  o f  th e  m ix tu re  

was u se d  d u r in g  th e  c o o l down p e r io d .

A f te r  t h i s  p e r io d  o f  c o o l in g ,  th e  c r y s t a l s  w ere f i l t e r e d  

by u s in g  a  B u d m e r ty p e  vacuum f i l t e r . The m other l i q u o r  ( r e s id u e )  

w as w ashed w ith  VL50 ml o f  d i s t i l l e d  w a te r  and  a llo w e d  t o  p h ase
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s e p a r a te  i n  a  250 ml s e p a r a to r y  fu n n e l .  The r e s u l t i n g  hyd ro ­

carbon  p h a se  w as rem oved, w eighed  and  a n a ly z e d  u s in g  a  gas  

c h ro m a to g rap h .

Tlie a d d u c te d  c r y s t a l s  w ere w ashed w ith  ^50 ml o f  n -  

p e n ta n e  i n  tw o s u c c e s s iv e  w a sh in g s , th e n  th e  c r y s t a l s  w ere 

a llo w e d  t o  d ry  a t  room te m p e ra tu re  f o r  tw o h o u rs .  The rem oval 

o f  th e  a d d u c te d  h y d ro carb o n  was acc o m p lish e d  by c o n ta c t in g  th e  

c r y s t a l s  w i th  a  m ix tu re  o f  s team  and  h o t w a te r  in  t h e  a p p a ra tu s  

shown in  F ig u re  4 .  Tlie h y d ro ca rb o n  p h ase  was rem oved from  th e  

s e p a r a to r y  fu n n e l  and  was a l s o  a n a ly z e d  u s in g  a  g a s  chrom ato­

g rap h .

A ll  ru n  te m p e ra tu re s  w ere  m easured  u s in g  a  J -2 8  I r o n /  

C o n s ta n ta n  th e rm o co u p le  in  c o n ju n c tio n  w ith  a  Brown p o t e n t io ­

m e te r . C o o lin g , d u r in g  th e  ru n s  made t o  i n v e s t i g a t e  th e  e f f e c t  

o f  t e m p e r a tu r e , was acc o m p lish e d  u s in g  a  T h e rm o e le c tr ic  S t i r -  

K ool c o ld  p l a t e  (M odel SIC-12). The beaker was c o a te d  on th e  bo ttom  

w ith  a  l i g h t  o i l  t o  im prove h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  and 

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

m a in ta in  a  c o n s ta n t  s o lu t io n  te m p e r a tu r e .

A l l  c h e m ic a l r e a g e n ts  u se d  a r e  l i s t e d  a c c o rd in g  t o  g rad e  

and  s o u rc e  i n  t h e  A ppendix.

D u rin g  t h i s  in v e s t ig a t io n . ,  a n a l y s i s  o f  th e  f e e d s to c k s  and
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FIGURE 4 .  STEAM D IST IL L A T IO N  APPARATUS
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p ro d u c ts  o b ta in e d  w as p e rfo rm e d  u s in g  tw o g as  c h ro m a to g ra p h s .

An A erograph  Jtfodel 660 flam e  io n i z a t i o n  g as  c h ro m a to g rap h , w ith  

a  S a rg e n t Model SR s t r i p - c h a r t  r e c o r d e r  and  a  V arian  lfo d e l 1420 

th e im a l c o n d u c t iv i ty  g as  ch ro m a to g rap h , w ith  a  V arian  Model 9176 

s t r i p - c h a r t  r e c o r d e r  w ere  b o th  em ployed . The e a r l y  p o r t i o n  o f  

t h i s  r e s e a r c h ,  t h a t  i s  t h e  s o lv e n t  s tu d y  and  p re l im in a ry  in d u c to r  

s tu d y ,  was p e rfo rm e d  u s in g  th e  A erograph  m odel. A l l  su b se q u e n t 

w ork u se d  th e  V a ria n  f o r  t h e  a n a ly s e s ; U ie s p e c i f i c a t i o n s  and 

o p e r a t in g  c o n d i t io n s  f o r  th e  two ch ro m ato g rap h s a r e  shown in  

T a b le s  V an d  V I.

TABLE V. GC SPECIFICATIONS AND OPERATING PARAMETERS_____________

TYPE: A erog raph  Model 660 Flame I o n iz a t io n

OOLUMN: 1 /8 "  OD x  1 0 ' co p p er tu b in g

PACKING: 5% B en tone 34 + 5% d i i s o d e c y lp h th a la te  on 6 0 /8 0
mesh Chrom osorb W

COLUMN TEMPERATURE: 75°C

INJECTOR TEMPERATURE: 220°C

DETECTOR TEMPERATURE: 115°C

SAMPLE S IZ E : .2pJ>

RETENTION TIME: %13 m ins (x y le n e s  and  e th y lb e n z e n e )
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TABLE V I. GC SPECIFICATIONS MD OPERATING PARAJ./ETERS________

TYPE: V arian  1420 Therm al C o n d u c tiv ity (T C ) d u a l column

OOLUM: 1 /8 "  OD x  1 5 ' co p p er tu b in g

PACKING: 5% B en tone 3 4 + 5 %  d i i s o d e c y lp h th a la te  on 80 /100
mesh H igh P erfo rm an ce  Chrom osorb W

COLUMN TEMPERATURE: 85°C (CgH^Q iso m e rs  and  1 ,1 ,2  t r i c h l o r o -
f lu o r o e th a n e )

150°C( 1 ,2 ,4  t r i c h lo ro b e n z e n e )

INJECTOR TEMPERATURE: 19QOC

TC DETECTOR TEiFERATURE:.. 200°C

TC DETECTOR CURRENT: 150 mA

CARRIER GAS ELOW RATE: ~30 cc /m in  (Hg)

SAMPIE SIZE: 0 .4  ]il

RETENTION TIME: I  min ( 1 ,1 , 2 t r i c h l o r o t r i f  lu o ro e th a n e  )
10 m ins(X y lenes  and  e th y lb e n z e n e )
14 m i n s ( l ,2 ,4  t r i c h lo ro b e n z e n e )

B oth  g a s  ch rom atog raphs gave c o n s i s t e n t  and com parab le  

r e s u l t s .

S in c e  t h e  a r e a  u n d e r th e  o u tp u t c u rv e  from  th e  chrom ato­

g rap h  was p r o p o r t io n a l  t o  t h e  w e ig h t p e r c e n t  o f  a  p a r t i c u l a r  

component i n  th e  s a m p le , a  c o r r e l a t i o n  c u rv e  had  t o  b e  dev e lo p ed  

t o  d e te rm in e  t h e  a c t u a l  p e r c e n t  c o m p o s itio n  o f  th e  sam ple from  

t h e  r e c o r d e r  o u tp u t .  T ie s e  c u rv e s  and  th e  m ethods o f  c a l c u la t io n
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a re  d e v e lo p ed  in  th e  a p p en d ix  f o r  th e  v a r io u s  compounds a n a ly z e d .



RESULTS AND DISCUSSION

The in v e s t ig a t io n  o f  th e  p ro b lem  p r e v io u s ly  s t a t e d  was 

acc o m p lish e d  i n  s e v e r a l  s t a g e s  c lo s e ly  p a r a l l e l i n g  th e  r e s e a r c h  

o b je c t iv e s .  A u n iv a r i a n t  s e a r c h  schem e was em ployed th ro u g h o u t 

t h i s  i n v e s t i g a t i o n ; t h a t  i s  one v a r i a b l e  was a l t e r e d  and  th e  o th e r s  

h e ld  c o n s ta n t  t o  d e te rm in e  any e f f e c t  o f  th e  one v a r i a b le  on th e  

d eg ree  o f  s e p a r a t io n .

D is c u s s io n  o f  t h e  d a ta  co m p iled  in  t h i s  i n v e s t i g a t io n  w i l l  , 

b e  r e p o r te d  i n  th e  fo l lo w in g  su b g ro u p s:

A) M ethods o f  A n a ly s is  o f  D a ta

B) S o lv e n t S tudy

C) P re l im in a ry  In d u c to r  S tudy

D) E f f e c t  o f  Run Time an d  T e n p e ra tu re

E ) E f f e c t  o f  S o lv e n t t o  T h io u re a  R a tio

F ) E f f e c t  o f  th e  Amount o f. Ib e d  and  In d u c to r

G) E q u i l ib r iu m  C urves f o r  t h e  CgH-̂ Q System s

H) Summary

M ethods o f  A n a ly s is  o f  D a ta

P re v io u s  r e s e a r c h  p e rfo rm e d  a t  M ontana S ta t e  U n iv e r s i ty  (7 )  

u se d  tw o c h a r a c t e r i s t i c  p a ra m e te rs  i n  d is c u s s in g  s e p a r a t io n  a b i l i t y  

o f  th e  e x t r a c t i v e  c r y s t a l l i z a t i o n  p r o c e s s .  T hese p a ra m e te r s ,  a l -
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th o u g h  m a th e m a tic a lly  r e l a t e d ,  gave im p o r ta n t  p ie c e s  o f  in fo rm a­

t i o n  n o t conrnon t o  one p a ra m e te r  a l o n e .

The f i r s t  and  m ost w id e ly  u se d  s e p a r a t io n  in d e x  i s  de­

f in e d  below  a s  th e  s e p a r a t io n  f a c t o r ( a ) .

a l ,2 = - Z L x l a ,
1-71 X1

y ^ .=  m ole f r a c t i o n  o f  th e  s p e c ie s  e n r ic h e d  in  th e  a d d u c t

x^  = m ole f r a c t i o n  o f  th e  same s p e c ie s  in  th e  r e s id u e

H ie s e p a r a t io n  f a c t o r  i s  an a lo g o u s  t o  r e l a t i v e  v o l a t i l i t y  in  

d i s t i l l a t i o n  w ork . The ran g e  o f  a  i s  from  I  (no  s e p a r a t io n )  

t o  =O.

The se c o n d  p a ra m e te r  u se d  in  a n a ly z in g  t h i s  d a ta  w as th e  

e x t e n t  o f  s e p a r a t i o n (g ) .  T h is  in d e x  gave a  b e t t e r  in d i c a t io n  

o f  t h e  a c t u a l  q u a n t i t a t i v e  amount o f  s e p a r a t io n  ta k in g .p l a c e .  

Bony (3 8 )  d e f in e d  th e  e x te n t  o f  s e p a r a t io n  a s :

? l , 2 = abs( T ^  !+K2

Ki - . m o les o f  component I  in  r e s id u e  
m o les o f  component I  i n  . a d d u c t

m o les o f  component 2 in  r e s id u e  
m oles o f  component 2 in  a d d u c t

The. ra n g e  f o r  t h i s  p a ra m e te r  i s  from  O (no  s e p a r a t io n )  t o  I  (com­
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p l e t e  s e p a r a t io n ) .

The ad v an tag e  i n  u s in g  th e  e x t e n t  o f  s e p a r a t io n (C) o v e r  

t h e  s e p a r a t io n  f a c t o r ( a )  was t h a t  f o r  a  g iv e n  s e t  o f  c o n d i t io n s  

( s o lv e n t / t h i o u r e a  r a t i o ,  grains o f  f e e d ,  grams o f  in d u c to r ,  run  

te m p e ra tu re  and  ru n  t i n e ) ,  t h e r e  was one e x te n t  o f  s e p a r a t io n  

p o s s i b l e .

I t  can  b e  shown m a th e m a tic a lly  t h a t :

*1,2 = Kg/Ki
I t  was p o s s ib le  t o  o b ta in  a  sy stem  in  w h ich  Kg=IO and  K-J=I, 

o r  a= 1 0 . E q u a l ly , i t  w ould  have b een  p o s s ib le  t o  o b ta in  a  sy stem  

i n  w h ich  K2=IOO and  K j=IO , and  in  w h ich  a  w ould  a g a in  have  been  

e q u a l  t o  10. Even th o u g h  th e  s e p a r a t io n  f a c t o r s  w ere e q u iv a le n t ,  

th e  s e p a r a t io n  in d i c e s  w ere n o t .  (C f o r  c a s e  I  = .41  a n d  C f o r  

c a s e  2 = .0 8 ) T hus, th e  e x t e n t  o f  s e p a r a t io n  a c c o u n te d  f o r  th e

d i f f e r e n c e  i n  th e s e  tw o c a s e s  and  th e r e f o r e  g iv e s  a  much im proved
(

s e p a r a t io n  p a ra m e te r .

S o lv e n t S tudy

The g o a l o f  any i n v e s t i g a t io n  o f  t h i s  ty p e  i s  th e  e v e n tu a l  

a p p l i c a t io n  o f  t h e  r e s e a r c h  t o  i n d u s t r i a l  s c a le  w ork. Feedback 

w as r e c e iv e d  from  an i n d u s t r i a l  f i rm  s t r e s s i n g  th e  l a r g e - q u a n t i ty  

m a te r i a l  h a n d l in g  p ro b lem s in  r e l a t i o n  t o  th e  s o lv e n t  u s e d  in  th e
■ • • 1 v'..'

e x t r a c t i v e  c r y s t a l l i z a t i o n  p ro c e s s .  W ith t h i s  i n  m ind, w ork was
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c a r r i e d  o u t  to investigate v a r io u s  p o s s i b l e  s o lv e n t s  i n  o r d e r  t o  

a c h ie v e  a  good s e p a r a t io n  and y e t  d e c re a s e  t h i s  m a te r i a l  h a n d lin g  

p rob lem . T h is  c o u ld  b e  acc o m p lish e d , p o s s i b ly , by u s in g  a  s o l ­

v e n t w i th  a  h ig h e r  b o i l i n g  p o in t  th a n  th e  CgH^0 is o m e r s , i . e . , 

g r e a t e r  th a n  1450C.

F i f t e e n  s o lv e n t s  w ere i n v e s t i g a t e d  (T a b le  IXb) .  Of t h e s e , 

e ig h t  showed some p ro m is in g  r e s u l t s .  T hese  a r e  l i s t e d  i n  T ab le  H I  

w ith  t h e i r  r e s p e c t iv e  b o i l i n g  p o in t s  and  s e p a r a t io n  f a c t o r s . The 

sy stem  u se d  i n  t h i s  s tu d y  was b a se d  on p re v io u s  r e s e a r c h  ( 7 ) ,  w ith  

th e  ru n  c o n d i t io n s  d e t a i l e d  in  T ab le  IX a.

TABLE V I I . SOLVENT STUDY DATA

S o lv e n t

B o i l in g
P o in t
(°C ) 01EBZPX

M ethanol 6 4 .7 3 .2 8
n -P ro p a n o l 9 7 .2 3 .0 9
80/20  wt% m ix o f  MeOH an d  D ie th y le n e  g ly c o l 2 .7 6
E th y le n e  g ly c o l  n - b u ty l  e t h e r 1 6 8 .4 2 ,1 7
E th y le n e  g ly c o l  . 1 97 .6 2 .0 2
E th a n o l 7 8 .5 1 .6 8
D i s t i l l e d  W ater 1 0 0 .0 .1 .3 8
B enzyl a lc o h o l. 2 0 4 .7 1 .2 2

I t  a p p e a re d , f o r  th e  s o lv e n ts  i n v e s t i g a t e d ,  th e  h ig h e r  

b o i l i n g  com ponents te n d e d  t o  p e rfo rm  u n s a t i s f a c t o r i l y  w i t h , th e  

e th y lb e n z e n e /p -x y le n e  sy s tem . Only one h ig h  b o i l i n g  s o lv e n t
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(>145°C) showed th e  a b i l i t y  f o r  a ro m a tic  iso m er s e p a r a t io n .  T here­

f o r e ,  s in c e  th e  s e p a r a t io n  f a c t o r  a p p e a re d  t o  d e c re a se  w ith  an 

in c r e a s e  i n  th e  b o i l i n g  p o in t  o f  th e  s o l v e n t , m ethano l was u se d  

th ro u g h o u t t h e  re m a in d e r o f  t h i s  i n v e s t i g a t io n  a s  th e  s o lv e n t  f o r  

th e  t h io u r e a .

P re l im in a ry  In d u c to r  S tudy

P re v io u s  r e s e a r c h  (7 )  w i th  t h e  C gH ^  iso m e rs  r e v e a le d  th e y  

form ed a d d u c ts  w ith  th i o u r e a  i n  t h e  p re s e n c e  o f  a  t h i r d  component 

( th e  i n d u c t o r ) . S e v e ra l  in d u c to r s  h av e  a l re a d y  been  in v e s t ig a t e d ,  

w ith  m ost o f  t h e ' p re v io u s  w ork b a s e d  on th e  u se  o f  ca rb o n  t e t r a ­

c h lo r id e  .

Tw elve in d u c to r s  w ere exam ined  in  t h i s  r e s e a r c h .  T hese a re  

d e t a i l e d  i n  T a h le  Xb, w ith  th e  ru n  c o n d i t io n s  shown i n  T a b le  X a.

Two compounds w ere found  t o  show c o n s i s t e n t  r e s u l t s  w ith  good se p ­

a r a t io n  f a c t o r s . T hese w ere 1 ,2 ,4  t r i ch lo ro b e n zen e  (a = 3 .2 6 )  and

1 ,1 ,2  t r i c h l o r o t r i f l u o r o e t h a n e  ( a = 4 .3 3 ) . B oth  o f  th e s e  in d u c to r s  

w ere com parab le  t o  t h e  ca rb o n  t e t r a c h l o r i d e  sy stem  ( a = 2 .8 4 ) . The 

one m a jo r  d i f f e r e n c e  betw een th e . t h r e e  in d u c to r s  m en tio n ed  was in  

th e  s e l e c t i v i t y  o f  th e  a d d u c t fo rm a tio n . B oth  1 ,1 ,2  t r i c h l o r o -  • 

t r i f lu o ro e th a n e  and  ca rb o n  t e t r a c h l o r i d e  a d d u c ted  th e  e th y lb e n z e n e  

m o le c u le , p r e f e r a b l y ,  w h ile  t h e  1 ,2 ,4  t r ic h lo ro b e n z e n e  s e l e c t e d  th e  

p -x y le n e  m o le c u le . S in c e  a l l  o th e r  v a r i a b l e s  rem a in ed , e s s e n t i a l l y ,  

c o n s ta n t  d u r in g  t h i s  s tu d y ,  t h e  in d u c to r  was found  t o  p la y  a  v ery
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im p o rt a n t  r o l e  i n  th e  d e g re e  o f  s e p a r a t io n  and  a l s o  i n  t h e  s e le c ­

t i v i t y  o f  t h e  a d d u c t . B o th  1 ,1 ,2  t r i c h l o r o t r i f l u o r o e t h a n e  and  1 ,2 ,4 -  

t r i c h lo ro b e n z e n e  w i l l  b e  d is c u s s e d  in  more d ep th  w i th in  t h i s  p a p e r . 

E f f e c t  o f  Run Time and  T em pera tu re

S in c e  a  maximum s e p a r a t io n  a b i l i t y  f o r  th e  v a r io u s  sy stem s 

w as d e s i r e d ,  an  o p tim a l ru n  tim e  and  te m p e ra tu re  h ad  t o  b e  d e t e r ­

m ined . The f i r s t  v a r i a b l e  i n v e s t i g a t e d  was th e  e f f e c t  o f  ru n  tim e  

on an e th y lb e n z e n e /p -x y le n e  sy stem  u s in g  1 ,2 ,4  t r i c h lo ro b e n z e n e  a s  

t h e  in d u c to r .  Two d i f f e r e n t  ru n  te m p e ra tu re  ra n g e s  w ere  u se d . F ig u re  

5 shows a  p l o t  o f  ru n  t im e  v e r s u s  th e  s e p a r a t io n  in d ic e s  f o r  a  run  

te m p e ra tu re  o f  -20°C±2 . W ith an in c r e a s e  in  ru n  tim e  b o th  se p a ­

r a t i o n  in d i c e s  h a d  a  te n d a n c y  t o  in c r e a s e  t o  a  maximum l e v e l .  T h is  

maximum l e v e l  a p p e a re d  t o  b e  re a c h e d  a t  a  ru n  tim e  g r e a t e r  th a n  • 

t e n  h o u rs  w i th  t h e  fo l lo w in g  a v e ra g e  s e p a r a t io n  p a r a m e te r s : (a= 3 .0 6 ; 

C=.0 2 2 8 ). F ig u re  6 shows th e  same ty p e  o f  p l o t ,  e x c e p t th e  run  

te m p e ra tu re  w as d e c re a s e d  t o  -14°C±2 . The te m p e ra tu re  d e c re a se  - 

s h i f t e d  t h i s  maximum s e p a r a t io n  in d e x  t o  a  s l i g h t l y  lo w er l e v e l .  To 

a c h ie v e  t h e  maximum l e v e l  o f  s e p a r a t io n  r e q u ir e d  an e x te n d e d  run  

t i n e  (>15 h o u r s ) . The a v e ra g e  s e p a r a t io n  p a ra m e te rs  r e p o r te d  w ere 

a = 2 .74  an d  £ - . 0144 ;

The seco n d  v a r i a b l e  i n v e s t i g a t e d  was th e  e f f e c t  o f  ru n  tem ­

p e r a tu r e  on t h e  s e p a r a t i o n . A p l o t  o f  ru n  te m p e ra tu re  v e r s u s  th e
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s e p a r a t io n  p a ra m e te r s  i s  shown in  F ig u re  7 . H ere a g a in ,  th e  

same s o lv e n t / i n d u c to r / f e e d  sy stem  was u se d  a s  i n  t h e  p re v io u s  

a n a l y s i s .  The s e p a r a t io n  f a c t o r  ( a )  was found  t o  b e  much mere 

s e n s i t i v e  t o  chan g es i n  te m p e ra tu re  th a n  th e  e x te n t  o f  s e p a ra ­

t i o n  (£ )  was fo u n d  t o  b e .  W ith th e  e x te n t  o f  s e p a r a t io n  q u ic k ly  

r e a c h in g  an a v e ra g e  v a lu e  o f  .0 1 , b o th  in d i c e s  in c r e a s e d  w ith  a  

d e c re a s e  i n  ru n  te m p e r a tu r e . The ru n  tim e  u se d  in  t h i s  s tu d y  

w as k e p t c o n s ta n t  a t  24 h o u rs ,  ( a  com ple te  summary o f  t h e  ex ­

p e r im e n ta l  d a t a  an d  ru n  c o n d i t io n s  i s  d e t a i l e d  i n  T a b le s  X l-a  

and  b ) .

B ased  on th e  r e s u l t s  from  t h i s  s tu d y ,  f u r t h e r  r e s e a r c h  

w as p e rfo rm e d  u s in g  a  ru n  tim e  o f  24 h o u rs  and  a  ru n  te m p e ra tu re  

o f  -2CPC±2°.

E f f e c t  o f  S o lv e n t t o  T h io u re a  R a tio

The am ount o f  s o lv e n t  f o r  th e  e th y lb e n z e n e /p -x y le n e  sy stem  

was v a r ie d  t o  d e te rm in e  t h e  e f f e c t  o f  th e  s o lv e n t  t o  th i o u r e a  

r a t i o .  F ig u re s  8 an d  9 show th e  r e s u l t s  o f  t h i s  s tu d y  u s in g

1 ,2 ,4  t r i c h lo ro b e n z e n e  an d  1 ,1 ,2  t r i c h l o r b t r i f l u o r o e t h a n e , r e s p e c ­

t i v e l y ,  a s  t h e  i n d u c to r s .

F ig u re  8 e x h i b i t s  a  maximum s e p a r a t io n  a s  t h e  s o lv e n t  t o  

t h i o u r e a  r a t i o  w as in c r e a s e d .  The o p tim a l p o in t  o f  o p e r a t io n
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FIGURE 7. EFFECT OF RUN TEMPERATURE ON SEPARATION
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a p p ea red  n e a r  2 .5  -  3 .0  m l/g  f o r  th e  1 , 2 , 4  t r i c h lo ro b e n z e n e  sy s ­

tem . F o r  t h e  1 ,1 ,2  t r i c h l o r o t r i f l u o r o e t h a n e  sy stem , F ig u re  9 

a l s o  shows a  maximum p o in t  a t  a  r a t i o  o f  5 .5  m l/g  .

As i n d i c a t e d  p r e v io u s ly ,  t h e  e x t e n t  o f  s e p a r a t io n ( C) was 

much l e s s  s e n s i t i v e  t o  changes i n  ru n  c o n d i t io n s  th a n  w as th e  

s e p a r a t io n  f a c t o r  ( a ) .  The o c c u ran ce  o f  t h e  maximum d e g re e  o f  

s e p a r a t io n  w as p ro b a b ly  due t o  th e  in c r e a s e d  d i f f i c u l t y  i n  fe e d  

c o n ta c t  w ith  t h e  m eth an o l / th io u r e a  s o lu t i o n  when th e  r a t i o  was 

s m a l l ,  and  t o  t h e  la c k  o f  a v a i la b l e  th i o u r e a  m o lecu le s  f o r  ad­

d u c tio n  when t h e  r a t i o  was l a r g e .

S in c e  b o th  sy s tem s  e x h ib i te d  com parab le  r e s u l t s  w ith  

t h i s  s tu d y ,  a  s o lv e n t  t o  th io u r e a  r a t i o  o f  5 .5  m l/g  was u se d  

th ro u g h o u t t h e  re m a in in g  r e s e a r c h .  T h is  a llo w e d  c o n s i s t e n t  

com parison  w ith  p re v io u s  r e s e a r c h  ( 7 ) .  ( a  com ple te  summary o f  

t h i s  d a ta  i s  l i s t e d  in  T a b le s  X II and  X I I I ) .

E f f e c t  o f  Amount o f  Ib e d  and  In d u c to r

F ig u re  10. shows th e  r e s u l t s  o f  v a ry in g  th e  h y d ro ca rb o n  

fe e d . B oth  1 , 2 , 4  t r i  ch lo ro b en zen e  and  1 ,1 ,2  t x i c h l o r o t r i f l u o r o -  

e th a n e  a r e  r e p o r t e d  on t h i s  p l o t .  As e x p e c te d , th e  u s e  o f

1 , 2 , 4  t r i  c h lo ro b e n z e n e  a s  an  in d u c to r  e x h i b i t e d  a  d e c re a s e  in  

th e  d e g re e  o f  s e p a r a t io n  w ith  an in c r e a s e  i n  fe e d  q u a n t i t y .  The
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e f f e c t  w as much m ore p ronounced  f o r  th e  1 , 2 , 4  t r ic h lo ro b e n z e n e  

sy stem  th a n  f o r  t h e  1 ,1 ,2  t r i c i i l o r o t r i f l u o r o e t h a n e  in d u c to r .  In  

f a c t ,  i t  can  b e  s e e n  from  f ig u r e  10 t h a t  a s  th e  h y d ro ca rb o n  fe e d  

was in c r e a s e d ,  t h e  u se  o f  1 ,1 ,2  t r i c h l o r o t r i f lu o ro e th a n e  cau sed  

a  s l i g h t  in c r e a s e  i n  t h e  d eg ree  o f  s e p a r a t io n .  The re a s o n  f o r  

t h i s  b e h a v io r  m ust b e  e x p la in e d  by th e  i n t e r n a l  w o rk in g s  o f  th e  

in d u c to r  w i th in  t h e  e x t r a c t i v e  c r y s t a l l i z a t i o n  p r o c e s s .

I h e  e f f e c t  o f  in c r e a s in g  th e  amount o f  in d u c to r  f o r  b o th  

th e  .1 ,2 ,4  t r i  c h lo ro b e n z e n e  and th e  1 ,1 ,2  t r i c h l o r o t r i f  lu o ro e th a n e  

sy stem s i s  shown i n  F ig u re  11. B oth  sy s tem s  e x h ib i te d  an i n -  . 

c r e a s e d  d e g re e  o f  s e p a r a t io n  w ith  in c r e a s e d  am ounts o f  in d u c to r .  

The 1 ,1 ,2  t r i c h l o r o t r i f  lu o ro e th a n e  sy s tem  h ad  a  more p ronounced  

e f f e c t  w ith  th e  d ro p  i n  e x te n t  o f  s e p a r a t io n  a t  an in d u c to r  l e v e l  

o f  22 gram s. T h is  w as , p ro b a b ly , due t o  th e  in c re a s e d  s e l e c t i v i t y  

o f  th e  a d d u c t to w a rd  t h e  in d u c to r  i t s e l f .  T here a p p e a re d  t o  be  

l i t t l e  im provem ent i n  t h e  1 , 2 , 4  t r i  ch lo ro b e n zen e  sy s tem  f o r  quan­

t i t i e s  o f  in d u c to r  g r e a t e r  th a n  20 gram s. (A com plete  summary 

o f  th e  e x p e r im e n ta l  d a ta  f o r  t h i s  s tu d y  can  be  found  i n  T a b le s  

XIV and  XV).

E q u il ib r iu m  C urves f o r  CgHm System s

V a r ia t io n  o f  t h e  f e e d  co m p o sitio n  r e s u l t e d  in  a  c u rv e  sim ­

i l a r  t o  an e q u i l ib r iu m  cu rv e  a s  shown in  F ig u re  12. The p a r ­

t i c u l a r  com ponent t h a t  i s  r e p o r te d ,  f o r  exam ple , p -x y le n e  was
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t h a t  com ponent s e l e c t e d  f o r  in c lu s io n  in  th e  a d d u c t f o r  th e  ■ 

p a r t i c u l a r  sy s te m  b e in g  s tu d ie d .  H ie e x t r a c t i v e  c r y s t a l l i z a ­

t i o n  p ro c e s s  c o u ld  b e  com pared t o  d i s t i l l a t i o n  e q u i l ib r iu m  

c u r v e s , i f  one a llo w e d  th e  a d d u c t t o  b e  a n a lo g o u s  t o  th e  v ap o r 

i n  d i s t i l l a t i o n .and  th e  r e s id u e  l ik e n e d  t o  t h e  l i q u i d  p h a se  in  

d i s t i l l a t i o n  w o rk . S in c e  s e p a r a t io n  f a c t o r s  v a r ie d  s l i g h t l y  

w ith  f e e d  c o m p o s i tio n , an av e ra g e  v a lu e  o f  a  was u se d  t o  con­

s t r u c t  t h e  " e q u i l ib r iu m  cu rv e"  u s in g  th e  fo llo w in g :

- x^ct

y I  !+(C i-I)X 1

i n  w hich  y-j= % component i n  a d d u c t 

X.J= % component i n  r e s id u e

F ig u re s  12 -19  show th e  " e q u i l ib r iu m  c u rv e " , a s  d e te rm in e d , u s in g  

e x t r a c t i v e  c r y s t a l l i z a t i o n  f o r  th e  v a r io u s  c o m b in a tio n s  o f  th e  

CgEj_Q is o m e r s . F ig u re s  2 0 -2 7  a r e  p l o t s  o f  th e  v a r io u s  sy stem s 

in  r e l a t i o n  t o  t h e  d e g re e  o f  s e p a r a t io n .

In  o r d e r  t o  e a s i l y  s e e  th e  m a jo r d i f f e r e n c e s  betw een  ex­

t r a c t i v e  c r y s t a l l i z a t i o n  and  c o n v e n tio n a l  d i s t i l l a t i o n ,  T a b le  

V I I I  d e t a i l s  t h e  v a r io u s  d a ta  o b ta in e d .  A lso  in c lu d e d  f o r  

com parison  p u rp o se s  was t h e  d a ta  ffom  p re v io u s , r e s e a r c h  a t  

M ontana S t a t e - I to iv e r s i ty  ( 7 ) .  . The e x te n t  o f  s e p a r a t io n  f o r
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c o n v e n tio n a l d i s t i l l a t i o n  was o b ta in e d  u s in g  C f o r  a  s i n g l e  

e q u i l ib r iu m  s ta g e  a t  t o t a l  r e f lu x  a s  d e f in e d  by Rony ( 3 9 ) .

’max ab s
y£t-l
Va+T

T ab le  V I I I , c l e a r l y ,  d e m o n s tra te s  th e  s ig n i f i c a n c e  o f  th e

e x t r a c t i v e  c r y s t a l l i z a t i o n  p ro c e s s  i n  com parison  t o  c o n v e n tio n a l

d i s t i l l a t i o n .  In  a l l  s i x  G0HL sy stem s a n a ly z e d  in  t h i s  in v e s -
o IU

t i g a t i o n , t h e  s e p a r a t io n  f a c t o r  f o r  th e  e x t r a c t i v e  c r y s t a l l i z a t i o n  

te c h n iq u e  w as much im proved  o v e r  th e  a n a lo g o u s  r e l a t i v e  v o l a t i l i t y  

d a ta .

The e th y lb e n z e n e /p -x y Ie n e  sy stem  showed a  much b e t t e r  e x te n t  

o f  s e p a r a t io n  th a n  c o u ld  liave been, o b ta in e d  u s in g  a  s i n g l e  d i s ­

t i l l a t i o n  s t a g e  o p e r a t in g  a t  t o t a l  r e f l u x .  The u s e  o f  1 , 2 , 4  t r i ­

ch lo ro b e n zen e  a s  t h e  in d u c to r  a l s o  gave t h e  added  b e n e f i t  o f  

r e v e r s e d  s e l e c t i v i t y .  T hat i s  t o  s a y ,  t h e  p -x y Ie n e  m o le c u le  was 

p r e f e r a b ly  s e l e c t e d  f o r  in c lu s io n  in  th e  a d d u c t o v e r  t h e  e t h y l ­

b enzene  m o le c u le .

The e th y lb e n z e n e /m -x y Ie n e  sy stem  a l s o  e x h ib i te d  t h i s  r e ­

v e rs e d  s e l e c t i v i t y  w i th  th e  1 , 2 , 4  t r i ch lo ro b e n zen e  in d u c to r .  The 

s e p a r a t io n  f a c t o r s  an d  e x t e n t s  o f  s e p a r a t io n  w e re , ■ a g a i n , s i g -



TABLE V X I I . SUMMARY OF AVERAGE ct AND g FOR EXTRACTIVE CRYSTALLIZATION AND D ISTIL L A TIO N  DATA

CCl4 ■ 1,2,4 *TCB 1,1,2 TTE+. DISTILLATION
System Selectivity a C CL C a S a C

Ethylbenzene/
p-xylene

Ethylbenzene 2.84 .084 (3.21)
.31

.0256 5.08 .0320 1.06 .0146

Ethylbenzene/ 
m-xylene

Ethylbenzene 5.63 . . 094. (4.41) 
• .23

.0609 4.28 .0074 1.08 .0192

Ethylbenzene/
o-xylene

Ethylbenzene 1.18 .014 (13.29) . 1792 (2.31) .0178 1.34. .0730

p-T xylene/ 
m-xylene

p-xylene 1.70 .024 1.31 .0205 • 2.03 .0024 1.02 .0050

o-xylene/
p-xylene

o-xylene 2.42 .060 5.19 .1547 9.53 .0125. (1.28)
.78

.0616

o-xylene/
m-xylene

o-xylene 4.50 .087. 4.07 ..2045 6.01 .0371 (1.22)
.82

.0497

*I,2,4'trichlorobenzene 
*1,I,2 trichlorotrifluroethane
,Note: Numbers within () refer to reversed selectivity— that is, 1,2,4 TCB is m-xylene selective 

for the Ethylbenzene/m-xylene system.
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n i f i c a n t l y  h ig h e r  w ith  th e  e x c e p tio n  o f  th e  1 ,1 ,2  t r i c h l o r o -  

t r i f  lu o ro e th a n e  in d u c to r  in  \\h ic h  C was somewhat lo w er th a n  

c o u ld  h av e  b e e n  o b ta in e d  by d i s t i l l a t i o n  te c h n iq u e s . I h i s  

was due t o  t h e  r e l a t i v e l y  h ig h  in c lu s io n  o f  th e  in d u c to r  w ith ­

in  th e  a d d u c t .  S in c e  th e  b o i l i n g  p o in t  o f  th e  1 ,1 ,2  t r i c h l o r o -  

t r i f lu o ro e th a n e  m o le c u le  i s  low  ( 4 5 .8 ° C ) , rem oval from  th e  p ro d ­

u c t  on an  i n d u s t r i a l  s c a le  c o u ld  b e  r e l a t i v e l y  e a s y .

A l l  t h r e e  o -x y le n e  sy stem s u s in g  1 , 2 , 4  t r i ch lo ro b e n z e n e  a s  

t h e  in d u c to r  show ed e x tre m e ly  good e x t e n t s  o f  s e p a r a t io n  (n e a r in g  

th e  maximum p o s s i b l e  e x te n t  o f  s e p a r a t io n  f o r  th e  g iv e n  se p ­

a r a t i o n  f a c t o r .  The p -x y Ie n e /m -x y len e  sy s tem , w hich  i s  a  t r a d i ­

t i o n a l l y  d i f f i c u l t  s e p a r a t io n ,  showed a  s l i g h t  im provem ent o v e r 

d i s t i l l a t i o n  r e s u l t s .

Summary

T h is  i n v e s t i g a t i o n  h a s  shown t h a t  th e  p ro c e s s  o f  e x t r a c t i v e  

c r y s t a l l i z a t i o n  can  b e  o p tim iz e d  w ith  r e s p e c t  t o  s e v e r a l  ru n  

v a r i a b l e s .  I t  h a s  been  d e m o n s tra te d  a l s o  t h a t  th e  in d u c to r  p la y e d  

a  m a jo r r o l e  i n  t h e  s u c c e s s f u l  a p p l i c a t i o n  o f  t h i s  p r o c e s s .  Fur­

t h e r  w ork i n  t h e  e x t r a c t i v e  c r y s t a l l i z a t i o n  a r e a  w i l l  g r e a t ly  

b e n e f i t  t h e  e n t i r e  ch em ica l in d u s t r y  o f  t h e  w o r l d . ■

In  summary, t h e  a p p l i c a t io n  o f  e x t r a c t i v e  c r y s t a l l i z a t i o n  a s



a  u n i t  o p e r a t io n  in  th e  i n d u s t r i a l  w o rld  loolcs more p ro m is in g  

th a n  e v e r .
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Tlie fo llo w in g  c o n c lu s io n s  w ere  drawn frcm  t h i s  i n v e s t i ­

g a t io n  :

. I .  The u s e  o f  e x t r a c t i v e  c r y s t a l l i z a t i o n  w ith  t h io u r e a  

i n  th e  p r e s e n c e  o f  a  s u i t a b l e  in d u c to r  w as a  f e a s ib l e  m ethod o f 

s e p a r a t io n  o f  th e  C gH ^ a ro m a tic  is o m e rs .

2 .  The m ost s u i t a b l e  s o lv e n t  f o r  th e  th io u r e a  i n  te rm s  

o f  s e p a r a t io n  a b i l i t y  f o r  th e  Cg a ro m a tic  iso m ers  was m e th an o l.

3 . Run te m p e ra tu re s . o f  -2 0 o C±2° an d  ru n  tim e s  in  e x c e s s  

o f  24 h o u rs  gave o p tim a l r e s u l t s  f o r  a l l  sy stem s s tu d ie d .

4 . The e f f e c t  o f  s o lv e n t  t o  t h i o u r e a  r a t i o  v a r ie d  w ith  

th e  in d u c to r  u s e d . A maximum d e g re e  o f  s e p a r a t io n  o c c u r re d  w ith  

a  r a t i o  o f  2 .5  m l/g  f o r  th e  1 , 2 , 4  t r i c h lo ro b e n zen e  in d u c to r  and

5 .5  m l/g  f o r  th e  1 ,1 ,2  t r i c h l o r o t r i f l u o r o e t h a n e  in d u c to r .

5 . An in c r e a s e  i n  th e  amount o f  hyd ro carb o n  fe e d  i n  th e  

e x t r a c t i v e  c r y s t a l l i z a t i o n  p ro c e s s  c a u se d  a  c o rre sp o n d in g  de­

c r e a s e  i n  s e p a r a t io n .

6 . An in c r e a s e  in  th e  amount o f  in d u c to r  in  th e  e x t r a c t i v e  

c r y s t a l l i z a t i o n  p ro c e s s  cau sed  a  c o r re s p o n d in g  in c r e a s e  i n  se p ­

a r a t i o n  .
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7 . A l l  o f  t h e  C a ro m a tic  sy stem s s tu d ie d  showed m arkedO

in p ro v em en ts  i n  a v e ra g e  s e p a r a t io n  f a c t o r  o v e r  d i s t i l l a t i o n  

te c h n iq u e s . The a v e ra g e  s e p a r a t io n  f a c t o r  v a r ie d  from  1 .3 1  (p -  

xyIe n e /m -xyIe n e  sy s tem ) t o  1 3 .2 9  ( e th y lb e n z e n e /o -x y Ie n e  sy s tem ) 

f o r  th e  e x t r a c t i v e  c r y s t a l l i z a t i o n  p r o c e s s , w hereas t h e  maximum 

r e l a t i v e  v o l a t i l i t y  f o r  any C0 sy s tem  i s  r e p o r te d  a s  1 .3 4  ( e th y l
O

b e n z e n e /o -x y I e n e ) .

8 . In  g e n e r a l ,  th e  e x te n t  o f  s e p a r a t io n  was g r e a t e r  f o r  

th e  e x t r a c t i v e  c r y s t a l l i z a t i o n  p ro c e s s  th a n  f o r  a  s i n g l e  d i s ­

t i l l a t i o n  s t a g e  o p e r a t in g  a t  t o t a l  r e f lu x .

X  ''■■■ -  ?



EECOMf-ffiNElATICNS

H iis  i n v e s t i g a t i o n  h a s  j u s t  begun t o  e x p lo re ' th e  v a s t  and 

v a r ie d  p o s s i b i l i t i e s  o f  s e p a r a t io n  by e x t r a c t i v e  c r y s t a l l i z a t i o n . 

F u r th e r  r e s e a r c h  in  t h i s  a r e a  i s  w e l l  j u s t i f i e d  i n  t h i s  e r a  o f  

h ig h  e n e rg y  c o s t s .  Tne fo llo w in g  recom m endations a r e  s u b m itte d :

1 . R esea rc h  i n t o  th e  a r e a  o f  ch em ica l k i n e t i c s ,  a s  much 

o f  th e  m echanism  f o r  t h i s  p ro c e s s  i s  unknown. A r e a c t io n  r a t e  

s tu d y  may b e  h e l p f u l  i n  th e  u n d e r s ta n d in g  o f  t h i s  phenomenon.

2 . C o n tin u ed  r e s e a r c h  in  t h e  a ro m a tic  hyd ro carb o n  a r e a  

w i th  e x t r a c t i v e  c r y s t a l l i z a t i o n ,  b ra n c h in g  in t o  o th e r  d i f f i c u l t  

s e p a r a t io n s  su c h  a s  . th e  Cg and  C jlq s y s te m s .

3 . D evelopm ent o f  a  c o n tin u o u s  m u l t is ta g e  e x t r a c t i v e  

c r y s t a l l i z a t i o n  u n i t  i n  w hich  p i l o t  p l a n t  d a ta  m ig h t, p o s s ib ly ,  

b e  co m piled .

4 . Im provem ent i n  th e  c o o l in g  s t a g e  o f  th e  c r y s t a l l i z a t i o n  

s t e p ,  a s  s m a ll  r e g u la r  v a r i a t i o n s  i n  te m p e ra tu re  s i g n i f i c a n t l y  

a f f e c t  t h e  s e p a r a t i o n .

5 . I n v e s t i g a t io n  o f  fe e d  m ix tu re s  c o n ta in in g  more th a n  two
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com ponen ts , s i m i l a r  t o  th e  fe e d  s tre a m  from  a  r e f i n e r y .

6 . F u r th e r  i n v e s t i g a t i o n ■f o r  a  w id e r  v a r i e t y  o f  in d u c to r s . 

E l im in a t io n  o f  c o r r o s iv e  com ponents i n  th e  sy stem  w ould  b e  d e s i r ­

a b le  from  an  i n d u s t r i a l  s ta n d p o in t .



APPENDIX A



-54-

8 . 6 g  EB/PX 
1 5 . 7 g  1 , 1 , 2

>0 40  60
%  e t h y l b e n z e n e  in r e s i d u e

FIGURE 13. EQUILIBRIUM CURVE FOR ETHYLBENZENE/
P-XYLENE SYSTEM
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8 . 6 g  EB/MX

D 4 0  6
% m - x y l e n e  in r e s i d u e

FIGURE 14. EQUILIBRIUM CURVE FOR ETHYLBENZENE/
M-XYLENE SYSTEM
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8 . 6 g  EB/MX
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%  e t h y l b e n z e n e  in r e s i d u e

FIGURE 15. EQUILIBRIUM CURVE FOR ETHYLBENZENE/
M-XYLENE SYSTEM
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8 . 7g EB/OX

O 4 0  6
%  o - x y l e n e  i n  r e s i d u e

FIGURE 16. EQUILIBRIUM CURVES FOR ETHYLBENZENE/
O-XYLENE SYSTEM
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8 . 6 g  PX/MX

O 40
% p - x y l e n e  in r e s i d u e

FIGURE 17. EQUILIBRIUM CURVES FOR P-XYLENE/
M-XYLENE SYSTEM
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8 . 7g  PX/OX

0 1 4 . 6 g  1 , 2 , 4  
0 1 5 . 7 g  1 , 1 , 2

O 4 0  60
%  o - x y l e n e  i n  r e s i d u e

FIGURE 18. EQUILIBRIUM CURVES FOR P-XYLENE/
O-XYLENE SYSTEM
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8 . 7 g  MX/OX
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%  o x y l e n e  in r e s i d u e

FIGURE 19. EQUILIBRIUM CURVES FOR M-XYLENE/
O-XYLENE SYSTEM
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100

FIGURE 20. EFFECT OF ETHYLBENZENE/P-XYLENE FEED
COMPOSITION ON SEPARATION
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FIGURE 21. EFFECT OF ETHYLBENZENE/P-XYLENE FEED
COMPOSITION ON SEPARATION
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^MX/EB

a MX/EB

8 . 6 g  EB/MX

2 0  4 0  I
%  m - x y l e n e  in r e s i d u e

FIGURE 22. EFFECT OF ETHYLBENZENE/M-XYLENE FEED
COMPOSITION ON SEPARATION
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^EB/MX

a EB/MX

8 . 6 g  EB/MX

>0 40  6 0
%  e t h y l b e n z e n e  in r e s i d u e

FIGURE 23. EFFECT OF ETHYLBENZENE/M-XYLENE FEED
COMPOSITION ON SEPARATION



-65-

^OX /EB

“ O X /EB

8 . 7 g  EB/OX

20  40
%  o x y l e n e  in r e s i d u e

FIGURE 24. EFFECT OF ETHYLBENZENE/O-XYLENE FEED
COMPOSITION ON SEPARATION
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PX/MX .03

-—ar

8 . 6 g  PX/MX

PX/MX

!0 4 0  6
%  p - x y l e n e  i n  r e s i d u e

FIGURE 25. EFFECT OF P-XYLENE/M-XYLENE FEED
COMPOSITION ON SEPARATION
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FIGURE 26. EFFECT OF P-XYLENE/O-XYLENE FEED

COMPOSITION ON SEPARATION
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^OX/MX

a 0X/MX

8 . 7 g  MX/OX

%  o x y l e n e  i n  r e s i d u e
FIGURE 27. EFFECT OF M-XYLENE/O-XYLENE FEED

COMPOSITION ON SEPARATION



TABLE IXa . RUN CONDITIONS-SOLVENT STUDY. .

SOLVENT:

FEED:

INDUCTOR:

V a r i e d

4 9 . 9  wt% E t h y l b e n z e n e
10 m l O S . 64g)-

5 0 . 1  wt% p - X y i e n e

10  HilCrVlS . 9 4 g )  C a r b o n  t e t r a c h l o r i d e

SOLVENT/THIOUREA: V a r i e d  

TEMPERATURE: - 2 0 ° C ± 2 O

RUN TIME: ■ Varied



TABLE I X b . EXPERIMENTAL DATA-SOLVENT STUDY

Ratio of ADDUCTSolvent/Thiourea --------
No. Solvent (ml/g) % EB % PX

R 2 Methanol 5.5 76.2 23.8
R3 Methanol 5.5 76.2 23.8
R4 Methanol. 5.5 75.0 25.0
R5 Methanol 5.5. 74.2 25.8
SS2 Diethylene glycol 1.25 51.1 48.9
SS4 n-Butanol 22.0 . 53.2 46.8
SS5 Diethylene glycol ■ 

methyl ether
3.14 —

SS6 t-Butanol 22.0 64.5 35.5
SS8 80/20 wt% MeOK/ 

Diethylene glycol
.5.5 .72.0 28:0

SS9 Distilled water 2.05 51.4 48.6
SSll n-Propanol 9.0 74.8 25.2
SS12 Propylene glycol 3:0 — ---‘
SS13 Ethylene glycol 

n-butyl ether
5.5 67.2 32.8

SS14 Ethylene glycol 2.5 66.2 33.8
SS15 Ethylene glycol • 1.0 — —
SSlS Ethanol 5.5 60.6 39.4
SS20 1,4 Dioxane 5.5 — .--
SS21 iso-Octanol 22.0
SS22 Benzyl alcohol 5.5 54.7 45.3
SS23 Methanol • 5.5 75.6 24.4

♦based on %CC14 determined by mass balance

RESIDUE Run
Time
(hr)% EB % PX aEB/PX e* Remarks

.48.0 52.0 3.47 40 ■
48.2 51.8 3.44 — 48
48.9 51.1 3.13 — 2
48.6 . 51.4 3.04 — 2 9.56g CCl4
50.0 50.0 1.04 —— 'vS

'49.1 50.9 — —— -v2 27.7g CCl4

48.2 51.8 2.76 .0163
5
13

43.6 56.4 1.38 ' .0186 —  —

48.9 51.1 . 3.09 .0093 3

48.6 51.4 2.17 — 21

49.2 50.8 2.02 — —  — -vl +20°C
47.9 52.1 — — —

47.9 52.1 1.68 .1182 12
49.6 50.4 — —- —

49.7 50.3 1.22 —  — —

48.3 51.7 3.32 .1767 12

I
<1
01



TABLE Xa. RUN CONDITIONS-PRELIMINARY INDUCTOR STUDY

SOLVENT: . M e t h a n o l

FEED :
4 9 . 2  wt% E t h y l b e n z e n e

10.  m l  ('X/S. 6 4 g )
5 0 . 8  wt% p - X y l e n e

INDUCTOR: V a r i e d

SOLVENT/ T H IOUREA: 5 . 5  m l / g .  ■

TEMPERATURE:. - 2 0 OC ± 2 °

RUN TIME: V a r i e d



TABLE X b . EXPERIMENTAL DATA-PRELIMINARY INDUCTOR STUDY

Run
Inductor
Weight ADDUCT RESIDUE Run

Time
No. Inductor (~K) % EB. % PX % EB % PX “PX/EB E* (hr) Remarks

ISl Cyclohexane 7.79 81.5 18.5 49.3 50.7 .21(4.79) — — — 20
IS2 n-Propanol 8.04 0. 0. 48.6 51.4 1.0 — —
IS3 Ethylene glycol 

n-butyl ether
9.01 ■ 0. . 0. 1.0

IS4 1,2,4 trichloro- 
benzene(TCB)

14.63 22.6
:
7.7.4 51.6 48.4 3.68 .1279 12

IS5 TCB 14.63 27.0 7:3.0 49.4 50.4 2.63 .0110 2
IS6 TCB 29.26 28.8 71.2 50.2 49.8 2.50 .0542 6
IS7 TCB 14.63 21.8 78.2 . 51.5 48.5 3.79 .1237 24
IS8 TCB 14.63 30.3 69.7 49.6 50.4 2.27 .0520 25.5 Ethanol as
IS9 TCB 14.63 21.6 78.4 50.3 49.7 3.67 .0800 42 solvent

59 o-Dichlorobenzene 13.07 0. .0. — — 1.0 — 24
60 1,2,3 trichloro­

benzene
15.00 0. . 0. — 1.0 24

61 1,1,2 trichloro- 
ethane

14.-42 O'. 0. — — 1.0 24

62 1,1,2 trichloro- 
trifluroethane

15.70 80.7 19.3 49.1. 50.9 .23(4.33) .0180 24

63 1,2,3 trichloro- 
propane

13.89 0. 0. 1.0 24

64 Cyclohexane 7.79 trace — -- - -- 24
.65 1,2,3,4 tetrachloro- 

butane
■ 15.01 0. 0. — — 1.0 24

66 1,3,5 trichloro­
benzene

8.5 0. 0. — — 1.0 24

67 I,2,3,4 tetrachloro- 15.0. 
benzene

♦based on mass balance of system

trace 24

7
2

-



TABLE XIa. RUN CONDITIONS-EFFECT OF TEMPERATURE AND RUN TIME

- SOLVENT:
V " X

FEED:

INDUCTOR:

SOLVENT/THIOUREA: 

TEMPERATURE:.

M e t h a n o l

4 9 . 9  wt% E t h y l b e n z e n e
10 m l ( % 8 . 6 4 g )

5 0 . 1  wt% p - X y l e n e

10 m l ( ^ 1 4 . 6 3 g )  1 , 2 , 4  t r i c h l o r o b e n z e n e

2 . 5  m l / g .

V a r i e d

RUN TIME: Varied

7
3

-



TABLE X I b . EXPERIMENTAL DATA-EFFECT OF TEMPERATURE AND RUN T I M E ' '

Run Temp. ADDUCT RESIDUE
Run Time RELATIVE ACTUAL* RELATIVE ACTUAL*
No. (hr) (0C) % EB % PX- % EB % PX % EB % PX % EB % PX aPX/EB C

14 2 -14 ■ 0. 0. 0. 0. 1.0
15 2 -20 0. 0. 0. ' 0. '- — — — 1.0 — — —
16 5 -18 29.2 70.8 0.6 1.4 49.5 50.5 20.2 20.7 2.37 .0007
17 9 -15 20.7 79.3 1.1 4.2 52.7 47.3 25.0 22.4 4.28 .0091
21 11 -15 36.8 63.2 2.9 5.0 50.2 • 49.8 21.3 21.1 1.73 .0027
22 24 -16 23.8 76.2 1.5 - 4.7 50.5 49.5 22.6 22.1 3.28 .0092
23 14 -12 29.0 71.0 3.5 8.6 50.2 49.8 ■ 22.5 22.4 2.46 .0481
24 • 16 -12 28.3 71.7 ■ I. 9 4.8 50.2 49.8 22.5 22.3 2.55 .0198
25 35 -13 24.7 75.3 2.2 6.8 - 49.9 50:1 22.0 22.1 3.04 .0216
29 10 -19 23.1 76.9 1.8 5.8 51.9 48.1 24.5 22.7 3.58 .0185
30 35 -21 24.8 75.2 2.4 7.3 51.9 48.1 24.4 22.6 3.28 .0285
31 31 -21 ' 26.7. 73. 3 • 2.1 5.7 52.1 47.9 23.8 21.9 2.98 .0162
33 21 -21 ■ 32.6 67.4 4.2 8.6 53.0 47.0 26.7 23.7 2.33 .0605
34 15 —20 26.6 73.4 2.6 7.1 53.1 46.9 • 25.4 22.4 3.13 .0277
35 24 +20 0. 0. 0. 0. — — — — 1.0 —

36 24 -12 . 32.5 67.5 2.7 5.7 50; 4 49.6 19.7 19.4 2.10 .0071
51 24 + 4 29.0 71.0 1.6 3.9 ' 47.9 52.1 18.6 20.2 2.25 .0119

*remainder=% TCB(I,2,4-trichlorobenzene)■

7
4

-



TABLE XIIa.RUN CONDITIONS-EFFECT OF SOLVENT TO THIOUREA RATIO VARIED

SOLVENT:

FEED:■

INDUCTOR:

SOLVENT/ THIOUREA: 

TEMPERATURE :■ •

M e t h a n o l

■ 4 9 . 9  wt% E t h y l b e n z e n e
10  m l ( > 8 . 6 4 g )

5 0 . 1  wt% p - X y l e n e

10 m l 0 1 4 . 6 S g)  1 , 2 , 4  t r i c h l o r o b e n z e n e

V a r i e d

- 2 0 OC ± 2 °

RUN TIME: >30 hours

7
5

-



TABLE X I I b . EXPERIMENTAL DATA-EFFECT OF SOLVENT TO THIOUBEA RATIO VARIED

Ratio of __________ ADDUCT________ RESIDUE
Run 
No.

Solvent/Thiourea 
(ml/K)

RELATIVE 
% EB % PX

ACTUAL*
% EB .% PX

RELATIVE 
% EB % PX

ACTUAL*
% EB % PX “PX/EB £

I 15.0 35.2 64.8 49.4 50.6 1.79 .0294
2 10.0 24.3 75.7 0.9 2.7 50.7 49.3 18.1 18.6 3.04 .0043
4 7.5 24.4 75.6 1.9 6.0 50.2 49.8 21.5 21.4 3.12 .0811
5 10.0 25.2 74.8 2.0 5.9 48.9 51.1 18.2 19.0 2.84 .0217
6 2.5 13.6 86.4 2.2 13.7 52.7 47.3 . 26.1 23.4 7.06 .2808
7 3.75 14.3 85.7 . 1.7 10.1 51.0 49.0 20.0 19.2 6.27 .2491
8 0.5 29.5 70.5 4.4 10.6 51.9 48.1 23.0 21.3 2.59 .0820
9 15.0 • 22.4 77.6 0.6 2.2 48.5 51.5 17.5 18.5 3.27 .0016
10 5.5 20.0 80.0 I. 3 5.4 . 50.4 49.6 21.6 21. 3 4.07 .0220
11 ■ 3.0 20.1 79.9 2.6 10.1 52. 3 47.7 25.8 23.5 4.36 .0930
12 2.0 ' 14.2 85.8 • 2.2 13.3 53.2 46.8 25.9 22.8 6.87 .1122
13 1.0 21.9 78.1 3.1 10.9 ' 52.9 47.1 25.3 22.5 4.01 .0850
18 3.0 18.3 81.7 2.4 .10.5 52.7, 47.3 26.0 23.3 4.96 .1046
19 5.5 . 30..4 69.6 ' 3.5 8.1 ’ 51.2 48.8 22.8 21.8 2.39 .0330
20 ■ 10.0 26.6 73.4 I. 8 5.0 49.4 .50.6 17.6 18.1 ' 2.68 . 0200
26 • 2.5 26.0 74.0 2.8 8.1 52.9 47.1 26.3 23.4 3.19 .0402
27 3.75 22.9 77.1 1.4 4.8 52.0 48.0 23.3 21.5 3.63 .0288
32 ' 15.0 19.4 80.6 0.1 0.6 49.7 50.3 19.0 19.2 4.10 .0007

*remainder=% TCB(I,2,4-trichlorobenzene) 
+based on % TCB determined by mass balance

7
6

-



TABLE X I I I a . RUN CONDITIONS-EEFECT OF SOLVENT TO THIOUREA RATIO VARIED

SOLVENT: M e t h a n o l

FEED: .
4 8 . 8  wt% E t h y l b e n z e n e

10 m l ( ^ 8 . 6 4 g )
5 1 . 2  wt% p - X y l e n e

INDUCTOR: 10 m l ( ^ 1 5 . 7 0 g )  1 , 1 , 2  t r i c h l o r o t r i f l u r o e t h a n e

SOLVENT/TH I OURE A:- V a r i e d

TEMPERATURE:. - 2 0 ° C ± 2 O
I
<i
<i

RUN.TIME: 24  h o u r s



TABLE X I I I b ■ -EXPERIMENTAL DATA-EFFECT OF SOLVENT TO THIOUREA RATIO VARIED

Ratio of __________ ADDUCT________ ________ RESIDUE
Run
No.

Solvent/Thiourea. 
(ml/g)

RELATIVE 
% EB % PX

ACTUAL*
% EB % PX

RELATIVE 
% EB % PX

ACTUAL*
% EB % PX “e b /px e

62 5.5 80.7 19. 3 3.2 0.8 49.1 50.9 45.2 46.8 4.33 .0180
128 1.0 57.7 42. 3 6.0 4.4 48.1 41.9 45.1 48.6 1.47 .0267
129 2.5 60.3 39.7 4.4 2.9 48.7 ' 51.3 46.3 48.7 1.60 .0191
130 15.0 77.7 22.3 0.6 0.2 49.1 50.9 31.5 32.6 3.61 .0136

*remainder=% TTE(1,1,2 trichlorotrifluroethane)

I7
8

-



TABLE X I V a . RUN CONDITIONS-EFFECT OF FEED QUANTITY VARIED

SOLVENT:

FEED :

INDUCTOR:

SOLVENT/THIOUREA: 

TEMPERATURE:.

M e t h a n o l

4 8 . 8  wt% E t h y l b e n z e n e
V a r i e d  q u a n t i t i e s

5 1 . 2  wt% p - X y l e n e

10 HilCrVlA. 6 3 g  o f  1 , 2 , 4  t r i c h l o r o b e n z e n e  o r
rVlS . 70  g o f  1 , 1 , 2  t r i c h l o r o t r i f l u r o e t h a n e )

5 . 5  m l / g .  

- 2 0 OC ±2°

RUN TIME: 24 hours

-7
9

-



TABLE X IV b ■ EXPERIMENTAL DATA-EFFECT OF FEED QUANTITY VARIED

Feed __________ ADDUCT________ ________RESIDUE
Run Inductor Quantity RELATIVE ■ ACTUAL* RELATIVE ACTUAL*
No. Typet (K. ) % EB % PX % EB % PX % EB % PX % EB % PX 0PXZEB E

10 TCB ■ 8.64 20.0 80.0 1.3 5.4 50.4 49.6 21.6 21.3 4:07 .0220
19 TCB 8.64 30.5 69.5 3.5 8.1 51.2 48.8 22.8 21.8 2.39 .0330
41 . TCB 4.32 25.2 74.8 1.0 2.9 50.8 4 9 . 2 14.4 14.0 3.06 .0294
42 TCB 12.96 38.3 61.8 5.3 8.6 49.6- 50.4 22.9 23.2 1.59 .0050
43 TCB 17.28 40.7 59.3 8.1 11.9 48.8 51.2 24.7 25.9 1.39 .0021
44- TCB 43.20 0. 0. 0. 0. — — — — 1.00 .0000
62 TTE . 8.64 80.7 19.3 3.2 0.8 49.1 50.9 45.2 46.8 (4.33) .0180
125 TTE 4.32 78.9 21.1 0.7 0.2 48.6 51.4 41.3 43.6 (3.96) .0071
126 TTE 12.96 67.9 32. I 2.2 1.0 48.8 51.2 44.8 47.0 (2.22) .0084
127 TTE 17.28 81.8 18.2 1.9 . 0.4 48.7 51.3 46.1 48.6 (4.73) .0086

t TCB=I12,4 trichlorobenzene
TTE=I, I, 2 trichlorotrifluro'ethane

*remainder=% Inductor used
( )-refer to reversed selectivity as defined by a

-80
-



TABLE X V a . RUN-CONDI TIONS.-EFEECT OE INDUCTOR QUANTITY . VARIED

SOLVENT:

FEED:

• INDUCTOR:

SOLVENT/ THIOUREA: 

TEMPERATURE:.

M e t h a n o l

4 8 : 8  wt% E t h y l b e n z e n e
10  m l ( ^ 8 . 6 4 g )

5 1 .  2. wt% p - X y l e n e

V a r i e d  q u a n t i t i e s  o f  1 , 2 , 4  t r i c h l o r o b e n z e n e  o r
1 , 1 , 2  t r i c h l o r o t r i f l u r o e t h a n e

5 . 5  m l / g .

- 2 0  C±2
I
CO 
IRUN TIME: 24 hours



TABLE XVb. EXPERIMENTAL DATA-EFFECT OF INDUCTOR QUANTITY VARIED

INDUCTOR _____ ADDUCT________ ________RESIDUE
Run • 
No. Tvnet

Quantity 
. (e. )

RELATIVE 
% EB % PX

ACTUAL*
% EB % PX

.RELATIVE 
% EB % PX

ACTUAL*
% EB % PX aPXZEB E

10 TCB 14.63 20.0 80.0 I. 3 5.4 50.4 49.6 21.6 21.3 4.07 .0220
19 TCB 14.63 30.5 69.5 3.5 8.1 51.2 48.8 22.8 21.8 2.39 .0330
37 TCB 7.32 0. 0. 0. 0. . — — — . 1.00 .0000
38 TCB 21.95 28.2 71.8 1.9 4.7 50.4 49.6 16.0 15.7 2.58 .0231
39 TCB 29.26 26.5 ' 73.5 1.7 4.6 51.0 49.0 17.4 16.7 2.89 .0405
40 TCB 73.15 23.3 76.7 - 0.4 1.2 50.6 49.4 11.0 ' 10.8 3.38 .0237
62 TTE .15.70 80. 7 19. 3 3.2 0.8 49.1 50.9 45.2 46.8 (4.33) .0180
122 TTE 7. 85 81.2 18.8 3.8 0.9 48.9 51.1 46.6 48.7 (4.51) .0055
123 TTE 23.55 85.0 15.0 0.3 0.1 48.3 51.7 37.7 40.3 (6.07) .0049
124 TTE 3.93 0 . 0 . 0 . 0 . — — — — 1.00 .0000

t TCB=I12,4 trichlorobenzene
TTE=I11,2 trichlorotrifluroethane

*remainder=%. Inductor used
( prefer to reversed selectivity as defined by a



TABLE X V I a . RUN CONDITION-EFFECT. OF FEED: COMPOSITIONCEK/PX SYSTEM)

SOLVENT:

F E E D :

INDUCTOR:

SOLVENT/THIOUREA: 

TEMPERATURE:

M e t h a n o l

10  m l ( ^ 8 . 6 g )  o f  v a r y i n g  c o m p o s i t i o n s  o f  E t h y l b e n z e n e
a n d  p - X y l e n e

1 0  m l O ! 4 . 6 3 g  o f  1 , 2 , 4  t r i c h l o r o b e n z e n e  o r
a - 1 5 . 7 0  g o f  1 , 1 , 2  t r i c h l o r o t r i f l u r o e t h a n e )

5 . 5  m l / g .  

- 2 0 OC±2O

RUN TIME: 24 hours

8
3

-



TABLE X V Ib ■ EXPERIMENTAL DATA-EFFECT OF FEED COMPOSITION ON ETHYLBENZENE/P-XYLENE S Y S T E M

ADDUCT RESIDUE
Run Inductor FEED RELATIVE ACTUAL* ■ RELATIVE ACTUAL*
No. Typet % EB % PX % EB % PX % EB % PX . % EB % PX % EB % P X aPX/EB £

10 TCB 49.9 50.1 20.0 80.0 I i 3 5.4 50.4 49.6 21.6 21.3 4.07 .0220
45 TCB 10.0 90.0 - 7.2 92.8 0.8 9.8 10.8 89.2 4.5 36.6 1.57 .0101
46 TCB 19.1 80.9 ,5.0 ■95.0 0.6 10.9 19.4 80.6 8.4 35.0 4.57 .0264
47 TCB 29.7 70.3 11.2 88.8 1.1 8.7 29.9 70.1 13.2 30.9 3.41 .0371
48 TCB 39.2 60.8 13.9 86.1 . 1.2 7.5 40.9 59.1 17.7 25.5 • 4.27 .0332
49 TCB 59.9 40.1 36.5 63.5 . 2.9 5.1 60.7 39.3 26.8 17.4 2.69 .0251
50 TCB 69.7 30. 3 41. 3 58.7 1.8 2.6 70.9 29.1 28.4 11.7 3.46 .0216
52 TCB 94.1 5.9 83. 3 16.7 2 . 8  . 0.6 93.7 . 6.3 39.0 2.6 3.00 .0222
53 TCB 79.9 20. I 59.9 40.1 3.8 2.6 79.7 20.3 36.7 9.4 2.63 .0220
54 TCB 89.8 10.2 74.1 25.9 ' 3.5 1.2 87.3 12.7 34.1 4.9 2.41 .0361
62 TTE 48.8 51.2 80.7 19.3 3.2 0.8 49.1 50.9 45.2 46.8 (4.33) .0180
112 TTE 4.4 95.6 9.7 90. 3 0.2 1.9 4.5 95.5 4.2 87.6 (2.26) .0147
113 TTE 15.0 85.0 44.5 55.5 3.8 4.8 13.8 86.2 12.3 76.3 (5.00) .1087
114 TTE 84.1 15.9 98.0 2.0 1.5 0.03 83.5 16.5 . 75.0 14.8 (9.77) .0100
115 TTE 95.0 .5.0 98.8 1.2 2.0 0.02 95.5 4.5 86.6 4.1 (4.05) .0085

t TCB=I,2,4 trichlorobenzene
-TTE=I,I,2 trichlorotrifluroethane

*remainder=% Inductor used
( )-refer■to reversed selectivity as defined by a



TABLE XVIIa. RUJSf CONDI.TIONS-EFFECT. OY. FEED: COMPOSI.T.ION(EB/MX SYSTEM)

SOLVENT: M e t h a n o l

F E E D : ■ 10  m l ( ^ 8 . 6 g )  o f  v a r y i n g  c o m p o s i t i o n s  o f  E t h y l b e n z e n e
a n d  m - X y l e n e

INDUCTOR: 10 m l ( rv ! 4 . 6 3 g  o f  1 , 2 , 4  t r i c h l o r o b e n z e n e  o r
0 / 1 5 . 7 0  g o f  1 , 1 , 2  t r i c h l o r o t r i f l u r o e t h a n e )

■ SOLVENT/THIOUREA: 5 . 5  m l / g .

TEMPERATURE:. - 2 0 OC ± 2 °
I
CX

RUN TIME:
O

2 4  h o u r s

8
5

-



TABLE X V Il b .  EXPERIMENTAL DATA-EFFECT OF FEED COMPOSITION ON ETHYLBENZENE/M-XYLENE SYSTEM

ADDUCT RESIDUE
Run Inductor FEED .RELATIVE ACTUAL* . RELATIVE ACT'UAL*
No. Type+ % EB % MX % EB % MX % EB % MX % EB % MX % EB % MX “m x /eb 5

HF 8 TCB 50.0 50.0 27.4 72.6 5.1 13.6 51.8 48.2 32.9 30.6 2.87 .iooo11
68 TCB 3.1 96.9 1.6 98.4 0.3 8.2 5.7 94.3 2.4 3 9 . 4 3.67 .0407
69 TCB 15.2 84.8 6. I 93.9 0.6 9.0 14.5 85.5 6.3 36.9 2.63 .0372
70 TCB 8 4 . 3 ' 15.7 59.8 40.2 2.5 1.7 87.0 13.0 35.2 5.2 4.51 .0411
71 TCB 95.1 4.9' 87.8 12.2 ■ 3.4 0.5 98.4 ' 1.6 44.3 0.7 8.36 . .0857

107 TTE 50.2 49.8 <1 CD 20.3 0.7 ' 0.2 42.7 57.3 ' 39.6 53.1 (5.27) .0055
116 TTE 3.9 96.1 18.6 ■ 81.4 0. I 0.4 . 4.3 95.7 4.0 88.8 (5.12) . 0069
117 TTE 14. I 85.9 50.0 50.0 0.04 0.04 13.7 86.3. 12.2 76.7 (6.30) .0012
118 TTE 85.9 14.1 92.5 . 7.5 2.9 0.2 85.7 14.3 76.7 12.8 (2.05) .0115
119 TTE 95.2 4.8 98.9 1.1 2.8 0.03 97.1 2.9 90.3 2.8 (2.68) .0120

+ TCB=1,2,4 trichlorobenzene
TTE=I,1,2 trichlortrifluroethane

*remainder=% Inductor Used
( )-refers to reversed selectivity as defined by a  

^-determined by mass balance



TABLE XVIIIa.' . RUN 'CONDI.TIONS-EFFECT. OF FEED COMPOSITI.ON(EB/.QX SYSTEM)

SOLVENT: M e t h a n o l

F E E D : ' •10  m l ( ^ 8 . 7 g )  o f  v a r y i n g  c o m p o s i t i o n s  o f  E t h y l b e n z e n e
a n d  o - X y l e n e

INDUCTOR: 10  m l ( ~ 1 4 , 6 3 g  o f  1 , 2 , 4  t r i c h l o r o b e n z e n e  o r
rVlS . 70  g o f  1 , 1 , 2  t r i c h l o r o t r i f  l u r o e t h a n e )

SOLVENT/THIOUREA: 5 . 5  m l / g .

TEMPERATURE: - 2 0 ° C ± 2 O

RUN TIME: 2 4  h o u r s

-8
7

-



TABLE X V I I I b .  EXPERIMENTAL DATA-EFFECT OF FEED COMPOSITION ON ETHYLBENZENE/O-XYLENE SYSTEM

ADDUCT________ RESIDUE
Run Inductor FEED RELATIVE ACTUAL* ' RELATIVE ACTUAL*
No. Typet % EB % OX % EB % OX . % EB % OX % EB % OX % EB % OX “OX/EB £

HF? TCB 50.0 .50.0 8.0 92.0 2.9 33.0 51.6 48.4 32.0 30.0 12.1 .23607
55 TCB 8.0 92.0 1.8 98.2 0.4 18.7. 8.0 92.0 2.5 28.2 4.64 .1452
56 TCB 18.3 81.7 2.6 97.4 0.6 22.9 23.7 76.3 9.7 31.1 11.65 .1896
57 TCB. 85.8 14.2 32.9 67. I 2.7 5.5 87.9 12.1 30.9 4.3 14.80 .1742
58 TCB 95.7 4.3 60.9 39. I 3.4 2.2 97.3 2.7 46.8 1.3 23.25 .1508
85 TTE 18.3 81.7 7.9 92.1 0.3 3.9 13.2 86.8 13.1 86.2 1.76 .0111
86 TTE 85.8 14.2 76.2 23.8 9.8 3.1 85.7 14.3 84.9 14.2 1.88 .0244
87 TTE 95.7 4.3 89.8 10.2 6.8 0,8 . 97.8 2.2. 93.2 . 2.1 4.92 .0411

111 TTE 53.0 47.0 35.4 64.6 1.0 ' 1.8 52.3 47.7 45.6 41.6 2.00 .0119
121 TTE 4.3 .95.7 2.0 98.0 0.1 6.1 2.0 98.0 1.7 86.2 1.01 .0005

+ TCB=I,2,4 trichlorobenzene
TTE=I11,2 trichlorotrifluroethane

* remainder=% Inductor used
f-determined by mass balance

88
-



TABLE XIXa. RUN CONDJTIONS-EFFECT 0? PEED :C0MP0SITI.0N(PX/MX SYSTEM)

SOLVENT: M e t h a n o l

FEED 10 DilCrVS. 6 g )  o f  v a r y i n g  c o m p o s i t i o n s  o f  p - X y l e n e  a n d  
m - X y I e n e

INDUCTOR: 10 DilCrVlA. 6 3 g  o f  1 , 2 , 4  t r i c h l o r o b e n z e n e  o r
rVlS . 70  g o f  1 , 1 , 2  t r i c h l o r o t r i f  l u r o e t h a n e )

S O LVENT /  THIOUREA.: 5 . 5  m l / g .

TEMPERATURE: - 2 0 OC ± 2 °
i

O C

RUN TIME.:
C C

I
24  h o u r s  .

8
9

-



TABLE X IX b . EXPERIMENTAL DATA-EFFECT OF FEED COMPOSITION ON P-XYLENE/M-XYLENE SYSTEM

ADDUCT ________ RESIDUE
Run . Inductor FEED • RELATIVE ACTUAL* .RELATIVE ACTUAL*
No. Typet $  P X % MX % PX % MX % PX % MX % PX % MX % P X % MX ctPXZMX E

HFl TCB 50 ’ O 50.0 50.2 " 49.8 8.6 8.6 49/3 . 50.7 28.8 29.6 1.03 .0019
HF4 TCB 50.0 50.0 49.5 50.5 15.5 15.8 47.4 52.6 31.0 34.4 ' 1.09 .0 1 0 0'
72 TCB 92.9 7.1 97. I 2.9 10.0 0.3 95.9 4.1 38.1 1.6 ■ 1.41 .0199
73 TCB 84.2 15.8 88.0 12.0. 9.7 I. 3 ' 85.7 14.3 36.9 6.2 1.22 .0080
74 TCB 15.1 84.9 19.7 ‘ 80.3 : 2.6 10.6 13.4 86.6 5.9 38.2 1.58 .0276
75 TCB 4.5 95.5 4.6 95.4 0.9 17.7 3.0 97.0 1.2 37.4 1.54 " ..0557
92 TTE 92.9 7.1 98.7 1.3 ' 0.5 0.01 96.2 3.8 93.7 3.7 3.00 .0017
94 TTE 15.0 85.0 19.7 80.3 0.03 0.1 15.1 84.9 14.7 82.7 1.38 .0003

• 95 TTE 4.5 95.5 14.3 85.7 0.1 0.7 4.9 95.1 4.7 92.0 3.26 .0089
H O TTE 49.6 50.4 49.6 . 50.4 1.1 1.1 49 ..9 50.2 45.2 45.5 1.01 .0001
120 TTE 85.4 14.6 90.5 9.5 0.4 , 0.04 86.3 13.7 77.1 12.2 1.50 .0008

t TCB=I,2,4 trichlorobenzene
TTE=I11,2 trichlorotrifluroethane

* remainder=%'Inductor used 
H-determined by mass balance



TABLE XXa..'. RUN. CONDITIONS.-EFFECT. OF. FEED. COMPOSITION.(PX/OX SYSTEM)

SOLVENT:

FEED:

INDUCTOR: ■

SOLVENT/THIOUREA: 

TEMPERATURE:

M e t h a n o l

10  m l O S . Y g )  o f  v a r y i n g  c o m p o s i t i o n s  o f  p - X y l e n e  a n d
o - X y l e n e

10  m l ( ^ 1 4 . 6 3 g  o f  1 , 2 , 4  t r i c h l o r o b e n z e n e  o r
rXzlS . 70  g o f  1 , 1 , 2  t r i c h l o r o t r i f  l u r o e t h a n e )

.5 .'5 m l ' / g .  

- 2 0 ° C ± 2 O

RUN TIME: 2 4  h o u r s

9
1

-



TABLE X X b. EXPERIMENTAL DATA-EFFECT OF FEED COMPOSITION ON P-XYLENE/O-XYLENE SYSTEM

ADDUCT RESIDUE'
Run Inductor FEED RELATIVE ACTUAL* RELATIVE ACTUAL*
No. Typet % P X % OX % PX % O X % PX .% OX . % PX % OX % PX % OX “o x /px I

HF6 ■ TCB 50.0 50.0- 24.8 75.2 5.5 16.8 57.9 42.1 30.6 22.3 4.19 .0340*
HFG A TCB 50.0 50.0 23.7 76.3 9.4 30.2 58.4 41.6 36.2 25.8 4.52 .2040*
76 ' TCB 94.8 5.2 92.8 7.2 18.3 1.4 98.6 1.4 45.0 0.6 5.47 .2814
77 TCB 85.8 14.2 50.6 49.4 6.3 6.1 89.9 10.1 35.1 3.9 8.73 .2797
78 TCB 15.4." 84.6 2.7 97.3 0.5 16.7 16.6 83.4 6.8 34.3 7.18 . .1254.
79 TCB • 5.0 95.0 1.8 98.2 0.4 24.3 ' 1.8 98.2 0.8 45.8 1.03 .0039
96 TTE 94.8 5.2 62.0 38.0 0.1 • 0.04 95.4 4.6 89.2 4.3 12.83 .0057
97 TTE 85.8 14.2 34.9 65.1 0.4 0.7 86.2 13.8 84.7 13.6 11.62 .0139
99 TTE 5.0 95.0 1.4 98.6 0; I 5.5 2.9 97.1 2.7 90.7 2.07 .0111
105 TTE 52.7 47.3 8.7 91.4 0.2 1.8 52.3 47.7 50.7 46.2 11.59 .0191

t TCB=I12,4 trichlorobenzene
TTE=I11,2 trichlorotrifluroethane

*remainder=% Inductor used
^-determined by mass balance

9
2

-



TABLE XXIa.. RUN CORDITIONS-EFFECT OF. PEED. COMPOS I TI ON (MX/OX SYSTEM)

SOLVENT: M e t h a n o l

FEED: 10 m l ( ^ 8 . 7 g )  o f  v a r y i n g  c o m p o s i t i o n s  o f  m - X y l e n e  a n d  
o - X y l e n e

INDUCTOR: 10 m l (^ 1 4 ' .  6 Sg o f  1 , 2 , 4  t r i c h l o r o b e n z e n e  o r
^ 1 5 . 7 0  g o f  1 , 1 , 2  t r i c h l o r o t r i f l u r o e t h a n e )

SOLVENT/THIOUREA: 5 . 5  m l / g .

TEMPERATURE:. . - 2 0 OC ±2°

RUN T IM E :
C

2 4  h o u r s

-9
3

-



TABLE X X Ib ■ EXPERIMENTAL DATA-EFFECT OF FEED COMPOSITION ON M-XYLENE/ 0 - XYLENE SYSTEM

ADDUCT ■ : .___ RESIDUE
Run Inductor. FEED RELATIVE ACTUAL* RELATIVE ACTUAL*
No. Type+ % MX % OX % MX % OX . % MX % OX % MX % OX .% MX % OX OX/MX E

HF 2 TCB 50.0 50.0 23.4 76.6 8.1 ■26.5 57.3 42.7 19.7 14.7 4.38 .3520*
HF3 TCB 50.0 50.0 22.6 77.4 9.3 32.0 57.2 42.8 29.7 22.2 4.61 .2360*
. 80 TCB - 4.6 95.4 2.2 97.8 0.3 14.9 6.7 93.3 2.7 37.4 • 3.17 .0717
81 TCB 16.5 83.5 .7.2 92.8 1.6 21.0 19.2 80.8 4.0 17.0 3.08 .1853
82 TCB 84.7 15.3 66.5 33.5 10.4 . 5.2 90.5 9.5 20.0 2.1 4.79 .2715
83 TCB 95.2 4.8 87.1 12.9 10.7 1.6 96.7 3.3 42.2 1.4 4.38 .1105

100 TTE 4.6 95.4 1.6 98.4 0.1 6.2 8.1 91.9 7.4 84.6 5.50 .0424
101 TTE 16.5 83.5 2.1 97.9 0.2 7.7 20.0 80.0 18.2 72.9 11.68 .0371
106 TTE 53.3 46.7 25.0 75.0 1.9 5.7 53.2 46.8 49.9 43.9 3.42 .0471
108 TTE 86.7 13.3 64. 3 35.7 1.4 0.8 86.1 13.9 76.8 12.4 3.45 .0217

t TCB=I,2,4 trichlorobenzene
TTE=I11,2 trichlorotrifluroethane

*remainder=% Inductor used
^-determined by mass balance

9
4

-



APPENDIX B



METHODS OF CALCULATION

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

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

c o m p o s i t i o n s ( b y  w e i g h t )  o f  t h e  c o m p o n e n t s  i n  a  g i v e n  

s a m p l e . S i n c e  a l l  c o m p a r i s o n s  o f  t h e s e  w e i g h t  p e r c e n t ­

a g e s  m u s t  b e  d o n e  o n  a n  e q u i - m o l e c u l a r  w e i g h t  b a s i s , a  

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

u s e d  i n  t h i s  i n v e s t i g a t i o n .

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

o f  k n o w n  c o m p o s i t i o n s  w e r e  a n a l y z e d  o n  t h e  c h r o m a t o g r a p h . 

T h e  r e s u l t i n g  c u r v e s  f o r  b o t h  1 , 2 , 4  t r i c h l o r o b e n z e n e  a n d

1 , 1 , 2  t r i c h l o r o t r i f l u r o e t h a n e  a r e  s h o w n  i n  F i g u r e s  28  a n d  

29  r e s p e c t i v e l y . A l i n e a r  r e g r e s s i o n  w a s  u s e d  t o  d e t e r m i n e  

t h e  b e s t - f i t  l i n e  t h r o u g h  t h e  p o i n t s .  T h e  c o m p u t e r  p r o ­

g r a m  d e t a i l e d  i n  F i g u r e  30 w a s  t h e n  e m p l o y e d  t o  s o l v e  f o r  

t h e  v a r i o u s  c o m p o s i t i o n s  a n d  s e p a r a t i o n  i n d i c e s ( a  a n d  £ ) ,  

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

d u c t o r  c o m p o s i t i o n .

E a r l y  s t a g e s  o f  t h i s  i n v e s t i g a t i o n  w e r e  p e r f o r m e d  

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

t i o n .  T h r e e  e q u a t i o n s  w e r e  s o l v e d  , s i m u l t a n e o u s l y  i n v o l ­

v i n g  t h e  d e n s i t y  o f  t h e  p r o d u c t  s a m p l e  a n d  t h e  r e l a t i v e
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. 8 1 6 2 2 * a r e a % + 1 9 . 0 4 9
( r = . 9 9 9 )

a r e a %

FIGURE 2 8 .  CALIBRATION CURVE FOR 1 , 2 , 4  TRI CHLOROBENZENE
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w t % = . 7 5 1 3 8 * a r e a % + 2 5 Z 4 4 3 7  ( r = . 9 9 6 )

I . 5 7 3 1 * a r e a % + . 3 2 0 7 6  ( r = . 9 9 3 )

a r e a  %

FIGURE 2 9 . CALIBRATION CURVE FOR 1 , 1 , 2  TRI CHLORO- 
TRIFLUROETHANE



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

A l t h o u g h  t h i s  m e t h o d  l e a v e s  s o m e t h i n g  t o  b e  d e s i r e d  i n  

r e l a t i o n  t o  a c c u r a c y , t h e  u s e  o f  t h i s  i n f o r m a t i o n  w a s  

n o t  u s e d  i n  a  c r i t i c a l  a r e a  o f  t h e  r e s e a r c h ; r a t h e r  i t  

w a s  o n l y  u s e d  f o r  c o m p a r i s o n  p u r p o s e s .

-99-
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REAL K 1 ,K 2

10  INPUT XR, ZR, XA, ZA, A , R

ZA=( . 7 5 1 4 * Z A + 2 5 . 4 4 ) / 1 0 0 .

Z R = ( I . 5 7 3 * Z R + . 3 2 0 8 ) / 1 0 0 .

Y R =IO O .-X R

YA=IOO.-XA

FRACTR=Xr /YR

FRACTa =XA/YA

YA=( I . O - Z A ) / (FRACTA+1. 0 )

XA=FRACTA*YA

YR=( I . 0 - ZR) / ( FRACTR+I . 0 )

XR=FRACTR*YR 

K 1=R*Y R/(A *YA )

K2=R*XR/(A*XA)

EPS=A BS( I . / ( I . + K l ) - I . / ( I . + K 2) )  

ALPHA=K1/K2

2 0  OUTPUT X A , Y A , Z A ,X R ,Y R , Z R , EPS,ALPHA 

GO TO 10 

END

XA,YA=% C o m p o s i t i o n s  o f  A r o m a t i c  H y d r o c a r b o n  i n  A d d u c t  
XR, YR=% C o m p o s i t i o n s  o f  A r o m a t i c  H y d r o c a r b o n  i n  R e s i d u e  
ZA, ZR=% C o m p o s i t i o n s  o f  I n d u c t o r  i n  A d d u c t  a n d  R e s i d u e ,

r e s p e c t i v e l y
A = W e i g h t  o f  A d d u c t  s a m p l e  
R = W e i g h t  o f  R e s i d u e  s a m p l e

E P S = E x t e n t  o f  S e p a r a t i o n '
A L P H A = S e p a r a t i o n  F a c t o r ’

FIGURE 3 0 .  COMPUTER PROGRAM USED IN INVESTIGATION
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TABLE X X I I .  CHEMICAL: S O U R C E S . ( T e c h n i c a l  G rad e :  U n l e s s  N o t e d )

B e n z y l  A l c o h o l

n - B u t a n o l

t - B u t a n o l

C a r b o n  T e t r a c h l o r i d e (99% )  

C y c l o h e x a n e ( 9 9 . 5 % )  

o - D i c h l o r o b e n z e n e  

D i e t h y l e n e  g l y c o l  

D i e t h y l e n e  g l y c o l  m e t h y l  e t h e r

1 . 4  D i o x a n e  

E t h a n o l ( 9 5 % )

E t h y l b e n z e n e  

E t h y l e n e  g l y c o l

E t h y l e n e  g l y c o l  n - b u t y l  e t h e r

M e t h a n o l

i s o - O c t a n o l

P e n t a n e ( p r a c t i c a l )

n - P r o p a n o l

P r o p y l e n e  g l y c o l

T h i o u r e a ( 9 9 % )

1 . 2 . 3 . 4  t e t r a c h l o r o b e n z e n e ( 9 8 % )

1 . 2 . 3 . 4  t e t r a c h l o r o b u t a n e

1 . 2 . 3  t r i c h l o r o b e n z e n e (97%)

1 . 2 . 4  t r i c h l o r o b e n z e n e

1 . 3 . 5  t r i c h l o r o b e n z e n e (98%)

1 . 1 . 2  t r i c h l o r o e t h a n e

1 . 2 . 3  t r i c h l o r o p r o p a n e

1 , 1 , 2  t r i c h l o r o t r i f l u r o e t h a n e (9 9 + % )

UOP

U n i o n  C a r b i d e  

F i s h e r  S c i e n t i f i c  

J T  B a k e r

P h i l l i p s  P e t r o l e u m

Dow C h e m i c a l

Dow C h e m i c a l

Dow C h e m i c a l

U n i o n  C a r b i d e

Unknown

M o n s a n t o

F i s h e r  S c i e n t i f i c  

Dow C h e m i c a l  

P r i v a t e  S u p p l i e r  

U n i o n  C a r b i d e  

J T  B a k e r  

U n i o n  C a r b i d e  

Dow C h e m i c a l  

J T  B a k e r

A l d r i c h  C h e m i c a l  

A l d r i c h  C h e m i c a l  

A l d r i c h  C h e m i c a l  

Dow C h e m i c a l  

A l d r i c h  C h e m i c a l  

E a s t m a n  K o d a k  

' Unknown 

A l d r i c h  C h e m i c a l
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m - X y l e n e  

o - X y l e n e  

p - X y l e n e

Amoco O i l  

E x x o n

C h e v r o n  C h e m i c a l
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