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ABSTRACT

T h i s  t h e s i s  i s  a k i n e t i c  s t u d y  o f  t h e  v a p o r  p h a s e  

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

a l u m i n a  as  a c a t a l y s t .  P r e l i m i n a r y  work on t h i s  r e a c t i o n

V. rvr? r  r* i .S  n 'n p o r i 'v T  c l l l  O T * id s  ?_ c  t h s  O H lV  f~2.SC O*'1 S

p r o d u c t  formed a t  t e m p e r a t u r e s  o f  80°C o r  l e s s  when t h i s  c a t a ­

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

t i m e  p o s s i b l y  due t o  t h e  f o r m a t i o n  o f  n o n - v o l a t i l e  p o l y m e r i z e d  

p r o d u c t  on t h e  s u r f a c e .  The r a t e  o f  d e c r e a s i n g  c a t a l y s t  a c ­

t i v i t y  i s  d e p e n d e n t  on t h e  t e m p e r a t u r e  and on t h e  c o n v e r s i o n .

From t h e  r e s u l t s  o f  t h e  k i n e t i c  s t u d y  i t  i s  shown 

t h a t  t h e  a d d i t i o n  r e a c t i o n  i s  n o t  c o n t r o l l e d  e i t h e r  by t h e  

a d s o r p t i o n  o f  h y d ro g en  c h l o r i d e  o r  by t h e  a d s o r p t i o n  o f  p r o ­

p y l e n e .  The r e a c t i o n  may be c o n t r o l l e d  e i t h e r  by  t h e  d e s o r p ­

t i o n  o f  i s o p r o p y l  c h l o r i d e  o r  by  t h e  s u r f a c e  r e a c t i o n  b e tw een  

a d s o r b e d  m o l e c u l e s  o f  h y d ro g e n  c h l o r i d e  and a d s o r b e d  m o l e c u l e s  

o f  p r o p y l e n e .  The k i n e t i c  d a t a  a r e  c o r r e l a t e d  by  r a t e  e q u a ­

t i o n s  d e r i v e d  b y  two d i f f e r e n t  m ethods  b a s e d  on t h e  s u r f a c e  

r e a c t i o n  as  t h e  c o n t r o l l i n g  m echan ism .  The r e a c t i o n  c o n s t a n t s  

i n  t h e s e  e q u a t i o n s  a r e  e x p r e s s e d  as  f u n c t i o n s  o f  p r o c e s s  t im e  

and t e m p e r a t u r e .
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CHAPTER I

In  t h e  c h e m i c a l  i n d u s t r y  c o n t i n u o u s  p r o c e s s e s  e r e  

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

i t y ,  b e t t o r  p r o d u c t  c o n t r o l  <?.nd l o w e r  o p e r a t i n g  e x p e n s e .  The 

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

c h e m i c a l  change  o c c u r s .  I n  o r d e r  t o  i n t e l l i g e n t l y  d e s i g n  

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

s e s s i o n  k i n e t i c  d a t a  f o r  t h e  r e a c t i o n  e x p r e s s e d  in  some form 

o f  r a t e  e q u a t i o n .  To be r e l i a b l e  t h e s e  e q u a t i o n s  s h o u l d  i n ­

c l u d e  a l l  t h e  v a r i a b l e s  l i k e l y  t o  be e n c o i t n t e r e d  I n  o p e r a ­

t i o n  o f  t h e  l a r g e  r e a c t o r .

A l t h o u g h  c l a s s i c a l  k i n e t i c s  i s  an o l d  s u b j e c t ,  t h e  

k i n e t i c s  o f  c a t a l y t i c  f lo w  s y s t e m s  i s  r e l a t i v e l y  new. I t  

h a s  been  found  t h a t  t h e  d a t a  o b t a i n e d  from a s t a t i c  s y s t e m  

d i d  n o t  a p p l y  t o  t h e  r e a c t i o n  c a r r i e d  o u t  i n  a f lo w  s y s t e m ,  

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

and p r o d u c t s  t o  and from t h e  c a t a l y s t  m a s s .  Only  i n  1943 1,vas 

a g e n e r a l  m ethod  d e v e l o p e d  f o r  c o r r e l a t i o n  o f  c a t a l y t i c  k i n e t  

d a t a  o b t a i n e d  in  f lo w  s y s t e m s  ( 4 ) .

The f a c t  t h a t  a l a r g e  number  of  t h e  c h e m i c a l  i n d u s ­

t r i e s  u s e  c a t a l y t i c  f low  r e a c t o r s  i n d i c a t e s  t h a t  a g r e a t  

number o f  k i n e t i c  s t u d i e s  have  been  made.  U n f o r t u n a t e l y ,  

h o w e v e r ,  t h e s e  s t u d i e s  w h ic h  were  u s u a l l y  c o n d u c t e d  w i t h  a 

l i m i t e d  number o f  o p e r a t i n g  v a r i a b l e s  and t h e  r e s u l t s
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c o r r e l a t e d  e m p i r i c a l l y ,  h a v e  u s u a l l y  been  c o n s i d e r e d  a s  i n ­

d u s t r i a l  s e c r e t s  w i th  t h e  r e s u l t  t h a t  r e l a t i v e l y  few o f  them 

h a v e  b een  p u b l i s h e d .  W i th  t h e  d e v e lo p m e n t  o f  t h e  g e n e r a l  

t h e o r y  o f  Hougen and 7/at son (4)  h a s  come a s lo w  t r i c k l e  o f  

c a t a l y t i c  k i n e t i c  s t u d i e s  c o n d u c te d  i n  t h e  u n i v e r s i t i e s  and 

t h u s  a v a i l a b l e  f o r  p u b l i c a t i o n .  T h e se  s t u d i e s ,  f o r  t h e  m os t  

p a r t ,  h a v e  been  l i m i t e d  to  s im p l e  r e a c t i o n s .  T h u s ,  t h e  l i t ­

e r a t u r e  on k i n e t i c  s t u d i e s  o f  c a t a l y t i c  r e a c t i o n s  on f low  

s y s t e m s ,  i s  m ea n e r  and any  a t t e m p t  t o  c o r r e l a t e  t h e  r e s u l t s  

w i t h  r e s o e c t  t o  r e a c t a n t s  o r  w i t h  r e s p e c t  t o  c a t a l y s t s  i s  n o t  

p o s s i b l e  a t  t h i s  t i m e .

The p u r p o s e  o f  t h e  work o f  t h i s  t h e s i s  was t o  s t u d y  

t h e  k i n e t i c s  o f  t h e  f o r m a t i o n  o f  i s o p r o p y l  c h l o r i d e  by t h e  

c a t a l y t i c  v a p o r  p h ase  a d d i t i o n  o f  h y d ro g e n  c h l o r i d e  t o  p r o ­

p y l e n e  o v e r  a c t i v a t e d  a l u m i n a .  The i n d u s t r i a l  i m p o r t a n c e  o f  

t h i s  work  i s  p r o b a b l y  n e g l i g i b l e  s i n c e  more e f f i c i e n t  c a t a ­

l y s t s  (See  A p pend ix  P a r t  V I I )  th a n  a c t i v a t e d  a l u m i n a  a r e  no 

d o u b t  a v a i l a b l e  f o r  t h i s  r e a c t i o n .  However ,  i t  i s  hoped  t h a t  

t h i s  w ork  w i l l  i n i t i a t e  a p ro g ram  o f  k i n e t i c  s t u d i e s  o f  h y d r o ­

gen c h l o r i d e  a d d i t i o n  t o  o t h e r  members o f  t h e  o l e f i n  s e r i e s  

o v e r  t h e  same c a t a l y s t .  Such  a  o ro g ra m  'would p r e s e n t  an 

o p p o r t u n i t y  t o  compare t h e  e f f e c t  o f  s t r u c t u r e  o f  one o f  t h e  

r e a c t a n t s  upon t h e  k i n e t i c s  of  t h e  r e a c t i o n .
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CHAPTER I I

Ey d e f i n i t i o n ,  a c a t a l y s t  i s  a s u b s t a n c e  w h ic h  i n ­

f l u e n c e s  t h e  r a t e  o f  a r e a c t i o n  b u t  i s  n o t  one o f  t h e  o r i g i n a  

r e a c t a n t s  o r  f i n a l  p r o d u c t s .  The c a t a l y s t  must  p a r t i c i p a t e  

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

o v e r - a l l  c o u r s e  o f  t h e  r e a c t i o n .  A l t h o u g h  t h e  c a t a l y s t  may 

g r e a t l y  e f f e c t  t h e  mechanism o f  a c h e m i c a l  c h a n g e ,  i t  does  

n o t  i n f l u e n c e  t h e  o v e r - a l l  f r e e  e n e r g y  ch an g e  and t h u s  t h e  

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

f u n c t i o n  t h r o u g h  t h e  o c c u r r e n c e  o f  I n t e r m e d i a t e  r e a c t i o n s  on 

t h e i r  s u r f a c e s .  The s i t e  o f  t h e  c h e m i c a l  change  i s  b e l i e v e d  

to  be a t  p o i n t s  o f  h i g h  c h e m i c a l  a c t i v i t y  c a l l e d  " a c t i v e  

c e n t e r s . "  The n a t u r e  o f  t h e s e  a c t i v e  c e n t e r s  and t h e  c o n d i ­

t i o n s  w h ich  m us t  be f u l f i l l e d  i n  o r d e r  t h a t  a p o i n t  on t h e  

s u r f a c e  may become an a c t i v e  c e n t e r  r e m a in s  t h e  s u b j e c t  o f  

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

o f  t h e  3 o l i d  s t r u c t u r e ,  c h e m i c a l  c o n s t i t u t i o n s  and l a t t i c e  

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

t h e  s e l e c t i v i t y  o f  a c a t a l y s t .  In  g e n e r a l ,  i t  i s  d e s i r a b l e  

t h a t  t h e  s o l i d  c a t a l y s t  s h o u ld  h av e  a l a r g e  s u r f a c e  p e r  u n i t  

mass  o r  volume and t h a t  t h i s  s u r f a c e  s h o u l d  be r e a d i l y  a c c e s ­

s i b l e  t o  t h e  r e a c t a n t  m i x t u r e  t h r o u g h  i n t e r c o n n e c t e d  p o re3  

and o p e n i n g s .

I n  o r d e r  t h a t  r e a c t a n t s  i n  t h e  main f l u i d  p h a se
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may be c o n v e r t e d  c a t a l y t i c a l l y  t o  a p r o d u c t  i n  t h e  main f l u i d  

p h a s e ,  i t  i s  n e c e s s a r y  t h a t  t h e  f o l l o w i n g  p r o c e s s e s  o c c u r .

1 .  The mass t r a n s f e r  o f  r e a c t a n t s  f rom t h e  was please

t h e  t h e  s u r f a c e  o f  t h e  c a t a l y s t  p a r t i c l e .

2 .  Tho a d s o r p t i o n  o f  t h e  r e a c t a n t s  on t h e  a c t i v e  c e n ­

t e r s  o f  t h e  c a t a l y s t .

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

t a n t s  t c  form a d s o rb e d  p r o d u c t s .

4 .  The d e s o r p t i o n  of  p r o d u c t s .

5* The mass  t r a n s f e r  o f  t h e  p r o d u c t  from t h e  s u r f a c e  

o f  t h e  c a t a l y s t  t o  t h e  g a s  p h a s e .

The r a t e  a t  w h ic h  e a c h  o f  t h e s e  s t e p s  o c c u r s  i n f l u e n c e s  t h e  

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

i n  d e t e r m i n i n g  t h e  o v e r - a l l  r a t e .  T h e i r  r e l a t i v e  i m p o r t a n c e  

i n  d e t e r m i n i n g  th e  o v e r - a l l  r a t e  v a r i e s  w i d e l y  a c c o r d i n g  t o  

t h e  c a t a l y s t  and a c c o r d i n g  to  t h e  c o n d i t i o n s  u n d e r  w h ic h  t h e  

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

S t e p s  1 and 5 a ^ e i m p o r t a n t  o n l y  f o r  v e r y  r a p i d  

r e a c t i o n s  o r  where  f low  c o n d i t i o n s  a r e  u n f a v o r a b l e .  S t e p s  2 ,

5 and  4 a r e  c h e m i c a l  phenomena and a r e  g e n e r a l l y  h i g h l y  s e n s i ­

t i v e  t o  t e m p e r a t u r e .  F o r  a h e t e r o g e n e o u s  s y s te m  o p e r a t i n g  

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

s t e p s  i s  n e c e s s a r i l y  t h e  same.  However ,  t o  s i m p l i f y  t h e  i n ­

t e r p r e t a t i o n  o f  e x p e r i m e n t a l  d a t a  i t  i s  d e s i r a b l e  t o  m in im iz e  

t h e  r e s i s t a n c e  o f f e r e d  by t h o  p h y s i c a l  s t e p s  o f  m ass  t r a n s f e r  

and d e a l  o n l y  w i t h  t h e  c h e m i c a l  a s p e c t s  o f  t h e  r e a c t i o n .
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Hass T r a n s f e r

The g e n e r a l  r a t e  of  a c a t a l y t i c -  r e a c t i o n  in  a f low 

sy s tem  b a s e d  noon  u n i t  n a s s  o f  c a t a l y s t  i s  g i v e n  by t h e  r e l a ­

t i o n s h i p

r AdV.' -  Fd;-;A (1 )

where

r t = m o le s  o f  r e a c t a n t  A c o n v e r t e d  p e r  (v,n:lt t i m e )  

( u n i t  mass  o f  c a t a l y s t )

7  = f lo w  r a t e  of  f e e d ,  m o le s  p e r  u n i t  t im e

17 = mass  o f  c a t a l y s t

xA = m o le s  o f  r e a c t a n t  A c o n v e r t e d  p e r  mole o f  f e e d .  

V a lu e s  o f  t h e  r o a c t i o n  r a t e  r  s h o u ld  be  c o r r e l a t e d  a g a i n s t  

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

where  t h e  c a t a l y t i c  r e a c t i o n  a c t u a l l y  t a k e s  p l a c e .  Prom e q u a ­

t i o n s  f o r  mass t r a n s f e r  t h e  f i l m  g r a d i e n t s  f o r  p a r t i a l  p r e s ­

s u r e s  o f  e ac h  component  g a s  can be e v a l u a t e d .  However t h i s  

c o r r e c t i o n  i s  d i f f i c u l t  and u n c e r t a i n .  I n  e x p e r i m e n t a l  work 

i t  i s  d e s i r a b l e ,  i f  p o s s i b l e ,  to  r e n d e r  t h e s e  g r a d i e n t s  i n ­

s i g n i f i c a n t  by o p e r a t i n g  a t  h i g h  mass v e l o c i t i e s .  A method 

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

i s  g i v e n  bv Yang and Hougen (9 )  f rom  w h ic h  t h e  f o l l o w i n g  i sK> O  ' S ’ —

t a k e n .

C o n s i d e r  t h e  g e n e r a l  e q u a t i o n  f o r  t h e  r a t e  o f  mass

t r a n s f e r .

r  (2)
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v:nore Ap = PA - PAi

r e l a t i o n s h i p  ( 1 , 2.)

( 3)

E x p e r i m e n t a l  d a t a  on v a l u e s  o f  were  o b t a i n e d  f o r  mass  

t r a n s f e r  i n  a g r a n u l a r  bed  by Gams on, T h o d o s ,  W ilke  and 

Hougen (3»7)  an<3 r e l a t e d  t o  a m o d i f i e d  R e y n o ld s  number

By a c o m b i n a t i o n  o f  E q u a t i o n s  ( 2 ) ,  ( 4 ) ,  and (4)  t h e r e  r e s u l t s  

t h e  e x p r e s s i o n

From t h i s  e q u a t i o n  t h e  m a g n i tu d e  o f  t h e  f i l m  g r a d i e n t  A P ^  

a t  t h e  c a t a l y s t  s u r f a c e  can be  e s t i m a t e d  once t h e  r e a c t i o n  

r a t e  i s  known.  Ey p r o p e r  s e l e c t i o n  o f  t h e  r a n g e  o f  mass  

v e l o c i t y  t h e  f i l m  g r a d i e n t s  can be r e d u c e d  to  a n e g l i g i b l e  

v a l u e ,  and t h e  c o n c e n t r a t i o n s  a t  t h e  c a t a l y s t  s u r f a c e  can be 

assumed t o  be t h e  same as  i n  t h e  f l u i d  s t r e a m .

G e n e r a l  S u r f a c e  R a te  E c u a t i o n

sumed t h a t  t h e  a c t u a l  c o m b i n a t i o n  o f  r e a c t a n t s  o c c u r s  on t h e  

s u r f a c e  o f  t h e  s o l i d .  I t  i s  f u r t h e r  a ssum ed t h a t  t h e  r e a c t i o n

f o l l o w s

(4)

Then a r e a c t i o n  i s  c a t a l y z e d  by a s o l i d  i t  i s  p r e -
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o c c u r s  b e tw een  a d s o rb e d  m o l e c u l e s  on a d j a c e n t l y  s i t u a t e d  

a c t i v e  c e n t e r s ,  and t h a t  t h e  r e a c t i o n  p r o c e e d s  a t  r a t e s  p r o ­

p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n s  o f  a d j a c e n t l y  a d s o r b e d  r e a c ­

t a n t s .  W i th  t h e s e  a s s u m p t i o n s ,  g e n e r a l i s e d  k i n e t i c  e q u a t i o n s  

h a v e  been  d e v e l o p e d  by Hougen and Watson ( 4 )  upon whose work 

th e  f o l l o w i n g  d i s c u s s i o n  i s  b a s e d .

C o n s i d e r  t h e  b i m o l e c u l a r - r c o n o m o l e c u l a r  r e a c t i o n

A + B —  R

The r a t e  of  t h e  r e a c t i o n  can be e x p r e s s e d  by t h e  e q u a t i o n

r  = k cAB " CR1

w h ere  c Ar> = s u r f a c e  c o n c e n t r a t i o n  o f  a d i a c e n t l v  a d s o r b e d

m o l e c u l e s  o f  A and B 

CR1 = c o n c e n t r a t i  on o f  m o l e c u l e s  o f  R

a d j a c e n t  t o  v a c a n t  a c t i v e  c e n t e r s .

F o r  t h e  d e v e lo p m e n t  o f  t h e  r a t e  e q u a t i o n s ,  i t  may be  assum ed 

t h a t  a u n i t  mass o f  c a t a l y s t  o f f e r s  L a c t i v e  c e n t e r s ,  e a c h  o f  

e q u a l  a c t i v i t y ,  upon w h ich  a d s o r p t i o n  may o c c u r .  I t  may f u r ­

t h e r  be assum ed t h a t  t h e s e  c e n t e r s  a r e  a r r a n g e d  on th e  s u r ­

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

c e n t e r  i s  s u r r o u n d e d  by s e q u i d i s t a n t  a d j a c e n t  c e n t e r s .  I f  

9t  i s  t h e  f r a c t i o n  o f  th e  t o t a l  c e n t e r s  w h i c h  i s  v a c a n t ,  t h e n  

an a v e r a g e  a d s o r b e d  m o l e c u l e  o f  R h a s  a d j a c e n t  t o  i t  sQ^ 

v a c a n t  c e n t e r s .  S i m i l a r l y ,  s9 p  m o l e c u l e s  o f  B a r e  a d j a c e n t  

t o  a d s o r b e d  A m o l e c u l e ,  where  9g i s  t h e  f r a c t i o n  o f  t o t a l
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c e n t e r s  w h ich  i s  o c c u p i e d  by  a d s o r b e d  E m o l e c u l e s .  The t o t a l

c o n c e n t r a t i o n  o f  a d j a c e n t l y  a d s o r b e d  m o l e c u l e s  o f  A and B i s

t h e n  t h e  p r o d u c t  o f  t h e  c o n c e n t r a t i o n  o f  c e n t e r s  o c c u p i e d  by 

A and t h e  a v e r a g e  number  o f  a d j a c e n t  s i t e s  o c c u p i e d  by B.

r. . t, a.. s £ -  C 7 1
i i - D  i \  jS  '  ' '

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

R and a d j a c e n t  v a c a n t  c e n t e r  i s

CR1 = CR s 9 l

CT3 C ,
S i n c e  9 e q u a l s  _ £  and 9 .  e o u a l s  ,

B L 1 * L

CAB = L CACB

cR1 = s  oRc 1  ( 1 0 )

S u b s t i t u t i n g  t h e s e  e x p r e s s i o n s  i n t o  E q u a t i o n  ( 6 ) ,  t h e  r a t e  

e q u a t i o n  f o r  t h e  s u r f a c e  r e a c t i o n  becomes

r  = §  ( 1:CA°B -  k ' ° R ° l )  11 1 >

U nder  s t e a d y  s t a t e  c o n d i t i o n s  t h e  r a t e  o f  a d s o r p ­

t i o n  o f  t h e  r e a c t a n t s  and t h e  r a t e  of  d e s o r p t i o n  o f  p r o d u c t s  

m us t  e q u a l  t h e  n e t  o v e r a l l  r a t e  o f  r e a c t i o n .

r o v e r a l l  = r a d s o r p t i o n  = r s u r f a c e  r e a c t i o n  = r d e s o r p t i o n  ( 1 2 )

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

appa r e n t l y  c h e m i c a l  i n  n a t u r e  i n v o l v i n g  t h e  r e a c t a n t  i n  t h e
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g as  p h a s e  and an a c t i v e  c e n t e r ,  t h e  r a t e  o f  a d s o r p t i o n  o f  A 

can  be e x p r e s s e d  by

r  = kAa A °l  “ k ’ACA ( 1 5)

r  = lc»A (KAaAC], -  cA)

from  w h ich  t h e  c o n c e n t r a t i o n  o f  A on t h e  s u r f a c e  can be ob­

t a i n e d  .

CA = KAaAc l  " (14)

■where aA = f l u i d  p h a s e  a c t i v i t y  of r e a c t a n t  A 

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

S i m i l a r  e x p r e s s i o n s  f o r  t h e  o t h e r  r e a c t a n t  and product ,  co n ­

c e n t r a t i o n s  can be o b t a i n e d ,  and s u b s t i t u t e d  i n t o  E q u a t i o n  (11)

'  = i ; [ k(KAaAc i  -  i ^ r M KBa Bc i  " k | r )  -  ^ :Ra Rc i  + k ^ ^ i ]  (15)

The c o n c e n t r a t i o n s  o f  v a c a n t  c e n t e r s  a l s o  may be  e x p r e s s e d  

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

o1  = L -  ( c A + c B + cR )

C1 = E -  c x (KAaA + KBaE + % a R ) +

L + + r-i-r- -  T-i-T-)
c = 1____^ D I ^ J h L __  ( t 6 )

1 T l  + KAaA + KBap + KRa R J

Combining  E q u a t i o n s  (1 5 )  and ( l 6 )  y i e l d s  a c o m p le t e  e x p r e s s i o n  

f o r  t h e  r a t e  o f  r e a c t i o n  i n  t e r m s  o n l y  o f  a c t i v i t i e s  i n  t h e  

f l u i d  and t h e  c o n s t a n t s  o f  t h e  s y s t e m .  However ,  t h i s  c o m p le t e  

e q u a t i o n  i n v o l v i n g  t h e  r a t e s  o f  a l l  a d s o r p t i o n  s t e p s  as  w e l l  

a s  t h e  r a t e  o f  t h e  s u r f a c e  r e a c t i o n  i s  so  cumbersome as  t o  be
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o f  l i t t l e  v a l u e  and s i m p l i f y i n g  a s s u m p t i o n s  must  be made i n  

o r d e r  t o  make i t  u s a b l e .

S u r f a c e  R e a c t i o n  C o n t r o l l i n g

In  o r d e r  t o  s i m p l i f y  t h e  g e n e r a l  r a t e  e q u a t i o n  t h e  

s.3 •mrrot inn i s  t h a t  t h e  o v e r a l l  r a t e  i s  c o n t r o l l e d  by

one s low s t e p ,  a l l  o t h e r  s t e p s  b e i n g  r e l a t i v e l y  f a s t .  Prom 

t h e  s t a n d p o i n t  of  t h e o r e t i c a l  k i n e t i c s  t h i s  a s s u m p t i o n  i s  

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

f o r  p r a c t i c a l  p u r p o s e s .

C o n s i d e r  t h e  n e t  o v e r - a l l  r a t e  a s  e x p r e s s e d  by  t h e  

s t e p s  o f  a d s o r p t i o n ,  s u r f a c e  r e a c t i o n ,  and d e s o r p t i o n  f o r  t h e  

r e a c t i o n  A + B =?= R.

1 = kAa Ac l “kA, c A = kBa 3 ° l " k B!CB = kcAB~k ' cRl  = kRcR“kRaRc l  ( 1 7 }

I f  i t  i s  assumed t h a t  t h e  s u r f a c e  r e a c t i o n  c o n t r o l s  t h e  o v e r ­

a l l  r o t e ,  i . e . ,  i t  i s  t h e  s low  s t e p  w h e re a s  t h e  o t h e r  s t e p s  

a r e  f a s t ,  t h e  m a g n i t u d e  of  t h e  t e r m s  k ^ a ^ c q  and ™e.y be

assumed t o  be l a r g e  when compared  to  t h e  v a l u e  o f  t h e  r a t e  r .

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

kAa Ac l  = k 'ACA 

S i m i l a r l y ,  f o r  t h e  o t h e r  a d s o r p t i o n  s t e p s

k Ba Bc l  = k 'B c B 

k Ra Rc 1 = k'RCR
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T h i s  a s s u m p t i o n  i m p l i e s  t h a t  t h e  r e a c t i o n  v e l o c i t y  c o n s t a n t s  

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

g e n e r a l  s u r f a c e  r a t e  a c tu a t io n s  ( l p )  and ( 1 6 ) t h e  t e r m s  in v o l^  

i n g  t h e  r e c i p r o c a l s  o f  t h e s e  c o n s t a n t s  can be n e g l e c t e d  and 

t h e  e q u a t i o n s  become

r  = ! ; | y KAaAc l )(KBaBc l ) ■ ]I' ( KRaR °l> cJ  ( 1 9)

° 1  -  m i AaA + KBa B + KRa R (2 0 )

S u b s t i t u t i n g  f o r  c-^, t h e  f i n a l  r a t e  e q u a t i o n  f o r  t h e  c a s e  

w here  t h e  s u r f a c e  r e a c t i o n  i s  t h e  s low s t e p  becomes

k  s I . K aKh

r  = (1 + KAa A + KBa B ~ K Ra R) 2( aAa B

where  K  i s  t h e  o v e r a l l  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  r e a c t i o n .

A d s o r p t i o n  o f  A C o n t r o l l i n g

I f  t h e  a d s o r p t i o n  of r e a c t a n t  A i s  t h e  r a t e  c o n ­

t r o l l i n g  s t e p ,  E q u a t i o n  (18 )  may be  assum ed  to  h o l d  f o r  t h e  

o t h e r  a d s o r p t i o n  s t e p s .  S i m i l a r l y ,  t h e  m a g n i t u d e s  o f  t h e  

q u a n t i t i e s  k c Ag and k ' c R-| f o r  t h e  s u r f a c e  r e a c t i o n  may be 

assum ed v e r y  l a r g e  when compared t o  t h e  m a g n i tu d e  o f  r  so 

t h a t  l i t t l e  e r r o r  i s  i n t r o d u c e d  by  e q u a t i n g  t h e  q u a n t i t i e s

k c AB = k ' c Rl  ^2 2 ^

As d e v e l o p e d  p r e v i o u s l y

c  3AB -  £  CACB ( 2 5 )
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C A  = 2 2 2 1 = 2 5 2 1  (24)
k  c B cB K

w here  K i s  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  s u r f a c e  r e a c t i o n  

F o r  t h e  o t h e r  r e a c t a n t  and t h e  p r o d u c t  t h e  f o l l o w ­

i n g  e x p r e s s i o n s  can be o b t a i n e d  f rom  E q u a t i o n  ( l 8 )

CB = KBa Bc l

c R = I%aRCi ( 2 5 )

w here  K» and Kt> a r e  a d s o r o t i o n  e q u i l i b r i u m  c o n s t a n t s .a. j-> *■
The c o n c e n t r a t i o n  o f  a d s o r b e d  A can now be e x p r e s s  

i n  t e r m s  o f  t h e  a c t i v i t i e s  o f  B and R and t h e  c o n c e n t r a t i o n  

o f  v a c a n t  c e n t e r s  by co m b in in g  E q u a t i o n s  (24)  and ( 2 5 )

a Rc l  KAc fl -• rr~Tr  = --------- ■=- (26)
A *BKaB ° l  a B I

The c o n c e n t r a t i o n  o f  v a c a n t  a c t i v e  c e n t e r s  can a l s o  be  e x ­

p r e s s e d  i n  t e r m s  o f  t h e  a c t i v i t i e s  o f  B and R.

Cq = L -  ( c ^  + Cr + C r )  

aRCf
C1 = L “ T  + KBa Bc l  + KRa Rc l^

C1 _ a R KA l\ ^ l )
!  + —  + a BKB + aRKR

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The absorption rate equation from Equation (17) is

r  = V a c 1 -  V ° A  (2R)

and when t h e  v a l u e s  o f  and c-  ̂ a r e  s u b s t i t u t e d ,  and t h e  equa  

t i o n  r e a r r a n g e d ,  t h e  f i n a l  r a t e  e q u a t i o n  t h a t  a n o l i e s  when 

t h e  a d s o r p t i o n  o f  A c o n t r o l s  becomes

L k(\ a R

r  “   ( a A  ’  ^  ( Z 9 )
^  + eT “  + a BKE + a RKR^B ~

D e s o r p t i o n  o f  R C o n t r o l l i n g

By an a n a l o g o u s  p r o c e d u r e  t h e  r a t e  e q u a t i o n  fb r  t h e  

c a s e  w here  t h e  d e s o r p t i o n  o f  R i s  c o n t r o l l i n g  can b e  d e v e l o p e d

1'g L I  3-R ,
r  =

1 + + apKp + a^agKgE
(aAaB ( 50)

A l t e r n a t e  A p p ro ach  t o  S u r f a c e  R e a c t i o n  K i n e t i c s

R e c e n t l y  an a l t e r n a t e  m ethod  o f  d e v e l o p i n g  r a t e  

e q u a t i o n s  f o r  t h e  r e a c t i o n  on t h e  s u r f a c e  o f  a  c a t a l y s t  was 

d e v e l o p e d  by Wynkoop and W ilhe lm  (8 ) .  T h i s  method i n v o l v e s  

the  a s s u m p t i o n  o f  t h e  fo rm s  o f  a d s o r p t i o n  i s o t h e r m s  f o r  r e ­

a c t a n t s  and p r o d u c t s  on t h e  c a t a l y s t  u n d e r  c o n s i d e r a t i o n .

R a te  e q u a t i o n s  a s s u m in g  t h e  s u r f a c e  r e a c t i o n  c o n t r o l s  can t h e n  

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

t h e  s t a t e d  a d s o r p t i o n  e q u i l i b r i a .  The m ethod  i s  t h e  same i n  

p r i n c i p l e  as  t h e  m ethod p r e v i o u s l y  d i s c u s s e d  e x c e p t  f o r  t h e  

fo rm  o f  t h e  a d s o r p t i o n  e q u i l i b r i u m  e q u a t i o n .  Fo r  t h e  s i m p l i ­

f i e d  c a s e  f o r  t h e  i r r e v e r s i b l e  r e a c t i o n  A + B — C, where  t h e
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f r a c t i o n  o f  s u r f a c e  c o v e r e d  by t h e  r e a c t a n t s  can  be e x ­

p r e s s e d  by t h e  Langm uir  t y p e  i s o t h e r m s ,

®A =

(31)

Or, = ^
1 + b Ey R77-

w here  0 r e p r e s e n t s  t h e  f r a c t i o n  o f  s u r f a c e  c o v e r e d ^

Wynkoop and V/i lhelm d e v e l o p e d  an e q u a t i o n  t h a t  c o u l d  be i n ­

t e g r a t e d  o v e r  a f l o w  r e a c t o r .  They fo u n d  t h a t  t h e  k i n e t i c  

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

c a t a l y s t  f i t  t i r ' s  e q u a t i o n  q u i t e  w e l l .

T h i s  m ethod o f  a p p r o a c h ,  a l t h o u g h  t h e o r e t i c a l l y  

s o u n d ,  i s  d i f f i c u l t  t o  aprsly t o  most  r e a c t i o n s .  F o r  th e  

a l t e r n a t e  c a s e s  w here  b o t h  i s o t h e r m s  a r e  o f  t h e  t y p e  o f  Qg 

and when t h e  r e a c t i o n  i s  r e v e r s i b l e ,  t h e  d i f f e r e n t i a l  e q u a ­

t i o n  becomes so com p lex  t h a t  i t  c a n n o t  be i n t e g r a t e d .  E v a l u a ­

t i o n  o f  t h e  c o n s t a n t s  by  d i f f e r e n t i a l  r a t e  m e a s u re m e n ts  i s  

p o s s i b l e  i n  some c a s e s ,  b u t  t h e  m ethod  i s  n o t  a s  g e n e r a l  as  

the  m ethod  p r e v i o u s l y  d i s c u s s e d .  I f ,  h o w e v e r ,  a d s o r p t i o n  

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

c o n s i d e r a t i o n  and i f  s i m p l i f i c a t i o n  can be made i n  t h e  e x ­

p r e s s i o n s  f o r  t h e  a d s o r p t i o n  e q u i l i b r i a ,  t h e  m e thod  s h o u ld  

g i v e  s a t i s f a c t o r y  r e s u l t s  f o r  s im p le  r e a c t i o n s .

For  t h e  r e a c t i o n  A + B C v a r i o u s  r a t e  e q u a t i o n s  

can  be w r i t t e n  f o r  d i f f e r e n t  fo rm s  o f  t h e  a d s o r p t i o n  i s o t h e r m s .
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The equation in terms of fraction of surface covered is

r  = k0A0B -  k « 9 c (32 )

<2(3 P i
I f  ®i = i . " , t h e  r a t e  e q u a t i o n  becomes

k  a R °^3 PApg____________ -  k { tX c Pc ( - -  \
T l  + p P ^  + B^3 ) ^  C r C ^

T h i s  fo rm  o f  t h e  r a t e  e q t t a t i o n  i s  t o o  cumbersome t o  p e r m i t  

e v a l u a t i o n  o f  t h e  c o n s t a n t s .  However ,  i n  many c a s e s  t h e  a d ­

s o r p t i o n  i s o t h e r m s  may be a p p r o x i m a t e d  by t h e  e x p r e s s i o n

Gg -

and t h e  r a t e  e q u a t i o n  b eco m es ,  i n  te r ra s  o f  mole f r a c t i o n s ,

r  = V-<*k tXK7r2 7k 7B -  k » c * c 7 r y 0 ( 5 5 )

3 j  a m a t e r i a l  b a l a n c e  a ro u n d  t h e  r e a c t o r ,  t h e  mole f r a c t i o n s  

o f  any  two of  t h e  com ponen ts  can be e x p r e s s e d  i n  t e r m s  o f  

t h e  t h i r d ;  In  a d d i t i o n  t h e  r a t e  can be e x p r e s s e d  in  t e r m s  

o f  one r e a c t a n t  by

a U y 0 ) " 1J

dr; =  ( l  -  j A ) z  ^  ( ?

w here  yAo i s  t h e  mole f r a c t i o n  o f  A e n t e r i n g  t h e  r e a c t i o n ,  

h a i r in g  t h e s e  s u b s t i t u t i o n s  i n  E q u a t i o n  ( 3 5 ) and r e a r r a n g i n g  

t h e  f o l l o w i n g  e o u a t i o n  i s  o b t a i n e d .
(37)

i. l b -  1-. _  U i - y A ) 2
0 dW
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A complete  d e r i v a t i o n  o f  t h i s  ecm ation  w i l l  be found in  the

Appendi; :  P a r t  I I I .

o d'.V
Wf r a c t i o n  yA i s  p l o t t e d  vs  p f o r  a c o n s t a n t  f e e d  r a t e .  I n d i -

The te rm  F ^ r *  i s  t h e  c l o n e  o f  t h e  c u r v e  when t h e  mole

o a t i n s  t h i s  s l o p e  by R, c o m b in in g  t h e  c o n s t a n t s  and r e a r r a n g ­

i n g ,  t h e  f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d :

I  ( 1 - 7 a ) 2 , . B 7A d - 7 A ) 2 1 ^
* 7 T — ^  vyAo-yA ) = I  T  7 7 7 - T 2  (1 " ^ A o  + V A o } + A 

11 ^Ao U  yA oj

where  A= k 1 of c IT

B= l c ^ Ai7( B 772

1 ( i ~ y A ) 2
A p l o t  o f  t h e  two v a r i a b l e  t e rm s  p -------------£ ^YAo” 7A^

(1 -7 a  ) 2
( 1 - ^ A o r

yA u - y A
v e r s u s  —----------:— (1  -  2yAo + 7A7a o )  s h o u ld  be a s t r a i g h t

( 1 - y Ao'

l i n e  i f  t h e  a s s u m p t io n s  w h ic h  were  made a r e  v a l i d .  The s l o p e

/<»*-«.+• /~\ -P * 0  l i n o  v \ a  •vrrn ^  +* +* Vi &  q i t o  I n  o f .  i  n n  r \  "P “hV i £* Y» r» o  r* _
C M . i L *  a . ; i U O X w O ^ U  u j j . x u  j _ _ L  w  u x i ^  c /  r  *-« a . w i * o

t i o n  v e l o c i t y  c o n s t a n t s .
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INSC RIPTIO N OF EX PER I  Iv'EK T A L EQUIPMENT

CHAPTER I I I

The g e n e r a l  l a y o u t  o f  t h e  e x p e r i m e n t a l  eq u ip m e n t  

i s  shown i n  F i g u r e  1 .  F i g u r e  2 i s  a p h o t o g r a p h  o f  t h e  e q u i p ­

ment  a s  i t  was s e t  up f o r  o p e r a t i o n .

R e a c t o r

The r e a c t o r ,  shown i n  a c l o s e - u p  v iew  I n  F i g u r e  

c o n s i s t e d  o f  a c o n d e n s e r  f i t t e d  w i t h  2 2 4 / 4 0  j o i n t s  and  a 

50 cm. w a t e r  j a c k e t .  W a te r  was c i r c u l a t e d  t h r o u g h  t h e  j a c k e t  

a t  a r a t e  o f  0 . 2 2  g a l / m i n .  f rom  a c o n s t a n t  t e m p e r a t u r e  b a t h  

by a Model  A - l ,  Type 100 E a s t e r n  r o t a r y  pump. Chrome1 - a lu m e l  

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

r e a c t o r  m ea s u re d  I n l e t  and e x i t  w a t e r  t e m p e r a t u r e s .  U nder  

n o rm a l  o p e r a t i o n ,  t h e  d i f f e r e n c e  b e tw een  t h e  i n l e t  and o u t  

w a t e r  t e m n o r a t u r e  was no  more t h a n  P°G . The 1 .13, of t h e  r e a c  

t i o n  t u b e  was 10 mm. A 2 rnm. O.D. g l a s s  t u b e  was s u p p o r t e d  

c o a x i a l l y  w i t h i n  t h e  r e a c t i o n  t u b e  by means 0 f  5 nm. O.D. 

g la .3 s t u b i n g  a l i g n i n g  s u p p o r t s  w h ich  w ere  j o i n e d  t o  t h e  s t a n d  

a r d  t a p e r  j o i n t s .  S e a l i n g  wax p r o v i d e d  a g a s - t i g h t  s e a l  

b e tw e e n  t h e  2 mm. and 5 mr!* t u b e s .  A 26 gage  c h r o m e l - a l u m e l  

t h e r m o c o u p l e ,  drawn w i t h i n  t h e  2 mm. g l a s s  t u b e  was u s e d  t o  

m e a s u re  a x i a l  t e m p e r a t u r e  g r a d i e n t s  w i t h i n  t h e  c a t a l y s t  b e d  

w h ic h  i n  t u r n  'was l o c a t e d  I n  t h e  a n n u l a r  s p a c e  b e tw e e n  t h e  

r e a c t o r  w a l l  and t h e  s m a l l  t u b i n g .  By means o f  17/0 g l a s s
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f /G U R E  2  
£ X P E R  I M E N T A L  E Q  U J P M E N  T
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F /$ u p e  3  
R e a c t o r  p r o  S a m e l w c j S y s t e m
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t u b e  g u i d e s ,  a F o rm ica  t e r m i n a l  b o a r d ,  and a s c a l e  t h e  

t h e r m o c o u p le  was c e n t e r e d  w i t h i n  t h e  2 ram. t u b e  and was 

c a p a b l e  of  a x i a l  t r a v e l  and p r e c i s e  p o s i t i o n i n g  w i t h i n  t h e  

r e a c t o r .

P u r i f i c a t i o n  Sys tem

The r e a c t o r  was s u p p l i e d  w i t h  h y d r o g e n  c h l o r i d e  and 

p r o p y l e n e  f rom t a n k  s o u r c e s .  Each  g a s  was p u r i f i e d  by  4 t o  8 

mesh a c t i v a t e d  a l u m in a  l o c a t e d  in  a t r a p  i m m e d i a t e l y  f o l l o w ­

i n g  t h e  t a n k s .  The a l u m i n a  was d e g a s s e d  and  r e a c t i v a t e d  a t  

t h e  end o f  e a c h  d a y ’ s r u n .

S a f e t y  T raps

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

l a r g e  p r e s s u r e s  f ro m  d e v e l o p i n g  i n  t h e  s y s t e m .  A l s o ,  s i n c e  

t h e  h y d r o g e n  c h l o r i d e  f lo w  r a t e  c o u l d  be  a d j u s t e d  o n l y  by a 

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

s a f e t y  t r a p  p e r m i t t e d ,  t h r o u g h  t h e  u s e  o f  a s t o p c o c k  on t h e  

main l i n e  f o l l o w i n g  t h e  t r a p ,  a c o n s t a n t  f lo w  r a t e  o f  t h e  gas  

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

F lo w m e te r s

The f lo w  r a t e s  o f  b o t h  g a s e 3  were  m e a s u re d  by g l a s s  

c a p i l l a r y  f low  m e t e r s  o f  c o n v e n t i o n a l  d e s i g n .  The p r o p y l e n e  

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

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

m e t e r  by  a n a l y z i n g  m i x t u r e s  o f  p r o p y l e n e  and h y d ro g e n  c h l o r i d e  

a t  d i f f e r e n t  f lo w  r a t e s .  C o r r e c t i o n s  f o r  a b s o l u t e  p r e s s u r e
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ch a n g e s  on t h e  c a p i l l a r y  f low  m e t e r s  w ere  made by t h e  method 

o f  ^ h i t e w e l l  ( 6 ) .  No t e m p e r a t u r e  c o r r e c t i o n s  were  made s i n c e  

t h e r e  was l i t t l e  v a r i a t i o n  in  room t e m p e r a t u r e .  The manometer  

f l u i d  was a s i l i c o n e  l i q u i d  s o l d  by t h e  W i lk e n s - A n d e r s o n  

Company o f  C h i c a g o ,  I l l i n o i s .  At 20°C i t s  d e n s i t y  was 1.02G6 

gm. / c  c .

Cold T ra p

F o l l o w i n g  t h e  r e a c t o r  was a c o l d  t r a p  t o  c o l l e c t  

t h e  l i q u i d  i s o p r o p y l  c h l o r i d e  p r o d u c t .  T h i s  t r a p  was a 

m o d i f i e d  250  c c .  r o u n d  b o t to m  f l a s h ,  w h ic h  i n  a d d i t i o n  t o  

t h e  i n l e t  and o u t l e t  j o i n t s . w a s  p r o v i d e d  w i t h  an e x i t  l i n e  

f i t t e d  w i t h  a s t o p c o c k .  The e x i t  l i n e  t o u c h e d  th e  b o t to m  

and came o u t  t h e  t a p  o f  t h e  t r a p .  S i n c e  t h e  s y s t e m  was 

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

p e r m i t t e d  w i t h d r a w a l  of  t h e  l i q u i d  p r o d u c t  w i t h  no d i s r u p ­

t i o n  i n  o p e r a t i n g  c o n d i t i o n s .

Gas W ash ing  B o t t l e s

A s a f e t y  t r a p  p r e c e d e d  t h e  M i l l i k e n  gas  ’w ash ing  

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

t h e  s y s t e m  when f e e d  g a s e s  c o n t a i n i n g  l a r g e  amounts  o f  h y d r o ­

gen c h l o r i d e  were  u s e d .  The g a s  w a s h in g  b o t t l e s ,  o p e r a t e d  

two i n  p a r a l l e l ,  removed a l l  o f  t h e  h y d ro g e n  c h l o r i d e  from 

t h e  p r o d u c t  g a s e s  by a b s o r p t i o n  in  w a t e r .
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The n r o d u c t  g a s e s  f rom  t h e  •’■as w a s h in g  b o t t l e s  

p a s s e d  t h r o u g h  a c h e c k  t r a p  and th e n  t o  a b u r n e r .  The c h e c k  

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

p e r .  The i n l e t  t u b e  was p l a c e d  j u s t  be low t h e  s u r f a c e  o f  a 

s m a l l  amount o f  m e r c u r y .  Thus t h e  p r o d u c t  g a s e s  c o u l d  p a s s  

t h r o u g h  t h e  t r a p ,  b u t  t h e  n a t u r a l  gas  u s e d  f o r  th e  b u r n e r  

c o u l d  no t  p a s s  b a ck  i n t o  t h e  e q u ip m e n t .

S am p l in g  and A n a l y z i n g  Eouipm ent

The s a m p l i n g  a p p a r a t u s  c o n s i s t e d  of  a 100 c c .  gas  

b u r e t  so  a r r a n g e d  t h a t  s a m p le s  o f  f e e d  gas  and p r o d u c t  gas  

c o u ld  be b l e d  f rom t h e  s y s t e m .  M ercu ry  was u s e d  a s  t h e  l e v e l ­

i n g  m a t e r i a l .  W a te r  was c i r c u l a t e d  t h r o u g h  t h e  b u r e t  j a c k e t  

f rom a c o n s t a n t  t e m p e r a t u r e  b a t h  a t  a r a t e  o f  O.25  g a l . / m i n .  

by means o f  a Model A - l  Type 100 E a s t e r n  r o t a r y  pump. The 

i a c k e t  t e m ico ra tu re  was m a i n t a i n e d  a t  45°C to  e l i m i n a t e  t h e  

p o s s i b i l i t y  of  c o n d e n s a t i o n  o f  p r o d u c t .

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

t u b e  and  l e v e l i n g  b o t t l e  shown i n  F i g u r e  4 .  The a b s o r p t i o n  

t u b e s ,  c o n s t r u c t e d  o f  15 mm. O.D. g l a s s  t u b i n g ,  had a c a p a c ­

i t y  o f  a p p r o x i m a t e l y  95  c c * They  w ere  f i t t e d  w i t h  t h r e e  s t o p ­

c o ck s  t o  p e r m i t  d r a i n i n g  and w a s h in g  o f  t h e  t u b e .  The l e v e l ­

i n g  b o t t l e s ,  j o i n e d  to  t h e  a b s o r p t i o n  t u b e s  by  Tygon t u b i n g ,  

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

m ed ia  and a l s o  p r o v i d e d  a r e c e p t i c l e  i n  w hich  t h e  t i t r a t i o n  

o f  a b s o r b e d  h y d ro g e n  c h l o r i d e  c o u ld  be c a r r i e d  o u t .
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MATERIALS

CHAPTER IV

P r o p y l e n e

The p r o p y l e n e  wa3 c . p .  g r a d e  p u r c h a s e d  f rom t h e  

M atheson  Company o f  E a s t  R u t h e r f o r d ,  Hew J e r s e y .  The pas 

h a d  a l i s t e d  p u r i t y  o f  99$ w i t h  th e  p r i n c i p a l  i m p u r i t y  b e i n g  

p r o p a n e .  Mass s p e c t r o g r a p h i c  a n a l y s i s  o f  t h e  c y l i n d e r  pas  

i n d i c a t e d  no o t h e r  i m p u r i t y .

Hydrogen C h l o r i d e

The h y d r o g e n  c h l o r i d e  was c . p .  g r a d e  p u r c h a s e d  

f rom  t h e  M a the son  Company. The gas  had  a l i s t e d  p u r i t y  o f  

9 9 . wi t h  t h e  c l a i m e d  i m p u r i t i e s  b e i n g  0 . 2 $  a c e t y l e n e  and 

O .Jp  c h l o r i n a t e d  h y d r o c a r b o n .  Mass s p e c t r o g r a p h i c  a n a l y s i s  

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

p u r i t y  was 3 t o  10$ o f  a Cp h y d r o c a r b o n ,  p r o b a b l y  e t h y l e n e ,  

and t h a t  t r a c e s  o f  i m p u r i t y  a t  m a ss e s  6 3 , 64 and 6 5 , w ere  a l s o  

p r e s e n t .  The se  l a t t e r  i m p u r i t i e s  c o r r e s p o n d  t o  e t h y l  c h l o r i d e .  

Mass s p e c t r o g r a p h i c  a n a l y s i s  showed t h a t  t h e  a lu m in a  t r a p  i n  

t h e  h y d ro g e n  c h l o r i d e  l i n e  removed a l l  o f  t h e s e  i m p u r i t i e s .

C a t a l y s t

The c a t a l y s t  was a c t i v a t e d  a lu m in a  A l c o a  G rade  H -41 .  

The 4 - 8  mesh g r a n u l a r  p a r t i c l e s  w ere  g ro u n d  and s c r e e n e d ,  

and t h e  f r a c t i o n  p a s s i n g  20 mesh and r e t a i n e d  on 28  mesh 

s c r e e n s  u s e d  f o r  t h e  k i n e t i c  s t u d y .  The c a t a l y s t  was
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a c t i v a t e d  by h e a t i n g  i n  a f u r n a c e  a t  7 5 O0':? f o r  16 h o u r s .

H e a t  T r a n s f e r  I . I a t e r i a l

An i n a c t i v e  form o f  a l u m i n a  -was o b t a i n e d  from t h e  

Aluminum Comnany o f  A m er ica  i n  t h e  fo rm  o f  l / 4  i n c h  b a l l s .  

These  w ere  ground, and s c r e e n e d .  The 20 to  2G mesh s i z e  was- 

u s e d  a s  c a t a l y s t  d i l u e n t ,  and t h e  20  t o  l o  mesh s i z e  was u s e d  

as  h e a t  t r a n s f e r  m a t e r i a l  i n  t h e  p r e h e a t i n g  s e c t i o n  o f  t h e  

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

t h e  r e a c t o r .
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EHPERIMETITAL PRO CEDURE

CHAPTER V

P r e l i m i n a r y  Work

T n  t h p  n n 0  l_n n  v .jor>1r yti •hVi tV li H T* ̂  r? P. t". * O n  tl\VO

m a jo r  d i f f i c u l t i e s  a r o s e .  F i r s t ,  t h e  r e a c t i o n  was s t r o n g l y  

e x o t h e r m i c  so  t h a t  v e r y  l a r g e  r a d i a l  and a x i a l  t e m p e r a t u r e  

g r a d i e n t s  w ere  p r e s e n t  when an u n d i l u t e d  c a t a l y s t  c h a r g e  

was u s e d .  When t h e s e  h i g h  t e m p e r a t u r e s  o c c u r r e d ,  t h e  c a t a ­

l y s t  became c o a t e d  w i t h  a d e p o s i t  t h a t  v a r i e d  i n  c o l o r  f rom  

l i g h t  o r a n g e  t o  b l a c k ,  and t h e  a c t i v i t y  o f  t h e  c a t a l y s t  d e ­

c r e a s e d  r a p i d l y .  To m in im iz e  t h e s e  t e m p e r a t u r e  g r a d i e n t s ,  

w h ic h  w ere  a s  h i g h  a s  5 0 °C i n  a few c e n t i m e t e r s ,  t h e  c a t a l y s t  

c h a r g e  was d i l u t e d  w i t h  20  t o  28  mesh t a b u l a r  a l u m i n a  which  

was i n a c t i v e  as  a c a t a l y s t  f o r  t h i s  r e a c t i o n .  The r a t i o  o f  

volume o f  c a t a l y s t  t o  volume o f  t a b u l a r  a lum ina  -was 0 . 4  i n  

a l l  t h e  k i n e t i c  r u n s .  W ith  t h e  d i l u t e d  c a t a l y s t  c h a r g e  t h e  

maximum r a d i a l  and a x i a l  g r a d i e n t s  were  n o t  more  th a n  10°C

e a c h .  The a v e r a g e  a x i a l  t e m p e r a t u r e  was t a k e n  a s  t h e  tem ­

p e r a t u r e  o f  t h e  r u n .

The s e c o n d  d i f f i c u l t y  was t h e  d e c r e a s i n g  a c t i v i t y  

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

t h e  i n d i v i d u a l  gas  l i n e s  a f t e r  t h e  c y l i n d e r s  and  r e d u c i n g  th e

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

d e c r e a s i n g  c a t a l y s t  a c t i v i t y  a g r e a t  d e a l .  However ,  i t  was
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n e v e r  e n t i r e l y  e l i m i n a t e d .  F o r  t h i s  r e a s o n  a l l  k i n e t i c  r u n s  

w e re  made by rneasu.ring t h e  c o n v e r s i o n  o b t a i n e d  o v e r  a p e r i o d  

o f  t i m e  f o r  e a c h  change  o f  v a r i a b l e s .  I n  o r d e r  t o  o b t a i n  

c o m p a r a b le  r u n s  i t  was i m p e r a t i v e  t h a t  t h e  o p e r a t i n g  p r o ­

c e d u r e  be s t a n d a r d i s e d .  A d e t a i l e d  o p e r a t i n g  p r o c e d u r e  w i l l  

be  fo u n d  in  A p p e n d ix  V.

O p e r a t i o n  o f  Equ ipm en t

The r e a c t o r  was a s s e m b le d  w i t h  t h e  t h e r m o c o u p le  

t u b e  In  p l a c e  and s e a l e d  w i t h  s e a l i n g  wax t o  t h e  lo w e r  a l i g n ­

i n g  s u p p o r t .  The l o w e r  s t a n d a r d  t a p e r  j o i n t  was l i g h t l y  p a ck ed  

w i t h  g l a s s  wool t o  p r o v i d e  a s u p p o r t  f o r  t h e  c a t a l y s t  b e d .

The r e a c t o r  was f i l l e d  t o  a d e p t h  o f  a p p r o x i m a t e l y  10 cm

w i t h  1 6 - 2 0  mesh  t a b u l a r  a l u m i n a ,  and t h e  h o t  c a t a l y s t  c h a r g e  

p o u r e d  i n t o  t h e  cham ber .  The r e m a i n i n g  r e a c t o r  volume was 

f i l l e d  w i t h  1 6 - 2 0  mesh t a b u l a r  a lu m in a  to  a c t  as  a p r e h e a t i n g

o  p 0 * 0  'P .rxv i f n c  • - * 0 0  M o o / ' f , r » 7 '  u i c  q  m n  o  n r  f » l  A q h r l'u i-i X O. i. A. 0. WA ■.«-*»->• — * J. A <-y-. X « . . O M A .. j_ V ^  V lU VVA j

c o n n e c t e d  t o  t h e  i n l e t  and e x i t  l i n e s ,  and s e a l e d  a t  t h e  to p  

a l i g n i n g  s u p p o r t .  The c a t a l y s t  bed  was c o o l e d  t o  room tem ­

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

w a t e r  i n  t h e  r e a c t o r  j a c k e t .

A f t e r  t h e  e q u ip m e n t  was c o m p l e t e l y  a s s e m b l e d  and 

t e s t e d  f o r  l e a k s  t h e  f e e d  g a s e s  w ere  t u r n e d  on .  The p r o p y l e n e  

was a lw a y s  t u r n e d  on f i r s t  i n  o r d e r  t h a t  t h e  w a t e r  i n  t h e  

g as  w a s h i n g  b o t t l e s  'would n o t  b a c k  i n t o  t h e  s y s t e m  when t h e  

h y d ro g e n  c h l o r i d e  was t u r n e d  on .  As soon a s  t h e  p r o p y l e n e  

was f l o w i n g  t h r o u g h  t h e  s y s t e m ,  t h e  h y d ro g e n  c h l o r i d e  was 

i n t r o d u c e d .  S i n c e  t h e  h e a t  o f  a d s o r p t i o n  o f  h y d ro g e n  c h l o r i d e
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on a c t i v a t e d  a lu m in a  i s  h i g h ,  t h e  h y d r o g e n  c h l o r i d e  v.'as i n ­

t r o d u c e d  s l o w l y  a t  f i r s t  i n  o r d e r  t o  p r e v e n t  i n i t i a l  o v e r ­

h e a t i n g  o f  t h e  c a t a l y s t .  A f t e r  t h e  c a t a l y s t  t e m p e r a t u r e  

h a d  c e a s e d  t o  r i s e ,  th e  f low  r a t e s  w ere  a d j u s t e d  t o  t h e  d e ­

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

t o  t h e  d e s i r e d  t e m p e r a t u r e .  I t  was n e c e s s a r y  t h a t  t h i s  l a t ­

t e r  o p e r a t i o n  n o t  be t o o  r a p i d  i n  o r d e r  t o  p r e v e n t  f o r m a t i o n  

o f  l a r g e  t e m p e r a t u r e  g r a d i e n t s .

S i n c e  t h e  r u n s  were made on a t i m e  b a s i s  i t  was 

n e c e s s a r y  t h a t  t h e  s t a r t - u p  p e r i o d  be s t a n d a r d  f o r  e a c h  r u n .

The z e r o  t im e  was t a k e n  a t  t h a t  moment when p r o p y l e n e  s t a r t e d  

t o  f lo w  t h r o u g h  t h e  s y s t e m .  The f lo w  r a t e s  w ere  a d j u s t e d  t o  

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

was b r o u g h t  t o  t h e  d e s i r e d  t e m p e r a t u r e  w i t h i n  f o r t y - f i v e  

m i n u t e s  so t h a t  t h e r e  was a p e r i o d  o f  a t  l e a s t  f i f t e e n  m i n u t e s  

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

sam ple  was t a k e n  one h o u r  f rom  t h e  s t a r t - u p  t i m e .

Runs were  made a t  a c o n s t a n t  f e e d  g a s  r a t e  o f  0 .0 3 2  

gram m o le s  p e r  m in u te  w i t h  s l i g h t  v a r i a t i o n s  be tw een  r u n s  

due  to  p r e s s u r e  d i f f e r e n c e s .  A s e r i e s  o f  r u n s  were  made w i t h  

a g iv e n  f e e d  c o m p o s i t i o n  u s i n g  2 , 3 > an<3 4 grams o f  c a t a l y s t .

A c o m p le t e  s e r i e s  o f  ru n s  were  made a t  f e e d  c o m n o s i t i o n s  o f  

37y HC1 and 63^  and ^  HC1 and G3H6* The t e m p e r a ­

t u r e s  o f  o p e r a t i o n  w ere  44°C,  6 0 °C, and 8 0 °C. Two s u p p l e ­

m e n t a l  s e r i e s  o f  r u n s  were made w i t h  f e e d  g a s e s  o f  TCI 

and 50h C^Hg, and 19'P HC1 and 8 l £  C ^ .
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A n a l y t i c s !  P r o c e d u r e

Samples  o f  t h e  " a s  t o  be a n a l y z e d  were  drawn s l o w ly  

i n t o  t h e  g a s  b u r e t  by l o w e r i n g  t h e  m e r c u ry  l e v e l i n g  b o t t l e .  

C a r e f u l  m a n i p u l a t i o n  was r e q u i r e d  i n  o r d e r  t h a t  t h e  p r e s s u r e  

o f  t h e  s y s te m  v/as n o t  a f f e c t e d  w i t h  s u b s e q u e n t  d i s r u p t i o n  o f  

f lo w  r a t e s  o f  t h e  hyd ro g en  c h l o r i d e  and p r o p y l e n e .  A sample 

o f  a p p r o x i m a t e l y  93 cc v/as t a k e n ,  and a f t e r  a l l o w i n g  t h e  

g a s e s  t o  come t o  t e m p e r a t u r e ,  th e  volume was m easu red  a c c u r ­

a t e l y .  The gas  was t h e n  t r a n s f e r r e d  to  an a b s o r p t i o n  tu b e  

w h ic h  h a d  p r e v i o u s l y  b e e n  f i l l e d  w i t h  d i s t i l l e d  w a t e r .  A f t e r  

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

s u r e d  by r e p e a t e d  s h a k i n g  of  t h e  a b s o r p t i o n  t u b e ,  t h e  a c i d  

s o l u t i o n  was d r a i n e d  i n t o  t h e  l e v e l i n g  b o t t l e  and t h e  tu b e  

washed t w i c e  w i t h  d i s t i l l e d  w a t e r .  The a c i d  was t i t r a t e d  

d i r e c t l y  i n  t h e  l e v e l i n g  b o t t l e  w i t h  O.O5K sodium h y d r o x i d e  

u s i n g  brom th y m o l  b l u e  i n d i c a t o r .  S i n c e  t h e  r a t i o  o f  h y d r o ­

gen c h l o r i d e  t o  p r o p y l e n e  i n  t h e  f e e d  gas  and t h e  t o t a l  

volume o f  sam ple  w ere  known, t h e  o r o d u c t  c o m p o s i t i o n  c o u ld  

be c a l c u l a t e d  by a m a t e r i a l  b a l a n c e  a s su m in g  i s o p r o p y l  

c h l o r i d e  t o  be t h e  o n l y  p r o d u c t  f o rm e d .  T h i s  l a t t e r  f a c t  

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

g a s e s  o b t a i n e d  a t  44°C and 80°C.

S u f f i c i e n t  sarnnles  o f  p r o d u c t  g a s e s  were  a n a l y z e d  

t o  e s t a b l i s h  a c o n v e r s i o n  vs t im e  p l o t  f o r  e a c h  r u n .  The f e e d  

g a s e s  were  a n a l y z e d  p e r i o d i c a l l y  t o  i n s u r e  p r o p e r  f e e d  gas  

c o m p o s i t i o n .
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5 X P 5H IO IITAL RESULTS 

CHAPTER VT

The e x p e r i m e n t a l  r e s u l t s  a r e  p r e s e n t e d  in  t h e  fo rm

o f  p l o t s  of  c o n v e r s i o n  v e r s o s  p r o c e s s  t im e  shown in  F i g u r e s

5 t h r o u g h  1 5 . The r u n s  o f  S e r i e s  1 were made w i t h  a f e e d  

c o m p o s i t i o n  o f  37x HCi and 6 %o a t  t im e  f a c t o r  o f  1 . 0 4 ,

I . 5 6 , and 2 . 0 8  ( g m . c a t . ) ( h r . ) / G m .  mole  f e e d  a t  t e m p e r a t u r e s  

o f  44°C ,  60°C and 8 o°C. Two a d d i t i o n a l  r u n s  o f  S e r i e s  1 were 

made a t  a t im e  f a c t o r  o f  O. 5 2  a t  t h e  t e m p e r a t u r e s  o f  6 0 °C 

and 80°C .  The r u n s  o f  S e r i e s  2 a r e  i d e n t i c a l  w i t h  t h o s e  o f  

S e r i e s  1 e x c e p t  t h a t  t h e  f e e d  c o m p o s i t i o n  was 6 6h= HCI and 3/fr

c 5pi6 .

S e r i e s  3 r u n s  w e re  made a t  a t im e  f a c t o r  o f  1 ,0 4

w i t h  a f e e d  c o m p o s i t i o n  o f  50% HCI and 5Of- ^ 5^ 6 * S i n c e  r u n s

a t  44°C ,  60°C and 80°C gave s u b s t a n t i a l l y  t h e  same c o n v e r s i o n s  

a 3 were  o b t a i n e d  i n  S e r i e s  1 and 2 ,  no a d d i t i o n a l  r u n s  w ere  

made a t  d i f f e r e n t  t im e  f a c t o r s .  S e r i e s  4 c o n s i s t e d  o f  two 

r u n s  w i t h  a f e e d  c o m p o s i t i o n  o f  19$? HCI and 8 i^CtPI£. These  

r u n s  gave c o n v e r s i o n s  much lo w e r  t h a n  p r e v i o u s l y  o b t a i n e d .

I t  was c h a r a c t e r i s t i c  o f  t h e s e  p l o t s  t h a t  a f t e r  an 

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

w i t h  p r o c e s s  t i m e ,  and t h e  r a t e  o f  d e c r e a s e  was d e p e n d e n t  on 

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

be drawn t h r o u g h  t h e  p o i n t s ,  i f  t h e  p o i n t s  in  t h e  u n s t e a d y  

p e r i o d  were n e g l e c t e d .  Th o se  l i n e s  were e x t r a p o l a t e d  t o  zero
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p r o c e s s  t im e  i n  o r d e r  t o  p r o v i d e  a s t a n d a r d  b a s i s  f o r  com par ­

i s o n  b e tw e en  ru n s  a t  d i f f e r e n t  t e m p e r a t u r e s  when no f o u l i n r .  

o f  t h e  c a t a l y s t  o c c u r r e d .
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DETERHINATI ON OF T?7E i-TIC HAN" SI

CHAPTER V II

Hass  T r a n s f e r

The f i l m  g r a d i e n t s  a t  t h e  c a t a l y s t  s u r f a c e  v.’e r e  

e s t i m a t e d  u s i n g  E q u a t i o n  ( 5 ) w i t h  c o n v e r s i o n  d a t a  a t  oO°C.

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

o f  0 .0 0 0 2  a t m o s p h e r e s  so t h a t  t h e  e f f e c t  o f  mass t r a n s f e r  

c o u ld  be n e g l e c t e d ,  and  t h e  c o n c e n t r a t i o n s  a t  the  c a t a l y s t  

s u r f a c e  c o u ld  be assumed t o  be t h e  same as  t h a t  i n  t h e  f l u i d  

s t r e a m .

A d s o r p t i o n  o f  Hydrogen C h l o r i d e  C o n t r o l l i n g

The e q u a t i o n  w h i c h  a p p l i e s  t o  t h e  c a s e  w here  a d ­

s o r p t i o n  o f  one o f  t h e  r e a c t a n t s  c o n t r o l s  was d e v e l o p e d  on 

P a r e  / 3  . A p p ly in g  i t  t o  t h e  a d s o r p t i o n  o f  h y d ro g e n  c h l o r i d e

Vi9 0 c o n  !3wCcvvjOC

/  ^ H y C l  ^
kHCl L (  "HOI “ a ^ T  J

r   -------------------------------------------------- ---------------  C--------  ( z q )
C 3H 7 C I  KIIC 1

1 + a  n r i ,  K n TT , + _ ~rf + a n tt ni K/-lC5H6 C?H 6 t  a c ^ 6 I  T
‘ C 3H 7 G I  HCX

For  t h e  i n i t i a l  r a t e  t h e  a c t i v i t y  o f  t h e  i s o p r o p y l  c h l o r i d e  

i s  z e r o .  R e p l a c i n g  a c t i v i t i e s  by  p a r t i a l  p r e s s u r e s  e x p r e s s e d  

i n  mole f r a c t i o n ,  t h e  e q u a t i o n  f o r  t h e  i n i t i a l  r a t e  becomes

r o  = . V .l 1 T r y H C l ( 4 Q )

1 + KC-:5h 6 c5h 6
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t h e  f o i l 07.1 n

e o u a t i o n  i s  o b t a i n e d

(41)

The p l o t  o f  —  r v e r s u s  yufl. a t  t h e  same t e m p e r a t u r e  f o rnU x
d i f f e r e n t  f e e d  c o m p o s i t i o n s  s h o u ld  g i v e  a s t r a i g h t  l i n e  with, 

a n e g a t i v e  s l o p e .

v/ere p l o t t e d  v e r s u s  t im e  f a c t o r  f o r  t h e  r u n s  o f  S e r i e s  1 ,  2 

and 4 .  The r a t e s  o f  r e a c t i o n ,  w h ic h  a r e  r e p r e s e n t e d  by t h e  

s l o p e s  o f  t h e s e  c u r v e s ,  were  m e a s u re d  g r a p h i c a l l y  and p l o t t e d  

v e r s u s  mole f r a c t i o n  o f  h y d r o g e n  c h l o r i d e .  These  c u r v e s  w h ic h  

a r e  shown i n  F i g u r e s  l 6  and 17  were  t h e n  e x t r a p o l a t e d  t o  t h e  

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

l 8  f o r  60° and 8o°C .  These  p l o t s  show t h a t  a l t h o u g h  t h e y  

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

E q u a t i o n  (4 1 )  t h e  s l o p e  o f  t h e s e  l i n e s  s h o u l d  be n o g a t i v e  

i f  t h e  a d s o r p t i o n  o f  h y d r o g e n  c h l o r i d e  w ere  t h e  c o n t r o l l i n g  

m ec h a n ism .  T h e r e f o r e  t h e  a d s o r p t i o n  o f  h y d r o g e n  c h l o r i d e  

i s  n o t  t h e  c o n t r o l l i n g  s t e p .

A d s o r p t i o n  o f  P r o p y l e n e  C o n t r o l l i n g

The e x t r a p o l a t e d  v a l u e s  o f  c o n v e r s i o n  a t  z e r o  t im e

The p l o t s  o f FHCl
v e r s u s  y^Q-j. a r e  s ^ owri i-n F i g u r e

An e q u a t i o n  o f  t h e  same form  as  E q u a t i o n  (41)  can
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be  d e v e l o p e d  f o r  t h e  c a s e  w here  t h e  a d s o r p t i o n  o f  p r o p y l e n e  

c o n t r o l s .

1 + 7 7 "  KHC1
( 42)

The p l o t  o f  t h i s  e q u a t i o n ,  shown in  F i g u r e  19 ,  shows t h a t  a 

s t r a i g h t  l i n e  drawn t h r o u g h  t h e  e x p e r i m e n t a l  p o i n t s  h a s  a 

p o s i t i v e  s l o p e  w h e r e a s  E q u a t i o n  (4 2 )  i n d i c a t e s  t h a t  t h e  

s l o p e s  would be n e g a t i v e  i f  t h e  a d s o r p t i o n  o f  p r o p y l e n e  w ere  

t h e  c o n t r o l l i n g  m echan ism .  T h e r e f o r e ,  t h e  a d s o r p t i o n  o f  p r o ­

p y l e n e  i s  n o t  t h e  c o n t r o l l i n g  s t e p .

D e s o r p t i o n  o f  I s o p r o p y l  C h l o r i d e  C o n t r o l l i n g

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

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

I f  o n l y  t h e  i n i t i a l  r a t e  i s  c o n s i d e r e d  and t h e  e q u a t i o n  e x ­

p r e s s e d  i n  t e r m s  o f  mole f r a c t i o n  o f  h y d r o g e n  c h l o r i d e ,  t h e  

f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d .

By E q u a t i o n  (JO) when d e s o r p t i o n  o f  i s o p r o p y l  c h l o r -

r

7 H C l(1 "yHCl) KC^H7C1 2 KHC1KC V  KC 7E7 C1X  1+ TTKc

T H C l d - y H C l ) 2
“  ^  7EC1 + / 3  7HC1 ^4 4 )
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The c o n s t a n t s  i n  E q u a t i o n  (^ 4 )  w ere  e v a l u a t e d  w i t h  t h e  i n i ­

t i a l  r a t e  d a t a  a t  6o°C.  The f i n a l  e q u a t i o n  i s  as  f o l l o w s :

yHCl (^~yH--l-  = -7 -1 2  + 6 .6 4  yAo + 1 .335  U 5 )

S i n c e  t h e  s irens  o f  t h e  c o n s t a n t s  c\ ,  /3  , and {  a r e  i n  a g r e e -
/

m ent  w i t h  t h o s e  o f  E q u a t i o n  ( 4 4 ) ,  t h e  d e s o r p t i o n  o f  i s o p r o ­

p y l  c h l o r i d e  i s  a p o s s i b l e  c o n t r o l l i n g  m echan ism .

E v a l u a t i o n  o f  t h e  i n d i v i d u a l  c o n s t a n t s  o f  E q u a t i o n  

(4 p )  by  t h e  m ethod o f  l e a s t  s q u a r e s  h a s  been s u g g e s t e d  ( 4 ) .

I f  p a r t i a l  p r e s s u r e s  i n  t e r m s  o f  mole  f r a c t i o n  a r e  s u b s t i ­

t u t e d  f o r  a c t i v i t i e s  and t h e  e q u a t i o n  r e a r r a n g e d ,  t h e  f o l l o w ­

i n g  e x p r e s s i o n  r e s u l t s .

y C5H7Cl ^ H C l ^ C ^  KHC1 KC5H£
r  7TK r  -  k c K C1L yHCl " k c ^ c i L 7 °5H6

TTKC^irjClZ  _ 1

" kG,H7 c i L yHGiyc3H6 “ k c ,H 7 GiL 775 7 5 (

yC7)H7Cl yHCly C-E5
r  = ^  r  +/ 3 7 EG1 + + & 7EC17 G7E^  + ^

The c o n s t a n t s  o f  E q u a t i o n  (4 6 )  were  e v a l u a t e d  a t  

60°C and 80°C from t h e  e x p e r i m e n t a l  c o n v e r s i o n  v e r s u s  t i m e  

f a c t o r  c u r v e s  by t h e  m ethod o f  l e a s t  s q u a r e s .  The r e s u l t s  

a r e  shown i n  T a b le  I .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sz

CK

T a b le  I

V a lu e s  o f  C o n s t a n t s  i n  E q u a t i o n  (46)

8o°c  6o°c

TT E 1 . 4 1 4  - 0 . 3 5 8

IlHCl
/3 -  ~..y 1 .456  - 0 . 2 6 9

"C,Hr7Cl'!J 
P (

-  : -G-£ 6 0>05g - 1 . 0 7 1
C H C l^

5 7

,  t 7 ^ c 7h 7 c i ^
b ~ ----- L J  O.JOO - O . 8 6 7

C7H7 C1 
9 f

- - L ? r  - 2 - U S  +3 - 7 6 8
k C3H7 Cl

As s e e n  i n  T a b l e  I  t h e  s i g n s  o f  t h e s e  c o n s t a n t s  a r e  n o t  o n l y  

i n c o n s i s t e n t  a t  t h e  two t e m p e r a t u r e s ,  b u t  t h e y  do n o t  a g r e e  

w i t h  t h e  d e f i n i t i o n s  o f  t h e  i n d i v i d u a l  c o n s t a n t s .  N o rm a l ly ,  

t h i s  l a t t e r  f a c t  would, e l i m i n a t e  t h i s  m echan ism  a s  a p o s s i b l e  

c o n t r o l l i n g  s t e p .  However ,  i t  i s  b e l i e v e d  t h a t  s i n c e  t h e  

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

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

r e l i a b l e  and t h e  m echanism  o f  d e s o r p t i o n  o f  i s o p r o p y l  c h l o r ­

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

E q u a t i o n  ( 4 5 ) .
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S u r f a c e  R e a c t i o n  C o n t r o l l i n g

As d e v e l o p e d  i n  E q u a t i o n  (2 1 )  t h e  r e a c t i o n  r a t e  

e q u a t i o n  f o r  t h e  c a s e  o f  t h e  s u r f a c e  r e a c t i o n  c o n t r o l l i n g  i s  

a s  f o l l o w s :

ks  L % c i KCzKa
r  =  -------------       — tt -  ^ H tCI

(1  + ^ o A c i  + a C5H5KCjH5 + aCjF,rjCl^CjZrjCl ^  ” 3^6  £ '
(47 )

I f  t h e  a c t i v i t i e s  a r e  e x p r e s s e d  i n  t e r m s  o f  mole f r a c t i o n  o f  

h y d r o g e n  c h l o r i d e  and i f  o n l y  t h e  i n i t i a l  r a t e  c o n s i d e r e d ,  

t h e  f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d .

1 l / 2
y n c i ^ - y K C i H  k h c i “ k c ^ h 6 1 +

i q  J  = X M f c g j K y H01 + ( f f2 ksLKll 0“ K H6 ) I / h

« * E C 1  * / »

T h i s  e q u a t i o n  i s  p l o t t e d  i n  F i g u r e  20 w h ic h  shov;s t h a t  s t r a i g h t  

l i n e s  drawn t h r o u g h  t h e  e x p e r i m e n t a l  p o i n t s  h a v e  e i t h e r  p o s i ­

t i v e  o r  z e r o  s l o p e s  and  p o s i t i v e  i n t e r c e p t s .  T h i s  i s  c o n s i s t ­

e n t  w i t h  E q u a t i o n  ( 4 8 ) .  On t h i s  b a s i s  t h e  s u r f a c e  r e a c t i o n  

i s  a p o s s i b l e  c o n t r o l l i n g  m echan ism .

I f  a c t i v i t i e s  a r e  e x p r e s s e d  i n  t e r m s  o f  mole  f r a c ­

t i o n ,  E q u a t i o n  (4 7 )  can be r e a r r a n g e d  t o  g i v e  t h e  f o l l o w i n g  

equ a t i o n :
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 L i  ! L E _  = ___________i _________   + f-h c i  v
r  J  7 T n « n r  v W 2  T T T ^  ^ 7 2  yHCl7 /  ( I c s L K ^ q -^K q  ^  ) ( i - . s L K p  „  )

TC 1 / 2  X

C- 3 ^  ,  .  \ E7 C1

3n 6 c 3h 6

+ (k sL  W l / 2  7 C3H6 + ( t a t % c i Ko H >X/2  7c ?H7C1 
3 6

R = ^  +/ ? ^HCl + ^ y C 3H6 + cTyc HyCl ^49)

The c o n s t a n t s  i n  E q u a t i o n  (4-9) w ere  e v a l u a t e d  by  t h e  method 

o f  l e a s t  s q u a r e s  f ro m  d a t a  f rom t h e  e x p e r i m e n t a l  c o n v e r s i o n  

v e r s u s  t i m e  f a c t o r  cx i rves .  The r e s u l t s  a r e  g i v e n  i n  T a b l e  I I I .  

The v a l u e s  o f  t h e  e q u i l i b r i u m  c o n s t a n t ,  E ,  were  o b t a i n e d  f rom  

known and e s t i m a t e d  the rm odynam ic  p r o p e r t i e s  f o r  t h e  r e a c t a n t s  

and p r o d u c t s .  The v a l u e s  o f  E a t  e a c h  o f  t h e  t e m p e r a t u r e s  i s  

q iv en  i n  T a b le  I I .

T a b le  I I

V a lu e s  o f  E q u i l i b r i u m  C o n s t a n t ,  E

4 4 °C 6o°c 8o°c

E 2 2 . 4  7 . 6 1  2 . 5 2

T a b le  I I I

cL

V a lu e s  o f  C o n s t a n t s  i n  E q u a t i o n  (4 9 )

80°C 60°C 4 4 °C

1

TT ( k s L K g c i K C z H g

Tfl/ 2

yXyg +1-975 - 7 .280  +2.670

4? “HC1
p  ---------------------------- j-7 p  - 1 . 3 7 7  + 8 . f f q'  P'cTTf )->-/ 4 - • > " '  ' - 0 . 5 2 4
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V a lu e s  o f  C o n s t a n t s  i n  E q u a t i o n  (4 9 )

80°C 60°C 44°C

r
(k o -ul-HCl/

k CtH7 C1

- 1 . 0 0 7 2  +8 . 9 5 9  - 0 . 5 5 7

J +4 . 6 7 5 6  +1 4 . 2 5 8  + 0 .401

The v a l u e s  o f  t h e  c o n s t a n t s  i n  T a b le  I I I  a r e  much t h e  same 

as  w ere  o b t a i n e d  w i t h  t h e  d e s o r p t i o n  o f  i s o p r o p y l  c h l o r i d e  

c o n t r o l l i n g  i n  t h a t  t h e r e  i s  no c o n s i s t e n c y  i n  s i g n  b e tw e en  

t h e  v a l u e s  o f  t h e  c o n s t a n t s  and t h e i r  d e f i n i t i o n s .  T h i s  

i n c o n s i s t e n c y  i s  a g a i n  b e l i e v e d  t o  be due t o  t h e  s m a l l  r a n g e  

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

due to  t h e  i n a p p l i c a b i l i t y  o f  t h e  e q u a t i o n  t o  t h e  m echan ism .  

T h u s ,  b a s e d  on t h e  r e s u l t s  o b t a i n e d  f rom  t h e  i n i t i a l  r e a c t i o n  

r a t e s  t h e  s u r f a c e  r e a c t i o n  i s  a p o s s i b l e  c o n t r o l l i n g  m echanism.
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CORRELATION OF KINETIC DATA

CHAPTER V I I :

The k i n e t i c  d a t a  f o r  t h e  a d d i t i o n  o f  h y d ro g e n  

c h l o r i d e  t o  o r o o v l e n e  o v e r  a c t i v a t e d  a l a n i n e  were  c o r r e l a t e d  

by two m ethods  a s su m in g  t h a t  t h e  s u r f a c e  r e a c t i o n  i s  t h e  r a t e  

c o n t r o l l i n g  s t e p .

method A

In  E q u a t i o n  (4 9 )  t h e  m ole  f r a c t i o n  o f  i s o p r o p y l  

c h l o r i d e  can be e x p r e s s e d  i n  t e r m s  o f  t h e  mole f r a c t i o n s  o f  

t h e  o t h e r  two com ponen ts  o f  t h e  s y s t e m ,  and t h e  c o n s t a n t s  com­

b i n e d  t o  g i v e  t h e  f o l l o w i n g  e q u a t i o n :

R =  ( ct. + /3  ) +  ( p  -  6  ) y H C 1  +  ( \  -  $  ) 7 q

R = A + B yHC1 + C y c?H6  (5 0 )

(1ceLKh c i k o 3h 6 ) I 7 5  <FTC1 ’  KC5'l 7 0 l )

C =  ~ w  " / o  ( E n  t r ,  “  K  r

(ksLK „ K )
HC1 C H6

1 / 2  ( e c 5h 6 -  KC3H? C1 '
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R =

/  (-»
V T /0 F r7 0 1

yn C i y c 7;H5 -  ~ ^ r fr ~

Upon e v a l u a t i n g  t h e  c o n s t a n t s  A, B, and C by t h e  method c f  

l e a s t  s q u a r e s  f ro m  t h e  e x p e r i m e n t a l  c o n v e r s i o n  v e r s u s  t im e  

f a c t o r  c u r v e s  f o r  a l l  t h r e e  t e m p e r a t u r e s ,  i t  was fo\tna t h a t  

t h e  s i g n  o f  r h e  c o n s t a n t s  were  in  a l l  c a s e s  c o n s i s t e n t  -with  

t h e  d e f i n i t i o n s  ab o v e .

In  a s t e a d y  f lo w  s y s t e m  t h e  r e l a t i o n s h i p  b e tw e en  

c o n v e r s i o n  and t im e  f a c t o r  can  be o b t a i n e d  by i n t e g r a t i o n  o f  

E q u a t i o n  (1 )  x

v/ -  \  <3x , ,
F "  J  ~  ( 5 D

o

G r a p h i c a l  i n t e g r a t i o n  o f  E q u a t i o n  ( p i )  vjas c a r r i e d  o u t  t o  

r e p r o d u c e  t?ie e x p e r i m e n t a l  c o n v e r s i o n  v e r s u s  t ime f a c t o r  

c u r v e s .  The v a l u e s  o f  t h e  c o n s t a n t s  fo u n d  by t h e  method 

o f  l e a s t  s q u a r e s  were a d j u s t e d  by t r i a l  and e r r o r ,  and t h e  

i n t e g r a t i o n  r e p e a t e d  u n t i l  an e q u a t i o n  f o r  t h e  r e a c t i o n  r a t e  

wa3 fo u n d  t h a t  would  b e s t  f i t  t h e  e x p e r i m e n t a l  d a t a .  Only

t h e  d a t a  f rom  S e r i e s  1 and 2 were  u s e d  f o r  t h i s  work .  The

c o n v e r s i o n  c u r v e  f o r  S e r i e s  4 wa3 th e n  c h e c k e d  u s i n g  t h e  

f i n a l  r a t e  e q u a t i o n .

The f i n a l  c o n v e r s i o n  c u r v e s  a r e  shown i n  F i g u r e s  21 

t h r o u g h  27  f o r  t h e  v a r i o u s  f e e d  c o m p o s i t i o n s  a t  p r o c e s s  t i m e s  

o f  z e r o ,  t h r e e ,  and s i x  h o u r s .  The e x p e r i m e n t a l  p o i n t s  a r e  

I n d i c a t e d  on e a c h  c u r v e .  F i g u r e  23  shows t h a t  t h e r e  i s  f a i r
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a g r e e m e n t  b e tw e en  th e  d e r i v e d  e q u a t i o n  a t  60°C and p r o c e s s  

t i m e  z e r o  h o u r s  and t h e  e x p e r i m e n t a l  d a t a  o f  S e r i e s  4 ,  even 

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

t h e  e q u a t i o n .

P l o t s  o f  t h e  v a l u e s  o f  t h e  c o n s t a n t s  v e r s u s  t e m ­

p e r a t u r e  a t  v a r i o u s  p r o c e s s  t i m e s  a r e  shown i n  F i g u r e s  28 

t h r o u g h  JO, V a lu e s  o f  t h e  c o n s t a n t s  a t  t h e  v a r i o u s  t e m p e r ­

a t u r e s  e r e  p l o t t e d  v e r s u s  p r o c e s s  t im e  in  F i g u r e s  31 t h r o u g h

33* These  p l o t s  show t h e  l i n e a r i t y  o f  t h e  v a l u e s  o f  t h e  c o n ­

s t a n t s  w i t h  t im e  and t e m p e r a t u r e .  On t h e  b a s i s  o f  t h e s e  p l o t s  

t h e  f o l l o w i n g  e q u a t i o n s  w ere  d e r i v e d  f o r  e a c h  c o n s t a n t  i n  

t o r u s  o f  t h e  p r o c e s s  t im e  T ,  i n  h o u r s  and t h e  t e m p e r a t u r e  t ,  

i n  d e g r e e s  c e n t i g r a d e .

a  = ( 0 . 3 3 0  -  o . o m  t )  T -  1 . 3 2  + 0 . 1 0 0  t
(52)

3 = ( 0 . 0 1 2 8  t  -  0 . 3 5 1 ) Y  + 5 . 7 8  -  0 . 1 4 8  t

c = ( 0=0136  t  -  0 =4 1 5 ) Y  + 4=82  -  0=131  t

V a lu e s  o f  t h e  c o n s t a n t s  c a l c u l a t e d  by t h e s e  e q u a t i o n s  a r e  

compared  w i t h  t h e  e x p e r i m e n t a l  v a l u e s  i n  T a b l e  IV ( s e e  n e x t  

p a g e ) .

Method B

E q u a t i o n  ( 5 8 ) ,  d e v e l o p e d  u s i n g  t h e  m e thod  o f  

V/ynkoop and W i lh e lm ,  can  a l s o  be u s e d  t o  c o r r e l a t e  t h e  

k i n e t i c  d a t a .  The v a l u e s  o f  t h e  v a r i a b l e  t e rm s
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Table IV
C a l c u l a t e d  and E x p e r i m e n t a l  V a lu e s  o f  C o n s t a n t s  A, B, and C

yC7H7 Cl
=  ( y H C ^ / C BH 6  "  TT g  ^

(A + ByEC1 + CyCzH^ ) 2

P r o c e s s  Time 0 Hours

6o°c 6o°c 44 °C

Exp. C a l c . Dev. Ex p . C a l c . Dev. Exp. C a l c . Dev.

A 6 . 6 5 6.68 + 0 .3 4 .6 8 4 . 6 8 0 . 0 0 3 .0 7 3.08 + . 0 1

B - 6 . 0 5 - 6 . 0 6 - . 0 1 - 3 . 1 2 -3.10 + . 0 2 -O . 7 3 - 0 . 7 3 . 0 0

C -5.63 - 5 •66 + .0 2 - 3 . 0 0 - 3 . 0 4 - . 0 4 -O .9 6 -0 .Q 4 + . 0 2

P r o c e s s Time 3 Hours

8 o°c 6o°c 44°C

Exp. C a l c . Dev. Exo. C a l c . Dev. Exp. C a l c . Dev.

A 5 . 0 4 3 . 0 1 - .  Op 3 . 6 0 3 .6 7 + .0 7 2 . 5 8 2 . 6 1 + .03

B - 3 . 9 7 - 4 . 0 4 + .07 - 1 . 9 0 - I . 8 5 + .05 - 0 . 0 4 - 0 . 0 9 - . 0 5

C - 3 . 7 0 - 3 . 6 4 + • 06 - . 1 8 0 -1.84 - . 0 4 - O .35 - 0 . 3 9 - . 0 4

P r o c e s s Time 6 Hours

8o°c 6o°c 44°C

Exp. C a l c . Dev. Exp. C a l c . D e v . . Exp . C a l c . Dev.

A 3.30 3.33 + .03 2 . 6 5 2 . 6 6 + .01 2 . 0 5 2 . 1 6 + .11
B -1.95 -2.02 -.09 -0.70 - 0 . 6 0 + .10 0 . 7 2 0 . 5 4 - . 1 8

C -1.68 - 1 . 6 2 + . 0 6 - 0 . 6 0 - 0 . 6 3 - . 0 3 0 . 1 7 0 . 1 6 -.01
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1 ^  7HC1 ^ 21  ■ ' J t i U i '

R ^  -  % i 7  H C l ° " y HCl

and

yHCl (1  “ ^ H C l ^2 , n _ ,
—  T 7 T Z  ^  (1  -  2?HC10 + 7HC17HC10 )

'  -HC10 '

we r e  p l o t t e d  f o r  S e r i e s  1 and 2 f o r  e a c h  t e m p e r a t u r e ,  and  

t h e  b e s t  s t r a i g h t  l i n e  drawn t h r o u g h  t h e  p o i n t s .  The s l o p e s  

and i n t e r c e p t s  o f  t h e s e  l i n e s  gave  t h e  v a l u e s  o f  t h e  c o n s t a n t s  

shown i n  T a b l e  V.

T a b l e  V

V a l u e s  o f  C o n s t a n t s  f o r  t h e  E q u a t i o n  

r = kc(A«(B n2yE0U c ,H 6 " k ’ C<C,T7c,H6

P r o c e s 3 Time 
0 Hour s

P r o c e s s  Time 
3 Hours

P r o c e s s  Time 
6 Hour s

°c 80 60 44 80 60 44 80 60 44

k  dffCKB O. 7 3 6  0 . 3 4 2  O . I 98 O. 5 3 8  0 . 3 0 2  O . I 76 0 . 3 6 4  0 . 2 4 4  0 . 1 5 1

k » a c O. 5 7 7  0 . 2 4 1  O. 0 8 3 0 . 4 2 0  0 . 2 1 5  O.O76 0 . 2 0 8  0 . 1 1 4  O.O58

To o b t a i n  t h e  c o n v e r s i o n  cx t rves ,  E q u a t i o n  (37)  was 

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

^HCl
___________  ^ H C l_____________________

"U-ynci2 I ^-vhc! )̂
" ) '2 ( % C 1 - % C 1  ) - > « W bH 2 J H 0 1  ( 1 . _  ) 2 ( 1- % 0 1 o + y H C iy H0 1 o )

yncirt 0 0
V/

dW
F
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d r̂HCl W
F

Tho r e s u l t s  o f  t h i s  i n t e g r a t i o n  a r e  shown i n  F i g u r e s  34 

t h r o u g h  3 9 , f o r  S e r i e s  1 and 2 a t  p r o c e s s  t i m e s  o f  z e r o ,  

t h r e e  and s i x  h o u r s .  The e x p e r i m e n t a l  p o i n t s  a r e  i n d i c a t e d  

on t h e s e  p l o t s .  F i g u r e  40 shows t h e  a g r e e m e n t  of  t h e  e q u a ­

t i o n  a t  60°C w i t h  t h e  e x p e r i m e n t a l  d a t a  o f  S e r i e s  4 .

41 and 42 and a r e  p l o t t e d  v e r s u s  p r o c e s s  t i m e  i n  F i g u r e s  43 

and 4 4 .  S i n c e  t h e  l o g a r i t h m s  o f  t h e  c o n s t a n t s  a r e  l i n e a r  

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

c o n s t a n t s  can be e x p r e s s e d  i n  t h e  form o f  t h e  A r r h e n i u s  

e c u a t i o n :

The v a l u e s  o f  t h e  f requenc?^ f a c t o r ,  A, and t h e  a c t i v a t i o n  

e n e r g y ,  E,  f o r  t h e  p r o c e s s  t i m e s  o f  z e r o ,  t h r e e ,  and s i x  

h o u r s  a r e  l i s t e d  i n  T a b l e  VI and p l o t t e d  i n  F i g u r e s  45  and

The v a l u e s  o f  t h e  c o n s t a n t s  g i v e n  i n  T a b l e  V a r e

k  = Ae ^

4 6 .  From t h e s e  r i o t s  can be seen  t h a t  t h e  c o n s t a n t s  a r e  n o t

l i n e a r  f u n c t i o n s  o f  t h e  o r o c e s s  t ime
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T a b l e  VI

V a l u e s  o f  A and E i n  A r r h e n i u s  

E_
k  = Ae~ RT

E q u a t i o n

k o f A <^B k« nO

E A E A
P r o c e s s  tc. c a l C-m.Kol K. c a l Gm.Mol

Time Gm.mol Gm. ca t xHr . Gm.mol G m . c a t x H r .

0 8 . 0 2 6 . 6 4  x  104 1 1 . 8 0 1 . 2 5  x  1 0 ?

5 6 . 9 8 1 . 1 3  x  104 1 1 . 0 2 3 .O3 x  1 0 6

6 5 . 4 8 9 . 4 8  x  102 8 . 5 6 4 . 3 8  x 104

In  o r d e r  t o  e x p r e s s  t h e  v e l o c i t y  c o n s t a n t s  as  a 

f u n c t i o n  o f  p r o c e s s  t i m e  and t e m p e r a t u r e ,  t h e  s l o p e s  o f  t h e  

l i n e s  i n  F i g u r e s  43  and 44 were  p l o t t e d  v e r s u s  a b s o l u t e  t em­

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

c o n s t a n t s  on a s e m i - l o g  p l o t .  The i n t e r c e p t s  o f  t h e  l i n e s  

o f  F i g u r e s  43 and 44 wer e  p l o t t e d  v e r s u s  r e c i p r o c a l  a b s o l u t e  

t e m p e r a t u r e  and t h e  e q u a t i o n  o f  t h e  c u r v e s  o b t a i n e d .  These  

c a l c u l a t i o n s  gave  t h e  f o l l o w i n g  e m p i r i c a l  e x p r e s s i o n s  f o r  t h e  

r e a c t i o n  v e l o c i t y  c o n s t a n t s  a s  a f u n c t i o n  o f  p r o c e s s  t i i n e , ^ ,

i n  h o u r s  and t e m p e r a t u r e ,  T,  i n  d e g r e e s  K e l v i n .

8020

x 1q4 q RT " 9*29 x 10*"11 T  e°

1 0 , 0 0 0  ^ 4 ) 
k » ^ ( c = 8 . 9 1  x 105e RT -  6 . 0 0  x  1 0 “ 10  T e ° ’ ° 524T
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V a l u e s  o f  t he  v e l o c i t y  c o n s t a n t s  c a l c u l a t e d  by 

E q u a t i o n  (54)  a r e  compared w i t h  t h e  e x p e r i m e n t a l  v a l u e s  i n  

T a b l e  V I I .

T a b l e  V I I

C a l c u l a t e d  and E x p e r i m e n t a l  V a l u e s  o f  t h e  

R e a c t i o n  V e l o c i t y  C o n s t a n t s

P r  oc e s s  Ti me 0 h o u r s

8o°c 6o°c 44 °C
Exp. C a l c . Dev. Exo. C a l c . Dev. Exo. C a l c . Dev.

0 . 7 5 6 . 7 0 6 - . 0 5 0 0 . 3 4 2 . 3 6 1 + .019 O . I 98 .1 9 0 - . 0 0 8

kVxc O. 5 7 7 . 5 8 5 + . 0 0 6 0 . 2 4 1 .259 - . 0 0 2 O.O85 .111 + . 0 2 8

P r o c e s s  Ti mo 3 h o u r s

8o°c 6o°c 44°C

Exo. C a l c . Dev. Exp . C a l c . Dev. Exo. C a l c . Dev.

\SolpOt-Q 0.55'S . 5 2 0 - . 0 1 8 0 . 3 0 2 .3 0 0 - . 0 0 2 0 . 1 7 6 .1 5 8 - . 0 1 8

k V c n a onV  •  1 C.V/ Xp.A •  . * ~ 0 . 2 1 5 . 1 7 0 - . 0 4 5 0 . 0 7 6 .0 8 2 + . 0 0 6

Proc e s s  Time 6 h o u r s

8o°c 6o°c 44 °C

Exp. C a l c . Dev. Exp. C a l c . Dev. Exo. C a l c . Dev.

V&Ao(B O . 5 6 4 .■•555 - . 0 3 1 0 . 2 4 4 .240  •- . 0 0 4 0 . 1 5 1 .1 2 6 - . 0 2 5

kb^c 0 . 2 0 8 .1 8 5 - . 0 2 3 0 . 1 1 4 . 1 0 1  •- . 0 1 3 O.O58 . 055 - . 0 0 5
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DISCUSSIOIT OF RESULTS 

CHAPTER IX

Bot h  Method A and Method B g i v e  s a t i s f a c t o r y  c o r ­

r e l a t i o n s  o f  t h e  k i n e t i c  d a t a  o v e r  t h e  r s n ^ e  o f  v a r i a b l e s  

u s e d  i n  t h i s  s t u d y .  Method A w o s s i b l y  i s  t h e  b e t t e r  o f  t h e  

two s i n c e  t h e  a g r e e m e n t  of t h e  e q u a t i o n s  t o  t h e  e x p e r i m e n t a l  

d a t a  i s  b e t t e r  t h r o u g h o u t  t h e  r a n g e  o f  t i m e  f a c t o r s .  T h i s  i s  

e s p e c i a l l y  t r u e  a t  p r o c e s s  t i m e s  o t h e r  t h a n  z e r o  h o u r s .  By 

c o m p a r i n g  F i g u r e s  23 and 40 I t  can be s e e n  t h a t  t h e  tv;o 

me t ho ds  g i v e  e s s e n t i a l l y  t h e  same r e s u l t s  when u s e d  w i t h  a 

f e e d  c o m p o s i t i o n  o f  19m h y d r o g e n  c h l o r i d e  . F i g u r e s  J4- t h r o u g h  

39 show t h a t  t h e  c u r v e s  o b t a i n e d  f rom Method B d e v i a t e  a p p r e ­

c i a b l y  f rom t h e  e x p e r i m e n t a l  v a l u e s  a t  h i g h  t i m e  f a c t o r .  The 

f a c t  t h a t  t h i s  d e v i a t i o n  i s  low f o r  S e r i e s  1 and h i g h  f o r  

S e r i e s  2 i n  a l l  c a s e s  i n d i c a t e s  t h a t  u s e  o f  t h e  c o r r e l a t i o n -  

s h i p  f o r  f e e d  c o m p o s i t i o n s  g r e a t e r  t h a n  66 ';i h yd rog en  c h l o r i d e  

and l e s s  t h a n  37A> h y d r o g e n  c h l o r i d e  would t e n d  t o  g i v e  e r r o n ­

eou s  r e s u l t s  a t  h i g h  t i m e  f a c t o r s .

I n  a d d i t i o n ,  Method B can be c o n s i d e r e d  o n l y  as  an
k<*A«<3

e m o i r i c a l  e c n a t i o n  b e c a u s e  o f  t h e  v a l u e  o f  t h e  r a t i o  -rr~,—  .k ' « c
From E q u a t i o n  (35)  ^  can be s e e n  t h a t  t h i s  r a t i o  s h o u l d  be

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

t h e  c o n t r o l l i n g  s t e p .  I n  T a b l e  V I I I  t h e  r a t i o  ^ — — i s  com-
C

p a r e d  w i t h  t h e  v a l u e  o f  t h e  o v e r a l l  e q u i l i b r i u m  c o n s t a n t ,  E,
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a s  c a l c u l a t e d  ^ r o n  t h e  1 h o r r n o d y n a m i c  p r o p e r t i e s  o f  t h e  c o n ­

s t i t u e n t s  o f  t h e  s y s t e m .  Al though,  t h e  v a l u e s  o f  t h e  r a t i o s  

a r e  n e a r l y  t h e  same a t  t h e  d i f f e r e n t  p r o c e s s  t i m e s ,  t h e  

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

rprVh ^ UTTT

V a l u e s  o l  —  and t h e  E q u i l i b r i u m  C o n s t a n t ,  Z  k 'a. n ’

P r o c e s s  Time P r o c e s s  Time P r o c e s s  Time
______________ 0 Hours______________5 Ho u r s ____________ 6 Hours
h: bo 6o____ 44_____8o ____ 6o 44 8o _ 6 o  44

k afAo(p
n —  1 . 2 8  1 . 4 2  2 . 5 9  1 - 2 8  1 . 4 1  2 . 3 2  1 . 7 5  2.14- 2 . 6 c
lcVXC "
Z 2.J2 7.61 22.4 2.p2 7.61 22.4 2.p2 7.61 22.4

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

T h us ,  t h e  o r i g i n a l  a s s u m p t i o n s  a s  t o  t h e  e x p r e s s i o n s  f o r  t h e  

a d s o r p t i o n  i s o t h e r m s  a r e  p r o b a b l y  n o t  c o r r e c t  f o r  t h e s e  com­

p o n e n t s ,  and E q u a t i o n  (55)  can h o t  be c o n s i d e r e d  t h e  t r u e  

k i n e t i c  e q u a t i o n  f o r  t h i s  r e a c t i o n .  The c o r r e l a t i o n  by 

Method A i n c o r p o r a t e s  t h e  e q u i l i b r i u m  c o n s t a n t  when e v a l u a t ­

i n g  t h e  r e a c t i o n  c o n s t a n t s  so  t h a t  a s i m i l a r  c o m p a r i s o n  can 

n e t  be made .

A l t h o u g h  t h e  r e a c t i o n  v e l o c i t y  c o n s t a n t  and t h e  

i n d i v i d u a l  a d s o r p t i o n  c o n s t a n t s  o f  E q u a t i o n  (2 1 ) can n o t  be 

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

may be d r aw n.  The d e f i n i t i o n s  o f  t h e  r e a c t i o n  c o n s t a n t s  a r e
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l i s t e d  h e r e  f o r  c o n v e n i e n c e .

__________1_____________i
A = (hGLlvr G l h c y , ) 1' 1 [TT + KCr H^.Cl)

■a _ -------------------- ±-------------( r  _  Tf )
*• “  ( h s U v ^ K p  T- ) /  U HC1 *'C7H7 C1 ;

' -“ I  - ' i

c = 7 /7 7 ^  /  0 / 2  '̂C _j.ilr,G1'U - s ^ i c i i ' - o  tt ; i  6 5 7
3 o

R e f e r r i n g  t o  T a b l e  7 ,  i t  can be seen  t h a t  t h e  r a t i o  o f  2 to  

C i s  a p p r o x i m a t e l y  1 . 1  i n  n e a r l y  e v e r y  c a s e .  T h i s  would  i n ­

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

EpjCP and Kg ^  a r e  n e a r l y  e q u a l  w i t h  b e i n g  s l i g h t l y
5 i$

l a r g e r .  T h i s  i s  s u b s t a n t i a t e d  by t h e  s l o p e s  o f  t h e  l i n e s  i n  

F i g u r e  20 .  A l s o  s i n c e  3 and G a r e  u s u a l l y  n e g a t i v e ,  K-c ^ti^C)!

mu st  be l a r o e r  t h a n  e i t h e r  o r  Kn . The f a c t  t h a t  A i n -
i h l  ^ 5 6

c r e a s e s  w h i l e  B and G become more n e g a t i v e  w i t h  i n c r e a s e d

t e m p e r a t u r e  would i n d i c a t e  t h a t  Kq^  q-, i n c r e a s e s  w i t h  t em-
5  /  / n

p e r a t u r e  a t  a f a s t e r  r a t e  t h a n  (^sI^H-Cl^C^H^/ anc  ̂ ^ l s o  

a t  a f a s t e r  r a t e  t h a n  e i t h e r  % q-| o r  Kq p-^. I f  a l l  t h e  a d ­

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

t h e  seme r a t e ,  t h e  v a l u e s  o f  B and C would become more p o s i -
1 /O

t i v e  a t  i n c r e a s e d  t e m p e r a t u r e  s i n c e  (ksLK-gg-, ' mu s t

i n c r e a s e  w i t h  t e m p e r a t u r e .  T h i s  would a l s o  be t h e  c a s e  i f

KTT~- and K_ _  i n c r e a s e d  w i t h  t e m p e r a t u r e  a t  a v r e a t e r  r a t e  
c3h6 

t h a n  Kc7H7 G1 *
2 (
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F r o p e r  i n t e r p r e t a t i o n  o f  t h e  e f f e c t  o f  p r o c e s s  t i m e  

on t h e  v a l u e s  of t h e  c o n s t a n t s  A, B, and G i s  n o t  a p p a r e n t  

f r o m t h e s e  d e f i n i t i o n s .  The e f f e c t  o f  f  on l ine ;  o f  a c a t a l y s t  

may he i n t r o d u c e d  i n t o  t h e  r a t e  e q u a t i o n  by e i t h e r  o f  two 

wa y s .  F i r s t ,  a " f o u l i n p  f a c t o r "  may be i n t r o d u c e d  as  a m u l t i ­

p l y i n g  f a c t o r  on t h e  r e a c t i o n  v e l o c i t y  c o n s t a n t ,  k s L ,  c o n s i d e r  

i n q  t h a t  f o u l i n y  m e r e l y  r e d u c e s  L, t h e  t o t a l  member o f  a c t i v e  

c e n t e r s  on t h e  c a t a l y s t  s u r f a c e .  The s e co n d  method  i s  t h e  

i n t r o d u c t i o n  o f  a n o t h e r  t e r m  i n  t h e  d e n o m i n a t o r ,  o r  a d s o r p ­

t i o n  t e r m ,  of  t h e  r a t e  e q u a t i o n  w i t h  t h e  v iew t h a t  f o u l i n p  

h a s  t h e  same e f f e c t  as  t h e  a d s o r p t i o n  o f  a c o n s t i t u e n t  cn t h e  

a c t i v e  c e n t e r s .  T h i s  l a t t e r  p r o c e d u r e  h a s  been  u s e d  s u c c e s s ­

f u l l y  ( 5 )» I n  e i t h e r  c a s e  t h e  f o u l i n q  f a c t o r  would  be a 

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

I f  t h e  f i r s t  method c f  c o r r e c t i n g  f o r  c a t a l y s t  

f o u l i n q  wer e  a p p l i c a b l e  i n  t h i s  c a s e ,  t h e  a b s o l u t e  v a l u e s  o f  

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

t h i s  i s  n o t  t h e  c a s e ,  t h e  f i r s t  method does  n o t  a p p l y  t o  t h e  

r e a c t i o n  c o n s t a n t s  o b t a i n e d  i n  t h e  c o r r e l a t i o n  by method A.

I t  s h o u l d  be n o t e d ,  h o we ve r ,  t h a t  t h e  r e a c t i o n  c o n s t a n t s  

koC^oCg and k ’ oCp do d e c r e a s e  w i t h  t i m e  i n d i e a t i n g  t h a t  t h i s  

t y p e  o f  c o r r e c t i o n  i s  a p p l i c a b l e  i n  t h e  c a s e  o f  Method B.

From E q u a t i o n s  (21)  and (BO) i t  can be shown t h a t  

t h e  f o l l o w i n g  e q u a t i o n  i s  t r u e .

A + ByA + CyB = (kjgrK~K j l / 2  + ?AKA + y3 KB + l R % ) (55)
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A c c o r d i n g  t o  t h e  s econd  method c f  i n t r o d u c i n g  a f o u l i n g  f a c -

and t i m e ,  can be i n t r o d u c e d  i n t o  t h e  a d s o r p t i o n  t e r m  i n  t h e  

r i g h t - h a n d  s i d e  o f  E q u a t i o n  ( 5 5 ) .  E l i m i n a t i n g  yR , t h e  e q u a ­

t i o n  becornea

t e m p e r a t u r e .

I f  t h e  e x p r e s s i o n s  f o r  A, B, and C g i v e n  by  Equa ­

t i o n  ( 5 2 ) a r e  s u b s t i t u t e d  i n t o  t h e  l e f t - h a n d  s i d e  o f  E q u a t i o n

E q u a t i o n s  ( 5 6 ) and  ( 5 7 )  a r e  t h e  same f o rm i n d i c a t i n g  t h a t  

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

a p p l i e s  i n  t h i s  c a s e .  Thus th e  e f f e c t  o f  p r o c e s s  t ime  on t h e  

v a lu .e s  o f  A, B, and  C can n o t  be i n t e r p r e t e d  on t h e  b a s i s  o f  

t h e i r  o r i g i n a l  d e f i n i t i o n s .  T h e se  d e f i n i t i o n s  can be  c o n s i d e r e d  

v a l i d  o n l y  a t  z e r o  t i m e  and would r e q u i r e  m o d i f i c a t i o n s  t o  be 

a p p l i c a b l e  a t  any o t h e r  t i m e .

t o r ,  a t e r m  J ,  w h i c h  i s  a f u n c t i o n  o f  c o n v e r s i o n ,  t e m p e r a t u r e

A + SyA + CyE _ ( ksLK^Kp) l / 2  + KR> + ^KA“KR ^ A +

(56)

Each o f  t h e  t e r m s  i n  E q u a t i o n  ( ri6 ) a r e  f u n c t i o n s  o f  t em p e r s

( 5 6 ) and t h e  t e r m s  r e a r r a n g e d ,  t h e  f o l l o w i n g  e x p r e s s i o n  r e s u l t

( - 1 . 5 2  + O. lOOt )  + ( 5 . 7 8  -  0 . 1 4 8 t ) y HC1 

+ ( 4 . 8 2  -  0 . 1 3 1 t ) y c H£ + j j O . 7 3 O -  0 . 0

+ (o.oi?-8t - 0.351)7™ -i- (o.oig6t - 0
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CHAPTER X

On t h e  b a s i s  o f  t h i s  k i n e t i c  s t u d y  o f  t h e  c a t a l y t i c

v a p o r  c h a s e  a d d i t i o n  of  h yd rog en  c h l o r i d e  t o  p r o p y l e n e  o v e r

a c t i v a t e d  a l u m i n a ,  t h e  f o l l o w i n g  c o n c l u s i o n s  can be made .

1 .  Over  t h e  t e m n e n a t u r e  nun ye 44°C t o  80°C i s o p r o p y l  

c h l o r i d e  i s  t h e  o n l y  p r o d u c t  p r e s e n t  i n  t h e  e x i t  y a s e s .

2 .  The a c t i v i t y  o f  a c t i v a t e d  a l u m i n a  a s  a c a t a l y s t  f o r  t h i s  

r e a c t i o n  d e c r e a s e s  w i t h  t i m e .

3 . The r a t e  o f  r e a c t i o n  may be c o n t r o l l e d  e i t h e r  by t h e  

d e s o r p t i o n  o f  i s o p r o p y l  c h l o r i d e  o r  by t h e  s u r f a c e  r e ­

a c t i o n  b e t we en  a d s o r b e d  m o l e c u l e s  o f  hyd royen  c h l o r i d e

and a d s o r b e d  m o l e c u l e s  o f  p r o p y l e n e .

4 .  The r a t e  o f  r e a c t i o n  may be e x p r e s s e d  by t h e  e q u a t i o n
c 7^17^0.

r  = y p c i y C?H^ -  - f r t
(A + ByHC1 + Cyc ^ ) 2

where  A = ( O . 33O -  0 . 0 1 1 1 t ) T  -  1*32 + O. lOOt  

B = ( 0 . 0 1 2 8 t  -  O . 35D T  + 5 . 7 8  -  0 . 14&t

c = ( 0 . 0 1 3 6 1  -  0 . 4 1 5 )T + 4 . 8 2  -  0 . l 3l t

5 . The r a t e  o f  r e a c t i o n  may a l s o  be e x p r e s s e d  by t h e  e q u a ­

t i o n
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r  -  V- d k oC?) TT^JHGl^Gyl^ “ C 

where
8020

k o ( Ac <3  = 6 . 6 4  x 104 e R? -  9*29  x  lO- 11^ e ° ’ ° ^

1 0 ,000
k ’c<c  = 6 . 9 1  x  105 e~ RT -  6 . 0 0  x  10- 1O^ 0O*°824T

T h i s  e q u a t i o n  i s  p r o b a b l y  u n r e l i a b l e  when u s e d  o u t s i d e  

o f  t h e  r a n ^ e  o f  v a r i a b l e s  c o v e r e d  by t h i s  work .
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NOMENCLATURE

A, E, C = c o n s t a n t s

aA, a B , a R “ ^ a s  P^a s e  a c t i v i t i e s  o f  componen t s  A, E, and R

= p a r t i c l e  a r e a  p e r  u n i t  mass  o f  c a t a l y s t  

a o ~ s u r r a c e  ares ,  p e r  p a m c r e

b = c o n s t a n t  i n  a d s o r p t i o n  i s o t h e r m  e q u a t i o n

c^ = s u r f a c e  c o n c e n t r a t i o n  o f  a d s o r b e d  m o l e c u l e s  o f

component  A

c = s u r f a c e  c o n c e n t r a t i o n  o f  a d j a c e n t l y  a d s o r b e d

m o l e c u l e s  c f  A and ;J

c^ = s u r f a c e  c o n c e n t r a t i o n  o f  v a c a n t  a c t i v e  c e n t e r s  

cRi  = s u r f a c e  c o n c e n t r a t i o n  o f  m o l e c u l e s  o f  component  

R a d j a c e n t  t o  v a c a n t  a c t i v e  c e n t e r s  

= a v e r a g e  d i f f u s i v i t y  of  component  A 

F -  f low r a t e  o f  f e e d ,  gram mol es  p e r  u n i t  t i m e  

G = mass  v e l o c i t y  

J  = f o u l i n g  f a c t o r  

j p  = mass t r a n s f e r  f a c t o r  

KA ,KB >%  -  a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t s

K = s u r f a c e  r e a c t i o n  e q u i l i b r i u m  c o n s t a n t

v K a K p K
= o v e r a l l  e q u i l i b r i u m  c o n s t a n t ;  Z = —y

R

k , l r ’ = r e a c t i o n  v e l o c i t y  c o n s t a n t s  f o r  t h e  s u r f a c e  

r e a c t i o n s

k ^ ,  k*^  = r e a c t i o n  v e l o c i t y  c o n s t a n t s  f o r  t h e  a d s o r p t i o n  

r e a c t i o n s
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1:,~ = mass  t r a n s f e r  c o e f f i c i e n t

L = number  o f  a c t i v e  c e n t e r s  p e r  u n i t  mass  o f  c a t a l y s t

K = mean m o l e c u l a r  weirt l i tm
n = c o n s t a n t

= p a r t i a l  p r e s s u r e  o f  component  A 

= f i l m  o r e s s u r e  f a c t o r
-  J.

r  = r a t e  o f  r e a c t i o n ,  gram  moles  c o n v e r t e d  p e r  ( u n i t

t i m e ) ( u n i t  mass of  c a t a l y s t )  

s = number  o f  e q u i d i s t a n t  a d j a c e n t  a c t i v e  c e n t e r s

T = t e m p e r a t u r e ,  d e c r e e s  K e l v i n

t  = t e m p e r a t u r e ,  d e c r e e s  C e n t i g r a d e

W = mass  o f  c a t a l y s t

x  = mo l es  o f  r e a c t a n t  c o n v e r t e d  o e r  mole o f  f e e d

y  = mole  f r a c t i o n

rREEK SYMBOLS

cT , 6  = const?. n to­

9 = f r a c t i on o f  t o t a 1 a c t i v e  c e n t e r

7T = t o t a l p r e s s u r e , a t m o s p h e r e s

P  = dens  i t y o f  gas

r  = t i m e , h o u r s

/ ■ =
v i s c o s i t y  o f  g a 3
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APPENDIX

PART I

D i s c u s  3 io n  o f  Exp c r i me n t  s i  Equ ip m e n t  and Pr o c e d u re

A g r e a t  d e a l  o f  t h e  work  o f  t h i s  t h e s i s  c o n s i s t e d  

o f  d e v e l o p i n g  s a t i s f a c t o r y  e x p e r i m e n t a l  e q u i p m e n t  and an a n a ­

l y t i c a l  o r o c e d u r e .  The work can be s e p a r a t e d  i n t o  t h e  d e v e l o p  

ment  o f  (1)  t h e  r e a c t o r ,  ( 2)  t h e  p u r i f i c a t i o n  s ys t e m and im­

p r o ve me n t  o f  c a t a l y s t  a c t i v i t y ,  and (3)  t h e  method o f  a n a l y s i s  

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

m e r i t  o f  t h e  t e c h n i q u e  and a n a l y s i s ,  a s h o r t  d i s c u s s i o n  on 

r e p r o d u c i b i l i t y  i s  i n c l u d e d  i n  t h i s  a r p e n d i z .

R e a c t o r

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

t u b e  l b  mm. I . D .  and 150  mm. l o n g .  The t u b e  was f i t t e d  w i t h  

f e m a l e  2 1 5 /2 0  g l a s s  j o i n t s  a t  e a c h  e nd .  The male  p a r t  o f  

t h e  j o i n t  was c l o s e d  w i t h  a p e r f o r a t e d  g l a s s  p l a t e  so t h a t  

when t h e  r e a c t o r  was a s s e m b l e d ,  t h e  l o we r  ma l e  j o i n t  a c t e d  as  

a c a t a l y s t  s i i p p o r t .  The t u b e  was wound w i t h  seven  f e e t  o f  

1 ohm p e r  f o o t  Nichrome w i r e  and h e a v i l y  i n s u l a t e d  w i t h  g l a s s  

w o o l .  A p r e h e a t e r ,  made f rom a c h r o m a t o g r a p h i c  t u b e  210 mm 

l o n g ,  was -wound -with 1 0 . 5  f e e t  o f  1 ohm p e r  f o o t  Nichrome 

w i r e .  The l o w e r  end was f i t t e d  w i t h  a f e m a l e  2 1 9 /3 $  S l a s s  

j o i n t .  The p r e h e s t e r  and r e a c t o r  were j o i n e d  by a c o n n e c t o r  

c o n s i s t i n g  o f  a m a l e  2 1 5 / 2 0  j o i n t  and a ma l e  2 I 9 / 3O j o i n t .
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T h i s  i n t e r m e d i a t e  s e c t i o n  was f i t t e d  w i t h  a b a l l  and s o c k e t  

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

wh i ch  was s e a l e d  i n t o  one end o f  t h e  g l a s s  j o i n t .  The t i p  o f  

t h e  t h e r m o c o u p l e  l a v  i n  t h e  h o l l o w  o f  t h e  ma le  i o i n t  ' u s t-- V U U

above t h e  c a t a l y s t  b e d .  The p r e h e e t e r  and c o n n e c t o r  were  

packed  w i t h  l / 4  i n c h  t a b u l a r  a lum ina  b a l l s  t o  p r o v i d e  h e a t  

t r a n s f e r  s u r f a c e .  E x i t  gas  t e m p e r a t u r e s  were  r e a d  a t  t h e  

p e r f o r a t e d  p l a t e  o f  t h e  l o w e r  male j o i n t  by a t h e r m o c o u p l e  

s e a l e d  i n t o  a g l a s s  b a l l  and s o c k e t  j o i n t  j o i n e d  t o  t h e  e x i t  

s t a n d a r d  t a p e r  j o i n t .

The i d e a  b e h i n d  t h e  d e s i g n  o f  t h i s  r e a c t o r  was t h a t  

a f t e r  t h e  h e a t i n g  e l e m e n t  b r o u g h t  t h e  c a t a l y s t  bed t o  t em­

p e r a t u r e ,  t h e  h e a t  o f  r e a c t i o n  would m a i n t a i n  t h i s  t e m p e r a ­

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

t i o n ,  h o w e v e r ,  t h e  r e a c t o r  was u n s a t i s f a c t o r y .  The h e a t  o f  

r e a c t i o n  was so h i g h  t h a t  t h e  c a t a l y s t  became o v e r h e a t e d  w i t h  

t h e  r e s u l t  t h a t  t h e  p a r t i c l e s  became c o a t e d  w i t h  a b l a c k  d e ­

p o s i t  and t h e  c a t a l y s t  a c t i v i t y  d e c r e a s e d  v e r y  r a p i d l y .  To 

make a r e a c t o r  o f  t h i s  t o p e  work s a t i s f a c t o r i l y  would  r e q u i r e  

a d i l u e n t ,  s u c h  as  n i t r o g e n ,  i n  t h e  f e e d  gas  and h i g h  f l o w  

r a t e s  i n  o r d e r  tc- remove t h e  h e a t  o f  r e a c t i o n .  I t  i s  q u e s ­

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

be r e d u c e d  t o  a low v a l u e  i n  t h i s  t y o e  o f  r e a c t o r ,  s i n c e  by 

t h e  n a t u r e  o f  c a t a l y t i c  r e a c t i o n s ,  t h e  e n t e r i n g  f e e d  com­

p o s i t i o n  would t e n d  t owa r d  h i g h e r  r a t e s  o f  r e a c t i o n  a t  t h e  

bed e n t r a n c e  w i t h  s u b s e q u e n t  g r e a t e r  e v o l u t i o n  o f  h e a t .  I f
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t h e  h e a t  of  r e a c t i o n  were n o t  removed e f f i  c i e n t l y ,  a h o t  s p o t  

w or l d  d e v e l o p  a t  t h e  bed e n t r a n c e .  These  ho t  s p o t s  have  been  

known t o  r e a c h  as  h i g h  as  100°C above  t h e  a v e r a g e  bed t e n ­

n e r  a t v  r e  i n  a v e r y  s h o r t  d i s t a n c e .

A s econd  r e a c t o r  was made o f  a c h r o m a t o g r a p h i c  

t u b e  w i t h  a 1 i n c h  c o p p e r  t u b e  j a c k e t  I p l  nr: ,  l o n g  c l o s e d  

a t  b o t h  ends  by r u b b e r  g a s k e t s  made from f l e x i b l e  No. 6 r u b ­

b e r  s t o p p e r s .  The j a c k e t  was f i t t e d  w i t h  1 / 4  i n c h  c o o p e r  

i n l e t  and e x i t  t u b e s  s o l d e r e d  i n t o  t h e  j a c k e t .  Water  was 

c i r c u l a t e d  t h r o u g h  t h e  j a c k e t  from, a c o n s t a n t  t e m p e r a t u r e  

b a t h .  The t h e r m o c o u p l e s  were a p e r m a n e n t  t y p e  p l a c e d  b e f o r e  

and a f t e r  t h e  bed i n  t h e  h o l l o w  o f  t h e  male  g l a s s  j o i n t s  as  

b e f o r e .

T h i s  r e a c t o r  v:as u s e d  f o r  a p e r i o d  o f  a month w i t h ­

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

p a r t i c l e s  were  s t i l l  d i s c o l o r e d  a t  t h e  end o f  a r a n  b u t  n o t  

as  b a d l y  as  b e f o r e .  Even t h o u g h  t h e  c a t a l y s t  was d i l u t e d  w i t h  

20 -28  mesh: t a b u l a r  a l u m i n a ,  t h i s  d i s c o l o r a t i o n  o f  t h e  c a t a ­

l y s t  c o n t i n u e d  e s p e c i a l l y  a t  t h e  bed  e n t r a n c e .

A f t e r  t h e  s e co nd  r e a c t o r  was made t h e  f i r s t  r e a c ­

t o r  was u s e d  t o  a c t i v a t e  t h e  c a t a l y s t  c h a r g e  a t  t h e  s i t e  of  

t h e  e : c ~ o r i m e n t a l  e q u i p m e n t .  The we i ghed  c h a r g e  was p l a c e d  

i n  t h e  t u b e  and h e a t e d  i n  a s t r e a m  o f  n i t r o g e n .  'when t he  

t u b e  'was p l a c e d  i n s i d e  a one i n c h  c o p p e r  t u b e  wh i ch  i n  t u r n  

was c o v e r e d  w i t h  one i n c h  o f  a s b e s t o s  p a p e r  p i p e  i n s u l a t i o n ,  

t e m p e r a t u r e s  up t o  42p°C c o u l d  be o b t a i n e d  on a t h e r m o c o u p l e
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r,lncecl a t  f e e  "bed s : : i t  when a n i t r o g e n  f low r a t e  of  1000 c c /  

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

t o  bo u n s a t i s f a c t o r y  be c a r s  o a t  t b s  h i  gh t e m p e r a t u r e  c f  o p­

e r a t i o n  t h e  s i l i c o n e  s t o o c o c k  g r e a s e  u s e d  in  t h e  j o i n t s  o f  

f  o tv.be v a p o r i z e d  and formed a b l a c k  d e p o s i t  on t h e  c a t a l y s t .  

An a r r a n g e m e n t  s imi  l a r  t o  t h i s  u s  i n n  a l o n g e r  t u b e ,  so t h a t  

t h e  he a t i n y  s e c t i o n  woul d  not; be c l o s e  t o  t h e  ends  c o u l d  

p r o b a b l y  be d e v e l o p e d .  Such a s y s t e m  would a l l o w  f a s t e r  

c a t a l y s t  a c t i v a t i o n  and g r e a t e r  c o n v e n i e n c e .

The s econd  r e a c t o r  was m o d i f i e d  t o  r e d u c e  t h e  e f ­

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

f e r  and t o  p e r m i t  m eas ur emen t  o f  l o n g i t u d i n a l  t e m p e r a t u r e s .

A h o l e  was b o r e d  i n  t h e  p e r f o r a t e d  g l a s s  p l a t e  o f  t h e  l o w e r  

male  g l a s s  j o i n t  end a 2 mm O.D. g l a s s  t u b e  i n s e r t e d .  H o l e s  

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

and b o t t o m  o f  t h e  c a t a l y s t  b e d .  T h e r m o c o u p l e s  were  s e a l e d  

i n t o  t h e s e  h o l e s  w i t h  p o r c e l a i n  c e me n t .  A common l o ad  o f  

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

e x t e r n a l  l e a d s  wound a r ou nd  the  2 ram t u b e  so t h a t  t h e  l e a d s  

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

cement  w i t h  t he  r e s u l t  t h a t  t h e  o u t s i d e  d i a m e t e r  o f  t h e  

a s s e m b l y  was 4 ram. The g l a s s  t u b e  was b e n t  t o  come o u t  t h e  

s i d e  o f  t h e  l o w e r  ma l e  j o i n t  and a g l a s s  s e a l  made a t  t h e  

p o i n t  o f  e x i t .

T h i s  a r r a n g e m e n t  p e r m i t t e d  f o r  t h e  f i r s t  t i m e  a 

t e m p e r a t u r e  mca s nr em en t  i n  t h e  c a t a l y s t  b e d .  P r e v i o u s l y
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t h e  j a c k e t  had been  b r o u g h t  t o  t h e  d e s i r e d  tempe r a t i t r e  o f  

t h e  b e d ,  and t h e  a v e r s r e  o f  t h e  e n t r a n c e  and e r . i t  -"as t e m p e r ­

a t u r e s  u s e d  a s  t h e  a c t u a l  bed t e m p e r a t u r e .  7,ri t h  t h e  i n s e r ­

t i o n  o f  a t h e r m o c o u p l e  i n  t h e  b e d ,  i t  was shown t h a t  t h e

op t e  - ' r e n a t u r e  ’rad^ e n t s  ws^o a b o u t  10^0 when o r e r a t i n ' '  

a t  80°C.  A x i a l  t e m p e r a t u r e s  as m e a s ur e d  ley t h e  p e r manen t  

t y p e  t h e r m o c o u p l e s  d i f f e r e d  by a s  much a s  12°G. A l t h o u g h  

t h i s  a r r a n g e m e n t  o f  t h e  t h e r m o c o u p l e s  was not  s a t i s f a c t o r y  

due t o  f r a g i l i t y ,  t h e  few r u n s  t h a t  were made n o t  o n l y  i n d i ­

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

b e i n g  o b t a i n e d ,  b u t  a l s o  showed t h a t  t h e  d i s c o l o r a t i o n  of  

t h e  c a t a l y s t  was p r a c t i c a l l y  e l i m i n a t e d  when t h e  bed t em­

p e r a t u r e  was h e l d  t o  be l ow 9 0°C.

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

A l t h o u g h  t h e  h e a t e d  s e c t i o n  was v e r y  h o t ,  i t  r e q u i r e d  a c o n ­

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

s e c t i o n  betv;een t h e  p r e h e a t e r  and r e a c t o r  t o  r e a c h  o p e r a t i n g  

t e m p e r a t u r e .  T h i s  was t r u e  i n  s p i t e  o f  h e a v y  i n s u l a t i o n  

wrapped a r ound  t h e  s e c t i o n .  F u r t h e r m o r e ,  t h e  t e m p e r a t u r e  o f  

t h e  e n t e r i n g  gas  c o u l d  n o t  be’ c o n t r o l l e d  w i t h  p r e c i s i o n  due  

t o  t h e  l a g  i n  h e a t i n g  t h e  p a c k i n g  i n  t h e  c o n n e c t i n g  s e c t i o n .

As a r e s u l t  o f  t h i s  p r e l i m i n a r y  work t h e  c o r d o n s o r -  

t y p e  r e a c t o r  p r e v i o u s l y  d e s c r i b e d  was u s e d .  The r e a c t i o n  t u b e  

was l o n g  enough  so t h a t  t h e  p r e h e a t i n g  s e c t i o n  and c a t a l y s t  

bed w er e  a d j a c e n t .  The t h e r m o c o u p l e  t u b e  p e r m i t t e d  a f l e x i b l e  

t e m p e r a t u r e  m e a s u r i n g  s y s t e m  i n  t h e  a x i a l  d i r e c t i o n ,  and t h e
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c o n s t r u c t i o n  v;as s t u r d y  e nough  t o  w i t h s t a n d  n o r m a l  h a n d l i n g .

T e m p e r a t u r e  g r a d i e n t s  were  n e v e r  e n t i r e l y  e l i m i n a t e d  

f rom t h e  c a t a l y s t  b e d ;  a d i f f i c u l t y  t h a t  i s  p r a c t i c a l l y  im­

p o s s i b l e  t o  e l i m i n a t e  i n  a f i x e d  bed  r e a c t o r  e s p e c i a l l y  when 

t h e  h e a t  o f  r e a c t i o n  i s  h i g h  and a p p r e c i a b l e  c o n v e r s i o n s  a r e  

o b t a i n e d .  R a d i a l  and a x i a l  t e m p e r a t u r e  g r a d i e n t s  may be 

r e d u c e d  by s m a l l  d i a m e t e r  r e a c t o r s  and good h e a t  t r a n s f e r  a t  

t h e  r e a c t o r  w a l l s ,  b u t  t h e y  can n e v e r  be e n t i r e l y  e l i m i n a t e d .  

By u s i n g  t a b u l a r  a l u m i n a  as  a d i l u e n t  i n  t h e  c a t a l y s t  b e d ,  

t h e  h e a t  t r a n s f e r  was i m p r o v e d  t o  t h e  p o i n t  where  t e m p e r a t u r e  

d i f f e r e n c e s  wer e  no more t h a n  10°C above  o r  b e l ow t h e  a v e r a g e  

bed t e m p e r a t u r e .  W i t h o u t  t h e  t a b u l a r  a l u m i n a  t h e  t e m p e r a t u r e  

r o s e  f rom rJ0°Q  a t  t h e  bed e n t r a n c e  t o  128°C a t  a d i s t a n c e  o f  

one c e n t i m e t e r  f rom t h e  e n t r a n c e .  D i l u e n t s  i n  t h e  c a t a l y s t  

bed  t o  improve  h e a t  t r a n s f e r  have  b e e n  u s e d  b e f o r e  i n  k i n e t i c  

s t u d i e s  ( 1 , 2 ) .

F i g u r e  ( 1 )  shows a t y p i c a l  t e m p e r a t u r e  d i s t r i b u t i o n  

o b t a i n e d  i n  t h e  f i n a l  r e a c t o r .  These  c u r v e s  we r e  o b t a i n e d  

w i t h  a f e e d  c o m p o s i t i o n  o f  55$  HC1 and 45u Ĉ T-I  ̂ ' u s ing  two 

grams o f  c a t a l y s t  d i l u t e d  so t h a t  t h e  c a t a l y s t  volume was

0 . 4  o f  t h e  d i l u e n t  v o l ume .  The j a c k e t  t e m p e r a t u r e  was 70°C.  

The Leeds  and N o r t h r u p  p o t e n t i o m e t e r ,  C a t a l o g  No. 8 6 5 6 -D,  

p e r m i t t e d  t e m p e r a t u r e  r e a d i n g s  no c l o s e r  t h a n  +2°C w i t h  

chrome1 - a l u m e l  t h e r m o c o u p l e s  so  t h a t  w i t h i n  t h e  e r r o r  o f  

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

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

p r e s e n t  a f t e r  one h o u r  o f  o p e r a t i o n  c o r r e s p o n d s  t o  t h e  f i r s t  

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

5 t h r o u g h  15 i n  C h a p t e r  VI .  T h i s  f i r s t  p o i n t  was i n v a r i a b l y  

o f f  t h e  s t r a i g h t  l i n e  p o r t i o n  o f  t h e  c u r v e .  I n  f a c t ,  t h e  

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

t im e  u n t i l  t h e  t e m p e r a t u r e  of  t h e  bed  became u n i f o r m .

The t e m p e r a t u r e  o f  a r un  was t a k e n  a s  t h e  p l a t e a u  

v a l u e s  o f  c u r v e s  s i m i l a r  t o  t h o s e  o f  F i g u r e  1 .  T h i s  assumes  

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

r e s c t o r  w a l l .  Such  an a s s u m p t i o n ,  o f  c o u r s e ,  i s  p r o b a b l y  

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

p e r m i t  t h e  d e t e r m i n a t i o n  o f  t h e  f o rm  o f  t h e  r a d i a l  t e m p e r a t u r e  

g r a d i e n t .  Use o f  t h e  a v e r a g e  a x i a l  t e m p e r a t u r e  as  t h e  t em­

p e r a t u r e  o f  t h e  c a t a l y s t  bed i s  t h e  u s u a l  p r o c e d u r e  i n  c a t a ­

l y t i c  v a p o r  p h a s e  s t u d i e s  ( 1 ,  2 ,  1 3 ) .  However ,  O l s o n ,

S c h u l e r  and S m i t h  ( 9 ) as sumed a p a r a b o l i c  t e m p e r a t u r e  d i s ­

t r i b u t i o n  and c a l c u l a t e d  an a v e r a g e  b ed  t e m p e r a t u r e .  Such a 

p r o c e d u r e  was n o t  b e l i e v e d  to  be w a r r a n t e d  i n  t h i s  wo rk .  Us­

i n g  t h e  p l a t e a u  t e m p e r a t u r e  r a t h e r  t h a n  t h e  a r e a  a v e r a g e  tem­

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

o f  t h e  t e m p e r a t u r e  m e a s u r e m e n t .

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

work  a r e  o f  t h e  same o r d e r  o f  m a g n i t u d e  t h a t  o t h e r s  ha ve  r e ­

p o r t e d  i n  s i m i l a r  k i n e t i c  s t u d i e s  ( 9 , 13)* U s i n g  v e r y  t h i n
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w a l l e d ,  s n a i l  d i a m e t e r  m e t a l  r e a c t o r s  and l i m i t i n g  t h e  r e -  

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

p e r a t u r e s  g r a d i e n t s  much be l ow t h o s e  o b t a i n e d  in  t h i s  s t u d y .

C a t a l y s t  Ac t i v i t ? ; - and P u r i f i c a t i o n  System

' P r i A  tt c  v *t_ q  t i  ^  n  n f  £  q  "h o  *]_ -vr o  q  £  "h * y  j_ f ;  yy v v i. " h c r r i n  3 . 3

e n co i m t  e r a d  v e r y  e a r l y  i n  t h e  e x p e r i m e n t a l  work .  A l t h o u g h  

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

n e g l i g i b l e  p r o p o r t i o n s  by t h e  i mprov ed  r e a c t o r  d e s i g n ,  t h e  

c a t a l y s t  a c t i v i t y  c o n t i n u e d  t o  d e c r e a s e  w i t h  p r o c e s s  t i me  

a l t h o u g h  a t  a r e d u c e d  r a t e .  A t r a p  c o n t a i n i n g  c o n c e n t r a t e d  

s u l f u r i c  a c i d  was p l a c e d  i n  t h e  h y d r o ge n  c h l o r i d e  l i n e  t o  i n ­

s u r e  t h e  r e m o v a l  o f  w a t e r  which  would a f f e c t  t h e  c a t a l y s t .

T h i s  f a i l e d  t o  improve  t h e  c a t a l y s t  a c t i v i t y ,  h o w e v e r .  Based 

on t h e  a s s u m p t i o n  t h a t  t h e  c a t a l y s t  was b e i n g  p o i s o n e d  by an 

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

c a t a l y s t  wore p l a c e d  i n  t h e  p r o p y l e n e  and i n  t h e  h y d r o g e n  

c h l o r i d e  l i n e s .  These  t r a p s  wer e  f i r s t  o l a c e d  i n  t h e  r e a c ­

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

t h a t  t h e y  were  j u s t  as  e f f e c t i v e  a t  room t e m p e r a t u r e .  The 

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

a c t i v i t y  a g r e a t  d e a l .  S u b s e q u e n t  mass  s p e c t r o g r a p h i c  a n a l y s i s  

showed t h a t  t h e  h y d r o ge n  c h l o r i d e  c o n t a i n e d  a p p ? e c i a b l e  amounts  

o f  e t h y l e n e  and t r a c e s  o f  e t h y l  c h l o r i d e .  The f a c t  t h a t  

t h e s e  i m p u r i t i e s  were  removed by t h e  a l u m i n a  t r a p s  shows 

t h a t  t h e y  were  p r o b a b l y  p o i s o n i n g  t h e  c a t a l y s t  i n  t h e  r e a c t o r .
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A l t h o u g h  e t h y l e n e  i s  a d s o r b e d  on a c t i v a t e d  a l u m i n a ,  i t  does  

n o t  r e a c t  w i t h  h y d r o ge n  c h l o r i d e  o v e r  t h i s  c a t a l y s t  a t  t h e  

low t e m p e r a t u r e s  u s e d  i n  t h i s  work  ( 1 0 ).

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

moved,  t h e  c a t a l y s t  a c t i v i t y  c o n t i n u e d  t o  d e c r e a s e  w i t h  

p r o c e s s  t i m e .  As a n o t h e r  s t e p  i n  t h e  a t t e m p t  t o  l o c a t e  t h e  

s o u r c e  o f  t h e  t r o u b l e ,  a c a t a l y s t  c h a r g e  was e xp os e d  a t  80°C 

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

mined by a r u n  a t  8 0 °C.  T h i s  was r e p e a t e d  w i t h  a f r e s h  

c a t a l v s t  c h a r g e  e x p o s e d  t o  h y d r o ge n  c h l o r i d e  and a l s o  w i t h  

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

a l i q u i d  s amp le  f rom a p r e v i o u s  r u n .  Th e re  was e s s e n t i a l l y  

no d i f f e r e n c e  i n  a c t i v i t y  be t ween  t h e  c a t a l y s t s .  T h i s  was 

t r u e  even t h o u g h  t h e  hydr og en  c h l o r i d e  b l e a c h e d  t h e  c a t a l y s t  

f rom a l i g h t  p i n k  c o l o r  t o  a n e a r l y  w h i t e  c o l o r .  By a c c i d e n t ,  

h o w e v e r ,  some c a t a l y s t  p a r t i c l e s  f e l l  t o  t h e  b o t t o m  o f  t h e  

f l a s k  c o n t a i n i n g  t h e  i s o p r o p y l  c h l o r i d e  p r o d u c t .  A f t e r  t he  

f o r t y - e i g h t  h o u r s  t h e s e  p a r t i c l e s  had t u r n e d  b l a c k  w h e r e a s  

t h e  c a t a l y s t  c h a r g e  t h a t  was e x p o s e d  t o  t h e  v a p o r s  o n l y  

wer e  u n c h a n g e d  i n  c o l o r .  I t  i s  b e l i e v e d  t h a t  s i n c e  t h e  l i q u i d  

p r o d u c t  u s e d  was o b t a i n e d  f rom a r un  where  t h e  t e m p e r a t u r e  

i n  t h e  r e a c t o r  was q u i t e  h i g h ,  p o s s i b l y  some p o l y m e r i z e d  

p r o d u c t  h a d  f ormed  and d i s s o l v e d  i n  t h e  i s o p r o p y l  c h l o r i d e  

when I t  was c o n d e n s e d .  Upon h e a t i n g  t h i s  l i q u i d  m i x t u r e  t o  

8 0 °G t h e  b y - p r o d u c t  d i d  n o t  v a p o r i z e  w i t h  t h e  i s o p r o p y l  

c h l o r i d e  and t h u s ,  l y i n g  i n  t h e  b o t t o m  o f  t h e  f l a s k  was a b l e
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t o  fo rm t h e  d e p o s i t  On t h e  c a t a l y s t  p a r t i c l e s .

V/it,h t h i s  e v i d e n c e  i t  i s  p o s t u l a t e d  t h a t  t h e  d e ­

c r e a s e d  a c t i v i t y  o f  t h e  c a t a l y s t  w i t h  t i m e  was due  t o  t h e  

f o r m a t i o n  o f  p o l y m e r i z e d  p r o p y l e n e  m a t e r i a l  t h a t  was n o t  

d e s o r b e d  f rom t h e  s u r f a c e  o f  t h e  c a t a l y s t  a t  t h e  t e m p e r a t u r e s  

a t  w h ic h  t he  k i n e t i c  r u n s  wer e  made .  S i n c e  t h e  a c t i v i t y  o f  

t h e  c a t a l y s t  e : :posed t o  p r o p y l e n e  a t  8o°G was n o t  c ha n g e d ,  

t h e  r e l a t i v e l y  h i g h  l o c a l  t e m p e r a t u r e s  w h i c h  were  p r o b a b l y  

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

t h e  f o r m a t i o n  o f  i s o p r o p y l  c h l o r i d e  w er e  p r o b a b l y  n e c e s s a r y  

i n  o r d e r  t h a t  t h e  p o l y m e r i z a t i o n  of  t h e  a d s o r b e d  p r o p y l e n e  

c o u l d  o c c u r .

Method o f  A n a l y s i s

D u r i ng  t h e  p r e l i m i n a r y  work an a n a l y t i c a l  p r o c e d u r e  

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

o f  s a m p l e s  t a k e n  w i t h i n  a few m i n u t e s  o f  e a c h  o t h e r .  I m p r o v e ­

ment  o f  t h e  t e c h n i q u e  i n v o l v e d  s e v e r a l  s t e p s .  F i r s t ,  t h e  

s a mo l e  had t o  be t a k e n  w i t h o u t  a p p r e c i a b l y  a f f e c t i n g  t h e  

s y s t e m .  I t  was f o u n d  t h a t  t a k i n g  a sample  by s l o w l y  l o w e r i n g  

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

t u r b  t h e  f l o w  r a t e s  o f  t h e  f e e d  g a s e s  as  much as  t h r o t t l i n g  

t h e  g a s e s  t o  be sampl ed  i n t o  t h e  g a s  b u r e t  w i t h  t h e  l e v e l i n g  

b o t t l e  p l a c e d  i n  a l o w e r e d  p o s i t i o n .  B e c a u s e  t h e  s y s t e m  was 

m a i n t a i n e d  a t  a more u n i f o r m  p r e s s u r e ,  t h e  f low r a t e s  were  

more n e a r l y  u n i f o r m  s i n c e  t h e y  were  c o n t r o l l e d  by c o n s t a n t
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d e l i v e r y  p r e s s u r e  d e v i c e s .

The second  s t e p  was t h e  t r a n s f e r  of  t h e  j as  f rom 

t h e  - a s  b u r e t  t o  t he  a b s o r p t i o n  t u b e .  The l o s s  o f  h y d r o - o no  c '

c h l o r i d e  i n  t h e  dead s p a c e  b e t we en  t h e  - a s  b u r e t  and t h e  ab ­

s o r p t i o n  t u b e  c o u l d  be min i mi zed  by w e s h i n y  t h e  i n s i d e  of  

t h e  t u b i n g  and t h e  s t o p c o c k  w i t h  a s t r e a m  o f  w a t e r  f rom a 

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

t u b e  f rom t h e  gas  b u r e t .  The t h i r d  s t e p  was t h e  washing;  of  

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

t o  t h e  r e s e r v o i r  b o t t l e .  T h i s  was a c c o m p l i s h e d  by a d d i n -  a 

t h i r d  s t o n c o c k  a t  the  t o p  o f  t h e  t u b e  t o  p e r m i t  t h e  a d d i t i o n  

o f  wash, w a t e r  w h i l e  t h e  s t o p c o c k  a t  t h e  b o t t o m  o f  t h e  t u b e  

was c l o s e d .  A f t e r  two w a s h i n g s  w i t h  w a t e r ,  t h e  Tygon t u b i n g  

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

be c o m p l e t e l y  d r a i n e d  and t h e  a c i d  s o l u t i o n  t i t r a t e d  d i r e c t l y  

i n  t h e  r e s e r v o i r  b o t t l e .

An a t t e m p t  was made t o  a n a l y z e  t h e  f e e d  and p r o d u c t  

g a s e s  u s i n g  a gas  d e n s i t y  b a l a n c e .  T h i s  p r o v e d  t o  be u n s u c ­

c e s s f u l  due  t o  t h e  c o n d e n s a t i o n  o f  t h e  i s o p r o p y l  c h l o r i d e  

when t h e  g a s e s  were t h r o t t l e d  i n t o  t h e  v e r y  low vacuum o f  

t h e  b a l a n c e  chamber .  As d ro p s  o f  I s o p r o p y l  c h l o r i d e  f o rmed ,  

t h e  h y d r o ge n  c h l o r i d e  and p r o p y l e n e  d i s s o l v e d  i n  t h e  l i q u i d  

so t h a t  r e l i a b l e  r e s u l t s  were  i m p o s s i b l e  t o  o b t a i n .

R e p r o d u c i b i l i t y  o f  R e s u l t s

Wi t h  p r o p e r  o p e r a t i n g  t e c h n i q u e  t h e  f i n a l  a n a l y t i c a l
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procedure  .^pvc a n a l y s e s  of i s o p r o p y l  c h l o r i d e  in  t e r n s  of  

mole f r a c t i o n  of  p r odu c t  pas to w i t h i n  + . 005, which, i s  s u r -  

p r i s i n c l y  l 00- when the  member of  v a r i a b l e s  i nvo l ved  i s  

c o n s i d e r e d .

i’’i wure  2 compares two runs made under  the  sane 

c o n d i t i o n s  of  feed composi t ion and t e mp er a tu re .  These runs 

were made a t  a 0 .28 weivht  r a t i o  of  c a t a l y s t  t o  t a b u l a r  

a lumina.  From t h i s  p l o t  i t  can be seen t h a t  u nder  i d e n t i c a l  

o p e r a t i n g  c o n d i t i o n s  r e p r o d u c i b l e  r e s u l t s  were o b t a i n e d .
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n e r i m e n t s l  worh o f  Osins on ,  Thodos

u v a l u a t l o n  o f  F i l m  G r a d i e n t s  P r o  t o  mass T r a n s f e r

As shown i n  C h a p t e r  I I ,  r lovgen and V.'atson ( 6 ) and 

Yang and Hougen (14)  have  d e v e l o p e d  t h e  f o l l o w i n g  e q u a t i o n  

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

a  pa
p ~ r* I ” n, IJL a ) I  I I - H o—  I ( 1 )

From t i

Hoimen (4,  12)  t h e  v a l v e s  of  t h e  c o n s t a n t s  cL and n c a n  he

e v a l u a t e d .

I f  0
 j-j—  <  620 ,  oC= 2 . 4 4 ;  n -  0 . ^ 1

r  (2 )
n ;  g

y  620 ,  c?L = 1 . 2 5 ;  n = 0 . 4 1

I n  o r d e r  t o  e v a l u a t e  t h e  t e r m s  i n  e q u a t i o n  (1)  

c e r t a i n  a s s u m p t i o n s  were  made.

1 .  The s u r f a c e  a r e a  o f  t h e  p a r t i c l e s  a r e  t h e  same as

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

At  f i r s t  t h i s  may as p e a r  t o  be a s o u r c e  o f  l a r g e  e r r o r

s i n c e  t h e  p a r t i c l e s  a r e  g r a n u l a r  and p o r o u s .  However ,

t h e  v a l u e s  of  t h e  c o n s t a n t s  oL and n g i v e n  above  a r e  

b a s e d  on e u r o r i m e n t s  where  s i m i l a r  as  gurnet i o n s  as  t o  

s i t r f a c e  a r e a  wer e  u s e d .
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2 .  The e q u i l i b r i u m  c o n n o s i t i o u  f o r  t he  r e a c t i o n  e x i s t s  

a t  t h e  q a s - s o l i d  i n t e r f a c e . T h i s , i n  e f f e c t ,  i s  

a s s u m i n g  a v a l u e  o f  -dpA. However ,  some v a l u e  o f  p Â  

mu s t  he c h o s e n  i n  o r d e r  t h a t  t h e  p r e s  sit r e  f a c t o r  p*. 

may be d e t e r m i n e d .

Only t h e  r e a c t i o n  a t  6 0 °C was c o n s i d e r e d .  S i n c e  t h e  r e a c t i o n  

r a t e  i s  * r e a t e r  a t  t h e  h i - ' h e r  t e m p e r a t u r e s , t h e  lc  r v e r  f i l m  

g r a d i e n t s  would be e x p e c t e d .  R a t e s  o f  mass  t r a n s f e r  a r e  

l i t t l e  a f f e c t e d  by  t e m p e r a t u r e . The en. l t  o f  t h e  c a t a l y s t  bed 

was c l . 5s e n  as  t h e  p o i n t  o f  c a l c u l a t i o n .

P r e s s u r e  " a c t o r ,  r_f

For  t h e  compl ex  s y s t e m  aA -i- bB =  

w h i c h  d i f f u s i o n  o c c u r s ,  Homr.en and Watson ( 6 ) as sumed f o r  

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

f o r  t h e  component  A i s  e q u a l  t o  t h e  sum o f  t h e  g r a d i e n t s  

v/V'ic*h v i m i ^ s " u .  11 f  n L'lic s c t * c  cli ^f i^sion A "bb cncl i

o f  tfnc o t i i s v o o n v p o n o s  i n  s o '^3.1*9 t o  "bi.n9.ny s v z to?-*s I n  vAiicb 

t h e  c o n c e n t r a t i o n s  and r a t e s  a r e  t h e  same as  t h e  complex s y s ­

t em.  T h i s  a s s u m p t i o n  l e a d s  t o  t h e  e x p r e s s i o n  f o r  t h e  r a t e  o f  

d i f f u s i o n  as  f o l l o w s .

da 7T
“ “ m ( P a “ P a, )prpton P e  A ;'Ai

where  pf> i s  d e f i n e d  as

P-p
( TT + <f &jpA ) -  ( TT + &p^A± ^

TT + cTaPA
I n ---------- >——

1 7  + & A?
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F or  t h e  add i t  i on  of  h y d r o j e n  c h l o r i d e  t o  p r o p y l e n e  i s  

t h e  v . -a r t i a l  r r e s s u r e  i n  t h e  f l u i d  s t r e a m ,  and oâ  i s  as  stinted 

t o  be t h e  e q u i l i b r i u m  m a r t i a l  p r e s s u r e  a t  t h e  i n t e r f a c e .

From t h e  d e f i n i t i o n ,  - 1 .

Average  D l f f u s i v l t ;

I n  t h i s  same d e v e l o p m e n t  of t h e  d i f f u s i o n  e q u a t i o n  

f o r  cor. inler m i x t u r e s  t h e  a v e r a g e  d i f f u s l v i t y  i s  d e f i n e d

n  _ ' t . ^ r ;. -  to t v  j .
'•*• “A'"'Am *'B“AB ' *-R“AR ' r s - A S

The v a l u e s  o f  t h e  i n d i v i d u a l  d i f f u s i v i t i o s  were  e s t i m a t e d  

bar t h e  l i  i l l  l a n d  e q u a t i o n  f o r  e a c h  b i n a r y  s y s t e m .

,5/2T-; / ^ / 1 -1
Dab = ° » 0 0 4 f --------- V/h ------TTt” 7 1/  j r -  T r

7T ( V  + v " >  '  A

The v i s c o s i t y  o f  t h e  c s s  was e s t i m a t e d  f rom t h e  

g e n e r a l i z e d  r e l s t i  on s h i p  r i v e n  by TTyehara and Viatscn ( 1 1 ) 

u s i n  1 p s e u d c - c r i t . i c a  1 p r o p e r t i e s  o f  t e r r . p e r o t u r e , p r e s s u r e  

and v i s c o s i t y .  The c r i t i c a l  v i s c o s i t y  o f  i s o p r o p y l  c h l o r i d e  

v;as e s t i m a t e d  by t h e  e q u a t i o n  p r o p o s e d  by L i c h t  and S t e c h o r t

( ? )  _  r / ,

A  = 7 - 7 °  i - r - m -
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cr»-i ^^Qon c(''r1 °"ts'“i 1“s I'Oj"* x ^ o c T10 ’,'>'Tr"* o ' ■ 2.oriic.fX vjg2?  ̂

meted a l s o  by t h e  mot hod oi1 h e i s s n e r  n n d b e d d i n g  ( L) .

Ca 1 cv 1?:. 1;i  o;\ o f  I :i f f u s i o n a  1 C ro d lo n tg

The vth m r  o f  t h e  v a r i o u s  t \ r m s  ana t he  f i n a l  d i f -  

fVtSional  g r a d  j e r t s  f o r  Run 1 - 6  a r e  shown i n  T a b l e  I  ( s e e  

n e x t  p a y s . ) *

Tr o n  t h e  v a l u e s  of  A p  f o r  e s c ’, component  i t  can  be

seen  t h a t  t h e  c o n c e n t r a t i o n  g r a d i e n t s  assumed o r i g i n a l l y  were

c o n s i d e r a b l y  i n  e r r o r .  However ,  t h e  e r r o r  i n  r-n i s  n o t  g r e a t

and t h e r e f o r e  t h e  v a l u e s  c f  — —— a r e  n e t  r r e s t l v  i n  e r r o r
PA

due t o  t h i s  a s s u m p t i o n .  S i n c e  much o f  the  d a t a  was e s t i m a t e d

i n  o r d e r  t o  e v a l u a t e  t h e  f i l m  g r a d i e n t s ,  t h e  v a l u e s  o f  A t>-  > ‘ A

can be  c o n s i d e r e d  o n l y  as a p p r o x i m a t i o n s ,  h ' r r o r s  i n  t h e  a s su m p­

t i o n s  and e s t i m a t e s  made would ha ve  t o  be i n  e r r o r  i n  t h e  o r ­

d e r  c f  m a g n i t u d e  o f  one h u n d r e d  p e r c e n t  b e f o r e  c o n c e n t r a t i o n  

c o r r e c t i o n s  would h a v e  t o  be a uni r e d  t o  t h e  e m e r i m e n t a l  d a t a  • 

The e r r o r s  a r e  n o t  b e l i e v e d  t o  be t h a t  l a r j e  so  t h a t  t h e  e f ­

f e c t  c f  mass  t r a n s f e r  can be c o n s i d e r e d  n e g l i g i b l e  f o r  t h e  

c o n d i t i o n s  u s e d .  T h e r e f o r e ,  t h e  c o n c e n t r a t i o n s  c f  t h e  r e a c ­

t a n t s  and p r o d u c t  a t  t h e  s o l i c ' - g a s  i n t e r f a c e  can be c o n s i d e r e d  

e s s e n t i a l l y  t h e  same a s  t h e  a v e r a g e  c o n c e n t r a t i o n s  i n  t h e  

f l u i d  s t r e a m .
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A j ,

ta

Calculation £

l/a^ r

Table
-P T*' ♦ r> P . .

Pf
e x .

P A /4- an
- ^ L .

\n-.

z 6-

Term Uni t D i f f u s i o n a l  
Gr ad i en t

C7H6 
D i f f u s i o n a l  

Gr ad i en t

C 7rr.yU i  
Di f fus ion:  

Gr ad i en t

o f t . 2 1 .7 3  x io -5 1 .7 3  x i o - 5 1.73 7- 10'

r̂. f t . 2 / l c . 34 .2 34.2 34.2

i - r _ _ 4 6 .9 46.0 46 .9

p C-rr.-Uols CrUy^?. 0 .0 106 O.OI96 0.0196C-m Cat x Hrs

Ff atm. 0 .6 0 3 O.472 0 .826

PA atm. U •£. j y O.594 0 . l 8l

A
l b . / h r .  xf  t . 0 .0 3 8 0.036 0.038

/

; j . i  ,/cc 0 .00170 0.00170 0 .00170

DAxn cm1- /  sec . 0 .126 0.114 0.101

O' l b . / h r . f t . 2 250. 258 258

- - 2 .4 4 2.44 2.44

n - - 0 .9 1 0 . S 1 0 . 0 1

A PA
pa

— 0.00095 0 . 0 0 0 1 6 2 0 . 0 0 1 0 1

^ pa a tm. 0.00015 O.OOOO96 0.000185

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



/ /?

C u t

AP^-I'IL’IX 

FART I I I

D e r i v a t i o n  of  Ra t e  D e r a t i o n  Used in C o r r e l a t i on Dethod I

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

l i n e d  by V/ynkoop and f i l h e l m .  ( 1 5 ) .  C o n s i d e r  t h e  r e a c t i o n

HC1 + C5H6 =£r Cf . 7Gl ( 1 )

A B C

The r a t e  o f  t h e  s u r f a c e  r e a c t i o n  may be w r i t t e n :

° ).. - D - — 1,-0 O _ i - ! Q ,
d’7 “ A B wc (2)

wher e

K = am.moles  r e r  m i n u t e  o f  pas  f l o w i n r  i n  

r e a c t o r  a t  any p o i n t  

17 = w e i p h t  o f  c a t a l y s t  i n  prams

d -  d i f f e r e n t i a l  o p e r a t o r

6 = f r a c t i o n  of  a v a i l a b l e  c a t a l y s t  s u r f a c e

c o v e r e d

ly,k '  = s p e c i f i c  r e a c t i o n  r a t e  c o n s t a n t ;  p m . m o l e s /

( h r ) ( p m .  c a t a l y s t )

S u b s c r i p t s

A r e f e r s  t o  hy d ro pe n  c h l o r i d e  

B r e f e r s  t o  p r o p y l e n e  

C r e f e r s  to  i s o p r o p y l  c h l o r i d e  

o r e f e r s  t o  i r . l e t  c o n d i t i o n s
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I t  v;i 11 be assumed t h a t  t h e  f r a c t i o n  c f  s u r f a c e  c o v e r e d  by 

e a c h  component  ca r  be e x p r e s s e d  bv t h e  e c u a t i o n

Q i  = u  iirrTT  ( 3  )

o ( ~  an a d s o r p t i o n  e q u i l i  b r iu m c o n s t a n t  

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

Thus E c u a t i o n  (2)  becomes

d ( h y c ) Q
~ W ~  = k o t A<XE ^ y A ^ B  “ k ^ C ^ C (4)

S i n c e  no i n e r t  m a t e r i a l  i s  i n  t h e  f e e d  pas

= 1 -  ? a  -  ^  (5)

Vcith t h i s  s u b s t i t u t i o n  E q u a t i o n  ( 4 )  becomes

d ( Kyc )
— V  t W  .  I! ( u  . — "I ) a. *%r_ ( V  lT^~rT * j .  V I  Cj/L ~]T  ̂ ( C. \~  *-A /' * * \ j  a — / • «/ u \ ** i r ^  k * • j  a • ** ^  n i l /  v ^ /d:V ”  A ^ b M -A

■Yith t h e  c o n d i t i o n  t h a t  t h e r e  i s  no C i n  t h e  f e e d  

i t  f o l l o w s  from E q u a t i o n  ( 1 )  t h a t

y -  u_ = v . il -  v-r, h = ( ?v -  1)  (n )A *'B ^Ao o * Po o ‘ o ~^Ao ' 1 '

and a l s o  t h a t

K? + Hc = N0y Bo = N0 ( l  -  yAo) (8 )

t h u s
Na -  h B 2 yAo -  1

KB + NC 1 " yAo
( 9 )
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J’or* anv rc i r . t  In t h e  r e a c t o r

Y.A -  Nb -  U 'y A -  y B) ( IP )

i;B + ' Ĝ = ^ y -, + yC  ̂ (1 1 )

thru:

( 1 2 )
%  ~ LiB _ yA ~ yB _ 2yAo ~ 1 
%  + -!C yB + yC ~ 1 " yAo

By d e f i n i t i o n

yA + yB -  yc = i  d 3 )

From Equation (12) and (13) yE and yc can be expressed as a

func t ion  of  yA and yAo*

* 1 -  2*AoyB =-- -------      (14.)
yAo

V  =  1M J L M  ( i r )
yC 1 - yAo U j )

A propylene balance across  the r e a c t o r  and the use 

of Equation (13) leads  to

NoyBo = NyB + KyC 

Nn ( l  - yAo)
—

(1 -  ’V

Combining E q u a t i o n s  (1 3 ) sna (16) ,

( 1 6 )

-;o (1 -  yAo) yAo -  Ya .
^y0 = - f i '  - " v . t ~"A -1 Ao

(yAo -  Ya )
1,yc Iso (1 - yA) (^7)
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D i f f e r e n t i a t i n g  w i t h  r e s p e c t  t o  IV g i v e s

:*0 (yAo -  1 ) dyA

( l  - y A Y2 av;
H,

( 1 6 )

S u b s t i t u t i n g  E q u a t i o n s  (14)  and (18)  i n t o  E q u a t i o n  ( 6 ) t h e  

f o l l o w i n g  e x p r e s s i o n  i n  t e r n s  c f  yA i s  o b t a i n e d .

Mo (yAo “ -‘- ) dirA 03 ItYftYA r, -2v fi n
7  72 d7~~ = yA_1 ) + ( 2afAo(B7^yA'K:wC7D —  -------  ( 1 ° )
U - y A) - ^Ao

R e a r r a n g i n g  E q u a t i o n  ( 19 )  t h e  f j  n a l  e a u a t ?  on i s  o b t a i n e d .

,, d 7 i _  ^ . ( 1 - y A ) 2  ̂ w v - * 2 -  ( i - y A ) 2  M _ 0_ ^
r'o 757"  7  ^ k o ^ A *  -  ^ A ^ E ^ A  7 --------72 vA^Ao" ^Ao

Ao ( 1 - y Ao }
( 2 0 )

Due t o  t h e  complex f u n c t i o n  c f  yA, t h i s  e q u a t i o n  inay n o t  be 

i n t e g r a t e d  r e a d i l y .
dYAL e t t i n g  R = ii o d.7 

A = 1-:»o< c 7T 

B -  lzoLA a B 7T2

and r e a r r a n g i n g  E q u a t i o n  (20)

1 (1 ~yA) 2 P yA ( l - y A ) 2 t
R ( l —y ) 2 (yAo-yA ) = 7  R“  T I I L a o F  ^  + yAyAo " 2 yAo ) + J  ( 21)

Ao

1 ( l - y A )2
I f  t h e  v a r i a b l e  t e r m  r   -------— 7  ( yAo“ yA ) i s  p l o t t e d  v e r s u s

( 1 ~yAo '

yA ^~“yA ^2
I T  7 ~ ~  x'2 (1  + yAyAo " 2yA o } a s t r a i g h t  l i n e  o f  s l o Pe |

k o
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1
and i n t e r c e p t  j  s h o u ld  r e s u l t  i f  th e  assurrmtlons  u n d e r l y i n g  

th e  e q u a t i o n  vjsre t r u e .
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APPENDIX 

PART IV

E v a l u a t i o n  o f  Ths rmocynami c  P r o p e r t i e s and 

Equi l i b r lum C o n s t a n t

T a b l e  I I  l i s t s  t h e  t h er mo dyna mi c  p r o p e r t i e s  o f  t h e  

r e a c t a n t s  and p r o d u c t .  The s t a n d a r d  h e a t  of  f o r m a t i o n  and 

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

method c f  group c o n t r i b u t i o n s  o u t l i n e d  by  Hougen and Y/atson 

( 5 ) .  The m o l a l  h e a t  c a p a c i t y  o f  i s o p r o p y l  c h l o r i d e  and p r o ­

p y l e n e  were  e s t i m a t e d  by two m e t h o d s ,  i . e . ,  t h e  method o f  

g r ou p  c o n t r i b u t i o n s  o f  I-Icugen and V/atson and t h e  method of  

D o b r a t z  ( ? ) .  The e x p r e s s i o n s  of  t h e  t h er mod yna mi c  p r o p e r t i e s  

as  a f u n c t i o n  o f  t e m p e r a t u r e  were u s e d  t o  c a l c u l a t e  t h e  e q u i l i ­

b r i u m c o n s t a n t  as  a f u n c t i o n  o f  t e m p e r a t u r e  by  t h e  u s u a l  

p r o c e d u r e .  Two d i f f e r e n t  e q u a t i o n s  f o r  K shown i n  T a b l e  I I I  

were o b t a i n e d  u s i n g  t h e  e x p r e s s i o n s  f o r  Cp o b t a i n e d  by t h e  

two m e t h o d s .  However ,  b o t h  e q u a t i o n s  gave  t h e  same v a l u e s  

f o r  K a t  t h e  same t e m p e r a t u r e  as  t h e y  s h o u l d .
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Hydrogen C h l o r i d e

P ro p y len e

I s o p r o p y l
c h l o r i d e

/Z3

T ab le  I I  

ermodvnamic P r o p e r t i e s

o Reference
S = 44.66 + 0 .0 1  E.U. ( 1 )
2Q t . 1

4 H °  = -22050 cal /ym mole ( 2 )
loop

c = 6 .64  + 0 .909 -- 10"-%

- 0.057 x 10 T2 ( 5 }

5 ° = 63.80 E.U.  (4)
298.1

4 E °  = 4879 ca l /g m  n o l e  (4)
*298.1

c = I .97 + 4 9 . 8x 10" 5t
6 p

- 17.01 x 10 T E s t . I  

c = - 0 .261  + 5O.Q9I  x 10" *TD '
A o 7 _7.

- 15 .90  >; 10 T2 + 3.28 X 10 T y

E s t .  I I
o

^ = ','0.5 Es t .  1
298 .1

A  H° = - 31 ,200 cal /gra mole E s t .  I
f 298.1

= 4 .49  + 63.46 x i o - 5 t

- 22 .53 x 10"6T2 E s t .  I
_ Z

= 26-73 + 64.94 x 10 ''T

- 25 .97  x 10“^T2 + 1.45 x 10^T~*

E s t .  I I
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Table  I I I

3ov.i l i b r i u m  Cons tant  as a Funct ion  of  Temre nature

liethod I  I lo l a l  h e a t  c a p a c i t y  da ta  e s t i m a t e d  by method of

him; yen and '.'/atson

in z  ----- - 6 .8 8  + p . 19 x i o " 5 t  - 0 .458  x i o " ^ t 2 -  2 .0 9 5  ln  T +

he thod I I  l . o l a l  h e a t  c a p a c i t y  d a t a  e s t i m a t e d  by method

pcyu ~ r*

of  Dobratz

✓ - b o  7srn f  r—t f-\ 1  /\ '-'m / /-V -i «•* ' iIn Z = - 8 . 5 0  + 3 .2 7  x 10 'T - O.672  x 1 0 Tc -  0 .1 5 1  x 10 ■T
68l 0 n r-.-Tj I .07  m  T
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R e f e r e n ces  f o r  Ther . todynamic  P r c p o r t i e s

K c l l v ,  K.K.

U . S.  3 u r .  Ki nes  B u l l .  454 (1941)  

Eichov. 'sl ' i  and R o s s i n i

n’h e rrnoch<w,1 s t r y  o f  Chemi c a l  S nf r s t ances  

R e i n h o l d  P u b l i s h i n g  Cor p .  ( 1 0 5 6 ) 

B r y a n t ,  \Y.I.i.D.

I n d .  1 Bn;;. Chert. 25 ,  &20 (1955)

4 . B u r .

B. E s t .

/0 . E s t . I I  E s t i m a t i o n  b*7 method of  Bohr
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APPENDIX 

PART V

D e t a i l s d  O r e r e t i n y  P r o c e d u r e

S i n c e  r u n s  were  mod0 on a t i me  l?as^ s b e c a u s e  t h e  

c a t a l y s t  a c t i v i t y  d e c r e a s e d  w i t h  t i m e ,  a s t a n d a r d  o n e r a t i r r :  

p r o c e d u r e  had  t o  be f o l l o w e d .  I f  t h i s  work were  t o  be c o n ­

t i n u e d  o r  i f  work were t c  be done w i t h  o t h e r  r e a c t a n t s ,  t h e  

o p e r a t i n g  p r o c e d u r e  would n e c e s s a r i l y  have  t c  be t h e  some i n  

o r d e r  t h a t  c o m p a r a b l e  r e s u l t s  c ou ld  be o b t a i n e d .  For  t h i s  

r e a s o n  t h e  c r o c e d u r e  w i l l  be d e s c r i b e d  h e r e  ir.  d e t a i l .

C a t a l y s t  P r e p a r a t i o n

1.  The a c t i v a t e d  a l u mi n a  was yround i n  a m o r t a r  and p e s t l e  

f rom t h e  4 - 8  mesh s i z e  t c  2 0- 28  mesh.  B ef o r e  b e i n y  u s e  

t h e  s c r e e n s  were  c a r e f u l l y  c l e a n e d  t o  i n s u r e  t h a t  no 

f o r c i y n  m a t e r i a l  was mi red  w i t h  t h e  c a t a l y s t .  The t a b u  

l a r  a l u m i n a  b a l l s  wore c r u s h e d  i n  a r o l l  m i l l  a: d c l a s s  

f i e d  t o  j j ive  2 0- 28  mesh and 1 6- 20  mesh f r a c t i o n s .

2 .  The c a t a l y s t  was a c t i v a t e d  a t  7 5 0 ° ?  f o r  l 6  h o u r s .

3 . A f t e r  c o e l i n y ,  t h e  d e s i r e d  w e i g h t  of  a c t i v e  c a t a l y s t  

was wei.phed r a p i d l y  t c  t h e  n e a r e s t  0 . 0 1  pram,  and i t s  

volume m e a s ur ed  i n  a 10 m l .  p r a d u a t e .  The r a d u a t e  was 

t a p p e d  u n t i l  t h e  volume o f  c a t a l y s t  d i d  n o t  c h a n c e .  Tv; 

and o n e - h a l f  t i m e s  t h i s  volume c f  2 0 - 2 6  mesh t a b u l a r  

a l u m i n a  was t h e n  w e i g h e d .  S u b s e c u e n t  c a t a l y s t  chp.r-..osW' * ^  O

/ 1 6

0

were
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r t e a s u r  w :r n t  by w e i g h t  v. a a more s c c v r s t e  t h a n  t h e  

volume m e a s u r e m e n t .  The c h a r g e  was t h o r o u g h l y  mixed 

and d n c e d  in an ov'on d i s h  in; nr  even a t  7 0 Qog' 16 

h o u r s .

4 .  B e f o r e  r emov i ng  trie c a t t I v s  t  f rom the  f u r n a c e  t h e  r e a c ­

t o r  was f a s t e n e d  i n  p l a c e  w i t h  t h e  l o w e r  j o i n t  a s s e m b l e d  

and t h e  f h o m o c o u d e  s e a l e d  t c  t h e  l o we r  a l i g n i n , :  " . re­

p o r t  w i t h  s e a l i n p  wax.  The l o w e r  j o i n t  was l i g h t l y  

c a c h ed  w i t h  g l a s s  wool  t o  t h e  t o p  o f  t h e  male  j o i n t .

The r e a c t i o n  t u b e  was t h e n  f i l l e d  to  a d e n t h  o f  a p o r o x i -  

m a t e l v  10 cm. w i t h  1 6 - 2 0  mesh t a b u l a r  c I nn !n ? . ,  c a r e  

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

i n  t h e  r e a c t o r .  The c a t a l y s t  c h a r g e  was removed f rom 

t h e  f u r n a c e ,  and i m m e d i a t e l y  p o ur e d  i n t o  a b o t t l e  whi ch  

was t h en  t i g h t l y  s t o p p e r e d .  The c a t a l y s t  was p o u r e d  

i n t o  t h e  r e a c t o r  w h i l e  i t  was s t i l l  v e r y  h o t .  The r e ­

m a i n i n g  volume of  t h e  r e a c t o r  t u b e  was q u i c k l y  f i l l e d  

w i t h  1 6- 20  mesh t a b u l a r  a l u m i n a ,  t h e  t o o  g l a s s  j o i n t  

o r e s s e d  f i r m l y  in d a c e ,  and t h e  t h e r m o c o u p l e  t u b e  imme­

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

wax.  The t h e r m o c o u p l e  w i r e  was p l a c e d  ’u n d e r  t e n s i o n  by 

means o f  t h e  u p p e r  and l o w e r  g u i d e s  and t h e  c o n n e c t i o n s  

made a t  t h e  t e r m i n a l  b o a r d .
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Y.'ater a t  roctn t e m p e r a t u r e  v.as c i r c u l a t e ' ? .  t b . rouph t h e  

r e a c t o r  j a c k e t  by means of  a rump.

The pc.s b u r e t  c o n s t a n t  t e m p e r a t u r e  ho t h  was b r o u g h t  t o

t e m o c r a t v r s , and ' .voter c i r c u l a t e d  throve ;h  t he  j a s  h u r s t  

j a c k e t  by means o f  a pump.

The s y s t e m  was t e s t e d  f o r  l e a k s  by a p p l y i n y  o r e s s u r e  

w i t h  n i t r o g e n . I f  no c han ye  i n  t h e  n i t r o . j e n  p r e s s u r e  

manomet er  o c c u r r e d  i n  t e n  m i n u t e s ,  t h e  equ i pm en t  was 

assumed t o  he pa s  t i p h t .

The t r a p s  c o n t a i . n i n p  a c t i v a t e d  a l u m i n a  wore p l a c e d  i n  

t h e  hydro.yen c h l o r i d e  and : r o p y l o n e  l i n o s ,  f h o  b a l l  

and s o c k e t  j o i n t s  on t h e s e  t r a p s  wer e  w e l l  p r e s s e d  w i t h  

s t o p c o c k  p r e a s e  t o  i n s u r e  a pood s e a l .

The i l l l l i k e n  p . s  w as k i n y  b o t t l e s  c o n t a i n i n g  f r e s h  t o p  

w a t e r  wer e  p l a c e d  i n  t h e  s y s t e m  by means o f  r u b b e r  c o n ­

n e c t i n g  h o s e .  The b o t t l e s  were p a ck ed  I n  i c e  t o  remove 

t h e  h e a t  o f  s o l u t i o n  of  h y d r o pe n  c h l o r i d e .

The p s s  b u r n e r  was i p n i t e d .

The s y s t e m  was c o m p l e t e l y  ch ec ke d  t o  be  s u r e  t h a t  a l l  

o f  t h e  n e c e s s a r y  s t o p c o c k s  and c l amps  we r e  o pe n .

in~_ P r o c e d u r e

The p r o p y l e n e  was t u r n e d  on a t  t h e  c y l i n d e r  w i t h  t he  

p r o p y l e n e  r e - ’v . l a t i n "  s t o p c o c k  o p e n .  A t im e  l e r  be tween  

t h e  o p e n i n p  o f  t h e  c y l i n d e r  and t h e  f low o f  p r o p y l e n e
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t : i r>ou:'v; t h e  oonfoment  was a l v s v s  o r e  s e n t  doe t o  t h e  

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

t r a p  f o l l o w i n g  t h e  was c y l i n d e r .  The p r o p y l e n e  f low 

r o t e  woo ed j us  t e d  t o  a ^ r r  ortima t  e l y  t h e  d e s i r e d  v a l u e  

and t ’nr. t ime  was n o t e d .

The h y d r o ge n  c h l o r i d e  was t u r n e d  on a t  t h e  c y l i n d e r  w i t h  

t h e  h y d r o g e n  c h l o r i d e  r e g e l a t i n g  s t o p c o c k  c l o s e d .  T h e re  

was a l way s  a t i m e  la™ be tween  t h e  o p e n i n g  o f  t h e  c y l i n ­

d e r  and t h e  f l ow  o f  t h e  yas  t h r o u g h  t h e  m e r cu ry  s a f e t y  

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

The h y d r o g e n  c h l o r i d e  was i n t r o d u c e d  s l o w l y  by a d j u s t ­

i n g  t h e  r e g u l a t i n g  s t o p c o c k .  The t e m p e r a t u r e  a t  t h e  

e n t r a n c e  o f  t h e  c a t a l y s t  bed was wa t ch ed  c a r e f u l l y  t o  

be  s u r e  t h a t  i t  d i d  n o t  r i s e  t o o  r a p i d l y .  Wi th  c a r e f u l  

c o n t r o l  o f  t h e  h y d r o g e n  c h l o r i d e  f low r a t e ,  i t  soon r o s o  

t o  a c o n s t a n t  v a l u e  of  a b o u t  40°G.

Ten m i n u t e s  a f t e r  t h e  p r o p y l e n e  had b een  t u r n e d  on 

t h e  f l o w  r a t e s  o f  p r o p y l e n e  and h y d r o g e n  c h l o r i d e  were 

a d j u s t e d  to  t h e  d e s i r e d  v a l u e s  by means o f  t h e  r e g u l a t ­

i n g  s t o p c o c k s  on e a c h  l i n e .  The n e e d l e  v a l v e  on t h e  

h y d r o g e n  c h l o r i d e  t a n k  was a d j u s t e d  so t h a t  t h e  gas  

b u b b l e d  a t  a s low r a t s  t h r o u g h  t h e  m e r c u r y  s a f e t y  t r a p .  

S i n c e  t h e  p r o p y l e n e  t a n k  was e q u i p p e d  w i t h  a c o n s t a n t  

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

was n o t  n e c e s s a r y  f o r  t h e  p r o p y l e n e .
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&■. The h e ? t e r  i n  t h e  r e a c t o r  c o n s t a n t  t e m p e r a t u r e  o a t h  7/ as

t u r n e d  on.  To f a c i l i t a t e  t h e  h e a t i n  '* t o  t h e  h i g h e r  

t e m p e r a t u r e s ,  t h e  h a t h  was e q u i p p e d  w i t h  an a u x i l i a r y  

h e a t e r  t h a t  was no t  c o n t r o l l e d  by t h e  t e m p e r a t u r e  

r e g u l a t o r .  T h i s  h e a t e r  was a l s o  u s e d  u n t i l  t h e  t em­

p e r a t u r e  o f  t h e  b a t h  was w i t h i n  f i v e  d e c r e e s  of  the  d e ­

s i r e d  v a l u e .

5 . The t e m p e r a t u r e  of  t h e  b a t h  was a d j u s t e d  so t h a t  t h e  

a v e r a g e  t e m p e r a t u r e  of  t h e  bed was a t  t h e  d e s i r e d  

v a l u e .  The c a t a l y s t  bed was a lways  a t  t h e  d e s i r e d  

t e m p e r a t u r e  w i t h i n  f o r t y - f i v e  m i n u t e s  f rom t h e  s t a r t i n g  

t i m e .  I f  t h e  bed were  b r o u g h t  t o  t e m p e r a t u r e  t o o  r a p i d ­

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

d e v e l o p e d .

6.  C o n s t a n t  a t t e n t i o n  was r e q u i r e d  by t h e  f low r a t e s  o f  

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

m a i n t a i n  c o n s t a n t  r e a d i n g s  i n  t h e  c a p i l l a r y  m e t e r  manom­

e t e r .

S am p l i n g  P r o c e d u r e

1 .  The p r e s s u r e  and f low mano met er s  wer e  r e a d  and t h e  t i me  

n o t e d .

2 .  The m e r c u r y  l e v e l i n g  b o t t l e  7;as  r a i s e d  so t h a t  t h e  s u r ­

f a c e  o f  t h e  m e r c u r y  i n  t h e  b o t t l e  was s l i g h t l y  above 

t h e  t o p  o f  t h e  gas  b u r e t .  The s t o p c o c k s  to  t h e  gas  

s t r e a m  t o  be  sampled  were  opened c o m p l e t e l y .
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Seven t v - o p v e  c u b i c  c e n t  5.me t  e r  s c f  as were  r 2. owlv drawn 

i n t o  t h e  gas  b u r e t  b y  s l o w l y  l o w e r i n g  t h e  l e v e l i n g  

b o t t l e .  The b u r e t  s t o p c o c k  was opened t o  t h e  a t m o s p h e r e  

and t h e  g a s  d i s c h a r g e d .

A p p r o x i m a t e l y  n i n e t y - f i v e  c u b i c  c e n t i j n e t e r s  o f  g a s  wer e  

s lov/177 drawn i n t o  t h e  g a 3 b u r e t  and t h e  s t o p c o c k  c l o s e d .  

The g as  ’.vag a l l o w e d  t o  come t o  t h e  t e m p e r a t u r e  o f  t he  

j a c k e t  and t h e  volume was m e a s u r e d .

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

w a t e r  was c o n n e c t e d  t o  t h e  g a s  b u r e t  by  means o f  a 

s h o r t  l e n g t h  of  p r e s s u r e  t u b i n g .  The empty r e s e r v o i r  

b o t t l e  was l o w e r e d ,  t h e  m e r c u r y  l e v e l i n g  b o t t l e  r a i s e d  

and t h e  pas  t r a n s f e r r e d  t o  t h e  a b s o r p t i o n  t u b e .

7 . As soon as  t h e  t r a n s f e r  was c o m p l e t e  and t h e  m e r c u r y  

l e v e l i n g  b o t t l e  r e p l a c e d  on t h e  r a c k ,  t h e  a b s o r p t i o n  

t u b e  was c l o s e d  and d i s c o n n e c t e d  from t h e  b u r e t .  The 

e x i t  t u b i n g  and u p p e r  s t o p c o c k  were  i m m e d i a t e l y  washed 

b y  o p e n i n g  t h e  s t o p c o c k  and w a s h i n g  w i t h  a s t r e a m  o f  

w a t e r  f rom a w a s h i n g  b o t t l e ,  c a r e  b e i n g  t a k e n  t h a t  no 

wash., w a t e r  was s p i l l e d  f rom t h e  t u b e .  The s t o p c o c k  

was t h e n  c l o s e d  and t h e  r e s e r v o i r  b o t t l e  p l a c e d  on t h e  

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

vacuum was m a i n t a i n e d  on t h e  g as  i n  t h e  t u b e .

B. W i t h  p r o p e r  t e c h n i q u e  t h r e e  g a s  s amp le s  c o u l d  be t a k e n

i n  t e n  m i n u t e s .

9 . The t i m e  and a t m o s p h e r i c  p r e s s u r e s  were  n o t e d .
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A n a l y t i c a l  P r o c e d u r e

1.  The a b s o r p t i o n  t u b e  was removed f rom i t s  s t a n d  and

v i g o r o u s l y  s hak en  u n t i l  no chan ye ' o f  gas  volume o c ­

c u r r e d  .

2 .  Tho r e m a i n i n g  gas was c o m p l e t e l y  e x p e l l e d  by r a i s i n g

t h e  r e s e r v o i r  b o t t l e ,  and t h e  a b s o r p t i o n  t u b e  d r a i n e d .

The lov. 'sr s t o p c o c k  was c l o s e d  as  soon as  t h e  a c i d  s o l u ­

t i o n  was c o m p l e t e l y  o u t  of  t h e  a b s o r p t i o n  t u b e .

t .  The two u p p e r  s t o p c o c k s  were  opened  and a p p r o x i m a t e l y

10 c c .  c f  w a t e r  f rom a w a s h i n g  b o t t l e  i n t r o d u c e d  i n t o  

t h e  t u b e .  The t u b e  was s h ak en  and t h e  w a t e r  d r a i n e d  

o u t  a s  b e f o r e .

i .  The v. 'a.shiny s t e p  was r e p e a t e d .

p .  The a b s o r p t i o n  t u b e  and c o n n e c t i o n  Tygon t u b i n g  were

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

b o t t l e ,  and t h e  l o w e r  s t o p c o c k  c l o s e d .

6 . The a c i d  s o l u t i o n  was t i t r a t e d  w i t h  0 . 0 5  N sodium 

h y d r o x i d e  u s i n g  brorn t hy mo l  b l u e  i n d i c a t o r .

7 . The p r o d u c t  gas  c o m p o s i t i o n  was c a l c u l a t e d  by a m a t e r i a l  

b a l a n c e  s i n c e  t h e  f e e d  gas  c o m p o s i t i o n  and t h e  volume

o f  s ample  wer e  known.

S hu t -down P r o c e d u r e

1 . The n i t r o g e n  gas  c y l i n d e r  was t u r n e d  on w i t h  a l l  t h e  

n i t r o g e n  s t o p c o c k s  c l o s e d .
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2 .  The h yd r og en  c h l o r i d e  c y l i n d e r  v a l v e  was c l o s e d .  H f t o r  

t h e  f low r a t e  had f a l l e n  t o  n e a r l y  z e r o ,  t h e  r e g u l a t i n g  

s t o p c o c k  was c l o s e d  and n i t r o g e n  was i n t r o d u c e d  i n t o  t h e  

h y d ro g e n  c h l o r i d e  l i n e .

5 . The p r o p y l e n e  c y l i n d e r  v a l v e  was c l o s e d ,  A f t e r  t h e  

f l o w  r a t e  had  f a l l e n  t o  n e a r l y  z e r o ,  t i p  r e g u l a t i n g  

s t o p c o c k  was c l o s e d  and n i t r o g e n  was i n t r o d u c e d  i n t o  t h e  

p r o p y l e n e  l i n e .

4 .  A f t e r  a p p r o x i m a t e l y  f i f t e e n  m i n u t e s  t h e  n i t r o g e n  was 

t u r n e d  o f f .

The b u r n e r ,  t e m p e r a t u r e  r e g u l a t o r s ,  and pumps were 

t u r n e d  o f f .

6.  The a l u m i n a  t r a p s  were d i s c o n n e c t e d  and p l a c e d  i n  i n s u l a ­

t i o n  j a c k e t s .  A i r  was blown t h r o u g h  t h e  t r a p s  and h e a t  

a p p l i e d  by  means o f  N i chrom e w i r e  'windings  a r ou nd  t h e  

t r a p s .  An i r o n - c o n s t a n t a n  t h e r m o c o u p l e  p l a c e d  i n  t h e  

i n l e t  t u b e  of  t h e  p r o p y l e n e  t r a p  p e r m i t t e d  c o n t r o l  o f

t h e  t e m p e r a t u r e  a t  ' J^Q0F  by means of  a Type 5OOI, I l l i n o i s  

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

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

o n e - h a l f  h o u r s .
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SERIES 1 ( c o n t . )

Run Flow 
No. Rate

Time
F a c t o r

T o t a l
P r e s s u r e

Temper­
a t u r e

J a c k e t
Temper­ Time

P ro duc t
Compos i t ion Mo I s  

C^HyCla t u r e HC1 Ĉ Hfc C ^ C l
Gm-Mols Gm Cat Gm.Hg °C °c Hours Mi

Mol
FeedMin Gm Mol/Hr

1-11 O.O319 0 .F2 7 8 .9 60 53 1 .0
2 .0
3 .0
5 . 0
6 .0

34.8
34 . 4
34 . 1
33*7

3 1 .8  
6 1 . 7  
6 1 .5  
6 1 . 3  
6 1 .1

3 . 2
3 .5
4 . 1
4 . 6  
5 -2

0 . 0 3 1
0 . 034
0 .039
0 . 044
0 . 049
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SERIES 5

Feed C om position  FOo HC1' $ 0%

Run Flow  
No. Rate

Time
F acto r

Gm-Mol3 Gm Cat 
Min Gm Mol/Hr

T o t a l  Temper-
P re ssu re  a tu r e

Gm.Hg °C

J a c k e t
Temper­

a tu r e
Time

Hours

Product
C om position

SC I CjHfc C-H7 C 1

Mol P er ce n t

Mols
CxHryCl

2  1__
Mol
Feed

3 -1  0 .0 3 2 0  1 , 0 4

3 -2  0 .0 3 2 2 1 . 0 4

3 -3  0 .0 3 2 4 1 .0 3

7 8 .7

7 9 - 5

79*7

4 4

60

80

3  3

52

68

1 . 0 4 7 . 2 4 7 . 1
2 . 0 4 7 . 9 4 7 . 9
3 . 0 4 8 . 2 4 8 . 2
4 . 0 4 8 . 1 4 8 . 1
5 .0 4 8 . 3 4 8 . 3
6 . 0 4 8 . 2 4 8 . 2

1 . 0 4 6 . 4 4 6 . 4
2 . 0 4 5 . 4 4 5 . 4
3 .0 4 7 . 1 4 7 . 1
4 . 0 4 6 . 9 4 6 . 9
5 . 0 4 6 .8 4 6 .8
6 . 0 4 7 . 1 4 7 . 1

1 . 0 4 4 . 4 4 4 . 4
2 . 0 4 4 . 0 4 4 . 0
^ . 0 4 4 . 7 4 4 . 7
4 . 0 4 5*2
5 . ° 4 5 . 8 4 9 .8
6 . 0 4 6 . 1 4 6 . 1

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

3 .6

7 .2
9 .2
5 . 8
6 . 2
6 . 4
5 .8

11.2
12.1
1 0 .7

X*48 . 4
7 .8

0 . 0 5 4
0 . 0 4 0
0 . 0 3 4
O.O36
0 . 0 3 3
0 . 0 3 5

O.O67
0 . 0 8 4
0 . 0 5 5
O.O58
0 .0 6 0
0 . 0 5 5

0.101
0 .1 0 8
0.0070.086
0 .0 7 7
0 .0 7 2
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CONVERSION AT PROCESS TIME 0 HOURS
SERIES 1

Mo Is
Run Tims „ C,H7C1 . . . Mol Fr a c t io n ______
No. Factor Ta!”P- " g o l  HC1 C3H6 CjHyCl 
_____________    Feed_______________________________

1 -1  1 .0 4  4 4 °C .044  . 3 4 1  . 6 1 3  .046
1 - 2  1 . 0 4  60 . 0 7 0  .323  . 6 0 2  .075
1 - 5  1 .0 4  80 . 1 0 9  . 2 9 3  .584  .123
1 - 4  2 .08  44  .O63 .313 .596  .091
1-5  2 .08  60 .111  .291 . 5 8 4  .125
1-6  2 .0 6  80 . 1 4 6  .262  .567  .171
1 - 7  I .5 5  80  .1 3 4  . 2 7 2  .5 7 3  .155
1 -8  I .5 7  60 .O95 . 3 0 4  .591  .105
1 - 9  I .5 6  44  .0 6 8  .3 2 4  . 6 0 3  .073
1 - 1 0  0 . 5 2  80  . 0 7 4  . 3 2 0  . 6 0 0  . 0 8 0
1-11 O.52 60 .0 4 0  .3 4 4  . 6 1 4  .042

SERIES 2

Run
No.

Time
F actor Temp.

M0 I 3
c*h7ci Mol F ra ctio n

Mol
Feed

HCl c 3h 6 C ^ C l

2 - 1 1 .0 5 8 o°c . 1 1 6 .6 1 5 . 254 .1 3 1
2 - 2 1 .0 4 60 .0 7 4 . 6 3 3 .2 8 7 . 0 0 0
2 - 3 1 .0 5 44 .0 4 3 .6 4 5 . 3 1 0 .045
2 -4 I . 5 6 44 . 0 6 3 •637 . 2 9 6 .0 6 7
2-5 1-5 5 60 .0 9 7 . 6 2 4 .2 6 9 .1 0 7
2 - 6 1 . 5 6 80 .1 3 7 • 606 .235 .159

2 .0 5 80 .1 4 9 . 6 0 1 .2 2 4 .175
2 - 8 2 . 0 8 60 . 1 1 3 . 6 1 7 .2 5 6 . 1 2 7
2 - 9 2 . 1 1 44 .075 •633 . 2 8 6 .0 8 1
2 - 1 0 O. 5 2 80 .0 7 4 . 6 3 3 . 2 8 7 .0 8 0
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CONVERSION AT PROCESS TIKE 0 HOURS (oont.)
SERIES 5

Run Time Temp.
Mola

c ĥ7ci Mol Fraction
No. Factor MOl

Feed
HC1 CjHg CjH?Cl

V I
5-2
3-3

1 .04
1 .04
1.04

44°C
60
80

.040

.065

.115

SERIES 4

.479 
• 466 
.456

=479 .042  
.466  .068 
.456 .128

Run Time Temp.
Mols

CzH7C1 Mol Fraction
No. Factor Mol

Feed
HCl o5H6 C5h7ci

i—t OJ 
i 

i 1.04
I.56

6o°c
60

.04

.05
. 156 
. 147

.802  .042 

.800 .055
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CONVERSION AT PROCESS TIME 3 HOURS 

SERIES 1

iVlols
Run Time m Ct;H7C1 Mol Fraction
No. Factor -* Mol HCI CzH7C1

Feed 5 6 3 7

l - l  1 .04  44°C .041  .543 .614  .043
1-2  1.04  60 .060 .33O .606 .064
1-3 1.04  80 .088 .309 .594 .097
1-4  2.08 44 .078 .317  .598 .085
1-5 2.08 60 .105 .296 .587 .117
1-6  2 .06  80 .128 .273  .575 .147
1-7  1-55 80 .117 .286 .581 .133
1-8 1.57 60 .084  .312 .596 .092
1-9 I .5 6  44 .063 .328 .605 .067
1-10 0.52 80 .062 .328 .606 .066
1-11  0 .52  60 .040 .344  .614  .042

SERIES 2

Run
No.

Time
Factor Temp.

Mols
Ĉ H7C1

Sol
Feed

2-1 I .05 80°G .096
2-2 1.04 60 .068
2-3 1.05 44 .039
2-4 I .56 44 .055
2-5 1 .55 60 .087
2-6 I .5 6 80 .120
2-7 2.05 80 .139
2-8 2.08 60 .105
2-9 2.11 44 .070
2-10 0.52 80 .062

Mol Fraction  
HCl C3H7CI

.624  .270 .106

.635 .292 .073

.646  .313 .041

.640  .302 .058

.628 .277 .095

.614  .250 .136

.606 .233 . l 6 l

.620 .265 .107

.635 .290 .075

.638 .296 .Ooo
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CONVERSION AT PROCESS TIME 6 HOURS
SERIES 1

Mols
Run Time C^H^Cl Mol Fractiontj/-v -romp. J>. ./---- 57n--------- r ^ T Z ------- FTNo. Factor •i. • J .  .i ..

Mol
Feed

HC1 c 3h6 CjHyCl

1-1 1.04 44°C .0p8 .345 .615 .040
1-2 1.04 60 .050 •357 .610 .053
1-3 1.04 80 .068 .324 .603 .073
1-4 2.08 44 .072 .321 .601 .078
1-5 2.08 60 .099 .301 • 589 .110
1-6 2.06 80 .110 .292 .584 .124
1“I 1.55 80 .101 .300 .588 .112
1-6 1 -5J 60 .074 .320 .600 .080
1-9 1.56 44 .05Q .330 .607 .063
1-10 0.52 80 .050 •337 .6 iq .053
l - n 0.52 60 .040 .344 .614 .042

SERIES 2

Run
No.

Time
Factor

Temp.
Mols

C3H7CI Mol Fraction
Mol
Feed

H01 3h6 CjH^Cl

2-1 1.05 8o°c .077 •£32 .285 .083
2-2 1.04 60 .061 •£38 .297 .0652-3 1.05 44 .034 . 648 .317 .035
2-4 I .56 44 .047 .643 .307 .049
2-5 1.55 60 .077 . 6p2 .285 .083
2-6 I.56 80 .104 .620 .264 .116
2-7 2.05 80 .130 .609 .242 .149
2-8 2.08 60 .098 .623 .268 .109
2-9 2.11 44 .065 .636 .294 .070
2-10 O.52 80 .050 .642 .305 .053
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R e s r . l t  s o f  I a s 3 S o e c t r o  ~r.-rh i c  Ana].y s es

The m a s 3 s e c t r o j c e  h i c an a l y s e s  v:ere mode on a 

f - o n e r a l  E l e c t r i c  A n a l y t i c a l  Has? S p e c t r o m e t e r  by t he  s e n s i t i v i t y  

method by h r .  S.  Huven S mi t h  of  Ohio S t a t e  U n i v e r s i t y .

Sample 
N o .

1

Do s c r i  c f 1 on

Hydroyen c h l o r i d e  d i r e c t l y  
f rom c v U n d e r .

C o n t a i n s  r? -10 fo  i m p a r i t y  
o f  a C2 yro'np h y d r o c a r ­
bon p r o b a b l y  e t h y l e n e ,  
a l s o  an i m p u r i t y  a t  
m as s e s  6 3 , 64 , 6 3 .

Hydroyen c h l o r i d e  a f t e r  
p a s  same t h r o u + h  a c t i v a t e d  
a l u m i n a .

Above i m p u r i t i e s  r e mo v ed .

P r o p y l e n e  d i r e c t l y  f rom 
c y l i n d e r .

4 P r o p y l e n e  a f t e r  p a s s a y e  
t h r o u f h  a c t i v a t e d  a l u m i n a .

P r o d u c t  y a s e s  a t  44 Or

I d e n t i c a l  t o  Sample 3

C7H7 C1
5 T
■j u

HC1
rpi>

15.8  +0.i;8 
55 .7  +0.6;! 
29 .5  +1 • 4,8

'i'he l i s t e d  p r o d u c t s  com­
p r i s e d  t he  t o t a l  s p e c ­
t rum o f  t h e  sample  . No 
p e a k s  a r c  u n a c c o u n t e d  
f o r .

P r o d u c t  p a s e s  a t  8J0°C
n

C3H6
HC1

Cl 17 .68
60.78
2 2 .78
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