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ABSTRACT

The k i n e t i c s  o f  o l e f i n  (p ro p e n e  a n d  c i s - 2 - b u t e n e )  m e ta ­

t h e s i s  o v e r  9% He2 0 y /A l2 0 ^  c a t a l y s t s  p r e t r e a t e d  w i th  v a r i o u s  

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

e th y l e n e  to  b u t e n e s  (E /B ) ;  r a t i o  o f  t r a n s - 2 - b u t e n e  t o  c i s - 2 -  

b u te n e  (TB 2/G B 2)) a n d  t h e  c a t a l y t i c  n a t u r e  o f  t h e  c a t a l y s t  

h a v e  a l s o  b e e n  c o n c e rn e d .

A k i n e t i c  m odel h a s  b e e n  d e v e lo p e d  t o  e g r e s s  t h e  t im e -  

o n - s t r e a m  p r o f i l e  o f  t h e  a c t i v i t y  t h a t  may i n v o lv e  c a t a l y s t  

b r e a k - i n  an d  d e a c t i v a t i o n  d e p e n d in g  up o n  t h e  p r e t r e a t m e n t  

c o n d i t i o n s  a n d  r e a c t i o n  t e m p e r a tu r e .  The e x p e r im e n ta l  d a t a  can  

b e  c o r r e l a t e d  b e t t e r  th ro u g h  t h e  k i n e t i c  m odel b a s e d  on b r e a k -  

i n  a t  t h e  s e c o n d - o r d e r  a n d  d e a c t i v a t i o n  a t  a n  o r d e r  b e tw ee n  

one  a n d  two o f  t h e  r e s i d u a l  a c t i v i t y .

U s u a l ly ,  t h e  c a t a l y s t  b r e a k - i n  o f  p ro p e n e  m e t a t h e s i s  

( a t  0 * 0  c a n  b e  o b s e r v e d  on  a n  o x y g e n - a c t iv a t e d  c a t a l y s t ,  a  

d i s p e r s i o n - t r e a t e d  c a t a l y s t ,  a n d  a  h y d ro g e n - re d u c e d  c a t a l y s t .

The b r e a k - i n  c o u ld  be  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  i n i t i a l  

m e t a t h e s i s  r a t e  i s  l i m i t e d  by  t h e  s lo w  r e d u c t i o n  s t e p  by  p ro p e n e  

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

b y  s i t e - l o c a l i z e d  d i f f u s i o n  e f f e c t .  The d e c a y  i n  m e t a t h e s i s
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a c t i v i t y  may b e  due t o  t h e  g e n e r a t i o n  o f  a  s u r f a c e  p o ly m e r , t h e  

i m p u r i t i e s  i n  t h e  f e e d s to c k  ( e . g .  w a t e r ) ,  a n d  c o k e , e t c .  The 

o b s e rv e d  c h a n g e s  i n  m e t a t h e s i s  a c t i v i t y  w i th  d i f f e r e n t  p r e t r e a t ­

m ent p r o c e d u r e s  may b e  e x p la in e d  th ro u g h  c h a n g e s  i n  c o o r d i n a t i o n  

num ber a n d  t h e  ty p e  o f  l i g a n d  a s s o c i a t e d  w i th  t h e  m e ta l  o f  t h e  

c a t a l y s t .  ____

P a r t  o f  Re o f  a  f r e s h  im p r e g n a t io n - p r e p a r e d  c a t a l y s t  

c an  b e  l o s t  due t o  s u b l im a t io n  i n  o x y g e n -h e a te d  c o n d i t i o n s .

The c a t a l y s t  a c t i v i t y  i s  p r o p o r t i o n a l  t o  t h e  o x y g e n - a c t iv a t e d  

t e m p e r a tu r e  s t a r t i n g  from  a b o u t  2 0 0 *C, b u t  s h a r p l y  i n c r e a s e s  

a f t e r  500*C. A bout 10% o r  m ore o f  t h e  m e t a t h e s i s  s i t e s  a v a i l ­

a b le  a r e  r e v e r s i b l e .  I n  t h e  c a t a l y s t  a c t i v a t i o n ,  o xygen  i s  an  

im p o r ta n t  f a c t o r  to  m a in ta in  a  m e s o p e r r h e n a t e - l i k e  s t r u c t u r e .  

O x y g e n - f re e  h e liu m  may d e s t r o y  t h e  s t r u c t u r e  ( a t  5 0 0 * 0 ) an d  

c r e a t e  m ore m e t a t h e s i s  s i t e s  a n d /o r  t h e i r  s t r e n g t h .

By v a r y in g  e v a c u a t io n  t e m p e r a tu r e  (T ^^ ) i n  p r e t r e a t i n g  

an  o x y g e n - a c t iv a t e d  c a t a l y s t  ( f o r  11 h r s ) ,  t h e  c a t a l y s t  e x h i b i t s  

two r e g im e s  o f  d i f f e r e n t  c h a r a c t e r i s t i c s  c e n t e r e d  i n  t h e  

n e ig h b o rh o o d  o f  3 2 0 * 0 . A t T ^ ^ < 3 2 0 * 0 , t h e  m e t a t h e s i s  a c t i v i t y  

i s  lo w  an d  no b r e a k - i n  b u t  d e c a y . A t T ^ ^ > 3 2 0 * 0 , t h e  a c t i v i t y  

p ro n o u n c e d ly  i n c r e a s e s  w i th  i n c r e a s i n g  T ^^ , and  t h e  b r e a k - i n  

r e a p p e a r s  b u t  t h e  d e a c t i v a t i o n  i s  l e s s  T ^ ^ -d e p e n d e n t .  I t  i s  

s u g g e s te d  t h a t  a  d i s p e r s e d  p h a s e  i s  fo rm ed  s t a r t i n g  from  3 2 0 * 0  

and  h a s  h ig h  a c t i v i t y  f o r  m e t a t h e s i s .

S i m i la r  r e s u l t s  w ere  o b t a in e d  f o r  t h e  c a t a l y s t s  t r e a t e d  

w i th  h y d ro g e n  a t  v a r i o u s  t e m p e r a tu r e .  B u t a t  500*0 , t h e  a c t i v i t y
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i s  lo w  and  t h e  b r e a k - i n  i s  p r o t r a c t e d .  T h is  r e s u l t  may im p ly  

t h a t  th e  c a t a l y s t  c a n  n o t  b e  c o m p le te ly  r e d u c e d  by  h y d ro g e n  a t  

5 0 0 * C, At a  t e m p e r a tu r e  b e tw ee n  2 0 0 "C and  350*0 t h e  re d u c e d  

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

An oxygen  p u l s e  i n t o  t h e  p ro p e n e  m e t a t h e s i s  sy s te m  can  

b e  an  a c t i v a t o r .  The i n c r e a s e  o f  t h e  a c t i v i t y  due t o  t h e  oxygen 

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

I t  i s  s u g g e s te d  t h a t  m e t a t h e s i s  a c t i v i t y  i s  a s s o c i a t e d  w ith  

rh e n iu m  i n  a  p a r t i c u l a r  o x i d a t i o n  s t a t e  o r  n a rro w  d i s t r i b u t i o n  

o f  o x i d a t i o n  l e v e l s  an d  p r o p e r  l i g a n d  c o o r d in a t io n .

I s o l a t i n g  an  o x y g e n - a c t iv a te d  c a t a l y s t ,  i n  s t a t i c  p ro p e n e  

f o r  a lo n g  t im e  and  e v a c u a t in g  o v e r n ig h t  a t  room te m p e r a tu r e  

i n c r e a s e s  t h e  i n i t i a l  a c t i v i t y  up to  4  t im e s  g r e a t e r  th a n  th e  

n o rm a l b u t  d e c a y s  m ore r a p i d l y .  The i n i t i a l  a c t i v i t y  an d  th e  

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

t h e  e v a c u a t io n  t im e .

I n  a  f lo w in g  s y s te m ," n o  1- b u te n e  o r  h ig h e r  o l e f i n s  w ere  

o b s e rv e d  from  p ro p e n e  o r  c i s - 2 - b u te n e  m e t a t h e s i s ,  b u t  p ro p e n e  

from  c i s - 2 - b u t e n e  (C B 2), I n  a  s t a t i c  s y s te m , from  C32 m eta ­

t h e s i s ,  a  v e ry  t r a c e  o f  1- b u te n e  b u t  l a r g e  p ro p e n e  and  h ig h e r  

o l e f i n s  a r e  o b s e rv e d ;  from  p ro p e n e  m e t a t h e s i s ,  1- b u te n e  and  

p o ly m e rs  a r e  o b s e rv e d .  I n  g e n e r a l ,  t h e  TB2/CB2 r a t i o  i n c r e a s e s  

p r o p o r t i o n a l l y  to  m e t a t h e s i s  a c t i v i t y  b u t  t h e  E/B r a t i o  i n c r e a s e s  

i n v e r s e l y ,  E ow ever, t h e r e  i s  an  e x c e p t io n  on  a  h y d ro g e n  re d u c e d  

c a t a l y s t  ( a t  300*C) t h a t  t h e  TB2/CB2 r a t i o  d e c r e a s e s  i n  th e



p e r i o d  o f  b r e a k - ln *  CB2 i s  t h e  i n i t i a l  p r o d u c t  i n  p ro p e n e  m e ta ­

t h e s i s .  The t r a n s f o r m a t i o n  from  GB2 t o  TB2 i s ,  i n  p a r t ,  l i m i t e d  

hy  t h e  s t e r e o s e l e c t i v i t y .  Some o f  e th y le n e  p r o d u c t  may b e  con­

v e r t e d  to  p ro p e n e  o r  b u t e n e s .

The a lk y l i d e n e - c a r b e n e  c o n f i e z  m echanism  i s  fo u n d  

b e t t e r  c o r r e l a t e d  w i th  t h e  e ^ e r i m e n t a l  d a t a .

V I
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CHAPTER I  

INTRODUCTION

A 7n.de v a r i e t y  o f  e f f o r t s  h a s  b e e n  d e v o te d  to  t h e  i n ­

v e s t i g a t i o n  o f  t h e  h e te r o g e n e o u s ly  a n d  h o m o g en eo u sly  c a t a l y z e d  

m e t a t h e s i s  o f  o l e f i n s  ( 1 , 2 ) ,  F o r  a c y c l i c  o l e f i n s  t h e  r e a c t i o n  

s t o i c h i o m e t r y  o f  o l e f i n  m e t a t h e s i s  can  b e  c h a r a c t e r i z e d  b y :

R5 R-z Ro K-z
r  K  r  K

R .—C — C—R. R. —C C—Ri
'  4. -  ’ II ^  II

R e —C — C—Ro R e —C C—Rg
5 1 I 8  ^ 1 1 °

Rg R^ Rg R^

Vl/here t h e  R.j— Rg a r e  e i t h e r  h y d ro g e n  o r  h y d ro c a rb o n  g ro u p s  (3 )*

Of m ore i n t e r e s t  i s  t h e  h e te r o g e n e o u s  m e t a t h e s i s  o f  

o l e f i n s .  The h e te r o g e n e o u s  c a t a l y s t s  a r e  m a in ly  t r a n s i t i o n  m e ta l  

o x id e s ,  c a r b o n y l s ,  o r  s u l f i d e s  d e p o s i t e d  on h ig h  s u r f a c e  a r e a  

c a r r i e r s  l i k e  a lu m in a  o r  s i l i c a .  M ost s t u d i e s  o f  t h e  h e t e r o ­

g e n e o u s  m e t a t h e s i s  h a v e  b e e n  c a r r i e d  o u t  w ith  W O^/SiOg, MoO^/ 

A l^O ^, a n d  Mo0 ^ /C o 0/ A l 2 0 ^  c a t a l y s t s .  I n  r e c e n t  y e a r s  t h e r e  h a s  

b e e n  i n c r e a s e d  i n t e r e s t  i n  B G 2^7/^^2^3  c a t a l y s t s .  The Re2 0 ^ /  

Al^O^ c a t a l y s t  i s  a  s e l e c t i v e  m e t a t h e s i s  c a t a l y s t ,  a c t i v e  even



2
a t  s u b a tm o s p h e r ic  p r e s s u r e s  an d  a t  a n b ie n t  t e m p e r a tu r e ,  and  

t h e r e f o r e  s u i t e d  f o r  k i n e t i c s  an d  s p e c t r o s c o p i c  s t u d i e s  ( 1 ,8 ,  

2 5 ) .  R h e n iu m -c o n ta in in g  s u p p o r te d  c a t a l y s t s  a r e  a l s o  u s e d  i n  

t h e  r e f o r m in g  o f  p e tro le u m  f e e d s to c k s  (2 6 )  an d  th re e -w a y  a u to ­

m o tiv e  e x h a u s t  c a t a l y s t s  (2 7 ) e t c .

The p r e t r e a t m e n t  c o n d i t i o n s  and  c o m p o s it io n  o f  th e  

c a t a l y s t ,  o p e r a t i n g  t e m p e r a tu r e ,  p r e s s u r e ,  s p a c e  v e l o c i t y ,  and  

th e  i m p u r i t i e s  o f  th e  r e a c t a n t ,  e t c . ,  a r e  f a c t o r s  to  

be c o n c e rn e d  f o r  t h e  k i n e t i c  s tu d y  and  th e  i n v e s t i g a t i o n  o f  

th e  c h a r a c t e r i s t i c s  o f  a  c a t a l y s t .  U s u a l ly ,  a  c a t a l y s t  ex­

h i b i t s  a  maximum r e l a t i o n s h i p  b e tw een  t h e  a c t i v i t y  and  th e  

a c t i v a t i o n  t e m p e r a t u r e . ( 2 8 ,2 9 ,3 0 ) ,  T e ic h n e r  e t  a l , ( 2 9 ,3 0 )  fo u n d  

t h a t  t h e r e  a r e  two maxima (h70*C and  650 * C) and  two m inim a 

( 5 2 0 * 0  and  7 5 0 *0 ) i n  t h e i r  s t u d i e s  o f  t h e  e f f e c t  o f  t h e  a c t i ­

v a t i o n  te m p e r a tu r e  on th e  i n i t i a l  a c t i v i t y  o f  am orphous a lu m in a  

i n  t h e  i s o m e r i z a t i o n  o f  b u t e n e - 1 , IVhan e t  a l ,  ( 3 1 ,3 2 )  o b s e rv e d  

t h a t  th e  a c t i v i t y  o f  t h e  s u p p o r te d  m olybdenum  h e x a c a rb o n y l  

c a t a l y s t  d ep en d ed  m a rk e d ly  on th e  p r e t r e a t i n g  te m p e r a tu r e  o f  

t h e  su p p o r t^  th e  a c t i v a t i o n  t e m p e r a tu r e  a f t e r  a d d i t i o n

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

N .G io ra n o  e t  a l .  (3 3 ) a l s o  fo u n d  t h a t  t h e  b u lk  and  s t r u c t u r e  

o f  th e  a lu m in a  s u p p o r te d  m o lybdena  c a t a l y s t  d i f f e r e d  c o n s id e r ­

a b ly  d e p e n d in g  upon th e  a c t i v a t i o n  t e m p e r a tu r e .  They

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

t h a t  t h e  c h a n g e s  o f  . s u r f a c e  s t r u c t u r e  w ere  a  f u n c t i o n  o f  th e



a c i d i t y  o f  t h e  s u p p o r t ,  t h e  m olyhdenum  c o n c e n t r a t i o n  an d  th e  

c o n d i t i o n s  o f  r e d u c t i o n .  L in  e t  a l . (1 5 ) o b s e r v e d  th e  d ependency  

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

a n d  t h e  k i n d  o f  s u p p o r t .  I t  was s u g g e s te d  t h a t  r e d u c t io n  

c r e a t e d  a n io n  v a c a n c ie s  w h ich  e n h a n c e d  t h e  a c t i v i t y  a n d  s e l e c t ­

i v i t y  o f  t h e  c a t a l y s t ,  b u t  th e  en h an cem en t w as t r a n s i t o r y ,  

d e c r e a s i n g  i n  t im e  a s  r e a c t a n t  becam e i r r e v e r s i b l y  a d s o rb e d  on 

t h o s e  s i t e s .  M inachev  e t  a l .  ( 5 )  c o n c lu d e d  from  t h e  XPS s tu d y  

t h a t  t h e  r e d u c i b i l i t y  o f  S e  onO f-A l^O ^ i s  much l e s s  th a n  t h a t  

o f  He on  S i 0 2  an d  c an  b e  a t t r i b u t e d  to  a  s t r o n g e r  i n t e r a c t i o n  

o f  S e ^ *  w i th  t h e  Hf-Al^O^ s u r f a c e .  Yao a n d  S h e l e f  (7 )  h a v e  shown 

t h e  c o - e x i s t e n c e  o f  two a g g r e g a t io n  s t a t e s  o f  He on t h e  s u r f a c e  

o f  a  d i s p e r s e d ,  tw o -d im e n s io n a l  p h a s e  o f  He i n t e r a c t s

s t r o n g l y  w ith  t h e  Hf-Al^O^ an d  c a n  be  r e d u c e d  to  He^ by  o n ly

a t  t e m p e r a tu r e s  i n  e x c e s s  o f  5 0 0 *C; t h e  c r y s t a l l i n e ,  t h r e e -
7+ 0d im e n s io n a l  p h a s e  can  be  o x id iz e d  to  He'  ̂ a n d  r e d u c e d  t o  He by

a t  3 5 0 * C. The d i s p e r s i o n  t r e a tm e n t  c r e a t e s  a n io n  v a c a n c ie s  

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

a d s o r p t i o n .  O ls th o o rn  a n d  B oe lhouw er a l s o  o b s e rv e d  t h a t  t h e i r  

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

H e, b u t  t h e  r e d u c t io n  w as n o t  c o m p le te  ( 8 ) .

Many h e te r o g e n e o u s  c a t a l y t i c  r e a c t i o n s  show a  maximum 

i n  r a t e s  a s  a  f u n c t i o n  o f  r e a c t i o n  t e m p e r a tu r e .  C la r k  and  

M o ffa t  (2 2 )  s u g g e s te d  t h a t  th e  r a t e - t e m p e r a t u r e  maximum o b s e rv e d  

i n  t h e  sy s te m  o f  p ro p e n e  m e t a t h e s i s  o v e r  a  c o b a l t - m o ly b d a te -



a lu m in a  c a t a l y s t  w as c a u s e d  by  t h e  r e v e r s i b l e  d e a c t i v a t i o n  o i  

s i t e s  su p e r im p o s e d  on t h e  i r r e v e r s i b l e  p o i s o n in g  o f  s i t e s .

T hey s u c c e s s f u l l y  a p p l i e d  t h e  L an g m u ir-H in sh e lw o o d  m odel t o  a  

h e te r o g e n e o u s  s u r f a c e  a n d  fo u n d  t h a t  i t  i s  a  n e c c e s s a r y  con­

d i t i o n  f o r  t h e  e x i s t e n c e  o f  a  r a t e  te m p e r a tu r e  maximum t h a t  t h e  

a b s o l u t e  m a g n itu d e  o f  t h e  h e a t  o f  a d s o r p t io n  s h o u ld  b e  g r e a t e r  

t h a n  one  h a l f  o f  t h e  A r r h e n iu s  a c t i v a t i o n  e n e rg y .

T h ere  a r e  t h r e e  k in d s  o f  m ass t r a n s f e r  e f f e c t s ,  i . e . , t h e  

i n t e r p h a s e ,  t h e  i n t r a p a r t i c l e ,  t h e  s i t e - l o c a l i z e d  d i f f u s i o n a l  

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

( 3 ^ » 3 5 ) .  I f  t h e r e  e x i s t s  m ass t r a n s f e r  e f f e c t s  i n  t h e  r e a c t i o n  

s y s te m , t h e  r e a c t i o n  r a t e  w i l l  be  a  f u n c t i o n  o f  t h e  am ount o f  

t h e  c a t a l y s t  u s e d ,  th e  p a r t i c l e  s i z e  e t c .  I n t e r p h a s e  m ass t r a n s ­

f e r  e f f e c t s  h av e  b e e n  o b s e rv e d  (3 3 )  i n  p ro p e n e  m e t a t h e s i s  w ith  

W ^ /S IO ^  c a t a l y s t s  b u t  n o t  w ith  MoO^/CoO/Al^O^ c a t a l y s t s ,  L in  

e t  a l ,  ( 1 5 ) fo u n d  t h a t  t h e  m ass t r a n s f e r  e f f e c t s  w ere  s i g n i ­

f i c a n t  on a  20% Re^O y/A l^O ^ c a t a l y s t  b u t  n e g l i g i b l e  on  a  10% 

^® 2^7^^ 2 ^ 3  f o r  p ro p e n e  m e t a t h e s i s  a t  room  te m p e r a tu r e  i n  a  

f lo w in g  s y s te m .

The o b s e r v a t i o n  t h a t  t h e  c i s - t r a n s  r a t i o  o f  t h e  p r o d u c t s  

o f  t h e  m e t a t h e s i s  i s  e q u a l  to  t h e  therm odynam ic  e q u il ib r iu m , 

v a lu e  s u g g e s t s  t h a t  t h e  r e a c t i o n  i s  n o t  h ig h ly  s t e r e o s e l e c t i v e .  

H ow ever, u n d e r  c e r t a i n  c o n d i t i o n s  t h e  p r o d u c t  d i s t r i b u t i o n ,  i s  

i n f lu e n c e d  by k i n e t i c  f a c t o r s  ( 2 ) .  F o r i n s t a n c e ,  a t  s h o r t  con­

t a c t  t im e s  t h e  f o r m a t io n  o f  c i s - 2 - b u t e n e  i s  f a v o r e d  i n  th e



sy s te m  o f  p ro p e n e  m e t a t h e s i s  o v e r  some s o l i d  c a t a l y s t s  ( 3 6 ) .

Many a u th o r s  h a v e  o b s e rv e d  t h a t  when s t a r t i n g  from  a l p h a - o l e f i n s  

a  h ig h  d e g re e  o f  s t e r e o s e l e c t i v i t y  o f  m e t a t h e s i s  w as i n  f a v o r  

o f  c i s - i s o m e r s  e s p e c i a l l y  a t  lo w  te m p e r a tu r e  ( 1 4 ) .  The s e l e c t i ­

v i t y  t o  p r im a ry  m e t a t h e s i s  p r o d u c t s  can  b e  im p ro v e d  by a d d in g  

s m a ll  am oun ts  o f  a l k a l i ,  a l k a l i n e  e a r t h  m e ta l  i o n s ,  o r  t h a l l i u m  

c o p p e r ,  o r  s i l v e r  i o n s  ( 1 , 3 8 ) .  S w if t  an d  K o b y l in s k i  (3 9 )  a l s o  

r e p o r t e d  t h a t  t h e  o l e f i n  t r e a tm e n t  o f  m o ly b d e n a -a lu m in a  a t  2 0 0 *C 

r e s u l t e d  i n  a  d e c r e a s e  i n  c o n v e r s io n  w ith  a  s i g n i f i c a n t  i n c r e a s e  

i n  s e l e c t i v i t y .  The s e l e c t i v i t y  i n c r e a s e  by  o l e f i n  i s  i n  th e  

o r d e r :  i s o - b u t y l e n e  > 1- b u te n e  > 1- o c t e n e  > p ro p e n e .

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

t r a n s a l k y l i d e n a t i o n  r e a c t i o n  in v o lv i n g  c le a v a g e  a n d  s c ra m b lin g  

o f  t h e  d o u b le  b o n d s ( 1 , 2 ) .  T h re e  k in d s  o f  m e t a t h e s i s  m echan ism s 

h a v e  b e en  p r o p o s e d :  ( a )  p a i r w i s e ,  c o n c e r t e d  q u a s i - c y c lo b u ta n e -  

m e ta l  com plex  m echan ism ; (b )  p a i r w i s e ,  n o n c o n c e r te d  m e t a l l o -  

c y c lo p e n ta n e  com plex  m echan ism ; o r  ( c )  n o n p a ir w is e  c a rb e n e  

c h a in  c a r r i e r  m ech an ism . . M a th em atic  m o d e ls  o f  t h e  o l e f i n  

m e t a t h e s i s  r a t e  w ere  a l s o  d e v e lo p e d  to  c o r r e l a t e  t h e  e x p e r i ­

m e n ta l  d a ta  from  k i n e t i c  s t u d i e s .  The S i d e a l  m odel b a s e d  upon 

t h e  i n t e r a c t i o n  o f  an  a d s o rb e d  s p e c i e s  a n d  s p e c i e s  from  g a s  

p h a s e .  The L a n g m u ir-H in sh e lw o o d  m odel p o s t u l a t e s  t h a t  t h e  r e ­

a c t i o n  o c c u r s  b e tw een  two c h e m iso rb e d  m o le c u le s .  The c a r b e n e -  

com plex  m odel i s  b a s e d  on  a lk e n e -  o r  a l k y l i d e n e - m e ta l  co m p lex es 

a s  a c t i v e  s i t e s .  R e c e n t ly ,  t h e  c a rb e n e -c o m p le x  m echanism  h a s



b e e n  e x am in ed  a n d  fo u n d  to  be  m ore a g r e e a b le  t o  e x p e r im e n ta l  

d a t a  (ifO, i f l )  ( d e t a i l s  shown i n  A p p en d ix  A ) ,

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

c h a r a c t e r i z e d  by  v a r i o u s  a p p ro a c h e s  ( 2 0 ) .  I n  t h e  s t u d i e s  o f  

n - b u te n e  i s o m e r i z a t i o n  on  a c i d  c a t a l y s t s ,  O z ak i a n d  K im ura  (4 3 )  

o b s e r v e d  t h a t  t h e  d e u te r iu m  c o n c e n t r a t i o n  o f  2 - b u t e n e  d e c r e a s e d  

w i th  t h e  r i s e  i n  t h e  e v a c u a t io n  t e m p e r a tu r e  o f  c a t a l y s t s  even  

a s  t h e  c o n v e r s io n  o f  b u te n e  i n c r e a s e d  a n d  a t  $0 0 "C l i t t l e  

h y d ro g e n  e x c h a n g e d  b e tw e e n  b u te n e  an d  t h e  c a t a l y s t .  T hey su g ­

g e s t e d  t h a t  n - b u te n e  i s o m e r i z a t i o n  on  t h e  a c i d  c a t a l y s t s  p r o ­

c e e d e d  a t  l e a s t  p a r t l y  th r o u g h  a  p r o t o n  d o n o r - a c c e p to r  m echani.sm  

w i th  e i t h e r  B r o n s te d  a c i d s  on  t h e  s u r f a c e  o r  t h e  c a rb o n iu m  i o n s  

fo rm ed  by  a d s o r p t i o n  o f  o l e f i n s  on  L ew is  a c i d  s i t e s  s e r v i n g  a s  

p r o to n  d o n o r s .  A p p ly in g  s e l e c t i v e  p o i s o n in g  t e c h n i q u e s ,  T e ic h n e r  

e t  a l .  c o n c lu d e d  t h a t  c a t a l y t i c  a c t i v i t y  i s  s im u l ta n e o u s ly  

due t o  a c i d  s i t e s  w i th  o x i d i z i n g  c h a r a c t e r  a n d  to  b a s i c  s i t e s  

w i th  r e d u c in g  c h a r a c t e r  ( 2 9 ,3 0 ) .  By v a r y in g  e v a c u a t io n  tem p­

e r a t u r e  t h e y  fo u n d  two m axim a o f  a c t i v i t y  i n  t h e  i s o m e r i z a t i o n  

o f  b u t e n e - 1 .  A t 470  *C, a c i d  s i t e s  w ere  a s c r i b e d  t o  L ew is c e n t e r s  

w h e re a s  b a s i c  s i t e s  t o  s u r f a c e  h y d r o x y l s ;  a t  650 *C a c i d  s i t e s
*2 A ^2

t o  a d j a c e n t  a lum inum  i o n s  (Al-^ ) w h e re a s  b a s i c  s i t e s  t o  0 ” 

i o n s .  S i m i l a r l y ,  H osynek  e t  a l . ( 43) s u g g e s te d  t h a t  t h e  e x p o se d  

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

i s o m e r i z a t i o n  r e a c t i o n .  R u n n in g  c y c lo p ro p a n e  r e a c t i o n s  o v e r  

m o ly b d e n a -a lu m in a . H a l l  e t  a l .  (44) fo u n d  t h a t  t h e  i s o m e r i z a t i o n



r e a c t i o n  c o r r e l a t e d  l i n e a r l y  w i th  t h e  sum o f  t h e  c o n c e n t r a t i o n s  

o f  a n io n  v a c a n c i e s  and  h y d r o x y ls  i n t r o d u c e d  a s  Mo-OH d u r in g  th e  

r e d u c t i o n  w i th  h y d ro g e n , an d  o l e f i n  m e t a t h e s i s  c o u ld  be  c o r r e ­

l a t e d  w i th  a n io n  v a c a n c y . . U s in g  th e  te m p e ra tu re -p ro g ra m m e d  

d e s o r p t io n  m eth o d  (TPD) E n g e lh a r d t (4 5 )  o b s e rv e d  f o u r  t y p e s  o f  

a d s o rb e d  h y d ro g e n  on t h e  m o ly b d e n a -a lu m in a  c a t a l y s t  r e d u c e d  w ith  

h y d ro g e n . He a l s o  fo u n d  t h a t  t h e  lo w  t e m p e r a tu r e  a d s o r p t io n  o f  

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

f o r  p ro p e n e  m e t a t h e s i s  b u t  a c t i v i t y  d e c r e a s e d  w i th  t h e  h ig h  

t e m p e r a tu r e  a d s o r p t io n  h y d ro g e n ,

O ls th o o rm  an d  B o e lh o u w er ( 8 ) c o n c lu d e d  from  I . H s t u d i e s  

t h a t  th e  r e d u c t i o n  s t e p  o f  t h e  a c t i v a t e d  'Re^r^ / c a t a l y s t  

w i th  p ro p e n e  o r  p r o d u c t s  was a  p r e r e q u i s i t e  t o  m e t a t h e s i s  a c t ­

i v i t y .  N akam ura a n d  E c h ig o y a  s u g g e s te d  t h a t  t h e r e  w ere  t h r e e  

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

( 2 3 ) .  They c l a s s i f i e d  t h e s e  s i t e s  t o  K - , L - ,  a n d  M -re g io n  f o r  

th e  r a t i o  o f  R e / A l < l / 9 9 ,  1 / 9 9 < 5 e / A l < 3 /9 7 ,  R e /A l> 3 / 9 7  r e s ­

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

c r e a s e d  i n  t h e  o rd e r :M > >  L >  K. A t E - r e g io n ,  t h e  X -ra y  s p e c tru m  

was s i m i l a r  t o  t h a t  o f  t h e  a lu m in a ,  w h e re a s  a t  M -re g io n  i t  

a p p e a re d  a  s h a rp  p e a k  w h ich  i s  a  c h a r a c t e r i s t i c  o f  a  r e l a t i v e l y  

l a r g e  c r y s t a l  o f  He^O^ w h ic h  h a s  no a c t i v i t y  f o r  t h e  m e t a t h e s i s .  

A c c o rd in g  t o  th o s e  d a t a ,  th e y  s u g g e s te d  t h a t  t h e  a c t i v e  s i t e s  

a t  M -re g io n  c o m p riz e d  R e-O -R e b o n d , t h e  s t r e n g t h  o f  w h ich  was 

so weak t h a t  i t  c o u ld  be  e a s i l y  c o n v e r te d  t o  a c t i v e  s p e c i e s
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b y  t h e  a c t i v a t i o n  a t  e l e v a t e d  t e m p e r a tu r e s  an d  t h e  r e d u c t i o n  

a n d  c o n ç ) le x a tio n  w i th  o l e f i n s  a t  t h e  r e a c t i o n  t e m p e r a tu r e ;  a t  

L - r e g io n  t h e  a c t i v e  s i t e s  c o m p riz e d  R e -0 -Â l b o n d s w h ich  d id  n o t  h av e  

t h e  d o u b ly  p ro m o tin g  e f f e c t s ;  a t  E - r e g io n  th e  a c t i v i t y  c o u ld  be  

e n h a n c e d  b y  r e d u c t i o n  w i th  hydrogen*  Many a u th o r s  h a v e  

a p p l i e d  EPR te c h n iq u e s  t o  i n v e s t i g a t e  a lu m in a - s u p p o r te d  rh e n iu m  

o x id e s  ( 7 , 2 3 , 2 4 ) .  They fo u n d  t h e  same r e s u l t  t h a t  t h e  c a t a l y s t  

t r e a t e d  i n  v acu o  h a d  a  s h a r p  l i n e  a t  g  = 2 .0 0  w h ich  c o u ld  be  

a t t r i b u t e d  t o  f r e e  e l e c t r o n s  t r a p p e d  i n  a n io n  v a c a n c ie s  o f  th e  

a lu m in a  (F  c e n t e r  d e f in e d  by  A ndreev  ( 2 4 ) ) .  T h is  f a c t  i s  o b s e rv e d  

a t  t h e  L - r e g io n  d e f in e d  by  N aram ura  e t  a l .  ( 2 3 ) .  F in d in g  

F c e n t e r s ,  A ndreev  e t. a l .  (2 4 )  p ro p o s e d  a  " s h u t t l e ” m echanism  

i n  w h ich  t h e  e le m e n ta ry  s t e p s  in v o lv e d  a  s h u t t l e  c y c le  b e tw ee n  

tw o o x i d a t i o n  l e v e l s  (Re'^”*’ an d  R e^*) w ith  t h e  a n io n  v a c a n c y  

s e r v i n g  a s  an  e l e c t r o n  s i n k  an d  s o u rc e  (F  c e n t e r ) .

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

e x h i b i t e d  t h r e e  re g im e s  w i th  t im e  i n  u s e ;  t h e  f i r s t ,  a . " b r e a k - i n "  

r e g im e  c h a r a c t e r i z e d  by  a  s t e a d y  i n c r e a s e  i n  t h e  c a t a l y s t  

a c t i v i t y ;  t h e  s e c o n d , a  " s t e a d y - s t a t e "  re g im e  w ith  

a c t i v i t y  r e l a t i v e l y  c o n s t a n t  an d  th e  t h i r d ,  a  " d e a c t i v a t i o n "  

r e g im e  a s s o c i a t e d  w i th  t h e  d ecay  i n  c a t a l y s t  a c t i v i t y  ( 1 3 , 4 3 ,

4 6 , 4 7 ) .  The b r e a k - i n  phenom ena may be due to  th e  r e a c t a n t - s u r f a c e  

i n t e r a c t i o n s  w h ich  r e s u l t  i n  a  m o d i f i c a t io n  o f  t h e  n a tu r e  o f  

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

a n d  W il l s  (4 7 )  s u g g e s te d  t h a t  b r e a k - i p  o f  th e  s i l i c a  s u p p o r te d



tu n g s t e n  o x id e  c a t a l y s t  r e s u l t e d  i n  th e  s t r o n g  a d s o r p t io n  o f  

an  o r g a n ic  i n t e r m e d i a t e  o r  f ra g m e n t w hich  p la y e d  an  im p o r ta n t  

r o l e  i n  p ro p e n e  m e t a t h e s i s  and  th e  o x i d a t i o n  s t a t e  o f  th e  

t u n g s t e n  was a l s o  an  im p o r ta n t  f a c t o r  i n  t h e  b r e a k - i n .  P e n n e l l a  

a n d  B anks (4 9 )  p ro p o s e d  t h a t  t h e  c a t a l y t i c  a c t i v i t y  o f  o l e f i n  

m e t a t h e s i s  may be  a s  a  f u n c t i o n  o f  t h e  e n e rg y  l e v e l s  o f  m e ta l  

i o n  w hich  c o u ld  be a d j u s t e d  by c h a n g e s  i n  t h e  o x i d a t i o n  s t a t e  

o f  t h e  m e ta l  an d  by c h a n g e s  i n  t h e  n a tu r e  o f  t h e  l i g a n d s ,  i n  

t h e i r  num ber, o r  i n  t h e i r  g e o m e try . They s u g g e s te d  t h a t  t h e  

c a t a l y s t  b r e a k - i n  p e r i o d , s h o r t e n e d  by r e d u c t i o n  o f  t h e  s u r fa c e ^  

c o u ld  be  a t t r i b u t e d  to  an  i n c r e a s e  i n  t h e  num ber o f  a c t i v e  s i t e s  

th ro u g h  m o d i f i c a t io n  by th e  p o l y o l e f i n s  o f  t h e  e n e rg y  l e v e l  

d i s t r i b u t i o n  i n  t h e  t u n s t e n  o x id e  c e n t e r s .  On th e  o t h e r  h a n d , 

c a t a l y s t  d e a c t i v a t i o n  c o u ld  b e  d e f in e d  a s  any  phenom enon w hich  

lo w e re d  th e  o v e r a l l  r a t e  o f  a  c a t a l y t i c  r e a c t i o n  b e lo w  th e  

v a lu e  w h ich  c o u ld  be  o b t a in e d  w i th  a  f r e s h  c a t a l y s t  and  u n co n ­

ta m in a te d  r e a g e n t s  ( 4 8 ) .  D e a c t iv a t io n  may b e  c a u s e d  by i m p u r i t i e s  

d e p o s i te d  on th e  c a t a l y s t  s u r f a c e ,  c h a n g e s  o f  c r y s t a l l i n e  form , 

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

a c t i v e  s i t e s ,  p o re  p l u g g i n g , e t c .  ( 4 , 4 8 ) .

To eliminate mass transfer effects, according 
to the conclusion of Lin et al., we prepared an alumina(^-)- 
supported rhenium oxide containing 9% Re^Oy for the studies of 
kinetics and investigation of its catalytic charateristics.
The kinetic study of olefin metathesis over the catalyst is
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a c h ie v e d  by u s in g  a  d i f f e r e n t i a l  r e a c t o r  ( c o n v e r s io n  

l e s s  th a n  10%), P ro p e n e  i s ,  u s u a l l y  u s e d  a s  a  p ro b e  m o le c u le .  

U n le s s  o th e r w is e  s t a t e d ,  t h e  am ount o f  t h e  c a t a l y s t  u s e d  i s  

a b o u t  0 , 5  g ram , t h e  r e a c t i o n  t e m p e r a tu re  i s  0  *0 , an d  t h e  p r o ­

p e n e  p a r t i a l  p r e s s u r e  i s  a b o u t  760 t o r r .  The v a r i a t i o n  o f  t h e  

c a t a l y t i c  a c t i v i t y  i s  p e r fo rm e d  o v e r  th e  c a t a l y s t s  t r e a t e d  vn.th 

v a r i o u s  p r e t r e a t m e n t s  i n c l u d i n g  v a ry in g  a c t i v a t i o n  t e m p e r a tu r e  

( i n  O2 ) ,  e v a c u a t io n  t e m p e r a tu r e ,  an d  H2  r e d u c t io n  te m p e r a tu r e  

e t c .  The e f f e c t  o f  t h e  a c t i v i t y  by th e  i m p u r i t i e s  c o n ta in e d  

i n  t h e  f e e d s to c k ,  an d  p r e t r e a t i n g  w ith  o l e f i n s  ( e . g ,  e th y l e n e ,  

b u te n e s )  i s  a l s o  s t u d i e d .  M ean w h ile , th e  s e l e c t i v i t y

( e , g ,  t h e  r a t i o s  o f  e th y le n e  to  b u te n e s ,  an d  t r a n s - 2 - b u te n e  

t o  c i s - 2 - b u t e n e )  p r o f i l e  i s  a l s o  ta k e n  i n t o  c o n s i d e r a t i o n .

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

from  t h e  a c t i v i t y  an d  s e l e c t i v i t y  p r o f i l e s .



CHAPTER I I  

METHODS

A. M a t e r i a l s

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

w as a n  a lu m in a - s u p p o r te d  rh e n iu m  o x id e  c a t a l y s t  c o n ta in i n g  

8*96%wte RegOy a n d  w as p r e p a r e d  by  im p r e g n a t io n .  I n  o r d e r  to  

make th e  c a t a l y s t  u n i f o r m , t h e  m ix tu r e  o f^ 1 - a lu m in a  ( 9 9 .% 

p u r i t y ,  H arshaw  C h em ica l C o ., Type 0 1 0 4 , 4 0 -6 0  m esh) a n d  t h e  

a q u e o u s  ammonium p e r r h e n a t e  (9 9 .%  p u r i t y ,  A pache C h e m ic a ls  I n c . )  

was s t i r r e d  i n  e x c e s s  d i s t i l l e d  w a te r  a t  t e m p e r a tu r e  b e lo w  

b o i l i n g  p o i n t  o f  w a te r  i n  a  t h r e e - n e c k  f l a s k  f o r  tw o d a y s  an d  

th e  w a te r  w as e v a p o r a t e d .  The p r o d u c t  was d r i e d  i n  o v en  a t  

1 5 0 *-C f o r  one  d a y .

The o l e f i n s  u s e d  f o r  s t u d i e s  w e re :  ( 1 ) :  r e s e a r c h  g ra d e  

e th y le n e  ( 9 9 . 95 % p u r i t y ) ;  ( 2 ) :  p o ly m e r iz a t io n  g r a d e  ( p . g . ) p r o ­

p e n e  ( 9 9 ,% m in ); (3 ) :  r e s e ^ c h  g ra d e  ( r . g . ) p r o p e n e ( 9 9 , 99% ).

( 4 ) :  r e s e a r c h  g ra d e  c i s - 2 - b u t e n e  (99 .96%  p u r i t y ) .  A l l  

o l e f i n s  w ere  p u r c h a s e d  from  P h i l i p s  P e tro le u m  C o .,

11



12

B . A p p a ra tu s

The a p p a r a tu s  u s e d  i n  t h e s e  s t u d i e s  i s  shown s c h e m a t i c a l ly

i n  F i g .  1,  T h is  a p p a r a t u s  i s  s i m i l a r  t o  t h a t  u s e d  b y  L in  e t  a l .

( 1 5 ) ,  w i th  some m o d i f i c a t i o n s .

The i n e r t  g a s  (H e , I ^ ) , .  o xygen  a n d  o l e f i n s  a r e  s e p a r a t e l y  

d r i e d  w i th  m o le c u la r  s i e v e  4A, ZfA, a n d  3A r e s p e c t i v e l y .  A l l  

m o le c u la r  s i e v e  co lum ns a r e  i n  t h e  s i z e  o f  3 / 4 "  x  3 4 " .

The d r i e r s  w ere  p r o v id e d  w i th  some a c c e s s o r i e s  f o r  r e g e n e r a t i o n  

o f  m o le c u la r  s i e v e  w i th  n i t r o g e n  a t  h ig h  t e m p e r a tu r e .  H ydrogen  

was p u r i f i e d  th r o u g h  a  S e r f a s s  H ydrogen  P u r i f i e r  ( M i l to n  Roy C o .) ,  

A r e d u c e d  c u p r i c  o x id e  colum n w ith  w a te r  c o n d e n s e r  w as 

b u i l t  a n d  c o n n e c te d  u p s tre a m  o f  t h e  m o le c u la r  s i e v e  d r i e r s  f o r  

re m o v in g  t r a c e  am o u n ts  o f  o x y g en  c o n ta in e d  i n  t h e  g a s e s .  T h is

sy s te m  w as a r r a n g e d  t o  b e  e v a c u a te d  a n d  t o  r e d u c e  c u p r i c  o x id e

w i th  h e l i u m - d i l u t e  h y d ro g e n  a t  t e m p e r a tu r e  a b o u t  2 0 0 * 0

An A ero -V ac M odel 702  M o n ito r  M ass S p e c t r o m e te r  w as a l s o  

a d d e d  t o  t h e  s y s te m . A K e i th l e y  I n s t r u m e n t s  M odel 147  n a n o v o l t  

n u l l  d e t e c t o r  a n d  M odel 260 n a n o v o l t  s o u rc e  w as u s e d  f o r  th e r m a l  

em f m e a su re m e n ts .
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C. E x p e r im e n ta l  P ro c e d u re

B ecau se  t h e  e f f e c t s  o f  p r e t r e a t m e n t  on t h e  c h a r a c t e r i ­

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

c a t a l y s t  p r e t r e a t m e n t s  w ere  e x e c u te d .  The s t a n d a r d  p ro c e d u r e  o f  

c a t a l y s t  p r e t r e a t m e n t  w as t o  a c t i v a t e  t h e  c a t a l y s t  w i th  d ry  

oxygen  f o r  a b o u t  17 h o u r s  a t  a b o u t  500 *0 a n d  300  m l/m in . The 

c a t a l y s t  was th e n  c o o le d  t o  t h e  r e a c t i o n  t e m p e r a tu r e  i n  a  

s t a t i c  oxygen  a tm o s p h e re . T h is  p r e t r e a t m e n t  i s  d e s ig n a t e d  a s  

f o l lo w s :  iÜOg/l? @500'Ci!3xn T , * * * 'c â

B e fo re  r u n n in g  t h e  m e t a t h e s i s  r e a c t i o n  t h e  w ho le  sy s te m  

e x c e p t  t h e  r e a c t o r  was t r e a t e d  by  e v a c u a t io n  an d  p u rg e d  w ith  

r e a c t a n t  to  make s u r e  no oxygen  d e t e c t a b l e  i n  t h e  sy s te m  and  

to  r i d  t h e  sy s te m  o f  p o s s i b l e  p o is o n s  from  t h e  s t a g n a n t  r e a c t a n t

( l 6 ) .  The b u lk  o f  t h e  o xygen  w as th e n  pum ped o u t  o f  t h e  r e a c t o r .  

The r e a c t a n t  was i n t r o d u c e d  an d  c o n t r o l l e d  i n  t h e  r a n g e  o f  1.5% 

o f  t h e  d e s i r e d  f lo w  r a t e .  U s in g  an  o n - l i n e  i n j e c t o r  t h e  r e a c t i o n  

p r o d u c t s  c o u ld  be a n a ly z e d  w ith  an  F & M M odel 8 10 A n a l y t i c a l  

Gas c h ro m a to g ra p h  i n  an  i n t e r v a l  o f  a b o u t  10 m in u te s ,

A " s t a t i c  e x p e r im e n t ' was a l s o  d o n e . A f t e r  a  

k i n e t i c s  e x p e r im e n t  th e  r e a c t o r  was i s o l a t e d  i n  s t a t i c  r e a c t a n t  

o r  i t s  p r o d u c t s  a t  room  te m p e r a tu r e  an d  e v a c u a te d  a t  t h e  same 

t e m p e r a tu r e  f o r  t h e  d e s i r e d  t im e ,  r e s p e c t i v e l y ,  a n d  made r e a d y  

f o r  t h e  k i n e t i c s  e x p e r im e n t  o f  m e t a t h e s i s  r e a c t i o n  a t  24  *C,
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RESULTS

A . T y p ic a l  T im e^D ependence o f  P ro p e n e  M e ta th e s i s

F ig u r e  2  show s k i n e t i c  c u rv e s  t o  i l l u s t r a t e  t h e  t im e -  

d e p en d e n ce  o f  t h e  r e a c t i o n  r a t e  a n d  p r o d u c t  d i s t r i b u t i o n  o f  

p ro p e n e  m e t a t h e s i s  r u n  o v e r  a  Re^Oip/Al^O^ c a t a l y s t  p r e t r e a t e d  

w ith  t h e  s t a n d a r d  p r o c e d u re  (C h .I I )* ,  I t  w as made a t  0 *C w here  

i t  w as m ore c o n v e n ie n t  t o  i n v e s t i g a t e  v a r i a t i o n  o f  m e t a t h e s i s  

r a t e  a n d  p r o d u c t  d i s t r i b u t i o n  i n  t h e  p e r i o d  o f  b r e a k - i n .  I n  

t h i s  t y p i c a l  c a s e  t h e  m e t a t h e s i s  a c t i v i t y  o f  t h e  c a t a l y s t  ex ­

h i b i t e d  a  " b r e a k - i n "  r e g im e , a  maximum r a t e  ( 5 ^ ^ ^ ) ,  and  a  

" d e a c t i v a t i o n "  r e g im e .

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

t h e  f o l lo w in g  e q u a t io n  s u g g e s te d  by  M ila n o v ic  e t  a l , ( 1 4 ) :

R X (V /2 2 4 0 0 )(2 7 3 /T )(P /7 6 0 )(3 é 0 0 /W ) (g -m o l-g “ ^ h r“ b  ( D  

W here, X = f r a c t i o n a l  c o n v e r s io n ,

V = t o t a l  vo lum e f lo w  r a t e ,  m l / s e c ,

T = a b s o l u t e  r e a c t i o n  t e m p e r a tu r e ,  *K,

P = t h e  p a r t i a l  p r e s s u r e  o f  t h e  r e a c t a n t ,  t o r r ,

W = c a t a l y s t  w e ig h t ,  gm.
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A model to  exp ress the k in e t ic  curve o f  o le f in  meta­

t h e s i s  r e a c t io n  has been developed and w i l l  be d iscu ssed  la t e r .

T his model i s  s u c c e s s fu l ly  c o n s is te n t  w ith  th e  es^erim ental 

r a te  d ata . I t  can be sim ply e2p>ressed as fo llo w s:

5 ( t ) =  A t ( l  + B t ) - 1 ( l  + G t)“ ^  (2 )

Where A,B,G,N are param eters ch a ra c te r iz in g  th e  c a t a ly t ic  

a c t iv i t y  o f  a m eta th esis  c a ta ly s t  during b reak -in  and d e a c t iv a t io n . 

Equation 2 shows th a t th e  v a r ia t io n  in  the r a te  o f  propene meta­

t h e s i s  w ith  tim e during b reak -in  can be rep resen ted  by a second- 

order r a te  equation  w ith r e sp ec t  to  th e  r e s id u a l a c t iv i t y .  But 

i t  i s  d i f f i c u l t  to  determ ine the d ea c tiv a tio n  order fo r  r e a c tio n  

a t  i c e  tem perature by r e g r e ss io n  o f  experim ental data . For ex­

ample, th e  t y p ic a l  r a te  equation  o f  propene ( r . g . ) m eta th esis  

a t O'c (F ig . 2 ) and space v e lo c it y  a t  6 .7 5  WHSV can be expressed  

a s: R( t )  = 0 . l 3 6 2 6 t ( l  + 29 .6 l0 t)* * ‘‘e x p (-0 .0 5 l5 6 t)  (3 )

w ith  average error Ĉ B%) between th e o r e t ic a l  and experim ental 

data 0 . 883%; o r ,

R ( t )  = 0 . l 3 4 6 9 t ( l  + 2 9 . 0 9 2 t ) - l ( l  + 0 .0 5 8 2 9 t ) " ' '  (4 )

w i th  AR% = 0 .889% . W here t  i s  r e a c t i o n  t im e  i n  h o u rs ,H o w e v e r , a t  

room  te m p e r a tu r e ,  t h e  s e c o n d  o r d e r  e x p r e s s io n  f o r  d e a c t i v a t i o n  

seem s b e t t e r  ( s e e  d i s c u s s i o n ) .

A r a t i o  o f  e th y le n e  (E ) t o  b u te n e s  (B) h i g h e r  th a n  th e  

s t o i c h i o m e t r i c  v a lu e  ( i . e .  1 . )  was o b s e rv e d  i n  t h e  i n i t i a l  m e ta ­

t h e s i s  r e a c t i o n  o f  o l e f i n s  ( l ? , l 8 ) .  A r a t i o  o f  t r a n s - 2 - b u t e n e  

(TB2) t o  c i s - 2 - b u t e n e  (CB2) lo w e r  th a n  th e  e q u i l i b r iu m  v a lu e
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was o b s e rv e d  f o r  g a s  p ro p e n e  m e t a t h e s i s  i n  f lo w in g  sy s te m  ( l3 ) »  

b u t  th e  r e v e r s e  r e s u l t s  o b ta in e d  f o r  p ro p e n e  m e t a t h e s i s  i n  a  p u l s e  

a n a l y t i c a l  sy s te m  ( 1 8 ) .  F ig ,  2  a l s o  e l u c i d a t e s  t h e  t y p i c a l  

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

t im e .  T hose  r e s u l t s  w ere  s i m i l a r  t o  t h a t  o b ta in e d  by O’N e i l l  

a n d  E ooney ( 1 7 ) .  F ig ,  2 show s t h a t : ( a )  th e  v e ry  i n i t i a l  y i e l d  

o f  e th y l e n e  i s  h i g h e r  th a n  t h a t  o f  b u te n e s ,  an d  b o th  i n c r e a s e  

iv ith  t im e , t h a t  o f  b u te n e s  f a s t e r ,  an d  r e a c h  a  maximum and  

th e n ,  b o th  d e c r e a s e  i n  t h e  same r a t e  so t h a t  th e  r a t i o  o f  3 /B  

i s  i n i t i a l l y  h ig h  b u t  d e c r e a s e s  t o  a  c o n s t a n t  v a lu e  ( 0 ,8 3 )  

l o w e r . t h a n  th e  s t o i c h i o m e t r i c  v a lu e ;  (b ) .  t h e  r a t i o  o f  TB2/CB2 

i n c r e a s e s  w ith  t im e  b u t  a f t e r  a b o u t  one h o u r  o f  r e a c t i o n  tim e  

i t  becom es c o n s t a n t  ( 3 .0 )  w hich  i s  lo w e r  th a n  t h e  e q u i l i b r iu m  

v a lu e  ( i , e ,  3 .9 2  © O 'C ) , The t im e  c o u rs e  o f  t h e  p e r c e n ta g e  o f  

TB2 i n  t h e  t o t a l  c o n v e r s io n  i s  s i m i l a r  t o  t h a t  o f  th e  r a t i o  o f  

TB2/CB2,

The s e l e c t i v i t y  o f  p ro p e n e  m e ta th e s i s  to  e th y le n e  and 

b u te n e s  i n  a  f lo w in g  sy s te m  on a  Re^O ^/Al^O ^ c a t a l y s t  i s  a b o u t 

100%, 1 -B u ten e  a n d  h i g h e r  o l e f i n s  a r e  u n d e t e c t a b l e ,  t h e  o n ly  

d e t e c t a b l e  p r o d u c t s  a r e  e th y le n e  , t r a n s - 2 - b u t e n e  an d  c i s - 2 -  

b u te n e .  H ow ever, i n  a  s t a t i c  c a s e ,  s m a ll  am oun ts o f  1 -b u te n e  

a n d  h i g h e r  o l e f i n s  a r e  o b s e r v e d .



19

B. The A c t iv a t i o n  o f  t h e  C a ta ly s t

I n  g e n e r a l ,  a  c a t a l y s t  i s  a c t i v a t e d  a f t e r  d r y in g  i n  

c e r t a i n  c o n d i t i o n s  to  maximum a c t i v i t y .  F o r  ex am p le , t h e

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

o f  d ry  a i r ,  oxygen  o r  i n e r t  g a s  a t  t e m p e r a tu r e  a ro u n d  5 0 0 -6 0 0 * C 

f o r  s e v e r a l  h o u r s (1 — l 8 h r s ) ,  an d  p u rg e d  w ith  i n e r t  g a s  f o r  a  

few  h o u r s  a n d  th e n  c o o le d  down t o  t h e  d e s i r e d  r e a c t i o n  te m p e r­

a t u r e .

The a c t i v a t i o n  o f  t h e  Re^Ory/Al^O^ c a t a l y s t  h a s  b e e n  

c a r r i e d  o u t  w ith  c e r t a i n  c a r r i e r  g a s e s  su c h  a s  d ry  o x y g e n , com­

m e r c ia l  h e l iu m , o x y g e n - f r e e  h e liu m  and  h y d ro g e n , a t  c e r t a i n  

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

w as exam ine d  by r . g .  p ro p e n e  r u n n in g  i n  a  f lo w  s y s te m .

( a )  Dry Oxygen

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

r e s t o r e d  b y  t r e a t i n g  a t  a  te n q p e ra tu re  a b o u t  5 0 0 *C i n  

d r y  oxygen  e x c e p t  when th e  c a t a l y s t  h a s  b e e n  r e d u c e d  w ith  

h y d ro g e n  o r  by e v a c u a t io n  a t  t h e  same o r  h i g h e r  t e m p e r a tu r e .

The c o lo r  o f  t h e  o x y g e n -h e a te d  c a t a l y s t  i s  l i g h t - y e l l o w  a t  h ig h  

te m p e r a tu r e  ( e . g .  500 *C) b u t  w h i te  a t  room  t e m p e r a t u r e .  Once 

a  z e o l i t e  a d s o r b e r  w as u s e d  to  m e a su re  t h e  w a te r  c o n te n t  

(7%wt) i n  t h e  f r e s h  c a t a l y s t  ( n e v e r  e x p o se d  to  p r o p e n e ) .  K eep in g  

t h e  z e o l i t e  a d s o r b e r  i n  l i q u i d  n i t r o g e n  te m p e r a tu r e  a n d  e v ac u ­

a t i n g  th e  r e a c t o r  c o n ta in in g  1 gram  o f  t h e  c a t a l y s t  a t  470 "C

f o r  a  few  h o u r s ,  we fo u n d  t h a t  t h e r e  was a  s i l v e r y  g r e y  r i n g

fo rm ed  on t h e  w a l l  o f  g l a s s  t u b in g  a t  t h e  i n l e t  o f  t h e  a d s o r b e r .
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and  t h a t  t h e  c o l o r  o f  t h e  c a t a l y s t  t u r n e d  g r e y i s h - v i o l e t .  When 

oxygen  w as i n t r o d u c e d  to  t h e  r e a c t o r ,  t h e  te m p e r a tu r e  o f  th e  

c a t a l y s t  b e d  i n c r e a s e d  by  a b o u t 43 *C. T h is  s u g g e s t s  t h a t  t h e  

c a t a l y s t  h a d  b e e n  r e d u c e d  a t  470 "C by  e v a c u a t io n .  We c o u ld  

a s c r i b e  t h e  s i l v e r y - g r e y  r i n g  fo rm ed  on t h e  g l a s s  w a l l  t o  th e  

d e c o m p o s i t io n  o f  ammonium p e r r h e n a t e  o r  some o t h e r  rh en iu m  

compound w h ich  was w e ak ly  a d s o rb e d  on t h e  s u r f a c e ,  b u t  m ost o f  

rh en iu m  was s t i l l  s t r o n g l y  h e ld  on th e  s u p p o r t  b e c a u s e  t h e  r e ­

c o v e ry  o f  t h e  m e t a t h e s i s  a c t i v i t y  o f  t h e  c a t a l y s t  was o b s e rv e d  

a f t e r  t r e a t i n g  w ith  oxygen  a t  a b o u t 500 *0 ,

A f t e r  r u n n in g  t h e  " s t a t i c  e x p e r im e n t" ,  we t r e a t e d  th e  

c a t a l y s t  i n  t h e  f o l lo w in g  way an d  r a n  w i th  p ro p e n e :  

niOV3 © 236*C iilE v,/l © O 'diiHxn T . 0 ‘ Ciii 

a  t r a c e  o f  e th y le n e  b u t  no b u te n e s  was o b s e r v e d .  E ven when 

k e p t  i n  s t a t i c  p ro p e n e  a t  O 'C  f o r  5 .5  h o u r s ,  t h e  t o t a l  

c o n v e r s io n  w as a b o u t  0 ,85% .

W ith  t h e  f o l lo w in g  t r e a tm e n t :  

i j i o y i a  © 355*C jjiE v./l © 0*Ci|iRxn T , O'Cjij 

i n i t i a l l y  no b u te n e s  w ere  o b s e rv e d  b u t  e th y le n e  w as 0 ,08% , A f t e r  

h a l f  an  h o u r ,  t h e  t o t a l  c o n v e r s io n  i n c r e a s e d  to  a b o u t 0,21% (E : 

0 ,11% , B: 0,1% ), T r e a t i n g  t h e  c a t a l y s t  a g a in  v i a :  

iijÔ /O © 5l2*C ii|Ev,/0,5 © 0 ‘ CiijRxn T , 0*Cjij 

we o b ta in e d  a  s i m i l a r  k i n e t i c  c u rv e  an d  p r o d u c t  d i s t r i b t u t i o n  

to  t h a t  shown i n  F i g ,  2 w ith  a  maximum t o t a l  c o n v e r s io n  a b o u t 

2,20%,
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The ab o v e  r e s u l t s  s u g g e s t  t h a t :  ( a )  t h e  a c t i v e  s i t e s  

r e s p o n s i b l e  f o r  p ro p e n e  m e t a t h e s i s  a r e  a t t r i b u t e d  t o  some k in d s  

o f  o r g a n o m e ta l l i c  c o m p le x e s ; (b )  t h e  o x i d a t i o n  r e a c t i o n  o c c u r r e d  

on t h e  u s e d  c a t a l y s t  t r e a t e d  w i th  o x y g en  a t  i n c r e a s i n g  tem p­

e r a t u r e ,  an d  p ro d u c e d  w a te r  w h ic h  w as s t r o n g l y  a d s o rb e d  on  th e  

c a t a l y s t  s u r f a c e  an d  d e s t r o y e d  t h e  m e t a t h e s i s  s i t e s .  The f a c t  

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

i n c r e a s i n g  a c t i v a t i o n  te m p e r a tu r e  m ig h t  i n ^ l y  t h a t  t h e  num ber 

o f  a c t i v e  s i t e s  w ere  a s s o c i a t e d  w i th  t h e  re m o v a l l e v e l  o f  w a te r  

from  th e  s u r f a c e .

The k i n e t i c  s t u d i e s  o f  t h e  e f f e c t s  o f  a c t i v a t i o n  tem p­

e r a t u r e  o n  t h e  r a t e s  o f  b r e a k - i n  a n d  d e a c t i v a t i o n  o f  p ro p e n e  

m e t a t h e s i s  a c t i v i t y  a r e  shown i n  F i g ,  3* The d a ta  show  t h a t  

t h e  h i g h e r  t h e  a c t i v a t i o n  t e m p e r a t u r e ,  t h e  h i g h e r  t h e  b r e a k - i n  

r a t e ,  t h e  r e a c t i o n  r a t e ,  a n d  t h e  d e a c t i v a t i o n  r a t e .  The p l o t  

o f  t h e  maximum m e t a t h e s i s  r a t e  v e r s u s  a c t i v a t i o n  t e m p e r a tu r e  

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

b e g in s  from  a b o u t  2 0 0 " C, s lo w ly  i n c r e a s e s  w ith  t h e  a c t i v a t i o n  

t e m p e r a tu r e ,  b u t  i n c r e a s e s  s h a r p l y  a f t e r  300"C . A lso  th e  max­

imum r a t e  v e r s u s  t h e  t im e  r e q u i r e d  t o  r e a c h  maximum r a t e  i s  

p l o t t e d  i n  F ig ,  4 .  T h e re  i s  a  l i n e a r  r e l a t i o n s h i p  b e tw e e n  th em . 

E x t r a p o l a t i n g  t h i s  s t r a i g h t  l i n e  t o  z e ro  t im e  g i v e s  a  v a lu e  

o f  maximum r a t e  a t  126x10“ ^  g -m o l-g m " ^ h r" ^ .T h is  i n d i c a t e s  t h a t  

a  ^® 2^7 '^ '^2^3  t r e a t e d  i n  ox y g en  a t  c e r t a i n  t e m p e r a tu r e s

and  p r o v id e d  th e  p ro p e n e  m e t a t h e s i s  o v e r  126x10” ^  g -m ol-gm ” ^ h r“ ^
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F i g .  3 The E f f e c t  o f  A c t iv a t i o n  T e m p e ra tu re  
i n  Oxygen
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F i g ,  4  E f f e c t  o f  A c t iv a t i o n  T e m p e ra tu re  

on  t h e  A c t i v i t y  o f  t h e  C a ta ly s t
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F i g .  5 The E f f e c t  o f  A c t iv a t i o n  T e m p e ra tu re  

on  t h e  S e l c t i v i t y
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a t  c e r t a i n  r e a c t i o n  te m p e ra tu re s ( w h ic h  may n o t  b e  o n ly  a t  0"C ) 

w ou ld  n o t  e x h i b i t  b r e a k - i n  phenom enon. The b r e a k - i n  may be 

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

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

b e  d i s c u s s e d  l a t e r .

F i g ,  3 show s t h a t  i n c r e a s i n g  a c t i v a t i o n  t e m p e r a tu re  

m akes p ro p e n e  m e t a t h e s i s  r e a c t i o n  on t h e  c a t a l y s t  f a v o r  th e  

p r o d u c t io n  o f  b u t e n e s ,  e s p e c i a l l y  t r a n s - 2 - b u t e n e ,  b u t  n o t  1- 

b u te n e .  H ow ever, above  500*C t h e  r a t i o  o f  S /B  w ould  b e  l e s s  

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

( b )  Dry H elium

Two k in d s  o f  h e liu m  a r e  a v a i l a b l e .  U s u a l ly ,  a  co m m erc ia l 

h e liu m  c o n ta in s  a  t r a c e  o f  oxygen  ( d e s i g n a t e  a s  H e ) , The t r a c e  

o f  oxygen  i n  He c a n  be  rem oved  by  re d u c e d  c u p r i c  o x id e  a t  a b o u t 

3 3 0 *C an d  becom e o x y g e n - f r e e  h e liu m  (H e (C u )) ,

On a  f r e s h  c a t a l y s t ,  h e a t i n g  t h e  c a t a l y s t  a t  a b o u t  500*0 

i n  H e(Cu) c o u ld  a c t i v a t e  m ore p ro n o u n c e d  m e t a t h e s i s  s i t e s  th a n  

h e a t i n g  i n  oxygen  o r  H e, w ith  g r e a t e r  s t a b i l i t y  ( F i g ,  9 ) ,  

H ow ever, on  a  u s e d  c a t a l y s t  n o t  r e a c t i v a t e d  w i th  o x y g e n , i t  

was q u i t e  d i f f e r e n t .

A f t e r  a  f lo w in g  r u n  o f  p ro p e n e  m e t a t h e s i s ,  p u r g in g  w ith  

d ry  He a t  a  low  te m p e r a tu r e  ( e , g ,  46*0) f o r  a  few  h o u r s  and
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t h e n  i n t r o d u c i n g  p ro p e n e  a g a in ,  i t  w as fo u n d  t h a t  t h e  i n i t i a l  

a c t i v i t y  w as v e ry  h i g h ,  b u t  d e c a y e d  r a p i d l y  a n d  c o n t in u o u s ly  

t o  a  v a lu e  s l i g h t l y  lo w e r  t h a n  t h a t  o f  t h e  l a s t  r u n .

A u s e d  c a t a l y s t ,  e . g .  a f t e r  a  s t a t i c  e x p e r im e n t  a t  room 

t e m p e r a tu r e ,  t r u n e d  b l a c k  c o l o r  when i t  w as f l u s h e d  w i th  d ry  

He o r  H e(C u) an d  h e a t e d  i n  a. s t a t i c  h e l iu m  e n v iro n m e n t f o r  a  

few  h o u r s  a t  a b o u t  5 0 0 * C. F o llo w in g  i n t r o d u c t i o n  o f  oxygen  

th e  t e m p e r a tu r e  o f  t h e  c a t a l y s t  b e d  i n c r e a s e d  by  a b o u t  115  0* 

an d  t h e  c a t a l y s t  t u r n e d  l i g h t - y e l l o w  a g a i n .  Com pared to  t h e  

t e m p e r a tu r e  i n c r e a s e s  o f  f r e s h  c a t a l y s t  a f t e r  s i m i l a r  t r e a tm e n t  

( i . e .  Zf3 C") i t  w as th o u g h t  t h a t  p ro p e n e  o r  o t h e r  r e a c t i o n  

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

an d  p a r t l y  c r a c k e d  t o  co k e  a t  h ig h  t e m p e r a tu r e .  The coke  was 

d e p o s i t e d  on  t h e  s u r f a c e  a n d  b u rn e d  when oxygen  w as i n t r o d u c e d ,  

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

A f t e r  a  s t a t i c  e x p e r im e n t  t h e  u s e d  c a t a l y s t  was t r e a t e d  

w i th  He a n d  t e s t e d  w i th  d ry  p o l y m e r iz a t i o n  g ra d e  p ro p e n e  a s  

f o l lo w s ;  ilÎH e/l8 @ 500*C|:jHe/1 © O'CxlRxn T . O'CiH. The r e s u l t s  

show t h a t  t h e  p ro p e n e  m e t a t h e s i s  r a t e  i s  o n ly  a b o u t  1̂ 8% o f  

t h a t  w i th  t h e  s t a n d a r d  t r e a tm e n t  ( i n  o x y g e n ) .  T h is  p a r t i a l  

r e c o v e r y  o f  a c t i v i t y  c o u ld  b e  a t t r i b u t e d  t o  t h e  v e ry  lo n g  ex ­

p o s u r e  t o  t h e  t r a c e  o f  ox y g en  i n  He r e s u l t i n g  i n  re m o v a l o f  

s t r o n g l y  a d s o r b e d  p o ly m e rs  o r  d e p o s i t e d  c o k e . I t  c a n  be  p ro v e d  

by  t h e  f o l lo w in g  e x p e r im e n ts  ( F i g .  6 ) .
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F i g .  6 A c t i v a t i o n  i n  O x y g e n -F re e  H e liu m (H e(C u ))

S t a t i c  T r e a tm e n t /A c t iv a t io n ;

o iiioys @5i2"ciiiEv./o.5 @o*ci

iH e(C u)/lO  @ 5lO *CjjjEv./0.5 @0*0

i S t a t i c  C=/6 @0"C & 2 4  @24"Ciisjs 
iH e (C u )/l2  @ 500*Q jjE v./0 .5  @0"C|
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A c t i v a t i n g  a  u s e d  c a t a l y s t  v/ith. t h e  s t a n d a r d  p ro c e d u re  

a n d  r u n n in g  v r i th  r e s e a r c h  g ra d e  p ro p e n e  a t  O 'C , t h e  c a t a l y s t  

w as i s o l a t e d  i n  s t a t i c  p ro p e n e  a n d  i t s  m e t a t h e s i s  p r o d u c t s  a t  

O 'C  f o r  6 h o u r s .  F o l lo w in g  h e a t i n g  i n  f lo w in g  H e(C u) a t  5 1 0 'C 

f o r  a b o u t  10 h o u r s ,  t h e  p ro p e n e  m e t a t h e s i s  r e a c t i o n  w as ru n  

a g a i n ,  A r e a c t i o n  r a t e  p r o f i l e  h i g h e r  by a b o u t  13% t h a n  t h a t  

o f  t h e  s t a n d a r d  r u n  b u t  same p r o d u c t  d i s t r i b u t i o n  w as o b s e rv e d . 

T h en , t h e  r e a c t o r  was i s o l a t e d  a g a in  a t  O 'C f o r  6 h o u r s  and  

a t  2Zf'C f o r  24  h o u r s  f o l lo w e d  by  h e a t i n g  i n  H e(C u) a t  5 0 0 'C  

f o r  12 h o u r s , I n  t h i s  r u n  a  s m a l l  p ro p e n e  m e t a t h e s i s  a c t i v i t y  o f  

a b o u t  10% o f  t h e  p r e v i o u s  r u n  w as o b s e r v e d .  A t i c e  t e m p e r a tu r e ,  

t h e  s t a t i c  p r o d u c t s  w e re :  E : 15.15% ; 1 - b u te n e :  0 ,l6 % ; TB2: 6,51% ; 

CB2: 1,62% ; E /B : 1 ,8 5 ;  TB2/CB2: 4 .0 2 ;  a t  room  te m p e r a tu r e ,  , 

t h e y  w e re : E : l8 ,21% ; 1-B : 0 .96% ; TB2: 10, l6%; CB2: 3 .07% ;

S /B : 1 ,2 8 ;  TB2/CB2: 3 .3 1 .  T h ese  r e s u l t s  s u g g e s t  t h a t :  ( a )  i n  

a  f lo w in g  i n e r t  e n v iro n m e n t,  m ore a c t i v e  s i t e s  r e s p o n s i b l e  f o r  

p ro p e n e  m e t a t h e s i s  can  be  c r e a t e d ,  (b )  a t  i c e  t e m p e r a tu r e ,  q u i t e  

s m a l l  am o u n ts  o f  p o ly m e rs  form  on th e  s u r f a c e  w h ich  a r e  s t r o n g l y  

a d s o rb e d  a n d  n o t  rem oved  by  i n e r t  g a s  ev en  a t  h ig h  te m p e r a tu r e ,  

so  t h e  d e a c t i v a t i o n  a t  i c e  t e m p e r a tu r e  i s  q u i t e  s m a l l .  A t room 

t e m p e r a t u r e ,  m ore p o ly m e rs  fo rm  an d  a r e  s t r o n g l y  a d s o rb e d  on 

t h e  s u r f a c e  w h ich  a r e  n o t  rem oved  from  t h e  s u r f a c e  b e f o r e  

c r a c k in g  t o  c o k e , an d  ( c )  t h e  o l e f i n s  o f  l e s s  th a n  f o u r  c a rb o n s  

c o u ld  be rem oved  from  m e t a l - o l e f i n  co m p lex es  b e f o r e  c r a c k in g  

by  h e a t i n g  i n  a n  i n e r t  g a s .
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How, the importance o f  a tr a ce  o f  oxygen in  th e  helium  

used  fo r  a c t iv a t io n  to  th e  e f f e c t  o f  m eta th esis  a c t iv e  s i t e s  

or th e  s tru ctu re  o f  the c a ta ly s t  w i l l  he shown; la t e r ,  we w i l l  

show the im portance o f  a  tra ce  o f  oxygen to  m eta th esis  a c t iv i t y .  

S in ce  fo r  each run, the used c a ta ly s t  has been tr e a te d  w ith  

oxygen f i r s t  a t  about 505*C fo r  a t l e a s t  5 hours, th e  m eta th esis  

r a te  p r o f i le  o f  th e  c a ta ly s t  tr e a te d  w ith He i s  the same as  

th a t  w ith standard procedure but l e s s  by about 30% than th a t  

w ith  He(Cu). These r e s u l t s  (F ig . 7 ) are in  accord w ith  the  

su g g estio n  th a t He(Cu) could  crea te  more a c t iv e  s i t e s .  With 

He(Cu), the co lo r  o f  the c a ta ly s t  turned g r e y is h - v io le t ; but 

w ith He, i t  was s t i l l  w h ite . By h ea tin g  in  in e r t  gas the su rface  

may be r id  o f  oxygen (atoms or io n s )  so th a t  th e  stru ctu re  o f  

has been changed.
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C, The E f f e c t  o f  I m p u r i ty

The i m p u r i t i e s  e x i s t i n g  i n  a  f lo w in g  r e a c t i o n  

sy s te m  a r e  w a te r ,  a i r  (o x y g e n ) ,  an d  c a rb o n  d io x id e  e t c .  The 

p r e s e n c e  o f  w a t e r , , o x y g e n , o r  b o th  ( i ,  2 , 1 1 , 1 2 ) ,  an d  c a rb o n  

d io x id e  (1 9 )  on an  o x id e  c a t a l y s t  s u r f a c e  c o u ld  e f f e c t i v e l y  

r e d u c e  t h e  c a t a l y t i c  a c t i v i t y ,  b u t  on t h e  o t h e r  h a n d , p r o m o t io n a l  

e f f e c t s  h a v e  a l s o  b e e n  o b s e rv e d  ( 2 0 ) ,

( a )  W ate r

W ate r i s  a  s e v e r e  m e t a t h e s i s  p o i s o n .  A u s e d  c a t a l y s t  

was a c t i v a t e d  w i th  t h e  s t a n d a r d  p r o c e d u r e  a n d  c o o le d  down t o  

i c e  t e m p e r a tu r e  a n d  e v a c u a te d  f o r  5 m in u te s .  T hen , a  w e t h e liu m  

s a t u r a t e d  w ith  d i s t i l l e d  w a te r  a t  room  te m p e r a tu r e  was i n t r o ­

d u ced  p a s s i n g  th r o u g h  t h e  c a t a l y s t  f o r  a b o u t  5 m in u te s  a t  a  

f lo w  r a t e  o f  2 ,5  m l / s e c . A f t e r  t h e  i n t r o d u c t i o n  o f  w e t h e l iu m , 

th e  t e m p e r a tu r e  o f  t h e  c a t a l y s t  b e d  i n c r e a s e d  from  0*C to  2 4 'C ,  

Then t h e  sy s te m  w as e v a c u a te d  an d  t e s t e d  w i th  d ry

p r o p e n e ,  No m e t a t h e s i s  a c t i v i t y  was o b s e r v e d .  I n  o r d e r  to  t e s t  

i t s  r e v e r s i b i l i t y  t h e  r e a c t o r  w as e v a c u a te d  a t  room  te m p e r a tu r e  

f o r  2 ,5  h o u r s ,  a n d  t e s t e d  w ith  d ry  p ro p e n e  a g a in .  S t i l l  no 

a c t i v i t y  was o b s e r v e d .  T h ese  r e s u l t s  m ig h t im p ly  t h a t  th e  

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

re m o v a l o f  w a te r  from  th e  c a t a l y s t  s u r f a c e  su c h  a s  t h a t  o f  

L ew is a c i d i c  s i t e s , e t c .

The e f f e c t  o f  a  p ro p e n e  f e e d  s a t u r a t e d  w i th  w a te r  a t  

room  te m p e r a tu r e  on t h e  c a t a l y s t  a c t i v i t y  i s  shown i n  F ig ,  8 ,
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I n  t h i s  e x p e r im e n t ,  d ry  p o ly m e r iz a t io n  g r a d e  p ro p e n e  was p a s s e d  

o v e r  1 , gm c a t a l y s t ,  w h ich  was a c t i v a t e d  w ith  th e

s t a n d a r d  p r e t r e a t m e n t  a n d  p u r g in g  w i th  He f o r  2  h o u r s ,  a t  

2 4  "C a n d  a tm o sp h e re  p r e s s u r e  f o r  two h o u r s .  Upon i n t r o d u c t i o n  

o f  a  w a t e r - s a t u r a t e d  f e e d  th e  a c t i  i t y  was r e d u c e d  by  a b o u t  8l%  

i n  a b o u t  one  h o u r .  C o r r e s p o n d in g ly ,  t h e  r a t i o s  o f  3 /B  an d  TB2/ 

GB2 w ere  s i g n i f i c a n t l y  d e c r e a s e d .  T h is  i n f o r m a t i o n  may s u g g e s t  

so m e th in g  w h ich  w o u ld  h e lp  t h e  l a t e r  d i s c u s s i o n  a b o u t  th e  

lo w e r  r a t i o  o f  TB2/CB2 a t  t h e  b e g in n in g  o f  r e a c t i o n  an d  lo w e r  

v a lu e  o f  E /B  th a n  t h e  s t o i c h i o m e t r i c  v a lu e  d u r in g  d e a c t i v a t i o n .  

T a b le  1 show s how w e l l  t h e  m o le c u la r  s i e v e  3A 

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

s i m i l a r  t o  t h e  ab o v e  e x p e r im e n t  b u t  t e s t e d  w i th  two k in d s  o f  

p o l y m e r iz a t i o n  g r a d e  p ro p e n e :  one  was raw ; t h e  o t h e r  was

d r i e d  u s in g  z e o l i t e  3A, From t h e  e x p e r im e n ta l  d a ta

o r  t h e  r a t e  e q u a t io n  i n  T a b le  1 , we fo u n d  t h a t  w ith  t h e  d ry

p r o p e n e ,  t h e  b r e a k - i n  r a t e  was s l i g h t l y  h i g h e r  b u t  th e  d e a c t i ­

v a t i o n  w as im p ro v e d  s i g n i f i c a n t l y  an d  a l s o  th e  m e t a t h e s i s  

a c t i v i t y  w as e n h a n c e d  a b o u t  l6%.

U n f o r t u n a t e ly ,  we h a v e  no m o is tu r e  d e t e c t o r  a v a i l a b l e ,  

so  t h a t  we c an  n o t  q u a n t i t a t i v e l y  d e te rm in e  t h e  r e l a t i o n s h i p  

b e tw e e n  d e a c t i v a t i o n  o f  t h e  o l e f i n  m e t a t h e s i s  a c t i v i t y  an d  th e  

w a te r  c o n te n t  i n  t h e  o l e f i n  f e e d s t o c k .
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c .  The c o r r e s p o n d in g  v a lu e  a t
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( b )  Oxygen

I n  th e  i n v e s t i g a t i o n  o f  a c t i v e  s i t e s  on  some a lu m in a -  

s u p p o r te d  t u n g s t e n  m e t a t h e s i s  c a t a l y s t s , P o t t  e t  a l ,  ( 1 2 ) con­

c lu d e d  t h a t  i n  t h e  p r e s e n c e  o f  b o th  oxygen  a n d  w a te r  t h e  m e ta ­

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

a c t i v i t y  was p a r t l y  r e v e r s i b l e .  The p r e s e n c e  o f  oxygen  w i th o u t  

w a te r  i n  t h e  p ro p e n e  f e e d  d e a c t i v a t e d  t h e  c a t a l y s t  c o m p le te ly  

and  i r r e v e r s i b l y ,  b u t  r e l a t i v e l y  s lo w .

H ow ever, we fo u n d  t h a t  a  p u l s e  o f  d ry  oxygen  c o u ld  

i n c r e a s e  t h e  p ro p e n e  m e t a t h e s i s  a c t i v i t y  q u i t e  p ro n o u n c e d ly  

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

o f  t h e  c a t a l y s t .  Shown i n  F ig ,  9 i s  t h e  e f f e c t  o f  a  s m a ll  O2  

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

w ay s,A  r e c o r d  w as ta k e n  o f  t h e  t e m p e r a tu r e  o f  t h e  c a t a l y s t  

b e d  a f t e r  an  oxygen  p u l s e  was i n j e c t e d .  T h is  t e m p e r a tu r e  

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

F o r  i n s t a n c e ,  t o  t h e  c a t a l y s t  a c t i v a t e d  w ith  t h e  s t a n d a r d  p r o ­

c e d u r e ,  t h e  0 2 P u ls e  c a u s e d  t h e  te m p e r a tu r e  o f  t h e  c a t a l y s t  

b e d  to  d e c r e a s e  a b o u t  2  C* an d  th e n  r e t u r n  t o  a  te m p e r a tu r e  

s l i g h t l y  h i g h e r  th a n  th e  r e a c t i o n  te m p e r a tu r e  ( a b o u t  ,5  C "),

T h is  i n d i c a t e s  t h a t  so m e th in g  d e s o rb e d  from  t h e  s u r f a c e  and  a  

s im u l t a n e o u s ly  o x i d a t i o n  r e a c t i o n  o c c u r r e d  on th e  s u r f a c e  

when O2  p u l s e  p a s s e d  o v e r  t h e  c a t a l y s t .  H ow ever, i n  t h i s  

e x am p le , an  0^ p u l s e  h a d  a  n e g l i g i b l e  e f f e c t  on th e  a c t i v i t y .
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On a  f r e s h  c a t a l y s t  p r e t r e a t e d  o n ly  i n  H e(C u) a t  a b o u t  500*0 , 

a  d ry  H e(C u) p u l s e  i n c r e a s e s  t h e  a c t i v i t y  v e ry  s l i g h t l y .

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

m e t a t h e s i s  s i t e s ,  A  d r y  0 ^  p u l s e  c a u s e d  a  c a t a l y s t  

t e m p e r a t u r e  i n c r e a s e  o f .  o n l y  1 ,  * 0 ,  b u t  e n h a n c e d  t h e  

a c t i v i t y  o v e r  5 0 % .  T o  a  u s e d  c a t a l y s t  a c t i v a t e d  w i t h  o x y g e n  

a n d  r e d u c e d  w i t h  h y d r o g e n  a t  a b o u t  5 0 0  * 0 ,  a n  O2  p u l s e  

c a u s e d  t h e  a c t i v i t y  t o  j u m p  u p  o v e r  2 0 0 % ,  w h i l e  t h e  c a t a l y s t  

t e m p e r a t u r e  i n c r e a s e d  a b o u t  1 , 5  * 0 ,  I n  t h e  o t h e r  c a s e s

a n  O2  p u l s e  i n c r e a s e d  t h e  c a t a l y s t  t e m p e r a t u r e  u p  t o  2 0 — 3 8  * 0  

d e p e n d i n g  u p o n  t h e  r e d u c t i o n  t e m p e r a t u r e  i n  E 2 ^ ( s e e  l a t e r ) .

I t  i s  w o r t h  m e n t i o n i n g  a n  e x p e r i m e n t  w i t h  r , g , p r o p e n e  

i n a d v e r t e n t l y  c o n t a m i n a t e d  w i t h  a i r  ( a b o u t  0 , 5 %  O2 ) .  T h e  c a t a l y s t  

w a s  p r e t r e a t e d  a s :  0̂ ^ / 7  @ 5 1 6 * CiijH2/ 11 @ 3 6 5 * C j : |5 x n  T ,  0*Gijj 

T h e  p r o d u c t  s a m p l e  t a k e n  a t  3  m i n u t e s  o f  r e a c t i o n  t i m e  s h o w e d  

a  n e g l i g i b l e  i n i t i a l  a c t i v i t y ,  b u t  a t  1 2  m i n u t e s ,  i t  w a s  a b o u t  

I 3 0 , x l 0 “ ^  g - m o l - g " ^ h r " ^  a n d  t h e  a c t i v i t y  i n c r e a s e d  w i t h  

t i m e  t o  1 7 5 *2 1 0 “ ^  g - m o l - g ” ^ h r “  ̂ a t  4 0  m i n , ( a b o u t  5  t i m e s  o f  

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

p r o c e d u r e ) .

C o n c e rn in g  t h e  e f f e c t  o f  an  O2  p u l s e  t o  p r o d u c t  

d i s t r i b u t i o n ,  t h e  e x p e r im e n ta l  d a ta  show t h a t  on  a  r e d u c e d  

c a t a l y s t  t h e  r a t i o  o f  TB2/CB2 i s  i n c r e a s e d  b u t  E /B  becom e l e s s ;  

on  an  u n re d u c e d  one  t h e  e f f e c t  i s  n e g l i g i b l e  ( F i g ,  1 0 ) ,
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( c )  C arbon  D io x id e

C arbon  d io x id e  p o i s o n s  a lu m in a  f o r  v a io u s  r e a c t i o n s  

b u t  a  p r o p o r t i o n a l  e f f e c t  h a s  b e e n  o b s e rv e d  on to lu e n e  d i s p r o ­

p o r t i o n a t i o n  an d  b e n z e n e  a l k y l a t i o n  o v e r  X an d  Y z e o l i t e s  

( 1 9 , 2 0 ) .

C up rous o x id e  i s  a  c a t a l y s t  f o r  th e  s e l e c t i v e  o x i d a t i o n  

o f  p ro p e n e  to  a c r o l e i n  ( 2 1 ) .  I n  o u r  sy s te m  th e  r e d u c e d  c u p r ic  

o x id e  b e d , oxygen  t r a p ,  i s  a  m u lt ip h a s e  (C u -C u O -a n d /o r  CUgO) 

s y s te m . A f t e r  r e s e a r c h  g ra d e  p ro p e n e  was p a s s e d  th ro u g h  re d u c e d  

c u p r ic  o x id e  b e d  a t  3 2 0 * C an d  th r o u g h  m o le c u la r  s i e v e  3A a t  

room  te m p e r a tu r e ,  a  s m a ll  am ount o f  CO2  ( a b o u t  0 . 7%) w as s e e n  

i n  t h e  g a s  p h a s e .  A d ry  CO2 - c o n t a i n i n g  p ro p e n e  s t r e a m  was 

d i v e r t e d  th ro u g h  t h e  c a t a l y s t  a c t i v a t e d  by t h e  s t a n d a r d  p r e -  

t r e a t m e n t .  C om paring  th e  k i n e t i c  r e s u l t s  w i th  th o s e  o f  d ry  

p ro p e n e  w i th o u t  CO2  c o n ta m in a t io n  ( F i g . 11 ) ,  i t  was fo u n d  t h a t  

th e  was i n c r e a s e d  by  a b o u t  42%, b u t  t h e  a c t i v i t y  d e c a y e d

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

3  h o u r s .  CO2  e n h a n c e d  n o t  th e  a c t i v i t y ,  th e  b r e a k - i n  r a t e  b u t  

a l s o  t h e  r a t i o  o f  TB2/CB2 an d  th e  i n i t i a l  v a lu e  o f  E /B .



i

E/Bx 104  G-M ol/Gm-Hr
VJI (X\

TB2/GB2REACTION RATE 
Oj -ft-

VJIo
#

D G>

ro



41

D. M ass T r a n s f e r  E f f e c t s

L in  e t  a l .  ( l 5 )  c o n c lu d e d  t h a t  t h e  m ass t r a n s f e r  e f f e c t  

w as s i g n i f i c a n t  o n  a  2 0 % ^e^Oy/Al^iO^ c a t a l y s t  b u t  n e g l i g i b l e  

on  a  10% 3 e 2 0 y /A l2 0 ^  f o r  p ro p e n e  m e t a t h e s i s  r e a c t i o n  a t  room 

te m p e r a tu r e  i n  a  f lo w in g  s y s te m .

The c a t a l y s t  u s e d  i n  o u r  s t u d i e s  w as 9% Re2 0 y /A l2 0 ^ .  The 

c a t a l y s t  t h a t  v;as u s e d  to  t e s t  m ass t r a n s f e r  e f f e c t  was t r e a t e d  

w ith  t h e  s t a n d a r d  p r e t r e a t m e n t .  F ig ,  12 show s t h e  r e s u l t s  o f  

i n t e r p h a s e  d i f f u s i o n a l  e f f e c t  on p ro p e n e  m e t a t h e s i s  a t  i c e  an d  

room  t e m p e r a tu r e .  The c a t a l y s t s  u s e d  f o r  r e a c t i o n  a t  0*0  w ere  

a c t i v a t e d  a t  a b o u t  4 9 0 * C, th e  o t h e r s  a t  a b o u t  910*C . From th e  

d a ta  i t  was c o n c lu d e d  t h a t  i n t e r p h a s e  d i f f u s o n a l  e f f e c t  was 

n e g l i g i b l e  on th e  c a t a l y s t  u s e d  f o r  k i n e t i c  s t u d i e s  o f  p ro p e n e  

m e t a t h e s i s  a t  a  l i n e a r  v e l o c i t y  a b o u t  6 . 6  ?/HSV, a l th o u g h  th e  

d e v i a t i o n  b e tw e e n  b o th  r u n s  a t  O 'C  was a b o u t  10%. A lso  

t h e i r  p r o d u c t  d i s t r i b u t i o n s  w ere  a b o u t  t h e  same f o r  t h e  same 

r e a c t i o n  t e m p e r a tu r e .

E . A c t i v a t i o n  E n e rg y  f o r  P ro p e n e  M e ta th e s i s

We a t te m p te d  t o  u s e  t h e  A r r h e n iu s  r e l a t i o n  t o  m ea su re  

t h e  a c t i v a t i o n  e n e rg y  f o r  p ro p e n e  m e t a t h e s i s  on th e  a lu m in a  

s u p p o r te d  rh e n iu m  o x id e  c a t a l y s t  from  o u r  k i n e t i c  d a t a .  B u t
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i t  was d i f f i c u l t  t o  a c h ie v e  t h e  m easu rem en t b e c a u s e ,  w i th  

s t a n d a r d  p r e t r e a t m e n t ,  t h e  c a t a l y s t  e x h i b i t s  a  b r e a k - i n  o f  th e  

p ro p e n e  m e t a t h e s i s  r a t e  a t  0*C b u t  n o t  ( e x p l i c i t l y )  a t  2 4 * C.

The e x h i b i t i o n  o f  b r e a k - i n  a t  0*C i s  d e p e n d e n t upon  t h e  p r e ­

t r e a tm e n t  c o n d i t i o n s  o f  t h e  c a t a l y s t  ( s e e  l a t e r ) , F o r  ex am p le , t h e  

c a t a l y s t  a c t i v a t e d  w ith  s t a n d a r d  p ro c e d u re  fo l lo w e d  by  e v a c u a t io n  

a t  room  te m p e r a tu r e  f o r  11 h o u r s ,  d id  n o t  e x h i b i t  b r e a k - i n  

a g a in  b u t  d e c a y . I f  t h e  maximum p o i n t  o f  r e a c t i o n  r a t e  f o r  th e  

c a s e  h a v in g  b r e a k - i n  an d  th e  i n i t i a l  v a lu e  ( a t  t = 0 ,  by  r e ­

g r e s s i o n )  f o r  t h e  c a s e  h a v in g  no b r e a k - i n  a r e  u s e d  and  th e  

A r rh e n iu s  r e l a t i o n  i s  p l o t t e d ,  t h e  a c t i v a t i o n  e n e rg y  i s  o b ta in e d  

f o r  t h e  c a t a l y s t s  a c t i v a t e d  d i f f e r e n t l y  and  i s  shown i n  T a b le  2 , 

The a c t i v a t i o n  e n e rg y  o f  p ro p e n e  m e t a t h e s i s  on th e  c a t a l y s t  

p r e t r e a t e d  w i th  s t a n d a r d  p ro c e d u r e  i s  a b o u t 3 k c a l .  S i g n i f i c a n t l y ,  

w i th  d i s p e r s i o n  p r e t r e a t m e n t  a f t e r  o x i d a t i o n ,  th e  a c t i v a t i o n  

e n e rg y  i s  v e ry  lo w , i , e ,  t h e  s i t e s  c r e a t e d  by  th e  p r e t r e a t m e n t  

a r e  v e ry  a c t i v e  ev en  a t  0"C ,
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F . R e v e r s i b i l i t y  o f  M e ta th e s i s  A c t i v i t y

C la r k  an d  M o ffa t  (2 2 )  fo u n d  t h a t  t h e r e  w as a  r e v e r s i b l e  

d e a c t i v a t i o n  o f  s i t e s  s u p e r im p o s e d  o n  t h e  i r r e v e r s i b l e  p o is o n in g  

o f  s i t e s  i n  t h e  sy s te m  o f  p ro p e n e  m e t a t h e s i s  o v e r  a  c o b a l t -  

m o ly b d e n a te -a lu m in a  c a t a l y s t .  A r u n  w as made o f  p ro p e n e  m eta ­

t h e s i s  t o  t e s t  t h e  r e v e r s i b i l i t y  o f  m e t a t h e s i s  s i t e s  by  v a r y in g  

t h e  r e a c t i o n  t e m p e r a tu r e  b e tw e e n  i c e  an d  room  te m p e r a tu r e  

( F i g .  1 3 ) .

The c a t a l y s t  was p r e t r e a t e d  a s :

@ 511 •G jjiH e(G u)/l2  © 300  •Giji 

And th e n  p ro p e n e  m e t a t h e s i s  r e a c t i o n  was s t a r t e d  a t  0 *G; a s  

u s u a l ,  b r e a k - i n  a n d  d e a c t i v a t i o n  w ere  o b s e r v e d .  Two h o u r s  l a t e r ,  

t h e  i c e  b a th  was rem oved  an d  t h e  r e a c t i o n  t e m p e r a tu r e  an d  

a c t i v i t y  i n c r e a s e d .  B e ca u se  o f  t h e  r a p i d  d e a c t i v a t i o n ,  t h e  ac  

a c t i v i t y  was d e c a y in g  ev en  w h ile  t h e  r e a c t i o n  t e m p e r a tu r e  was 

i n c r e a s i n g .  T h is  d e ca y  was m ore p ro n o u n c e d  th a n  t h a t  w h i le  ru n n in g  

i n i t i a l l y  from  room  t e m p e r a tu r e .  W ith  r e f e r e n c e  t o  th e  

p o i n t s  g iv e n  on th e  c u rv e ,  th e  r a t i o  o f  th e  a c t i v i t i e s  b e tw een  

B an d  A ,(R (B /A )) ,  i s  2 .2 2 .  A f t e r  30  m in u te s  th e  t e m p e r a tu r e  

w as r e a d j u s t e d  t o  0 *G. O ver t h i s  30 m in u te  p e r i o d ,  R(G/B)

0 .7 4 .  As t h e  sam p le  c o o le d ,  t h e  a c t i v i t y  d e c r e a s e d  a n d  R(D/A)

= 0 ,6 5 .  The i n t e r e s t i n g  p o i n t  i s  t h a t  t h e  c a t a l y s t  a t  0 "G 

w en t th ro u g h  a  b r e a k - i n  p h a s e ,  an d  h a d  a  se c o n d  maximum F ,

The r a t e  r a t i o  b e tw e e n  F an d  A, R (F /A ) , i s  0 .7 0 ,  so t h a t
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by r e a c t in g  a t  24" C fo r  30 m inutes th e a c t iv i t y  l o s t  about 30% 

ir r e v e r s ib ly .  A fter  80 m inutes, th e tem perature was again

rea d ju sted  to  2 4 *0 , th e  a c t iv i t y  in cr ea sed  to  a  va lu e  h igher  

than p o in t  C, (R(G/C) = 1 . 1 0 ) .  Because th e d e a c t iv a t io n  o f  the  

a c t iv i t y  a t  0*C i s  n e g l ig ib le ,  we cou ld  conclude th a t  th e  re­

v e r s ib le  s i t e s  fo r  propene m eta th esis  i s  about 10% or more ..of 

th e  m eta th es is  s i t e s  a v a ila b le .

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

u n d e r s to o d  a n d  f u r t h e r  s tu d y  i s  n e e d e d . H ow ever, a  h y p o th e s i s  

i s  p r e s e n t e d  h e r e  t o  i n t e r p r e t  t h i s  o b s e r v a t i o n .  The r a t e  r a t i o  

o f  F/D  i s  1 ,0 9 .  T h is  v a lu e  i s  v e ry  c lo s e  t o  t h a t  o f  G/C ( s e e  

a b o v e ) .  The s e c o n d  b r e a k - i n  may b e  a t t r i b u t e d  to  t h e  p h a se  

c h an g e  o f  b u t e n e s  a d s o r b e d  on  t h e  s u r f a c e  d u r in g  w h ich  th e  

c a t a l y s t  w as q u e n c h e d . The p h a s e  c h an g e  o f  b u te n e s  may b lo c k  

t h e  m e t a t h e s i s  s i t e s  t e m p o r a r i l y .  T h ese  b u te n e s  c o u ld  b e  rem oved  

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

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

o f  t h e  a c t i v i t y .
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G. The E f f e c t  o f  L in e a r  S p ace  V e lo c i ty

The l i n e a r  sp a c e  v e l o c i t y  (IÏHSV) i s  a  s i g n i f i c a n t  f a c t o r  

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

t h e s i s  on  t h e  c a t a l y s t .  The r e s u l t s  o f  t h e  e x p e r im e n ts  

w i th  d i f f e r e n t  g r a d e  o f  p ro p e n e  an d  a t  d i f f e r e n t  sp a c e  v e l o c i t i e s

a r e  su m m arized  i n  T a b le  3» and  t h e  t im e -d e p e n d e n c e  o f  p r o d u c t

s e l e c t i v i t y  i s  g iv e n  i n  F i g .  1 4 .

iiVith a  g iv e n  r e a c t a n t  t h e  e x p e r im e n ts  w ere  r u n

th r o u g h  t h e  same c a t a l y s t  a c t i v a t e d  w i th  t h e  same p ro c e d u re  

w ith  a  f i x e d  s p a c e  v e l o c i t y  f o r  e a c h  r u n .  B e s id e s  t h e  r e s u l t s  

m e n tio n e d  i n  s e c t i o n  A, we a l s o  fo u n d  t h a t : ( a )  u s in g  p . g .  p r o ­

p e n e ,  a  h i g h e r  s p a c e  v e l o c i t y  a c c e l e r a t e d  b o th  t h e  b r e a k - i n  

an d  t h e  d e a c t i v a t i o n  r a t e s ;  b u t  r e v e r s e  r e s u l t s  w ere  o b ta in e d  

f o r  r . g .  p ro p e n e  (T a b le  3 ) .  The r e s u l t s  s u g g e s t  t h a t  t h e  a c t ­

i v i t y  p r o f i l e  o f  p ro p e n e  m e t a t h e s i s  i s  a f f e c t e d  by  th e  im ­

p u r i t i e s  ( e . g .  CO2  i n  p .g .p r o p e n e )  an d  p r o d u c t s  ( e . g .  p o ly m e r s ) .  

The p o ly m e rs  may a c t  a s  a  p o is o n  on  t h e  s u r f a c e  an d  

may b e  to o  s t r o n g l y  bound  t o  t h e  s u r f a c e  t o  e s c a p e .  B ut u s in g  

p . g .  p r o p e n e ,  th e  i m p u r i t i e s  may a c t  m ore s i g n i f i c a n t l y  

f o r  b r e a k - i n  and  d e a c t i v a t i o n  th a n  t h e  s u r f a c e  p o ly m e rs  ; (b )  

a  h i g h e r  s p a c e  v e l o c i t y  g av e  a  s m a l l e r  TB2/CB2 r a t i o  s u g g e s t in g  

t h a t  t h e  GB2 is o m e r  may b e  t h e  i n i t i a l  p r o d u c t ;  ( c )  a  lo w e r  

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

u s i n g  r . g .  p ro p e n e  th e  i n c r e a s e  o f  b u te n e s  was m ore p ro n o u n c e d ; 

b u t  t h e  pogo p ro p e n e  th e  e th y l e n e .  I n  o t h e r  w o rd s , a  lo w e r  sp a c e
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v e l o c i t y  g av e  a  lo w e r  E /B  f o r  r . g .  p ro p e n e  b u t  h i g h e r  f o r  

p . g .  p ro p e n e .  The r . g .  p ro p e n e  u s e d  c o n ta in e d  s m a ll  am oun ts 

o f  c a rb o n  d io x id e  ( a b o u t  1 ,% ), so  we may c o n c lu d e  ( s e e  s c t i o n  

C -c ) t h a t  t h e  s e l e c t i v i t y  may be  a f f e c t e d  by t h e  ty p e  o f  t h e  

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

A q u a l i t a t i v e  t e s t  to  show th e  v a r i a t i o n  o f  te m p e r a tu r e  

o f  t h e  c a t a l y s t  b e d  when th e  f lo w  r a t e  i s  c h a n g in g  w as m ade. 

The f o l lo w in g  f i g u r e  show s t h e  te m p e r a tu r e  p r o f i l e  when th e  

f lo w  r a t e  o f  p ro p e n e  i s  c h a n g in g  from  s t a t i c  to  a b o u t  1 .5  m l/  

s e c .  a t  room  t e m n e r a tu r e .

Flov; r a t e  ch an g ed

F ig .  lifA E f f e c t  o f  F low  r a t e  on t h e  C a t a l y s t  T e m p e ra tu re

The te m p e r a tu r e  ch an g e d  by  a b o u t  0 .5  C" above  th e  

n o rm a l (room  te m p e r a tu r e )  and  th e n  d ro p p e d  be lo w  t h e  n o rm a l 

a b o u t  0 .5  *C an d  th e n  i n c r e a s e d  v e ry  s lo w ly .  T h is  o b s e r v a t i o n  

i n d i c a t e s  t h a t  p a r t  o f  s i t e s  a r e  r e v e r s i b l e  an d  t h e  h y d ro c a rb o n  

a t t a c h e d  on  th e  s i t e s  can  be r e p l a c e d  by t h e  in c o m in g  p r o p e n e .
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From a n o th e r  ru n  i n  w h ich  t h e  sp a c e  v e l o c i t y  w as ch an g ed  

d u r in g  r e a c t i o n  a n d  d ry  p o ly m e r iz a t io n  g ra d e  p ro p e n e  w as u s e d ,  

we fo u n d  t h a t  t h e  h i g h e r  t h e  sp a c e  v e l o c i t y ,  t h e  f a s t e r  t h e  

d e a c t i v a t i o n ,  w i th  p r o d u c t  s e l e c t i v i t y  v a r y in g  i n  t h e  same 

way m e n tio n e d  a b o v e . H ow ever, t h e  y i e l d  ( n o t  c o n v e r s io n )  o f  

b o th  e th y l e n e  a n d  b u te n e s  v a r i e d  p r o p o r t i o n a l l y  w i th  t h e  sp a c e  

v e l o c i t y .  T h is  d i s c r e p a n c y  b e tw e e n  th e  ab o v e  r e s u l t s  

( s e e  p a r t  c ,  t h i s  s e c t i o n )  c a n  be  e x p la in e d  t h a t  d u r in g  

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

a t  a  c e r t a i n  s p a c e  v e l o c i t y  may n o t  b e  rem oved  a t  a  lo w e r  

s p a c e  v e l o c i t y .

H. The E f f e c t  o f  E v a c u a t io n  T e m p e ra tu re

I n  t h e  f o l lo w in g  i s  shown k i n e t i c  s t u d i e s  a b o u t  t h e  

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

t h e  R e^O y/A l^O ^ c a t a l y s t ,

Yao a n d  S h e l e f  (7 )  h a v e  a p p l i e d  t h e  d i s p e r s i o n  t r e a tm e n t  

( i , e .  an  e v a c u a t io n  a t  5 0 0  *0  f o r  m ore t h a n  5  h o u r s  o r  h e a t in g  

a t  5 0 0  *0  u n d e r  f lo w in g  N2  f o r  16 h o u r s )  t o  i n v e s t i g a t e  t h e  

s u r f a c e  i n t e r a c t i o n s  i n  t h e  S e /A l2 0 ^  s y s te m , A s e r i e s  o f  ex­

p e r im e n ts  u s i n g  t h e  c a t a l y s t  t r e a t e d  by v a r i o u s  e v a c u a t io n  

t e m p e r a tu r e  , w ere  d e s ig n e d  to  i n v e s t i g a t e  t h e  a s s o c i a t i o n  

o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  c a t a l y s t  w i th  p ro p e n e  m eta ­

t h e s i s  a c t i v i t y .
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The p r e t r e a t m e n t  o f  t h e  c a t a l y s t  w as:

11102/ 6— 8  @ 5 1 5  • C i p v . / n  @ •CillKxn T. 0 '&!!

W here i s  t h e  e v a c u a t io n  te m p e r a tu r e  i n  c e n t i g r a d e .  A f t e r  

h e a t i n g  i n  o x y g e n ,th e  r e a c t o r  w as c o o le d  t o  T^^ b e f o r e  ev­

a c u a t i o n .  E v a c u a t io n  i s  a c h ie v e d  by  m ec h an ic  vacuum  pump to  

a  p r e s s u r e  a b o u t  10“ ^  t o r r .  Dry r e s e a r c h  g ra d e  p ro p e n e  i s  

u s e d  a s  t h e  p ro b e  f o r  m e t a t h e s i s  r e a c t i o n .  And th e  sp a c e  

v e l o c i t y  i s  k e p t  a t  a b o u t  6 .7  WHSV f o r  e v e ry  r u n .  The p l o t  

o f  r e a c t i o n  r a t e  v e r s u s  e v a c u a t io n  t e m p e r a tu r e  i s  shown i n  

F i g . 15; a n d  t h e  t im e  c o u r s e  o f  t h e  p r o d u c t  s e l e c t i v i t y  

a t  t h e  c o r r e s p o n d in g  T ^^ i n  F i g .  1 6 ,  a n d  t h e  r a t e  p r o f i l e s  

i n  F i g .  17  an d  1 8 .

The m o st i n t e r e s t i n g  se q u e n c e  o f  t h e s e  e x p e r im e n ts  i s  

t h a t  th e  a c t i v i t y  o f  t h e  c a t a l y s t  show s tw o r e g im e s  o f  q u i t e  

d i f f e r e n t  c h a r a c t e r i s t i c s  c e n te r e d ,  i n  t h e  n e ig h b o rh o o d  o f  

3 2 0  *C (T g ^ J , ( F i g .  15  ) .  F o r  T g ^ <  320 *C (a n d  3 3 4  "C) t h e r e  

w as no b r e a k - i n ,  o n ly  d e c a y ; b u t  w i th  t h e  s t a n d a r d  p r e t r e a t m e n t  

( i . e .  s h o r t  e v a c u a t io n  t im e  a b o u t  5  m in u te s  a t  room  tem p­

e r a t u r e )  b r e a k - i n  was n o te d  ( s o l i d  p o i n t s  i n  F ig .  1 7 ) .  The 

d a t a  show ed t h a t  a t  Tg^ = 147  *C t h e  d e ca y  was r a t h e r  p r o ­

n o u n c ed  w i th  t h e  i n i t i a l  a c t i v i t y  b e in g  a n o m a lo u s ly  l a r g e .

F i g , 15 a l s o  show ed t h a t  t h e  i n i t i a l  a c t i v i t y  a n d  t h e  l e v e l  o f  

d e a c t i v a t i o n  i n c r e a s e d  w i th  Tg^ an d  r e a c h e d  a  maximum i n  th e  

n e ig h b o rh o o d  o f  100 *0 . A t Tg^ = 320 * 0 , i t  c an  be  p r e d i c t e d  

from  F i g ,  15  a n d  F ig .  17» t h a t  n e g l i g i b l e  am o u n ts  o f



F i g , 15 E f f e c t s  o f  E v a c u a t io n  T e m p e ra tu re

100.
R e a c t io n  Time

(M in .)

90.

80.
120

180
70.

50 .

40 .

L
20.

10.

0.
0. 100. 300. 400. 500.



3*6

E v . Temn.
:c

Time
H r.

— • 24. 0 .1
o 24. 11.
o 242. 11.

— V 496. 11.

0 .4

0.
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‘Tim e, H r •
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_  F i g ,  18 E f f e c t  o f  E v a c u a t io n  T e m p e r a tu r e ( T g ^ > 32 0 * 0 )
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p r o d u c t s  w o u ld  be  fo u n d  a t  t h a t  r e a c t i o n  c o n d i t i o n s .  S o , i n  

t h e  r a n g e  o f  b e tw e e n  100 a n d  3 2 0  *0 t h e  a c t i v i t y  d e c r e a s e d  

w i th  i n c r e a s i n g  B u t f o r  >  320 *0 t h e  a c t i v i t y  s h a r p ly

i n c r e a s e d  w i th  i n c r e a s i n g  C u r io u s ly ,  t h e  b r e a k - i n  was

o b s e r v e d  a g a in  i n  t h i s  re g im e  a n d  t h e  b r e a k - i n  r a t e  a l s o  

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

was l i t t l e  a f f e c t e d  by  e v a c u a t io n  t r e a tm e n t  ( F i g .  1 8 ).

The e v a c u a t io n  t e m p e r a tu r e  a l s o  a f f e c t s  t h e  p r o d u c t  

s e l e c t i v i t y  o f  p ro p e n e  m e t a t h e s i s  ( F i g .  l 6 ) .  F o r  T^^ <  320 *C 

t h e  r a t i o  o f  E /B  s l i g h t l y  i n c r e a s e d  ( b u t  t h e  r e a c t i o n  r a t e  

d e c r e a s e d )  b u t  t h e  r a t i o  o f  TB2/CB2 d e c r e a s e d  w ith  i n c r e a s i n g  

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

o f  lo w  a c t i v i t y  a ro u n d  320 *0 ( T ^ ^ ) .  I n  t h i s  T^^ r a n g e ,  b e c a u se  

t h e r e  w as no b r e a k - i n ,  t h e  r a t i o  o f  E /B  was a b o u t  c o n s t a n t  

th r o u g h  o u t  t h a t  r u n ,b u t  when t h e  a c t i v i t y  w as l e s s  th a n  

c e r t a i n  v a lu e  t h e  E /B  r a t i o  i n c r e a s e d  w i th  d e c r e a s in g  a c t i v i t y  

( i . e .  w i th  i n c r e a s i n g  t im e  b e c a u s e  o f  d e a c t i v a t i o n )  m ore p r o ­

n o u n c e d ly .  F o r  i n s t a n c e ,  a t  Tg^= 242  *C, a t  3  m in u te s  th e  r a t e  

w as a b o u t  2 2 .8 x 1 0 “ ^  g -m o l/g m -h r  an d  t h e  E /B  r a t i o  w as 0 .8 3 ;  

a t  90 m in u te s ,  t h e y  becam e 1 0 . x lO ^  a n d  1 .1 0 ,  r e s p e c t i v e l y ;  

a t  180 m in u te s ,  t h e y  s i g n i f i c a n t l y  c h a n g e d  t o  4»0x10” ^  an d

1 .6 1 ,  r e s p e c t i v e l y .  On t h e  o t h e r  h a n d , t h e  TB2/CB2 r a t i o  

d e c r e a s e d  w i th  r e a c t i o n  t im e  up t o  a b o u t  o n e  h o u r  a n d  th e n  

becam e c o n s t a n t  l a t e r  on  f o r  t h e  r a n g e  o f  m i ld  a c t i v i t y ;

S i m i l a r  to  t h e  v a r i a t i o n  o f  E /B , l e s s  th a n  a  c e r t a i n  a c t i v i t y .
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t h e  d e c r e a s e  o f  TB2/CB2 r a t i o  becam e s i g n i f i c a n t ;  f o r  ex am p le , 

a t  2 4 2 "C, a t  3 m in u te s  t h e  r a t i o  o f  TB2/CB2 was 2 ,3 9 ;  a t

90 m in u te s ,  2 ,2 2 ;  a t  î8 0  m in u te s  i t  d ro p p ed  to  1 .7 7 . The r e s u l t s  

may im p ly  some k in d  o f  c o n n e c t io n  w ith  th e  b r e a k - i n  o f  th e  

a c t i v i t y ,  b e c a u s e  i n  t h e  p e r i o d  o f  b r e a k - i n ,  t h e  E/B  r a t i o  

d e c r e a s e d  and  t h e  TB2/CB2 i n c r e a s e d  w ith  i n c r e a s i n g  a c t i v i t y .

F o r T g ^ >  520 • C, t h e  E /B  r a t i o  s l i g h t l y  d e c r e a s e d  and  

t h e  TB2/CB2 r a t i o  i n c r e a s e d  w ith  i n c r e a s i n g  te m p e r a tu r e .  The 

v a r i a t i o n  o f  t h e  s e l e c t i v i t y  (E /B  and  TB2/CB2) d u r in g  th e  b r e a k -  

i n  i s  s i m i l a r  to  t h a t  w i th  th e  s t a n d a r d  p r e t r e a t m e n t .

When t h i s  s e r i e s  o f  e x p e r im e n ts  was f i n i s h e d ,  t h e  u s e d  

c a t a l y s t  was r e a c t i v a t e d  w ith  t h e  s t a n d a r d  p r e t r e a t m e n t  a t  

5lZf*C ( F ig .  18, s o l i d . p o i n t s ) .  I f  we ta k e  a c c o u n t  o f  th e  

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

13%; b u t  t h e  r a t e  p r o f i l e  i s  s i m i l a r .  T h e r e f o r e ,  v/e may con­

c lu d e  t h a t  m ost o f  t h e  a c t i v i t y  o f  th e  c a t a l y s t  can  be  r e s t o r e d  

by  th e  s t a n d a r d  p r e t r e a t m e n t ,  i n  o t h e r  w o rd s , m ost o f  th e  rh en iu m  

a n d /o r  i t s  com pounds ( o x id e s )  w ere  n o t  rem oved  from  t h e  s u r f a c e  

ev en  when th e  c a t a l y s t  was t r e a t e d  a t  300 *C by a  lo n g

e v a c u a t io n .

P e r i ( 6 ) ,  i n  t h e  s tu d y  o f  d e h y d ra t io n  o f  a lu m in a  a r o g e l  

m e a su re d  th e  r e s i d u a l  w a te r  c o n te n t  on t h e  s u r f a c e  a s  a

f u n c t i o n  o f  t h e  e v a c u a t io n  te m n e r a tu re  and  t im e .  H is  r e s u l t s
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show ed t h a t  a f t e r  a b o u t  4  h o u r s  o f  e v a c u a t io n  t h e  r e s i d u a l  

w a te r  w as l e s s  d e p e n d e n t on t h e  e v a c u a t io n  t im e .  The e f f e c t  

o f  t h e  e v a c u a t io n  t im e  on th e  a c t i v i t y  p r o f i l e  w as exam ined  

i n  o u r  s y s te m . The c a t a l y s t  was p r e t r e a t e d  a t  a b o u t

500 *C i n  Og f o r  a  few  h o u r s  a n d  th e n  e v a c u a te d  a t  a b o u t  t h e  

same te m p e r a tu r e  f o r  o n ly  4  h o u r s .  U s in g  r e s e a r c h  g ra d e  p ro p e n e  

we o b ta in e d  t h e  same p r o f i l e  a s  a b o v e . H ow ever, u s i n g  p o ly ­

m e r i z a t io n  g r a d e  p ro p e n e  t h e  r a t e  p r o f i l e  show s no b r e a k - i n ,  

o n ly  d e c a y . I n  b o th  c a s e s ,  t h e  a c t i v i t i e s  a r e  h i g h e r  th a n  t h e  

s t a n d a r d .  The r e s u l t s  s u g g e s t  o t h e r  c lu e s  a b o u t  t h e  e f f e c t  

o f  c a rb o n  d io x id e  on  t h e  a c t i v i t y  p r o f i l e .

The m easu rem en t o f  p ro p e n e  a d s o r p t io n  on t h e  c a t a l y s t s  

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

o u t .  The r e s u l t s  a r e  su m m arized  i n  T a b le  4  ,  A f t e r  p r e t r e a t m e n t ,  

t h e  w ho le  sy s te m  w as e v a c u a te d  a n d  d ry  r , g ,  p ro p e n e  w as i n t r o ­

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

700 t o r r  f o r  e v e ry  r u n ,  a n d  th e n  e x p an d e d  i n t o  t h e  r e a c t o r  a t  

room  te m p e ra tu re ,O n e  h o u r  l a t e r ,  t h e  p r e s s u r e  o f  t h e  sy s te m  

w as r e c o r d e d  an d  u s in g  t h e  i d e a l  g a s  la w  th e  a d s o r p t io n  am oun ts 

c o u ld  be m e a su re d . The d e ad  s p a c e  o f  t h e  r e a c t o r  was m e a su re d  

by u s in g  H e (C u ), And t h e  s t a t i c  p r o d u c t  w as a n a ly z e d  by g a s  

c h ro m a to g ra p h y ,

A t Tg^ = 2 4  *C, l o n g e r  e v a c u a t io n  t im e  made t h e  a d s o r p t io n  

am oun ts  s m a l l e r ,  b u t  t h e  c o n v e r s io n  h i g h e r .  The p ro p e n e  ad ­

s o r p t i o n  am o u n ts  d e c re a s e d  w i th  i n c r e a s i n g  T^^ down t o  a  

minimum i n  t h e  n e ig h b o rh o o d  o f  3 0 0 *C an d  th e n  in c r e a s e d  w ith



T a b le  4* P ro p e n e  A d s o rp tio n  on th e  RegOy/AlgO^ 
T r e a te d  a t  T^^ and  S tu d ie d  a t  24 *C

a

Tev
•c

A d s p rp tio i  
xIO m o l.

C gad ./R * T o ta l
Conv.%

E/B TB2/
CB2

b
24. 3 .38 0 .844 26.1 3 .75 4 .24

24. 2 .80 0 .698 32.7 3 .56 3 .50

248. 1.19 0 .296 33.8 3 .40 3.29

483. 2 .89 0 .720 35 .3 4 .07 3.38

a .  9% R egO y/A lgO ,, W=:1.0 8 5 . gm(Re 4 .0 0 8 x l0 ~ ^ m o l. )

b . E v a c u a te d  f o r  o n ly  5 m in u te s ;  th e  o t h e r s ,  1I h r s ,

q\
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i n c r e a s i n g  b u t  t h e  c o n v e r s io n  v e ry  s l i g h t l y  i n c r e a s e d  w ith

i n c r e a s i n g

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

t h e  Re2 0 y /A l2 0 ^  c a t a l y s t  i s  h e te r o g e n e o u s  a n d  p r o v i d e s  d i f f e r e n t  

k i n d s  o f  s i t e s  ( tw o , a t  l e a s t )  a c t i v e  f o r  o l e f i n  m e t a t h e s i s .

The E f f e c t  o f  R e d u c t io n  w i th  H ydrogen

I t  h a s  b e e n  fo u n d  t h a t  t h e  r e d u c i b i l i t y  o f  Re o n 1 - A l2 0 ^ 

i s  much l e s s  th a n  t h a t  o f  Re on S i 0 2  i s  due to  a  s t r o n g e r
>7+

i n t e r a c t i o n  o f  R e ' w i th  t h e ^ - A l 2 0 ^ s u r f a c e ;  and  r e d u c t io n  

a t  r e l a t i v e l y  lo w  t e m p e r a tu r e s  (2 0 0 -3 0 0  * C ) r e s u l t s  i n  t r a n s i t i o n  

o f  some Rê "*" i n t o  an  i n t e r m e d i a t e  o x i d a t i o n  s t a t e , ( 3 , 1 3 ) .

The d i s p e r s e d  p h a s e  o f  Re s t r o n g l y  i n t e r a c t s  w i th  t h e  ~y-Al2 0 ^  and  

can  b e  r e d u c e d  t o  z e r o - v a l e n t  s t a t e  by  H2  o n ly  a t > 5 0 0  *0 , b u t  

t h e  c r y s t a l l i n e ,  t h r e e - d im e n s i o n a l  p h a s e  can  be r e d u c e d  to  Re*̂  

by  H2  a t  3 5 0  *C ( 7 ) ,  L in  e t  a l .  ( l 5 )  fo u n d  t h a t  i n  m e a s u r in g  

th e  p ro p e n e  m e t a t h e s i s  a c t i v i t y  a t  room  t e m p e r a tu r e ,  th e  H2  

t r e a t e d  c a t a l y s t  w as i n i t i a l l y  m ore a c t i v e  ( a b o u t  5  t im e s  h i g h e r )

, b u t  t h e  a c t i v i t y  r a p i d l y  ( i n  1 . 5  h r s )  d e c a y e d  t o  t h e  same a s  

t h a t  t h e  a i r  t r e a t e d  s a m p le . The p ro p e n e  u s e d  by L in  e t  a l .

was p o ly m e r iz a t i o n  g r a d e .

N e x t , we w ould  l i k e  to  show t h e  e f f e c t  o f  v a r y in g  H2
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red u ctio n  tem perature and d isp ers io n  pretreatm ent on the a c t iv i t y  

and a lso  the su rfa ce  in te r a c t io n s  between th e  dry oxygen and 

th e  reduced c a t a ly s t .

( a ) .  The E f f e c t  o f  S e d u c t io n  T e m p e ra tu re  

The h y d ro g e n  r e d u c t i o n  p r e t r e a t m e n t  o f  t h e  c a t a l y s t  w as: 

IÎI02/6— 7 @ 5 1 5  12 @ T^jjSxn T . 0 •q jj

W here Tg i s  t h e  h y d ro g e n  p r e t r e a t m e n t  t e m p e r a tu r e  i n  "C . A f t e r  

o xygen  a c t i v a t i o n  t h e  r e a c t o r  i s  c o o le d  t o  Tg and  e v a c u a te d  

f o r  a  few  m in u te s  b e f o r e  i n t r o d u c i n g  h y d ro g e n . C om m ercial 

h y d ro g e n  i s  p u r i f i e d  by  a  S e r f a s s  H ydrogen  P u r i f i e r ,  f o r  

u s e .  The h y d ro g e n  p r e t r e a t m e n t  i s  a c h ie v e d  i n  f lo w in g  h y d ro g e n  

a t  a  f lo w  r a t e  a b o u t  120 m l/m in . B e fo re  i n t r o d u c t i o n  o f  t h e  r e ­

a c t a n t  ( d r y  r e s e a r c h  g r a d e  p ro p e n e )  t h e  r e a c t o r  w as e v a c u a te d  

a t  0 *0 f o r  a b o u t  3  m in u te s .  The s p a c e  v e l o c i t y  w as k e p t  a t  

a b o u t  6 .9  WÏÏSV f o r  e v e ry  r u n .  The r e s u l t s  a r e  shown i n  F ig .  1 9 .

A fter  tr e a t in g  in  Hgat 24*C, th e  c a ta ly s t  h as the a c t iv i t y  

p r o f i l e  s im ila r  to  th a t  fo r  a T^  ̂ o f  24 *C, i . e . , n o  b rea k -in , 

on ly  decay, w ith  a h igh er  d e a c t iv a t io n  r a te  and a lso  the  

TB2/CB2 r a t io  con tin u ou sly  d ecreasin g  w ith  tim e. C a ta ly sts  

tr e a te d  in  Eg a t 244 *C and 335 *C were in a c t iv e  u n t i l  they  

were exposed to  an Og p u lse  (s e e  l a t e r ) .  This may be due to  

u n s u f f ic ie n t  dehydroxylation  a t  t h i s  tem perature. I f  hydrogen 

treatm ent tem perature was over 500*C, th e  c a ta ly s t  became 

a c t iv e  aga in , but had a n e g l ig ib ly  sm all i n i t i a l  a c t iv i t y  and 

a p ro tra cted  b reak -in  and h igh  d e a c t iv a t io n  r a t e .  The in t e r e s t in g  

r e s u lt  o f  experim ent fo r  T^=500*C i s  th a t  th e  i n i t i a l  TB2/CB2 r a t io
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i s  abou t, t h e  e q u i l i b r iu m  v a lu e ( 3 ,9 )  and  r a p i d l y  d e c r e a s e s  v /itb  

t im e  and  to  a  v a lu e  l e s s  th a n  t h a t  f o r  a  Tg o f  24  *C, a l th o u g h  

t h e  b r e a k - i n  i s  o b s e r v e d .  R e c a l l  t h a t  t h e  c a t a l y s t  a c t i v a t e d  

w i th  t h e  s t a n d a r d  p r e t r e a t m e n t  show s t h e  b r e a k - i n  b u t  

t h e  TB2/CB2 r a t i o  i n c r e a s e s  w ith  t im e  d u r in g  t h e  b r e a k - i n .

A lso  t h e  i n i t i a l  E / B . r a t i o  i s  a n o m a lo u s ly  l a r g e  and  r a p i d l y  

d ro p s  t o  t h e  same v a lu e  a s  t h a t  f o r  Qg a t  2 4  *C ( 0 .8 5 ) •  We a l s o  

o b s e rv e d  t h a t  t h e  c a t a l y s t  t r e a t e d  a t  500 "C i n  Eg c o u ld  n o t  

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

500 "C i n  o x y g e n , s i n c e  t h e  c a t a l y s t  s t i l l  h a d  g re y  s p o t s  

an d  t h e  a c t i v i t y  w as l e s s  ( s e e  l a t e r ) ,

(b )  The e f f e c t  o f  D i s p e r s io n  P r e t r e a tm e n t

I t  h a s  b e en  fo u n d  t h a t  t h e  c r y s t a l l i n e ,  th r e e - d im e n s io n a l  

p h a s e  ( r e d u c e d  to  Re*  ̂ by Eg a t  350 *0) i n  t h e  Re/A lgO ^ sy s te m  

can  be d i s p e r s e d  i n t o  t h e  tw o -d im e n s io n a l  p h a s e  ( r e d u c e d  to  Re^ 

by Eg o n ly  a t  > 5 0 0  *C) by o x i d a t i o n  fo l lo w e d  by vacuum o r  i n e r t  

g a s  t r e a tm e n t  a t  > 5 0 0  *C ( 7 ) .  I t  w as shown t h a t  th e  d i s p e r s i o n  

p r e t r e a t m e n t  ( s e e  s e c t i o n  E) h a s  a ' p ro n o u n c e d  e f f e c t  on 

th e  c a t a l y t i c  a c t i v i t y  ( i n c r e a s e  a b o u t  1 .4  t im e s  m ore th a n  th e  

s t a n d a r d ) .  I n  o r d e r  t o  know th e  e f f e c t  o f  t h e  h y d ro g e n

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

c a t a l y s t  was p r e t r e a t e d  a s :

iiiOg/6 @ 510 •C ijiE v .A  @ 486 •CijjEg/i @ 506 'CjiRxn T . O'Ci 

The r e s u l t s  a r e  shown i n  F i g .20 . By c o n t r a s t ,  t h e  Eg re d u c e d  

c a t a l y s t  w i th  d i s p e r s i o n  p r e t r e a t m e n t  h a s  l e s s  a c t i v i t y  an d  a
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s lo w e r  b r e a k - i n  r a t e ,  a n d  th e  p r o f i l e s  o f  t h e  r a t i o s  o f  E/B 

an d  TB2/CB2 a r e  r e s p e c t i v e l y ,  s i m i l a r  t o  t h a t  w i th o u t  d i s ­

p e r s i o n  p r e t r e a t m e n t  a l th o u g h  t h e  v a lu e s  a r e  s m a l l e r .

I n  t h e  f o l lo w in g ,  i t  i s  show n t h a t  t h e  a c t i v i t y  o f  th e  

r e d u c e d  ( a t  5 0 0 * C) c a t a l y s t  c a n  n o t  b e  c o m p le te ly  r e c o v e r e d .  

I n  F ig .  2 0 , t h e  c i r c l e s  c o r r e s p o n d  to  t h e  c a s e  w here  t h e  

c a t a l y s t  h a s  n e v e r  b e e n  t r e a t e d  w i th  w h e re a s  t h e  t r i a n g l e s  

c o r r e s p o n d  t o  t h e  c a s e  w here  t h e  sa m p le  w as t r e a t e d  w i th  

a t  500*0  j u s t  b e f o r e  t h e  r u n .  B o th  c a t a l y s t s  w ere  p r e t r e a t e d  

w i th  t h e  d i s p e r s i o n  a f t e r  o x i d a t i o n  a t  a b o u t  5 1 0 * 0 . The r e s u l t s  

show t h a t  a b o u t  26% o f  t h e  s i t e s  ( a s s um ing  th e  t o t a l  s i t e s  

c r e a t e d  by  o x i d a t i o n / d i s p e r s i o n  t r e a t m e n t  to  be  u n i t y )  w ere 

p e rm a n e n t ly  r e d u c e d  by  h y d ro g e n  a t  5 0 0 * 0 .

( c )  S u r f a c e  I n t e r a c t i o n  on  t h e  r e d u c e d  c a t a l y s t

I n  s e c t i o n  B -b , t h e  im p o r ta n c e  o f  a  t r a c e  o f  oxygen  i n  

t h e  h e liu m  u s e d  f o r  a c t i v a t i o n  o f  a n  u n re d u c e d  c a t a l y s t  on th e  

m e t a t h e s i s  a c t i v i t y  was show n. H e re , t h e  e f f e c t  o f  s m a l l  am ount 

o f  o x y g en  i n  t h e  i n e r t  a c t i v a t i o n  g a s  o n  t h e  a c t i v i t y  o f  a  

r e d u c e d  c a t a l y s t  w i l l  b e  d i s c u s s e d .  Dry p o ly m e r iz a t io n  g ra d e  

p ro p e n e  w as u s e d .  A f t e r  a  s t a t i c  e x p e r im e n t  t h e  c a t a l y s t  was 

p u rg e d  w i th  d ry  ^ 2  an d  th e n  t r e a t e d  a t  496*0  i n  f lo w in g  H2  

f o r  a b o u t  17 h o u r s  fo l lo w e d  by a  p u rg e  w i th  d ry  n i t r o g e n  

( c o n t a in i n g  s m a l l  am ount o f  o x y g e n ) a t  t h e  same te m p e r a tu r e  

f o r  a b o u t  o n e  h o u r .  The p ro p e n e  m e t a t h e s i s
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r e a c t i o n  v/as c a r r i e d  o u t  a t  room  t e m p e r a tu r e .  The c o l o r  o f  

t h e  c a t a l y s t  j u s t  a f t e r  r e d u c t i o n  hy w as b l a c k ,  b u t  

a f t e r  p u r g in g  w i th  ]?2 i t  becam e w h i t e - b l a c k - s p o t s .  The 

a c t i v i t y  w as a b o u t  10% l e s s  th a n  t h a t  w i th  t h e  s t a n d a r d  p r e ­

t r e a t m e n t .  Com pared w i th  t h e  r e s u l t s  show n i n  t h e  p r e v i o u s  

s e c t i o n s , i t  i s  n o te d  t h a t  t h e  h ig h  r e c o v e r y  o f  t h e  a c t i v i t y  

o f  th e  u s e d  c a t a l y s t  p r e t r e a t e d  by H^/N^ a t  a b o u t  500 "C i s  

due t o  t h e  o x i d a t i o n  w h ich  o c c u r r e d  on  t h e  s u r f a c e  by  t h e  s a m ll  

am ount o f  o xygen  c o n ta in e d  i n  t h e  N2 .

I t  was shown i n  s e c t i o n  C-b t h a t  anIÎ2  r e d u c e d  c a t a l y s t  

" t h i r s t s "  f o r  o xygen  to  r e v i v e  t h e  a c t i v e  s i t e s  f o r  p ro p e n e  

m e t a t h e s i s .  Now, l e t  u s  s e e  t h e  d e p en d en ce  o f  t h e  l e v e l  o f  

t h i r s t  f o r  oxygen  on t h e  s u r f a c e  r e d u c e d  by v a r y in g  r e d u c t io n  

t e m p e r a tu r e  i n  The r e s u l t s  a r e  su m m arized  i n  T a b le  5 .

An O2  p u l s e  h a s  n e g l i g i b l e  e f f e c t  on t h e  a c t i v i t y  f o r  

Tg a t  2 4  *0  an d  a l s o  t h e  t e m p e r a tu r e  o f  th e  c a t a l y s t  b ed  

( a c t u a l l y  t h e  t e m p e r a tu r e  d e c re a s e d  f i r s t  ( a b o u t  2 .  C*) and  

s lo w ly  i n c r e a s e d  to  a  v a lu e  s l i g h t l y  h i g h e r  t h e  r e a c t i o n  tem p - 

e r a t u r e ( a b o u t  0 . 5  C * ) ) .  A t T ^ =  500 *C, t h e  e f f e c t  i s  a n o m a lo u s ly  

l a r g e  on th e  a c t i v i t y  ( i n c r e a s e d  a b o u t 3 « t im e s  ) b u t  l i t t l e  

on th e  te m p e r a tu r e  o f  t h e  c a t a l y s t  b ed . ( +  1 .5 C " ) .  The i n c r e a s e  

o f  th e  a c t i v i t y  c a u s e s  t h e  d ro p  o f  E /B  r a t i o  an d  t h e  i n c r e a s e  

o f  TB2/CB2 r a t i o  .A similar e f f e c t  i s  o b s e rv e d  on th e  c a t a l y s t  

h a v in g  d i s p e r s i o n / r e d u c t i o n  p r e t r e a t m e n t  ( a c t i v i t y  in c r e a s e d  

a b o u t 4 . 6  t im e s ,  t e m p e r a tu r e  i n c r e a s e d  a b o u t  2 .  C " ) .  The



T a b le  5 . E f f e c t  o f  Og p u l s e  on  th e  C a t a l y s t  T r e a te d  @ T^

T jjC C )

a

V,g -m o l-g  h r

b

T (C ')

a

V, „
S -m o l-g  h r

« a  -  «b

c

2 4 . 1 8 ,4  x lO "4 -  2 , 2 0 ,3  XI0 - 4 1 ,9 x 1 0 -4

c

2 4 4 . 0 , + 2 0 , 1 1 5 .2 x 1 0 -4 1 1 5 .2 x 1 0 -4

d
3 3 5 . 0 , + 3 8 ,2 2 6 3 .2 x 1 0 -4 2 6 3 .2 x 1 0 -4

c

4 9 9 . 2 6 .8  x10~4 + 1 .5 7 8 .8  XI0 -4 5 2 , 0 x 1 0 - 4

a .  i s  t h e  r a t e  b e f o r e  Og p u l s e ;  R^ ,̂ th e  r a t e  a t  5 m ln . 
a f t e r  0^ p u l s e ,

b . The maximum te m p e r a tu r e  ch an g e  o f  th e  c a t a l y s t  by 0^ p u l s e ,
c ,  W = 0 ,5 0 8 0  gra,
d , W = 0 , 5 1 6 3  gm.

$
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r e s u l t s  o f  t h e  ab o v e  tw o c a s e s  show a n  i n t e r e s t i n g  f a c t  t h a t  

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

a r e  t h e  sam e a f t e r  i n j e c t i o n  o f  0^ p u l s e  ( F i g . 2 0 ) .

I t  w as shown t h a t  a t  Tg= 244  *C an d  335 *C th e  c a t a l y s t s  

w ere  i n a c t i v e , b u t  t h e  i n j e c t i o n  o f  0^  p u l s e  cau sed  a  v e ry  h ig h  

jump i n  th e  a c t i v i t y  and  th e  t e m p e r a tu r e  o f  t h e  b e d . A t Tg =

244  *C an d  335  *C, th e  a c t i v i t y  in c r e a s e d  t o  1 l3 .x 1 0 ~ ^  g -m o l-  

g” ^ h r“  ̂ and  2 6 3 « x l0 “ ^  g -m o l-g ” ^ h r” \  r e s p e c t i v e l y ;  an d  th e  

te m p e r a tu r e  o f  th e  b e d  i n c r e a s e d  from  0*C to  2 0 , "C a n d  3 8 , *C 

r e s p e c t i v e l y .  B ecau se  o f  t h e  t e m p e r a tu r e  i n c r e a s e  o f  t h e  c a t a l y s t  

p a r t  o f  t h e  i n c r e a s e d  a c t i v i t y  can  be a t t r i b u t e d  s im p ly  to  

a  g r e a t e r  r e a c t i o n  t e m p e r a tu r e .  H ow ever, t h e  t e m p e r a tu r e  

r e c o v e r e d  v e ry  q u ic k ly  ( a b o u t  3 m in , ) w h e re a s  t h e  h ig h  a c t i v i t y  

and  th e  h ig h  d e a c t i v a t i o n  p e r s i s t e d .

I n  sum m ary, t h e  R e2 0 y /A l2 0 ^  c a t a l y s t  becam e, i n a c t i v e  

when th e  c a t a l y s t  was t r e a t e d  by  H2  a t  a  te m p e r a tu r e  a ro u n d  

3 0 0  *C; b u t  i t  t h i r s t s  a b n o rm a lly  h ig h  f o r  oxygen  t o  r e v i v e  t h e  

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

th e  o t h e r  c a s e s .  The H2  r e d u c e d  c a t a l y s t  had  th e  s e l e c t i v i t y  o f  

TB2/CB2 d e c r e a s i n g . w i th  t im e  th r o u g h o u t  t h a t  r u n .  At Tg =

5 0 0  *0 , th e  i n i t i a l  TB2/CB2 r a t i o  r e a c h e d  th e  e q u i l i b r iu m  v a lu e  

( 3 .9 )  b u t  r a p i d l y  d e c r e a s e d  vn.th  t im e .
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J. The Effect of Olefin Pretreatment
S w if t  and  K o b y l in s k i  (39 ) fo u n d  t h a t  o l e f i n  p r e t r e a t m e n t  

o f  MoO^/Al^O^ a t  200 *C f o r  15 m in u te s  r e s u l t e d  i n  a  very- 

s e l e c t i v e  c a t a l y s t  f o r  o l e f i n  ( l - o c t e n e )  m e t a t h e s i s ,  f o r  ex ­

a m p le , t r e a t e d  w i th  i s o b u t y l e n e ,  t h e  t o t a l  c o n v e r s io n  d ro p p e d  

from  90.8%  (no o l e f i n  t r e a tm e n t )  t o  2 6 .3 % jt)u t t h e  s e l e c t i v i t y  

t o  t e t r a d e c e n e  an d  e th y le n e  i n c r e a s e d  from  28.2%  to  9 1 .2% .

The effect of olefin treatment was found to be pronounced in 
the order: iso-butylene> i-butene>l-octene>propylene >  
ethylene. Water evolved during butene treatment.

S i m i l a r  e x p e r im e n ts  w ere  c o n d u c te d  on t h e  Re^Or^/àl^Q-^ 

c a t a l y s t  (0 .5 1 6 3  gm ). Dry r e s e a r c h  g ra d e  e th y l e n e ,  p ro p e n e ,  

c i s - 2 - b u t e n e  w ere  u s e d  f o r  t r e a t i n g  th e  c a t a l y s t .  The c a t a l y s t  

was p r e t r e a t e d  w i th  t h e  s t a n d a r d  p r o c e d u r e  and  th e n  e x p o se d  

to  s t a t i c  o l e f i n  a t  room  te m p e r a tu r e  and  a  p r e s s u r e  o f  a b o u t

700 t o r r  f o r  two h o u r s .  B e fo re  s t a r t i n g  t h e  p ro p e n e  

m e t a t h e s i s  r e a c t i o n ,  t h e  b u lk  g a s  o f  o l e f i n  i n  t h e  sy s te m  

was pum ped o u t .  The r e s u l t s  a r e  shown i n  F ig .  21 .

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

t h e  te m p e r a tu r e  v a r i a t i o n  o f  t h e  c a t a l y s t  was r e c o r d e d .  The 

maximum i n c r e a s e  o f  t h e  te m p e r a tu r e  was 2 .5 ,  7 . ,  and  11,

*0 , f o r  e th y l e n e ,  p ro p e n e ,  and  c i s - 2 - b u t e n e ,  r e s p e c t i v e l y .

The temperature increase of the catalyst by olefin pre- 
treatment was attributed not only to the heat of adsorption but 
chemical reaction from which the heat evolved also depended on
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t h e  ty p e  o f  o l e f i n .  The c h e m ic a l  r e a c t i o n s  on  t h e  s u r f a c e  may 

in v o lv e  t h e  r e d u c t i o n  o f  m e ta l  o x i d e s .  The d e g re e  o f  r e d u c t i o n  

by  t h e  o l e f i n s  i n c r e a s e s  i n  t h e  o r d e r :  e t h y l e n e < p ro p e n e < C B 2 .

L in  e t  a l ,  (1 5 )  h a v e  fo u n d  t h a t  t h e  r e d u c t i o n  on  t h e  Ike^r^/

1 1 ^ 0 3  by  e th y l e n e  h a d  n e g l i g i b l e  c a p a c i t y  a t  a m b ie n t t e m p e r a tu r e .  

Now, b a s e d  on  th e  , i n f o r m a t i o n ,  l e t  u s  l o o k  a t  t h e  a c t i v i t y  

p r o f i l e s  o f  p ro p e n e  m e t a t h e s i s  ( a t  0  *0 ) on th e  c a t a l y s t s  

p r e t r e a t e d  w i th  d i f f e r e n t  o l e f i n s  ( F i g ,  21 ) ,

C o n s i s t e n t  w i th  t h e  r e s u l t s  o f  L in  e t  a l , (1 5 )»  th e  

e th y le n e  p r e t r e a t m e n t  h a s  no e f f e c t  on  t h e  p r o f i l e s  o f  t h e  a c t ­

i v i t y  a n d  t h e  s e l e c t i v i t y ,  i , e ,  h a v in g  b r e a k - i n ,  h ig h  i n i t i a l  

E /B  r a t i o  b u t  lo w  i n i t i a l  TB2/CB2 r a t i o  ( s e e  s e c t i o n  A ),

Assume t h e  num ber o f  m e t a t h e s i s  s i t e s  a t  t h e  maximum r a t e  o f  

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

The p ro p e n e  p r e t r e a t m e n t  c a u se d  t h e  a c t i v i t y  l e v e l i n g  o u t  

( w i th  v e r y  s l i g h t  d e c a y )  t o  a  v a lu e  l e s s  th a n  e th y l e n e  

p r e t r e a t m e n t  a b o u t  3 1 % » i , e ,  3 1 % m e t a t h e s i s  s i t e s  w e re  ’ p o is o n e d  

due t o  r e d u c t i o n  o r  o t h e r  r e a s o n s .  The h ig h  a c t i v i t y  a t  t h e  

f i r s t  p o i n t  ( 3  m in u te s )w a s  due t o  t h e  e f f e c t  o f  e v a c u a t io n  by  

r e v i v i n g  p a r t  o f  t h e  r e v e r s i b l e  s i t e s  ( s e e  s e c t i o n  B - b ) ,  A bout 

4 6 % o f  t h e  a c t i v e  m e t a t h e s i s  s i t e s  w e re  l o s t  a f t e r  c i s - 2 - b u t e n e  

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

w ere  o b s e rv e d  f o r  t h e  p r e t r e a t m e n t s  w i th  p ro p e n e  o r  c i s - 2 - b u t e n e ,  

i . e .  no b r e a k - i n ,  lo w  i n i t i a l  E /B  r a t i o  b u t  h ig h  TB2/CB2 r a t i o .  

The r e s u l t s  may s u g g e s t  so m e th in g  c o n n e c te d  to  t h e  b r e a k - i n
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a n d  d e a c t iv a t io n *

K. The e f f e c t  o f  I s o l a t i o n  an d  E v a c u a t io n  Time i n  th e

S t a t i c  P ro p e n e  P r e t r e a tm e n t

The p ro c e d u r e  o f  a  " s t a t i c  e x p e r im e n t"  h a s  b e e n  d es­

c r i b e d  i n  c h a p t e r  I I *  F ig * 22 show s t h e  r e s u l t s  o f  t h e  s t a t i c  

e x p e r im e n ts *  The f o l lo w in g  r e s u l t s  w ere  o b t a i n e d ;  ( a )  t h e r e  

w as no b r e a k - i n ;  (b ) -  t h e  i n i t i a l  a c t i v i t y  w as up to  4  t im e s  

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

d e p e n d in g  upon  t h e  p e r i o d  o f  i s o l a t i o n  a n d  e v a c u a t io n ;  ( c )  

t h e  r a t e  r a p i d l y  d e c a y e d  w i th in  t h e  f i r s t  h o u r  t o  a  v a lu e  

s l i g h t l y  lo w e r  th a n  t h e  f r e s h  c a t a l y s t  (d )  n o t  o n ly  th e  i n i ­

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

p r o p o r t i o n a l l y  t o  t h e  i s o l a t i o n  t im e  (F ig *  23 )*  A lso  t h e  r a t e  

o f  d e a c t i v a t i o n  w as a f f e c t e d  by  t h e  e v a c u a t io n  tim e*  W ith  th e  

sam e i s o l a t i o n  t im e  ( a b o u t  4 4  h o u r s )  b u t  d i f f e r e n t  e v a c u a t io n  

t im e ,  ( i . e *  24  h r s ,  an d  0 h r ) ,  . The initial a c t i v i t y  and  th e  

d e a c t i v a t i o n  pow er (N i n  eqn*20) w ere  494*6 x10“ ^  g -m o l-g ” ^hr"*^ 

a n d  0 * 4 8 ; 132*5x10“ ^  g -m o l-g “ ^ h r“  ̂ an d  0 * 2 0 , r e s p e c t i v e l y *  T h is  

i n d i c a t e s  t h a t  t h e  ’ e v a c u a t io n *  t r e a tm e n t  c o u ld  i n c r e a s e  n o t  

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

catalyst; ( e )  F ig * 24  show s how th e  i n i t i a l  a c t i v i t y  i n c r e a s e s  

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

m e r i z a t io n  g ra d e  p r o p e n e ,a t  room  te m p e ra tu re *  The i n c r e a s i n g  

t r e n d  o f  t h e  a c t i v i t y  i m p l i e s  t h a t  b eyond  10 d a y s ’ i s o l a t i o n
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F ig*  22  E f f e c t  o f  S t a t i c  P ro p e n e  P r e t r e a tm e n t

I s o l a t i o n / E v a c u a t i o n ( H r )

2 3 2 . /  24  

4 4 . /  24.320
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F i g ,  21f E f f e c t  o f  I s o l a t i o n  Time
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t h e  c r e a t i o n  o f  t h e  a c t i v i t y  by  e v a c u a t io n  may b e  in d e p e n d e n t  

o f  i s o l a t i o n  t im e ;  ( f )  h o w e v e r, a f t e r  a  s t a t i c  e ^ e r i m e n t  an d  

f u r t h e r  t r e a t m e n t  ( w i th o u t  a c t i v a t i o n  i n  0 ^ )  s i m i l a r  t o  t h a t  

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

e x p e r im e n t ) w as lo w e r  th a n  th e  l a s t  o n e , b u t  t h e  i n i t i a l  a c t ­

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

i n d i c a t e s  t h a t  p a r t  o f  s i t e s  w ere  p o i s o n e d ,  b u t  p a r t  o f  them  

i s  r e v e r s i b l e ;  ( g )  w i th  a b o u t  t h e  same p e r i o d s  o f  i s o l a t i o n  

a n d  e v a c u a t io n  ( e . g .  ifO h r s  a n d  20 h r s ,  r e s p e c t i v e l y )  t h e  

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

u s i n g  r . g .  p ro p e n e  w ere  l e s s  ( a b o u t  ZfO% a n d  50%» r e s p e c t i v e l y )  

t h a n  t h a t  u s i n g  p . g .  p r o p e n e .  T h is  d i f f e r e n c e  may b e  a s c r i b e d  

t o  t h e  p r e s e n c e  o f  c a rb o n  d io x id e  i n  t h e  p . g .  p ro p e n e  ( F i g . 2 3 ) ;  

( h )  The S /B  r a t i o  w as l e s s  t im e  d e p e n d e n t e x c e p t  f o r  t h e  c a s e  

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

( e . g .  l 6 . 3  h r s  an d  3 h r s ,  r e s p e c t i v e l y )  i n  w h ich  i t  w as i n i t i a l l y  

h ig h  b u t  d e c a y e d  r a p i d l y  ( i n  1 . 3 , h r s )  t o  t h e  same l e v e l  a s  t h e  

o t h e r s ;  ( i )  t h e  TB2/CB2 r a t i o  d e c r e a s e d  w i th  r e a c t i o n  t im e  

( F i g .  2 5 ) .
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F i g .  2 3  E f f e c t  o f  S t a t i c  P r e t r e a tm e n t  on th e  
S e l e c t i v i t y  o f  P ro p e n e  M e ta th e s i s

3 .0

O — S ta n d a r d  P r e t r e a tm e n t2.0

A — S t a t i c  P r e t r e a tm e n t

0 .5

0. 2 . 3.1 . 4. 5.
Time, Hr.
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L. P ro p e n e  M e ta th e s i s  on 'y a lo n e

To t e s t  t h e  m e t a t h e s i s  a c t i v i t y  ( o f  p ro p e n e )  on  th e  

c a r r i e r  o f  t h e  Re2 0 rp/Al2 0 ^ c a t a l y s t ,  i . e *  I f -A lg O ^ , t h e  c a r r i e r  

w as t r e a t e d  by  many w ay s. The s i z e  o f 'T - A l2 0 ^  u s e d  w as

40— 60 m esh . P r e t r e a tm e n t s  p e r fo rm e d  w e re ;

( a ) .  i i i o y i5  @ 493 "CiiiPzn T . 0*Ci|i

( b ) .  i i io y io  @ -504  • œ j s t a t i c  C ^/80  @ 2 4  •Ciji

( c ) ;  i i j o y  4 @ 491  • c I e v ./^  @ 48rq#R zn  t ,  o*d|j

_ ( d ) .  in og/n  493 'ciiiEg/i @ 4 9 7  •dijRxn t .  o*c|y

The r e s u l t s  w ere  s im p le :  w h a te v e r  t h e  p r e t r e a t m e n t ,  

t h e r e  was n o t  any  k in d  o f  r e a c t i o n  on  th e '^ - A l^ O ^ ,  when p ro p e n e  

w as u s e d  a s  t h e  r e a c t a n t ,

M. M e ta th e s i s  o f  E th y le n e  and  C is -2 -B u te n e  on th e  Se^O ^/

AlgO^ c a t a l y s t

O nly  a  t r a c e  o f  p ro p e n e  w as o b s e rv e d  i n  t h e  c a s e  o f  

e th y le n e  m e t a t h e s i s  a t  room  te m p e r a tu r e  i n  s t a t i c  r e a c t a n t ,  on 

t h e  c a t a l y s t  a c t i v a t e d  w i th  t h e  s t a n d a r d  p r e t r e a t m e n t .

The a c t i v i t y  ( c o n v e r s io n )  p r o f i l e s  o f  c i s - 2 - b u t e n e  m e ta ­

t h e s i s  on t h e  H e^O ^/Al^O^ c a t a l y s t  and  ^-alumina a lo n e  a r e  

shown i n  F i g ,  26 ( p r e t r e a t m e n t  o f  t h e  c a t a l y s t  i s  a l s o  sh o w n ). I t  

w as o b s e rv e d  t h a t : ( a )  a  s m a ll  am ount o f  p ro p y le n e  was p ro d u c e d  

an d  i t s  c o n c e n t r a t i o n  d e c r e a s e d  w ith  t im e  t o  a  n e g l i g i b l e  v a lu e  

i n  a b o u t one h o u r , ( b )  no 1- b u te n e  was o b s e r v e d  ( t r a c e  i n  s t a t i c  

c a s e s ) ,  ( c )  - t h e  i n i t i a l  a c t i v i t y  was v e ry  l a r g e  w i th  c o n v e r s io n
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a p p ro a c h in g  e q u i l i b r i u m  f o r  a  WHSV o f  8 . 3 ,  ( d )  t h e r e  w as a  

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

r e g e n e r a t e d  i n  ox y g en  a t  500*0  w i th  a  s l i g h t l y  h i g h e r  i n i t i a l  

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

f r e s h  sa m p le  a c t i v a t e d  i n  o x y g en  a t  4 6 2 * 0 ) .



CHAPTER IV 

DISCUSSION

A. The R a te  E q u a t io n  o f  P ro p e n e  M e ta th e s i s  on  R e2 0 y /A l2 0 ^

I n  t h e  k i n e t i c s  s t u d i e s  we o b s e rv e d  t h a t  t h e  c a t a l y t i c  

a c t i v i t y  o f  p ro p e n e  m e t a t h e s i s  o v e r  Re2 0 y /A l2 0 ^  c a t a l y s t  ex­

h i b i t e d  a  " b r e a k - i n "  r e g im e , a  maximum, a n d  a  " d e a c t i v a t i o n "  

r e g im e . The a c t i v i t y  p r o f i l e  d ep en d ed  upon  t h e  a c t i v a t i o n  

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

t h e  r e a c t i o n  t e m p e r a t u r e ,  an d  th e  i m p u r i t i e s  c o n ta in e d  i n  t h e  

f e e d s t o c k , e t c .  T h is  p r o f i l e  may r e s u l t  from  s u p e r p o s i t i o n  

o f  t h e  t im e -d e p e n d e n t  d e a c t i v a t i o n  c u rv e  upon  t h e  b r e a k - i n  c u rv e , 

The a c t i v e  s i t e s  w h ich  a r e  r e s p o n s i b l e  f o r  m e t a t h e s i s  may 

b e  g e n e r a t e d  upon  i n t r o d u c i n g  o l e f i n  ( 8 ) ,  H o w e v e r ,th e  d e a c t i ­

v a t i o n  may b e  c a u s e d  by  t h e  i m p u r i t i e s  c o n ta in e d  i n  t h e  f e e d  

( i , e , s i d e - b y - s i d e  d e a c t i v a t i o n )  o r  by  t h e  p r o d u c t s  ( e . g ,  w a te r  

o r  p o ly m e rs )  fo rm ed  from  r e a c t i o n s  ( i . e .  s e r i e s  d e a c t i v a t i o n )

( i f ) .  I f  t h e  c a t a l y t i c  r e a c t i o n  o c c u r r e d  on  t h e  s u r f a c e  o f  

t h e  c a t a l y s t  i n  a  r e g i o n  o f  low  s u r f a c e  c o v e ra g e  w here  t h e  r e ­

a c t i o n  i s  d e p e n d e n t on  t h e  c o n c e n t r a t i o n  o f  p ro p e n e  i n  t h e  g a s  

p h a s e  a n d  on  u n p o is o n e d  a c t i v e  s i t e s  on  th e  c a t a l y s t ,  t h e

8 3
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c a t a l y z e d - r e a c t i o n  r a t e  can  b e  w r i t t e n  a s

E =  k^P®L (5 )

17b.ere - P i s  t h e  p a r t i a l  p r e s s u r e  o f  p ro p e n e  r e a c t a n t .  L i s  an  

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

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

W h a tev e r t h e  m echanism  i s  f o r  o l e f i n  m e t a t h e s i s ,  t h e  

g e n e r a t i o n  an d  p o i s o n in g  o f  t h e  a c t i v e  s i t e s  f o r  m e t a t h e s i s  L 

can  b e  s k e tc h e d  a s  f o l lo w s :

=13

12S

b2 d2

P50DUCTS

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

f o r  m e t a t h e s i s  b u t  f o r  g e n e r a t i o n  o f  L s i t e s  a s  a c t i v e  m eta ­

t h e s i s  s i t e s  w i th  o l e f i n s .  The S s i t e s  may b e  p o is o n e d  b e f o r e  

beco m in g  L s i t e s  by  t h e  i m p u r i t i e s  o r  t h e  p r o d u c t s  ( 1 3 ) .  

H ow ever, t h e  d e n s i ty  o r  th e  a c t i v i t y  s t r e n g t h  o f  t h e  L s i t e s  

may be  p ro m o te d  by  some k in d s  o f  i m p u r i t i e s  ( e . g .  CO2 , 1 1 ) ,  

w i th  o r  w i th o u t  t h e  p r e s e n c e  o f  o l e f i n s .  As m e n tio n e d  a b o v e , 

some i m p u r i t i e s  ( 1 2 ) ,  o r  th e  m e t a t h e s i s  p r o d u c t s  (p p )  may 

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

t h e  r e a c t a n t ,  and s p a c e  v e l o c i t y ,  t h e  r e a c t i o n  r a t e  H, w ou ld  h e  

a  f u n c t i o n  o f  L o n ly ;  i . e .  from  e q u a t io n  5»

R =  k^L (6 )

in h e re , k^= (? )

T h e r e f o r e ,  t h e  t im e -d e p e n d e n c e  o f  L o r  R c o u ld  he  c l a s s i f i e d

i n t o  t h e  f o l lo w in g  t h r e e  c a s e s :

( a )  B r e a k - in

I n  t h i s  r e g im e , we assum e no d e a c t i v a t i o n  o c c u r r e d ,  th e  

c o n c e n t r a t i o n  o f  L w ould  i n c r e a s e  w i th  t im e  i n  t h e  f o l lo w in g

§ =  ( k , ,  + s "  ( 8 )

And,

I f ,  ^13 c o n s t a n t s ,  t h e n  k ^  an d  k ^  a r e  c o n s t a n t ^

t o o .  Where k ^ in c lu d e s  t h e  f a c t o r  o f  o l e f i n  p a r t i a l  p r e s s u r e  P .  

I n t e g r a t i o n  o f  e q u a t io n s  8 an d  9 ,  y i e l d s  a  t im e  f u n c t i o n  

L -j^ (t)fo r L i n  t h e  h r e a k - i n  re g im e s

i ^ ( t )  =  s ^ d  -  (1  + ( 1 0 )

W ith  h = 2 ,  t h e  m e t a t h e s i s  r a t e  i s ,

R ^ ( t )  = k g k { ,s g t/(1  + k j ,S o t )  (1 1 )

F o r  h = 1,

E ^ ( t )  = k g S ^ d  -  e ' V )  (1 2 )

Where S q i s  t h e  i n i t i a l  num ber o f  S ; = ( ^ ) S q j h ,  t h e  num ber 

o f  h r e a k - i n  o r d e r .
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E q u a t io n s  11 a n d  12 a r e  t h e  m e t a t h e s i s  b r e a k - i n  r a t e  e q u a t io n s  

e x p r e s s e d  w i th  t h e  s e c o n d - o r d e r  a n d  t h e  f i r s t - o r d e r  o f  t h e  r e ­

s i d u a l  a c t i v e  s i t e s  S , r e s p e c t i v e l y .  I f  o r  C j^  i s  a l s o  a  

f u n c t i o n  o f  L o r  S ,  f o r  i n s t a n c e ,  I I  o r  15 may b e  some 

p r o d u c t s  fo rm ed  from  t h e  r e a c t i o n  a f f e c t i n g  t h e  o r d e r  o f  b r e a k -  

i n  an d  m ak ing  t h e  r a t e  e q u a t io n  m ore c o m p lex .

(b )  D e a c t iv a t io n

R u n n in g  t h e  p ro p e n e  m e t a t h e s i s  o v e r  t h e  c a t a l y s t  a c t i v a t e d  

w i th  c e r t a i n ,  t y p e s  o f  p r e t r e a t m e n t s  o r  a t  h ig h  te m p e r a tu r e  

may make k ^  i n  e q u a t io n  10 l a r g e  a n d  t h e r e f o r e ,  S s i t e s  a r e  r a p i d l y  

c o n v e r te d  t o  L so  t h a t  no b r e a k - i n  i s  o b s e r v e d ,  S id e - b y - s id e  

an d  s e r i e s  d e a c t i v a t i o n s  a r e  o b s e rv e d ,  t h e r e f o r 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  d e c r e a s e s  w i th  t im e  may be  w r i t t e n  a s :

§  = -  ( k d ,c | |  * k ^ c g ) L “  (1 5 )

T h e re  a r e  two c a s e s  f o r  d i s c u s s i o n  o f  e q u a t io n  15:

F i r s t ,  i f  s i d e - b y - s i d e  d e a c t i v a t i o n  i s  p re d o m in a n t^

( i . e .  ^ ^ ^ d 2 ^ p p ^ »  an d  i s  c o n s t a n t ,  t h e n .

W ith  m = 2 , t h e  d e a c t i v a t i o n  r a t e  i s :

B d i ( t )  = W ’ ♦ W d i 4 i * ) ~ ’ ( ’ 5 )

F o r  m = 1 ,

% d l ( t )  (1 6 )
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S e c o n d , i f  t h e  s e r i e s  d e a c t i v a t i o n  i s  p r e d o m in a n t ,  t h e

t im e  f u n c t i o n  o f  L becom es m ore co m p lex  a n d  d i f f i c u l t  t o  s o l v e ,

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

o f  L . A t a  c o n s t a n t  r e a c t a n t  p r e s s u r e ,  f o r  s i m p l i c i t y ,  we 

may assum e t h a t  t h e r e  i s  a  r e l a t i o n s h i p  b e tw e e n  a n d  L a s  

f o l lo w s :

S p  (1 7 )

S u b s t i t u t i n g  e q u a t io n  1? i n t o  13 an d  i n t e g r a t i n g :

:'d2(t) = W '  + (18)

m e r e ,  n  = m + m* ; m* = ( c p ) ( p i ) ;  % 2 " ^ d 2 ^ p

m e n  d e c a y  p r o c e e d s  s im u l t a n e o u s ly  by  a  num ber o f  

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

o f  L may be  w r i t t e n  a s :

^ d i^ ^  ( i = 0  —  i )  ( 1 9 )

And t h e  d e a c t i v a t i o n  r a t e  c o u ld  be  e x p r e s s e d  a s :

BjC t) = A^(1 + G^t)"^'i (20)
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( c )  M odel f o r  t h e  A c t i v i t y  P r o f i l e

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

o v e r  a lu m in a - s u p p o r te d  rh en iu m  o x id e s  i n c l u d e s  b r e a k - i n  a n d  

d e a c t i v a t i o n ,  a c c o r d in g  t o  th e  se q u e n c e  m e n tio n e d  ab o v e  t h e  

v a r i a t i o n  o f  L w i th  t im e  may b e  w r i t t e n  a s :

§  (2 1 )

We c o u ld  a p p ly  n u m e r ic a l  m e th o d s  (p o w e r s e r i e s )  t o  s o lv e  

e q u a t io n  21 by  c o m p u te r . H ow ever, i n  o r d e r  t o  i n v e s t i g a t e  th e  

c h a r a c t e r i s t i c s  o f  t h e  c a t a l y s t  from  th e  a c t i v i t y  p r o f i l e ,  i t  

i s  p h y s i c a l l y  m ore m e a n in g fu l  to  e x p r e s s  an  a p p ro x im a te  s o l u t i o n  

f o r  e q u a t io n  21 a s  f o l lo w s ;

R < t) = k^L

= K ( 1 - -  (1 + B t ) - ^ ) ( % ;  A .(1  + G . t ) - ^ i )  (2 2 )
i

i n  w h ich  K =  k^^S ^îj ; B = (b - l )S Q " ^ k ^  ; M = l / ( b - l ) ;  A^, and  

a r e  t h e  sam e m ea n in g  a s  i n  e q u a t io n  2 0 , a n d  k ^  i s  a  c o r ­

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

I f  B t » 1 ,  t h e  b r e a k - i n  w ou ld  be  to o  f a s t  to  be  o b s e r v e d .  

I f  t h e r e  i s  no d e a c t i v a t i o n ,  th e n  t h e  m e t a t h e s i s  r a t e  w ou ld  

r e a c h  a  s t e a d y - s t a t e  an d  e q u a l  K /B , an d  G o r  N s h o u ld  be z e r o .

I n  t h e  c a s e  o f  G t » l ,  one  o b t a i n s  a  pow er f u n c t i o n  d e a c t i v a t i o n .  

S o , K ,B ,N ,a n d  G a r e  t h e  p a r a m e te r s  c h a r a c t e r i z i n g  th e  o l e f i n  

m e t a t h e s i s  r a t e  d u r in g  b r e a k - i n  an d  d e a c t i v a t i o n .  The m odel 

t e s t i n g  w i l l  b e  shown i n  th e  f o l lo w in g  ,
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( d ) .  M odel T e s t i n g :

The m o d e ls  d e v e lo p e d  f o r  th e  a c t i v i t y  p r o f i l e s  o f  o l e f i n  

m e t a t h e s i s  o v e r  Re^Or^/Èl^O-^ c a t a l y s t  w i l l  b e  t e s t e d  w i th  t h e  

e x p e r im e n ta l  d a t a .  And t h e  p a r a m e te r s  c h a r a c t e r i z i n g  th e  r a t e s  

o f  b r e a k - i n  an d  d e a c t i v a t i o n  w i l l  a l s o  b e  m e a su re d , A r e g r e s s ­

i o n  p ro g ra m  a p p ly in g  th e  l e a s t - s q u a r e  m eth o d  h a s  b e e n  d e s ig n e d  

fo ,r t h e  IBM 370 c o m p u te r  ( s e e  A ppend ix  B ) ,

T a b le  6 show s t h e  c a s e s  t h a t  o n ly  d e a c t i v a t i o n  i s  ob ­

s e r v e d ,  E q u a t io n s  14 , 13, an d  l6  h a v e  b e e n  t e s t e d  f o r  th e  de­

a c t i v a t i o n  w i th  m - th ,  2 n d , an d  1 s t  o r d e r  o f  t h e  a c t i v i t y ,  r e s ­

p e c t i v e l y  . ( t h e  m th o r d e r  o f  d e a c t i v a t i o n  w i l l  be d e s ig n a te d  

a s  m -D ) .T a b le  6 show s t h a t  t h e  v a lu e  o f  i s  c o r r e l a t e d  w i th  

t h e  v a lu e  o f  m, so  u n l e s s  one o f  t h e s e  v a lu e s  s t a y s  c o n s t a n t ,  

no d e f i n i t i v e  s t a te m e n t  can  be  made r e g a r d i n g  t h e i r  r e l a t i v e  

s i z e  i n  v a r i o u s  s y s te m s  an d  k^^ may be  n o t  t h e  t r u e  k i n e t i c  

c o n s t a n t .  The t r u e  o r d e r  o f  d e a c t i v a t i o n  c an  n o t  be  o b ta in e d  

from  th e  r e g r e s s i o n  i n f o r m a t io n ,  h o w e v e r, i t  c o u ld  be l o c a t e d  

i n  a  c e r t a i n  r a n g e .  F o r  e x am p le , t h e  num ber o f  m-D v e r s u s  c an

b e  p l o t t e d  to  l o c a t e  th e  minimum p o i n t  o r  r e g im e . The t r u e  

v a lu e  o f  m-D may l o c a t e  i n  t h e  minimum r e g im e , N arro w in g  th e  

r a n g e  o f  m-D may f a c i l i t a t e  s e a r c h in g  f o r  t h e  t r u e  m-D by o t h e r  

t e c h n i q u e s .  H ow ever, b e c a u se  o f  t h e  h e t e r o g e n e i t y  o f  th e  c a t a l y s t ,  

d e a c t i v a t i o n  may p ro c e e d  s im u l ta n e o u s ly  b y  a  num ber p a r a l l e l  

r e a c t i o n s  a n d  th e  d e a c t i v a t i o n  o r d e r  becom es m ore com­

p l e x  an d  d i f f i c u l t  t o  be  d e te rm in e d .
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T a b le  6* M odel T e s t i n g :  D e a c t iv a t io n  O nly

■ P re tre a tm en t -  O rd e r 5 ( t )

W /0 .5 l63sm  

02/i6@5i3*C 

E z n . T . 22* C

PT*riTlSTIP .
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K(1 + B t ) - l e x p ( - G t )  ( 2 3 )

K(1 + B t ) - 1 ( l  + G t)-1  (2 4 )

K (l -  e x p ( - B t ) ) ( e x p ( - G t ) )  (2 3 )

K(1 -  e x p ( - B t ) ) ( l  + G t)“  ̂ (2 6 )

K(1 + B t ) - 1 ( l  + G t)" ^  ( 2 7 )
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T a b le  7 show s t h e  c a s e s  t h a t  b r e a k - i n  and  d e a c t i v a t i o n  

a r e  o b s e r v e d .  The b -B  d e n o te s  t h a t  t h e  a c t i v i t y  i n c r e a s e s  w ith  

t im e  i n  t h e  b - t h  o r d e r  o f  t h e  r e s i d u a l  S s i t e s .  E q u a t io n  22  

was t e s t e d  a c c o r d in g  t o  th e  f o l lo w in g  f i v e  t y p e s  e x te n d e d  from  

t h a t  e q u a t io n :

1 ) ,  2—B an d  1—D

2 )*  2—B an d  2—D

3 ) .  1-B an d  1-D

4 ) .  1-B a n d  2-D

3 ) .  2-B  a n d  m-D

The f i v e  s t a r s  show n i n  T a b le  7 d e n o te  t h a t  no s o l u t i o n  can  

be o b ta in e d  from  t h e  r e g r e s s i o n  p ro g ra m . E q u a t io n s  23— 27 h a v e  

b e e n  t e s t e d  an d  t h e  r e g r e s s i o n  r e s u l t s  a r e  shown i n  T a b le  7 .

From t h e s e  r e g r e s s i o n  r e s u l t s  we may c o n c lu d e  t h a t :

( a ) . a  s e c o n d - o r d e r  e x p r e s s io n  (2 -B ) f o r  m e t a t h e s i s  b r e a k - i n  

r a t e  b e t t e r  - f i t s  t h e  e x p e r im e n ta l  d a ta  th a n  a  f i r s t -  

o r d e r  o n e . (b )  - a t  i c e  t e m p e r a tu r e ,  t h e  d e a c t i v a t i o n  o r d e r  i s  

i n  t h e  r a n g e  b e tw e e n  one an d  two . d e p e n d in g  upon 

t h e  s u r f a c e  c h a r a c t e r i s t i c s  o f  th e  c a t a l y s t ,  ( c )  a t  room 

t e m p e r a tu r e ,  t h e  b r e a k - i n  r a t e  may be to o  f a s t  t o  b e  d e t e c t e d ,  

a n d  th e  o t h e r  p o i s o n in g  r e a c t i o n s  may s im u l ta n e o u s ly  o c c u r  on 

t h e  s u r f a c e  an d  c a u s e  t h e  d e a c t i v a t i o n  o r d e r  i n c r e a s e  ,  so 

a t  h ig h  r e a c t i o n  t e m p e r a t u r e ( e .g .  room  te m p e r a tu r e )  th e  de­

a c t i v a t i o n  o r d e r  may b e  h i g h e r  th a n  tw o , (d )  t h e  r a t e s  o f  b re a k -  

i n  and  d e a c t i v a t i o n  a r e  v e ry  d e p e n d e n t on th e  r e a c t i o n  tem p -
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e r a t u r e  a n d  t h e  p r e t r e a t m e n t  c o n d i t i o n s  o f  t h e  c a t a l y s t  e t c .

B, O l e f i n  M e ta th e s i s  on t h e  s u r f a c e  o f  Re^O y/A l^O ^

As shown i n  t h e  p r e v io u s  C h a p te r ,  we h a v e  k i n e t i c  

d a t a  o f  p ro p e n e  m e t a t h e s i s  o v e r  " ^ 2 ^ 3  c a t a l y s t

t r e a t e d  w i th  v a r i o u s  p r e t r e a t m e n t s .  T hose  p r e t r e a t m e n t s  can  he 

c l a s s i f i e d  i n t o  f o u r  c a s e s :

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

(b ) :  o x id iz e d  a t  a b o u t 5 0 0 * C a n d  f u r t h e r  t r e a t e d  i n  

i n e r t  e n v iro n m e n t o r  i n  vacuo  a t  v a r io u s  t e m p e r a tu r e ,

( c )  o x id iz e d  a t  a b o u t  5 0 0 *C an d  f u r t h e r  t r e a t e d  w ith  

h y d ro g e n  r e d u c t i o n  a t  v a r i o u s  t e m p e r a tu r e ,

( d )  o x id iz e d  a t  a b o u t 500* C an d  f u r t h e r  t r e a t e d  w ith  

v a r i o u s  o l e f i n s  a t  room  te m p e r a tu r e .

We w ou ld  l i k e  t o  d i s c u s s  t h e  d e p e n d e n c e  o f  t h e  c h a r a ­

c t e r i s t i c s  o f  th e  c a t a l y s t  on  th e  p r e t r e a t m e n t s  an d  i t s  r e l a t i o n  

to  t h e  a c t i v i t y  o f  o l e f i n  m e t a t h e s i s , e t c , , i n  t h e  l i g h t  o f  

c u r r e n t  l i t e r a t u r e s  an d  o u r  k i n e t i c s  r e s u l t s  ( s e e  T a b le  8 ) ,

I n  g e n e r a l ,  t h e  a lu m in a - s u p p o r te d  rh e n iu m  o x id e  e x h i b i t s  

b r e a k - i n  i n  t h e  a c t i v i t y  o f  p ro p e n e  m e t a t h e s i s  a s  lo n g  a s  i t  i s  

p r e t r e a t e d  i n  t h e  d ry , f lo w in g  oxygen  a t  h ig h  te m p e r a tu r e  

( 2 5 0 * 0 ) .  . And th e  p e r i o d  o f  b r e a k - i n  d e c r e a s e s  l i n e a r l y

p r o p o r t i o n a l  t o  a c t i v a t i o n  te m p e r a tu r e  ( s e e  F ig ,  i f ) .



Table 8 . E ffe c t  o f  Pretreatm ent C onditions on the S e le c t iv i t y
#*

P r e t r e a tm e n t ^max,
4

xIO

^max,

m in .

E/B TB2/CB2 ®2 p u ls e
E/B TB2/CB2

m in .
20
m in .

60
m in .

200
m in. m in .

20
m in .

60
m in .

200
m in . a b a

E v ,/0 .1@ 0*C 4 5 ,2 50, .9 3 .8 3 .8 0 .8 3 2 .5 7 2 .9 3 3 .0 2 3 i0 4 .8 2 .86 3 . 0 5 2 .9 7

E v , / I 1

@
2 4 '( 3 9 .5 0 .8 9 .8 5 ,8 6 .8 8 3 . 1 6 2 ,9 9 2 , 9 1 2 .8 7

@
2 4 2 2 3 . 0 .8 5 .9 3 .9 6

@180
1 ,6 1 2 ,5 9 2 .5 3 2 ,2 2

@180
1 , 7 6 - - —

@
496 107.2 2 1 , .86 .8 0 .7 9 .7 9 3 . 1 6 3 .3 3 3 .3 0 3 . 1 4 - - — ■

H g/lO

@
2 4 . 49. 0 . 9 1 .8 2 .8 3 . 9 2 2 ,8 0 2 .5 9 2 ,4 9 2 , 3 0 .9 4 .9 7 2 ,2 1 2 .3 5

@
244 0 , . 7 9 2 ,8 7

@
499 37 .8 70, 2 ,0 2 .9 5 .8 6 . 9 2 3 .3 3 2 .5 7 2 , 4 2 2 ,1 2 .9 7 ,8 6 2 ,1 1 2 ,7 3

E , / 2  @ 2 4 'C 49 .6 3 0 , 1 ,1 2 .9 3 .8 9 .8 5 2 , 4 2 2 ,8 2 2 , 9 2 2 ,9 8 - - - -

0B2/2® 2 4 'C 30, 0 . - .7 0 .7 7 ,8 2 - 2 ,6 5 2 ,6 3 2 ,5 1 - - - -

*The m eta th esis  r e a c tio n  was run over g^Re^Oy/AlgO^ w ith r .g ,p rop en e a t 0 *C,
**The c a ta ly s t  was a c t iv a te d  a t about 510*G in  oxygen before fu rth er pretreatm ent.
* * *

b'means 'b e fo re ' in je c t io n  o f  oxygen p u lse; 'a ' means ' a f t e r ' .
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By e x t r a p o l a t i o n ,  a t  an  . a c t i v a t i o n  t e m p e r a tu r e  h i g h e r  th a n  590*C 

th e  b r e a k - i n  may n o t  be  o b s e rv e d  b e c a u s e  t h e  b r e a k - i n  t im e  i s  

to o  s h o r t .

I t  i s  g e n e r a l l y  a c c e p te d  t h a t  He i n t e r a c t s  m ore s t r o n g l y  

w ith-O f-A l^O ^ th a n  w i th  S iO ^ ( 5 ,1 5 ) .  S e a t i n g  th e  Se^Oy/Al^O^  

c a t a l y s t  i n  ox y g en  a t  a b o u t  500*C may l e a d  to  fo rm  a  compound 

p ro v id in g  a  m e s o p e r rh e n a te  s t r u c t u r e  w i th  t h e  p a r t i c i p a t i o n  o f  

s u r f a c e  alum inum  i o n s  (2Zf), The e q u i l i b r iu m  h ig h  te m p e r a tu r e  

o x i d a t i o n  s t a t e  o f  t h i s  s t r u c t u r e  i s  R e (+ 7 )-d ^  i n  ReO^”  ( 2 4 ,7 ) .  

The c o l o r  o f  t h i s  o x y g e n -h e a te d  sam p le  i s  l i g h t - y e l l o w .  And 

a n io n  v a c a n c ie s  a r e  p r o b a b ly  n o t  a v a i l a b l e  on t h e  s u r f a c e  o f  

t h e  sam p le  b e c a u s e  o f  c o m p le te  o x i d a t i o n  o f  th e  c a t a l y s t .

O ls th o o rm  an d  B oelhouw er (8 )  h a s  c o n c lu d e d  t h a t  th e  

m e ta th e s i s  a c t i v i t y  i s  g e n e r a te d  by th e  r e d u c t io n  o f  t h e  c a t a l y s t  

(R e2 0 y /A l2 0 ^ ) w ith  o l e f i n s  (p ro p e n e  o r  h i g h e r  a l k e n e s ) .  S im u l t ­

a n e o u s ly ,  w a te r  i s  g e n e r a te d  w h ich  i s ,  f o r  t h e  g r e a t e r  p a r t ,  

a s s o c i a t i v e l y  a d s o rb e d  a t  room  t e m p e r a tu r e .  The i n i t i a l  

r e d u c t io n  o f  Re^"*  ̂ by o l e f i n  ( e . g .  p ro p e n e )  p r o b a b ly  o c c u r s  

a c c o rd in g  t o  t h e  r e a c t i o n  p ro p o s e d  by  P e a c o c k  e t  a l . ( 9 ) :

mC^Hg + Re^+ + 0^" —4 (  C ^ E ^ ) ■ + mOH" + me" (2 8 )

W here m i s  t h e  num ber o f  p ro p e n e  m o le c u le s  a t t a c k i n g  th e  Re ( i t  

may b e  b e tw ee n  z e ro  an d  t h r e e  ( 7 , 2 4 ) ) ; an d  th e  n e ig h b o r in g  R e(+7) 

i s  r e d u c e d  by  th e  f r e e  e l e c t r o n ( s )  a s  f o l lo w s :

me" + Re "̂*" --------^  Re^"^"°^^ ( 2 9 )

And w a te r  may be g e n e r a te d  s im u l ta n e o u s ly  i n  t h e  r e d u c t i o n  and
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perhaps during or a f t e r  th e  form ation o f  the hydroxyl groups*

The w ater generated  may he p a r t ly  adsorbed and b lock  th e s i t e s ,  

thus p reven tin g  th e  m etal from th e  attachm ent o f  o l e f in s .  Part 

o f  th e  w ater may be removed (38)* However, b efore  in tro d u ctio n  

o f  the o l e f i n ,  purging w ith  wet He(Cu) (sa tu ra ted  w ith  water a t  

room tem perature) exhausted e n t ir e ly  th e  m eta th esis  a c t iv i t y  

( s e e  chapter I l - C - a ) ,  The abnormally h igh  tem perature jump upon 

in tr o d u c tio n  o f  wet helium  (about 24  C*) su g g ests  th a t  some o f  

th e  m olecu les rea c ted  w ith  th e  su rface  and probably became 

hydroxyl groups, but th e  g re a te r  p art was a s s o c ia t iv e ly  adsorbed 

( 8 ) .  Such a m olecu le w i l l  bond to  two su rface  oxygen io n s  by 

very stron g  hydrogen bonds as (6 2 ):

/ ° \  / \
? f  ?  f  (30)
! I l l

The h y d ro x y l  g ro u p s  fo rm ed  o r  t h e  s t r o n g  h y d ro g e n  b o n d s  b e tw een  

w a te r  m o le c u le s  an d  th e  s u r f a c e  oxygen  i o n s  may be s t r o n g  enough 

to  r e s i s t  t h e  r e d u c t i o n  o f  t h e  c a t a l y s t  by o l e f i n s  i n t r o d u c e d ,

Rooney e t  a l . (1 0 )  h a v e  p ro p o s e d  a  m e ta l  h y d id e  m echanism  

f o r  t h e  i n i t i a t i o n  an d  t h e  t e r m i n a t i o n  o f  c a r b e n e - c h a in  c a r r i e r s .  

The c a r b e n e - c h a in  c a r r i e r s  a r e  su p p o se d  to  be  r e s p o n s i b l e  f o r  

o l e f i n  m e t a t h e s i s .  The m e ta l  h y d r id e  i s  fo rm ed  by  an  o x i d a t i v e  

a d d i t i o n  o f  h y d ro g e n  from  a d ja c e n t  h y d ro x y l  g ro u p  to  t h e  m e ta l  

i o n  i n  a  lo w  o r  i n t e r m e d i a t e  o x i d a t i o n  s t a t e ,  i . e .
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H H
6 0 I
I n+ /  \  I n  + 2 ( 3 0

Al M A l M

The m e ta l - c a r b e n e  i s  fo rm ed  by  t h e  s u b s e q u e n t  r e a c t i o n  

o f  an  o l e f i n  w i th  t h e  h y d r id e  i n v o l v i n g  s e q u e n t i a l l y  a  p -a d d ­

i t i o n  a n d  . ^ - e l i m i n a t i o n :

CH^ = CHR =  H^C -  CH^R HC -  CS^R
t ! ^  « (3 2 )
M-H M M-H

On t h e  o t h e r  h a n d . B anks e t  a l ,  ( 4 9 ,3 0 )  p ro p o s e d  t h a t  

o l e f i n  m e t a t h e s i s  o c c u r s  th r o u g h  p ro m o tio n  o f  e l e c t r o n s  from  

m o le c u la r  o r b i t a l s  c o m p r is in g  m e ta l  d - o r b i t a l s  and  o l e f i n  p i -  

o r b i t a l  s  t o  l e v e l s  c o m p r is in g  m e ta l  d - o r b i t a l s  and  o l e f i n  a n t i ­

b o n d in g  p i - o r b i t a l s .  The en h an cem en t o f  t h e  p i - o l e f i n - m e t a l  

b o n d in g  a l s o  f o l lo w s  t h i s  c o n c e p t .  W h a tev e r i t  i s ,  t h e  n e c e s s a r y  

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

f i l l e d  d - o r b i t a l s  i n ' t h e  t r a n s i t i o n  m e ta l  o f  t h e  c a t a l y s t .  The 

f i l l e d  d - o r b i t a l s  o f  t h e  m e ta l  may b e  a v a i l a b l e  by p a r t i a l  r e ­

d u c t io n .

I t  i s  r e c o g n iz e d  t h a t  t o  c r e a t e  f r e e  e l e c t r o n ( s )  from  

r e d u c t i o n  s h o u ld  consum e some r e a c t a n t s  ( e q u a t io n  2 8 ) .  The f r e e  

e l e c t r o n s  p r o v id e  t h e  s o u r c e  t o  f i l l  t h e  m e ta l  d - o r b i t a l s  ( e . g .  

Re'^ ) ,  Com pared t o  t h e  c a s e  t h a t  t h e  c a t a l y s t ,  p r e t r e a t e d  

i n  p ro lo n g e d  e v a c u a t io n  a t  room  te m p e r a tu r e  a f t e r  o x i d a t i o n ,  

e x h i b i t e d  no b r e a k - i n  ( F i g .  1 7 ) , an d  l e s s  a d s o r p t io n  o f  p ro p e n e  

(T a b le  4 ) ,  i t  may be  s u rm is e d  t h a t :
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t h e r e  a r e  a n io n  v a c a n c ie s  c r e a t e d  by  th e  p ro lo n g e d  e v a c u a t io n  

( t h e  c o l o r  o f  t h e  c a t a l y s t  i s  b r i g h t - p i n k )  w h ich  a r e  a l s o  r e s ­

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

s i t e s  a r e  s t i l l  com ing from  r e d u c t i o n  by  o l e f i n .  H ow ever, t h o s e  

a n io n  v a c a n c i e s  c r e a t e d  by p r o lo n g e d  e v a c u a t io n  a t  low  tem p­

e r a t u r e  h a v e  much l e s s  a b i l i t y  t o  r e s i s t  p o i s o n s  ( o th e r w i s e ,  

a d so rb * m o re  s t r o n g l y  t o  i m p u r i t i e s  o r  o l e f i n s ) ,  a n d  t h u s ,  t h e  

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

e x h i b i t s  much h i g h e r  d e a c t i v a t i o n  p o w e r. F o r  c o n v e n ie n c e , 

we d e s ig n a t e  t h e  a n io n  v a c a n c ie s  c r e a t e d  by p r o lo n g e d  e v a c u a t io n  

a s  A s i t e s ,  t h e  s i t e s  by o l e f i n  r e d u c t i o n  a s  B s i t e s .  The 

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

p r o f i l e s  due to  A s i t e s  and  B s i t e s .  B e ca u se  B s i t e s  a r e  i n  

c r e a s i n g " w i th  t im e ,  an d  A s i t e s  a r e  a lw a y s  d e a c t i v a t e d  by  o l e f i n s ,  

t h e  a p p e a ra n c e  o f  b r e a k - i n  i n  t h e  a p p a r e n t  a c t i v i t y  p r o f i l e  

w ould  be  d e te rm in e d  on  w h e th e r  B s i t e s  a r e  p re d o m in a n t  o v e r  A 

s i t e s .  B e fo re  t h e  s t r u c t u r e  o f  t h e  c a t a l y s t  i s  ch an g e d  o r  de­

s t r o y e d ,  i n c r e a s i n g  T^^ c o u ld  i n c r e a s e  t h e  num ber o f  A s i t e s  

( 2 9 , 3 0 ) ,  a n d  t h e  p re d o m in a n c e  o f  A s i t e s  o v e r  B s i t e s .  B ecau se  

o f  t h e  h ig h  d e a c t i v a t i o n  o f  A s i t e s  due to  p o i s o n s ,  i n c r e a s i n g

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

a r i s i n g  from  t h e s e  c o n s i d e r a t i o n s  a r e  shown to  be  i n  a c c o rd  

w i th  e x i s t i n g  e x p e r im e n ta l  d a t a  (show n i n  F ig ,  1? an d  T a b le  i f ) .

The h ig h  d e a c t i v a t i o n  o f  A s i t e s  may b e  a t t r i b u t e d  to  t h e i r  

a b i l i t y  t o  s t r o n g l y  a d s o rb  th e  r e a c t a n t  o r  p r o d u c t s  d u r in g
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t h e  i n i t i a t i o n  o f  n o rm a l c a rb e n e  c o m p le x e s . F o r  e x am p le , u s in g  

p r o p e n e ;
CHp
II + CH^— CH2"  CH— CH— CH^

+ CE^- CE—CE-7 / \
« - =  ^  CH-CH,

II + CE?—CEg—CE=CEg
M-E ^  ^  ^

T hose  p r o d u c t s ,  e . g .  b u te n e -1  o r  p e n te n e s  e t c .  (o b s e rv e d  i n

s t a t i c  s y s te m , b u t  n o t  i n  f lo w in g  sy s te m ) may be  fo rm ed  and

s t r o n g l y  a d s o rb e d  by  A s i t e s  an d  b lo c k  th em . Or A s i t e s  may

b e  r e d u c e d  f u r t h e r  by o l e f i n s  t o  an  i n a c t i v e  o r  l e s s - a c t i v e

o x i d a t i o n - s t a t e .  The w a te r  g e n e r a te d  from  c r e a t i o n  o f  B s i t e s

i s  a l s o  p r o b a b ly  s t r o n g l y  a d s o rb e d  a n d  b lo c k s  th e  A s i t e s .

U s u a l ly ,  t h e  p e r i o d  o f  b r e a k - i n  i s  l e s s  th a n  one h o u r .  By 

e x p o s in g  t h e  o x i d iz e d  c a t a l y s t  i n  f lo w in g  h y d ro g e n  a t  room 

te m p e r a tu r e , .o v e r n ig h t ,  t h e  a c t i v e  s i t e s  ( C - s i t e s )  w ould  be 

a l r e a d y  c r e a t e d  to  a  s a t u r a t e d  l e v e l .  So th e  s lo w  e le m e n ta ry  

s t e p s  (e q n  28 a n d  29 ) f o r  c r e a t i o n  o f  B s i t e s  w ould  be  s k ip p e d  

an d  b r e a k - i n  w ou ld  n o t  be  o b s e r v e d .  The e x p e r im e n ta l  d a ta  shown 

i n  F i g .  19 a r e  i n  a g re e m e n t w i th  t h e  ab o v e  p r e d i c t i o n s .

S i m i l a r  r e s u l t s  a r e  o b t a in e d  f o r  t h e  c a t a l y s t  p r e t r e a t e d  w ith  

o l e f i n s  ( e x c e p t  f o r  e th y l e n e  p r e t r e a t m e n t )  a n d  s t a t i c  p r e t r e a t ­

m en t i n  p ro p e n e  ( s e e  F i g .  2 1 , 2 2 ,2 3 ) .  B ecau se  e th y le n e  show s 

h a r d l y  any  r e d u c t i o n  c a p a c i ty  a t  room  te m p e r a tu r e  o v e r  

A l20^  ( 8 , 1 3 ) , t h e  c r e a t i o n  o f  B s i t e s  s h o u ld  be a c h ie v e d  by 

i n t r o d u c i n g  p ro p e n e  a n d  b r e a k - i n  s h o u ld  be  o b s e r v e d .
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H ow ever, i t  i s  i n t e r e s t i n g , s h o w n  i n  F i g .  1 5 , t h a t  

i s  h i g h e r  th a n  3 2 0 *C, t h e  o l e f i n  m e t a t h e s i s  a c t i v i t y  i s  

p ro n o u n c e d ly  i n c r e a s i n g  w ith  i n c r e a s i n g  an d  b r e a k - i n  i s  

o b s e r v e d  a g a in  a s  T g ^ > 3 5 0 * C . F o llo w in g  t h e  c o n c lu s io n s  by  

Tao and  S h e le f  ( 7 ) ,  we may a s c r i b e  t h e  a c t i v e  s i t e s  c r e a t e d  

by  e v a c u a t io n  a t  5 2 0  *0 t o  t h e  c r y s t a l l i n e

t h r e e - d im e n s io n a l  p h a s e .  The r e s u l t s  a l s o  s u g g e s t  t h a t

a t  T g ^ < 3 2 0 *C, d i s p e r s i o n  o f  t h e  c r y s t a l l i n e  p h a s e  i n t o  tw o - 

d im e n t io n a l  p h a s e  c o u ld  n o t  o c c u r .  O th e r  e v id e n c e  to  s u p p o r t  

t h i s  i d e a  i s  t h a t  t h e  c a t a l y s t  e x h i b i t s  no a c t i v i t y  when i t  

i s  r e d u c e d  by Eg a t  2 4 4 “ C, I n  t h i s  c a s e  rh e n iu m  w ou ld  be r e d u c e d  

t o  an  o x i d a t i o n  l e v e l  w h ich  i s  i n a c t i v e  t o  o l e f i n  m e t a t h e s i s .

The c r y s t a l l i n e  p h a s e  can  b e  r e d u c e d  to  S e^  by  Eg a t  350*0  ( 7 ) .

When Tg^ i n c r e a s e s  t o  a  v a lu e  h i g h e r  th a n  3 2 0 * 0 , th e  

c r y s t a l l i n e  p h a s e  c o u ld  be d i s p e r s e d  on t h e  s u r f a c e  an d  m ore 

a c t i v e  s i t e s  c o u ld  be  c r e a t e d  f o r  o l e f i n  m e t a t h e s i s .  A lth o u g h  

t h e r e  a r e  F c e n t e r s  o b s e r v e d  ( 7 ,2 5 ,2 4 )  and  a  ’’s h u t t l e "  c y c l e  

m echanism  h a s  b e e n  p ro p o s e d  ( 2 4 ) i n  w h ich  t h e  o x i d a t i o n  s t a t e  

o f  Re i s  ch an g e d  b e tw ee n  6+ and  7 +  ,  i t  i s  s t i l l  n o t  c e r t a i n  

t h a t  th e  F c e n t e r s  a r e  r e s p o n s i b l e  f o r  o l e f i n  m e t a t h e s i s .  I n  

F i g ,  15 ,1 8  a n d  T a b le  4 ,  t h e  r e s u l t s  show t h a t  a t  a  h i g h e r  T^^

( > 3 2 0 * 0 ) b r e a k - i n  i s  o b s e rv e d  a g a in  an d  th e  a d s o r p t io n  am ount 

o f  p ro p e n e  i s  l a r g e r .  The r e s u l t s  may s u g g e s t  t h a t  p a r t  o f  

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

f o r  o l e f i n  m e t a t h e s i s  b u t  n e e d  th e  r e d u c t i o n  and  c o m p le x a t io n
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iv i th  o l e f i n s ,  o r  t h e  s i t e - l o c a l i z e d  d i f f u s i o n  e f f e c t  becom es 

s i g n i f i c a n t  i n  t h i s  s i t u a t i o n .  D is p e r s io n  t r e a tm e n t  p ro b a b ly  

i n c r e a s e s  t h e  num ber o f  s i t e s  an d  th e  a c t i v i t y  p e r  s i t e ,

F i g s .2 2 ,  2 3 ,  and  2 4  show t h a t  t h e  a c t i v i t y  o r  t h e  num ber 

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

i s o l a t i o n  i n  s t a t i c  o l e f i n s  an d  e v a c u a t io n .  I t  i s  n o te d  t h a t  

th e  r e d u c t i o n  o f  t h e  c a t a l y s t  w i th  o l e f i n s  i s  a  s lo w  e le m e n ta ry  

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

l a t i n g  t h e  c a t a l y s t  i n  s t a t i c  p ro p e n e  an d  i t s  m e t a t h e s i s  p r o ­

d u c ts  ( e . g .  e th y e l e n e ,  b u te n e s  e t c . )  c o u ld  g iv e  c e r t a i n  s i t u ­

a t i o n s  o f  He a c c e s s i b l e  t o  r e d u c t i o n  by  th e  h ig h  c o n c e n t r a t i o n  

(c o m p a rin g  to  t h e  f lo w in g  sy s te m ) and  h ig h  r e d u c t i o n  a b i l i t y  

o f  p r o d u c t s  l i k e  c i s - b u t e n e - 2  o r  t r a n s - b u t e n e - 2 .  The r e d u c t io n  

may g e n e r a t e  m ore m e t a l - o l e f i n  c o m p lex e s  w h ich  a r e  r e v e r s i b l e  

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

by  p ro lo n g e d  e v a c u a t io n .  H ow ever, t h o s e  a c t i v e  s i t e s  h a v e  a  

s t r o n g  a b i l i t y  t o  a d s o rb  i m p u r i t i e s  o r  o l e f i n s ,  e s ­

p e c i a l l y  t h e  h i g h e r  o l e f i n s  ( t h a n  b u te n e s )  p ro d u c e d  d u r in g  

r e a c t i o n ,  so  t h a t  t h e  d e a c t i v a t i o n  o r d e r  i s  h ig h .

On r e d u c t i o n  w i th  Eg o r  , He c r y s t a l s  a r e  fo rm ed ; 

t h e r e f o r e ,  a  s i n t e r i n g  m u st o c c u r  ( 8 ) , A m echan ism  f o r  r e d u c t io n  

o f  MoO^/AlgO^ c a t a l y s t s  w i th  Eg h a s  b e e n  p ro p o s e d  ( 4 2 ) ,  I t  i s  

g e n e r a l l y  a c c e p te d  t h a t  t h e  HegO^/AlgO^ c a t a l y s t  c an  n o t  be 

c o m p le te ly  r e d u c e d  to  He*  ̂ m e ta l  by  Eg a t  500*C ( 7 ) ,  A c c o rd in g  

to  th e  h y d ro g e n  r e d u c t i o n  m echanism  ( 4 2 , 6 3 , 6 3 ,  6 6 ) ,



1 0 2

a n io n  v a c a n c ie s  c o u ld  be c r e a t e d  by r e d u c t i o n  a t  5 0 0 * C.

B ecau se  g r e a t e r  p a r t  o f  Re may b e  s i n t e r e d  an d  h y d r o x y l  g ro u p s  

may be  fo rm ed  w h ich  a r e  n o t  rem oved  a s  w a te r ,  t h e  a n io n  v a c ­

a n c i e s  a r e  p r o b a b ly  s c a r c e  on  t h e  s u r f a c e .  The s lo w  b r e a k - i n  

r a t e  o f  t h e  r e d u c e d  c a t a l y s t  (b y  a t  5 0 0 * C) shown i n  F i g , 19 

c o u ld  b e  a s c r i b e d  to  . . - a  ■ r e a c t i o n  c o n t r o l l e d  by  s i t e -  

l o c a l i z e d  d i f f u s i o n  e f f e c t s  ( 3 4 ) .  The r e s u l t  o f  h ig h  i n i t i a l  

r a t i o  o f  TB2/CB2 c lo s e  t o  -the e q u i l i b r iu m  v a lu e  c o u ld  s u p p o r t  

t h e  above  c o n s i d e r a t i o n ;  i t  w i l l  be  d i s c u s s e d  l a t t e r .  F i g ,  20 

show s t h a t  t h e  d i s p e r s e d  p h a s e  c o u ld  b e  r e d u c e d  by  a t  a b o u t 

5 0 5 *C an d  t h e  a c t i v e  s i t e s  o f  t h e  r e d u c e d  c a t a l y s t  a r e  s i t u a t e d  

on th e  Re w h ich  i s  h a r d  t o  be  r e d u c e d  by  Eg o n ly  (w ith o u t  d i s -  

p e n s io n  p r e t r e a tm e n i ) .

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

a  p a r t i a l l y  r e d u c e d  c a t a l y s t  by  a n  0^ p u l s e  ( T ig ,  9 an d  T a b le  5 )  

c o u ld  be  a s c r i b e  t o  th e  f a c t  t h a t  o x i d a t i o n  r e a c t i o n  h a s  o c c u r r e d  

i n  t h e  p r e s e n c e  o f  o l e f i n s  an d  c h a n g e s  t h e  Re t o  a n  o x i d a t i o n  

s t a t e  a t  w h ich  i t  i s  a c t i v e  f o r  o l e f i n  m e t a t h e s i s ,  i n  o t h e r  

w o rd s , t h e  s i n t e r e d  Re i s  s p r e a d  o u t  a g a in  b y  o x i d a t i o n .

I n  g e n e r a l ,  t h e  r a t i o  o f  TB2/CB2 i n c r e a s e s  p r o p o r t i o n a l l y  

t o  t h e  m e t a t h e s i s  a c t i v i t y  ( r e a c t i o n  r a t e )  b u t  t h e  r a t i o  o f  S /B  

i n c r e a s e s  i n v e r s e l y  ( F i g ,  5 ,  a n d  1 6 ) ,  H ow ever, t h e r e  i s  an  

e x c e p t io n  on  t h e  r e d u c e d  (b y  Eg a t  50 0 * C) c a t a l y s t  i n  w h ich  th e  

r a t i o  o f  TB2/CB2 d e c r e a s e s  p r o p o r t i o n a l l y  t o  t h e  a c t i v i t y  i n  

t h e  p e r i o d  o f  b r e a k - i n  ( F ig ,  1 9 ) ,
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I t  h a s  b e en  shown t h a t  th e  CB2 is o m e r  i s  t h e  i n i t i a l  

p r o d u c t  o f  p ro p e n e  m e ta th e s i s *  C o m b in a tio n  w i th  t h e  above  

r e s u l t s  s u g g e s t s  t h a t  t h e  t r a n s f o r m a t i o n  from  CB2 to  TB2 i s  

a  f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  o f  CB2-m e.tal co m p lex j a n d /o r  

c o n t r o l l e d  by  t h e  s t e r i c  f a c t o r s .  Shown i n  F i g .  19, t h e  h ig h  

i n i t i a l  TB2/CB2 r a t i o  c o u ld  be a t t r i b u t e d  to  no s t e r i c  e f f e c t s

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

on t h e  s u r f a c e .  On an  o x id iz e d  c a t a l y s t ,  t h e  lo w  v a lu e  o f  TB2/CB2

a t  t h e  b e g in in g  may be  due t o  t h e  s t e r i c  f a c t o r s  c a u s e d  by  th e

p r o d u c t s  g e n e r a t e d  d u r in g  th e  i n i t i a t i o n  o f  c a rb e n e  co m p lex es 

su c h  a s  1 - b u te n e ,  o r  p e n te n e s  e t c .  I n  t h e  o t h e r  c a s e s ,  when 

th e  a c t i v i t y  i s  d e c a y in g ,  t h e  p o is o n e d  s i t e s  a r e  p e rh a p s  o c c u p ie d  

by  some k i n d s  o f  p o ly m e rs  an d  p r o v id e  a  s t e r i c  n e tw o rk  to  

p r e v e n t  CB2 t r a n s f o r m a t i o n  t o  TB2. S o , we may c o n c lu d e  t h a t  

t h e  TB2/CB2 r a t i o  i s  l i m i t e d  by th e  s t e r i c  c o n f i g u r a t i o n  o f  

co m p lex e s  a ro u n d  t h e  s i t e s .

On t h e  o t h e r  h a n d , t h e  h ig h  i n i t i a l  r a t i o  o f  E/B  was 

a s c r i b e d  by  many a u th o r s  to  b u te n e s  b e in g  m ore s t r o n g l y  a d s o rb e d  

( 6 3 , 6 7 ) (We a l s o  o b s e rv e d  t h a t  b u te n e s  w ere  m ore s t r o n g l y  ad­

s o rb e d  t h a n  e t h y l e n e ) ,  B u t . i t  may b e ,  i n  p a r t ,  a t t r i b u t e d  to  

th e  f a c t  t h a t  t h e  y i e l d  o f  b u te n e s  i s  a  f u n c t i o n  o f  t h e  c o n - ' 

c e n t r a t i o n  o f  m e ta l - b u te n e s  c o m p le x e s , b e c a u s e  b e lo w  a  l e v e l  o f  

a c t i v i t y  t h e  y i e l d  o f  b u te n e s  d e c r e a s e d  p ro n o u n c e d ly  w i th  th e  

a c t i v i t y .  A t a  l e v e l  h i g h e r  th a n  a  c e r t a i n  a c t i v i t y ,  t h e  r a t i o  

o f  E /B  i s  l e s s  t i m e - d é p e n d e n t ev en  when t h e  a c t i v i t y  i s  d e c r e a s in g .
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I n  t h i s  r a n g e ,  t h e  a p p a r e n t  E /B  r a t i o  i s  l e s s  th a n  th e  s t o i ­

c h io m e t r i c  v a lu e  ( i . e .  u n i t y ) .  T h is  f a c t  may r e s u l t  from  

p a r t  o f  e th y l e n e  p r o d u c t  b e in g  c o n v e r te d  t o  p ro p e n e  o r  

b u t e n e s .  T h e r e f o r e ,  t h e  E /B  r a t i o  c a n  n o t  r e a c h  th e  s t o i c h i o ­

m e t r i c  v a lu e  b u t  d e p e n d s  upon  th e  k i n e t i c  f a c t o r s  ( s e e  n e x t  

s e c t i o n ) .

C. The E le m e n ta ry  S te p s  i n  O le f in  M e ta th e s is

The r e s u l t s  s u g g e s t  t h a t  o u r  k i n e t i c  e x p e r im e n ta l  d a ta  

c an  be c o r r e l a t e d  b e t t e r  th ro u g h  t h e  a lk y l i d e n e - c a r b e n e  com plex  

m ech an ism . T h a t i s ,  t h e r e  a r e ,  a t  l e a s t  two d i f f e r e n t  c a rb e n e  

c o m p lex e s  on  th e  c a t a l y s t  s u r f a c e  r e s p o n s i b l e  f o r  o l e f i n  m eta ­

t h e s i s  i n  t h e  p r o p a g a t io n  s t e p s .  I n  g e n e r a l ,  t h e s e  two com­

p l e x e s  w i l l  r e a c t  w i th  p ro p e n e  a t  d i f f e r e n t  r a t e s .  The fo l lo w in g  

e le m e n ta ry  s t e p s  c o u ld  be p ro p o s e d :

( a ) .  I n i t i a t i o n :

1 ) .  P + S = L ........................................................... (3 4 )

2 ) .  P + L = P L ......................................................... (3 5 )

3 ) .  PL = EL + ...........................................(3 6 )

4 ) .  PL = BL + A g ............................................ (3 7 )
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( b ) .  P r o p a g a t io n :

5 ) .  EL + P = P E L ....................................................... (3 8 )

6 ) .  PEL = E B L .......................................................(3 9 )

7 ) .  EBL .=  E + B L ........................................... (4 0 )

8 ) .  BL + P = P B L ............................... (4 1 )

9 ) .  PBL = B E L ....................................................... (4 2 )

1 0 ) . BEL = TBEL  ........................................... (4 3 )

n ) .  BEL = CB2 + E L ........................................... (4 4 )

1 2 ) .  TBEL = TB2 + E L ........................................... (4 5 )

( c ) .  S id e  R e a c t io n :

1 3 ) . 23  + EL = P + B L ........................................... (46 )

1 4 ) . E + EL + P = B + B L ............................................(4 7 )

( d ) .  T e r m in a t io n :

1 3 ) . L + I  = L I ..........................................................(4 3 )

1 6 ) . EL + I  = E L I ....................................................... (4 9 )

1 7 ) . BL + I  = B L I ....................................................... (5 0 )

’vVbere P i s  p ro p e n e ;  S i s  t h e  s i t e  w h ich  can  be  re d u c e d  by 

p ro p e n e  to  c r e a t e  t h e  m e t a t h e s i s  s i t e s  L; EL, M=CH^; BL,

A^, t h e  o l e f i n  m e t a t h e s i s  p r o d u c t s  ( s e e  e q n .3 3 ) .

From th e  e x p e r im e n ta l  r e s u l t s ,  i t  i s  c o n c lu d e d  t h a t :

( a )  i n  th e  c a s e  o f  no im p u r i ty  i n  th e  f e e d s t o c k ,  s t e p  1 i s  t h e  

s lo w e s t  s t e p  i n  t h e  i n i t i a t i o n ;  s t e p  9 i s  t h e  r a t e - d e t e r m i n i n g  

s t e p  i n  th e  p r o p a g a t io n .  The p r e s e n c e  o f  l i g a n d s  may i n c r e a s e  

t h e  r a t e  c o n s t a n t  o f  th e  e le m e n ta ry  s t e p  1 o r / a n d  s t e p  9 and  

c a u s e  th e  b r e a k - i n  r a t e  h ig h ;  (b ) . i n  th e  t e r m i n a t i o n ,  I  i s
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t h e  im p u r i ty  from  r e a c t a n t  o r  p r o d u c t s  o f  r e a c t i o n ;  t h e  

p r e s e n c e  o f  t h e  i m p u r i ty  c o u ld  d im in is h  t h e  a v a i l a b l e  m eta ­

t h e s i s  s i t e s  a n d  c a u s e  d e a c t i v a t i o n ;  ( c )  i n  e q u a t io n  4 3 , th e  

r a t e  c o n s t a n t  f o r  b u te n e  i s o m e r s  t r a n s f o r m a t i o n  i s  c o n t r o l l e d  

by  t h e  c o n f i g u r a t i o n  o f  c o c ^ le x e s  a ro u n d  th e  s i t e >  (d )*  a t  a  

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

c a u s e  t h e  E /B  r a t i o  l e s s  th a n  u n i t y ;  a n d  (e.) a t  a  lo w  l e v e l  

o f  a c t i v i t y ,  t h e  c o n c e n t r a t i o n  o f  BL i s  so  lo w  t h a t  t h e  r a t e  

o f  t h e  r a t e - d e t e r m i n i n g  s t e p  ( e q n .  4 2 ) i s  n e g l i g i b l e  co m p arin g  

w i th  t h a t  o f  s t e p  6 ( e q n .3 9 ) , ' and . t h u s  t h e  S /B  r a t i o  i s  h ig h  

( ^ 1 , 0 )  i n  t h i s  r a n g e  o f  a c t i v i t y .



CHAPTER V 

CONCLUSION

The k i n e t i c s  o f  o l e f i n  ( p r o p e n e ,  a n d  c i s - 2 - h n t e n e )  m e ta ­

t h e s i s  o v e r  3%S.e^r^ / c a t a l y s t s  p r e t r e a t e d  w i th  v a r i o u s  

c o n d i t i o n s  w ere  s t u d i e d .  A k i n e t i c  m odel w as d e v e lo p e d  . 

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

t h a t  may in v o lv e  c a t a l y s t  b r e a k - i n  a n d  d e a c t i v a t i o n  d e p e n d in g  

upon  t h e  p r e t r e a t m e n t  c o n d i t i o n s  an d  r e a c t i o n  t e m p e r a tu r e .

The m e t a t h e s i s  r a t e ,  b r e a k - i n  r a t e ,  a n d  d e a c t i v a t i o n  r a t e  o f  

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

e r a t u r e ,  p r e t r e a t m e n t  c o n d i t i o n s ,  r e a c t i o n  t e m p e r a tu r e ,  

r e a c t a n t  a n d  i t s  p a r t i a l  p r e s s u r e ,  a n d  i m p u r i t i e s  c o n ta in i n g  

i n  t h e  f e e d s to c k  e t c .  The e x p e r im e n ta l  d a t a  c a n  be c o r r e l a t e d  

b e t t e r  th r o u g h  t h e  d e v e lo p e d  k i n e t i c  m odel b a s e d  on b r e a k - i n  

a t  t h e  s e c o n d - o r d e r  a n d  d e a c t i v a t i o n  a t  an  o r d e r  b e tw ee n  one 

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

The phenom enon o f  b r e a k - i n  i n  p ro p e n e  m e t a t h e s i s  on th e  

c a t a l y s t  s t u d i e d  c an  be  o b s e rv e d  o n ly  a t  0*C r e a c t i o n  t e m p e r a tu r e .  

U s u a l ly ,  i t  a p p e a r s  on an  o x i d iz e d  c a t a l y s t  ( w i th o u t  an y  f u r ­

t h e r  t r e a t m e n t ) ,  on  a  •c a t a l y s t  t r e a t e d  w i th  d i s p e r s i o n
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p r e t r e a t m e n t  ( e v .  a t  5 0 0 * C ), o r  on  a r e d u c e d  c a t a l y s t  ( w i th  Sp 

a t  5 0 0 * 0 ) , The o c c u r r e n c e  o f  h r e a k - i n  c o u ld  be  due to  t h e  f a c t  

t h a t  t h e  n e c e s s a r y  r e d u c t i o n  s t e p  by  p ro p e n e  to  c r e a t e  a n io n  

v a c a n c i e s  f o r  m e t a t h e s i s  i s  a  s lo w  e le m e n ta ry  s t e p  ( f o r  o x i ­

d i z e d ,  o r  d i s p e r s e d  c a t a l y s t s ) ,  o r  t h a t  t h e  m e t a t h e s i s  r a t e  i s  

l i m i t e d  b y  s i t e - l o c a l i z e d  d i f f u s i o n  e f f e c t s  ( f o r  r e d u c e d  

c a t a l y s t ) .  The maximum m e t a t h e s i s  r a t e  (R „ ,_ )  o f  an  o x id iz e d  

c a t a l y s t  i s  p r o p o r t i o n a l  t o  a c t i v a t i o n  t e m p e r a tu r e ,  w h e re a s  

t h e  p e r i o d  o f  b r e a k - i n  d e c r e a s e s  l i n e a r l y  v /ith  i n c r e a s i n g  

C a t a l y s t s  r e d u c e d  i n  Ê  ̂ a t  5 0 0 *C a r e  i n i t i a l l y  i n a c t i v e  w i th  ■ 

a  p r o t r a c t e d  b r e a k - i n  p h a s e .  T h u s , t h e  g e n e r a t i o n  o f  a  c o o r -  

d i n a t i v e l y  u n s a t u r a t e d  m e ta l  p r o b a b ly  o f  an  i n t e r m e d i a t e  

o x i d a t i o n  l e v e l  ( f o r  R e, may be b e tw e e n  2+ an d  6+) i s  a  p r e ­

r e q u i s i t e  s t e p  f o r  o l e f i n  m e t a t h e s i s .  H ow ever, t h e  a c t i v i t y  

c a n  be . a f f e c t e d  by  t h e  ty p e  o f  l i g a n d  a s s o c i a t e d  w i th  th e  

m e t a l .  F o r  i n s t a n c e ,  CO2  c o u ld  p ro m o te  t h e  b r e a k - i n  r a t e  and  

t h e  a c t i v i t y  (R ^^ ^ ) o f  p ro p e n e  m e t a t h e s i s  o v e r  s u p p o r te d  

rh e n iu m  o x id e  c a t a l y s t s .

The d e ca y  i n  m e t a t h e s i s  a c t i v i t y  may b e  due to  t h e  

g e n e r a t i o n  o f  a  s u r f a c e  p o ly m e rs  ( e , g ,  p e n te n e s  ) an d  

i m p u r i t i e s  i n  t h e  f e e d s to c k  e t c .  The m e t a t h e s i s  s i t e s  may 

a d s o rb  t h e  p o ly m e rs  o r  i m p u r i t i e s  to o  s t r o n g l y  to  b e  a c t i v e .  

T h u s , t h e  d e a c t i v a t i o n  may d ep en d  on t h e  a d s o r p t i v e  c a p a c i ty  

o f  t h e  s i t e s  to  t h e  p o is o n ;^  w hose . a d s o r p t iv e  a b i l i t y  i s  

d e te rm in e d  by  t h e  ty p e  o f  t h e  m e t a t h e s i s  s i t e s  w h ich  a r e
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d e p e n d e n t upon  p r e t r e a t m e n t  c o n d i t i o n s .  A lso  t h e  r e a c t i o n  

t e m p e r a tu r e  i s  an  im p o r ta n t  f a c t o r  on t h e  a c t i v i t y  d e c a y . W ater 

i s  a  s e v e r e  m e t a t h e s i s  p o i s o n .  C arbon  d io x id e  can  n o t  o n ly  p r o ­

m ote  b r e a k - i n  r a t e  b u t  d e a c t i v a t i o n .

U s u a l ly ,  a  c a t a l y s t  s t u d i e d  i s  a c t i v a t e d  a t  a b o u t  500*C 

i n  d ry  o x y g e n . The m e t a t h e s i s  a c t i v i t y  o f  a  u s e d  c a t a l y s t  can  

b e  r e s t o r e d  by  t r e a t i n g  a t  t h e  same a c t i v a t i o n  t e m p e r a tu r e  i n  

d ry  o x y g en  e x c e p t  t h a t  t h e  c a t a l y s t  h a s  b e e n  r e d u c e d  w ith  

o r  by  d i s p e r s i o n  p r e t r e a t m e n t  a t  t h e  same o r  h i g h e r  t e m p e r a tu r e .  

VJhen t h e  c a t a l y s t  i s  a c t i v a t e d  w i th  oxygen  a t  i n c r e a s i n g  tem p­

e r a t u r e  s t a r t i n g  from  2 0 0 * 0 , t h e  a c t i v i t y  o f  p ro p e n e  m e ta th e s i s  

a t  0*0  can  b e  d e t e c t e d  b u t  becom e l a r g e  a f t e r  500 * 0 ,

D u rin g  a c t i v a t i o n  a t  5 0 0 * 0 , o xygen  i s  an  im p o r ta n t  

f a c t o r  to  m a in ta in  a  m e s o p e r rh e n a te  s t r u c t u r e  o f  rh e n iu m  o x id e s  

on  t h e  c a t a l y s t  s u r f a c e .  Even a  t r a c e  o f  oxygen  i n  t h e  a c t i v a t i o n  

g a s  ( e . g .  He) c a n  n o t  d e s t r o y  o r  change  t h e  s t r u c t u r e  i n  t h i s  

a c t i v a t i o n  c o n d i t i o n .  A f t e r  o x i d a t i o n ,  p u r g in g  v /ith  o x y g e n - f r e e  

h e liu m  i n c r e a s e s  t h e  a c t i v i t y  s i g n i f i c a n t l y ,  b u t  th e  same i s  

n o t  t r u e  w i th  t h e  c o m m erc ia l h e liu m  c o n ta in i n g  a  s m a ll  am ount 

o f  o x y g e n . To a  f r e s h  c a t a l y s t ,  h e a t i n g  t h e  c a t a l y s t  a t  a b o u t 

5 0 0 * C i n  o x y g e n - f r e e  h e liu m  c o u ld  a c t i v a t e  m ore p ro n o u n c e d  m e ta ­

t h e s i s  s i t e s  an d  s t a b i l i t y .  H ow ever, to  a  u s e d  c a t a l y s t ,  w ith  

t h e  same a c t i v a t i o n  ( iT ith o u t o x i d a t i o n  p r e t r e a t m e n t )  th e  a c t i v i t y  

c an  n o t  be r e s t o r e d  b u t  d e p en d s  on  i t s  h i s t o r y .
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On a n  o x y g e n - a c t iv a te d  c a t a l y s t  t h e  i n t e r p h a s e  d i f f u s i o n a l  

e f f e c t  w as n e g l i g i b l e  a t  i c e  an d  room  t e m p e r a tu r e s .

The a c t i v a t i o n  e n e rg y  o f  p ro p e n e  m e t a t h e s i s  o v e r  th e  

c a t a l y s t  a c t i v a t e d  w ith  t h e  s t a n d a r d  p ro c e d u re  i s  a b o u t  5 k c a l , ,  

b u t  v a r i e s  d e p e n d in g  on  th e  p r e t r e a t m e n t  c o n d i t i o n s .  F o r 

e x am p le , w i th  d i s p e r s i o n  p r e t r e a tm e n t  i t  i s  a b o u t. 2 ,8  k c a l .

About 10% or more of the sites available for propene 
metathesis are reversible.

U sin g  p . g .  p ro p e n e ,  a  h i g h e r  s p a c e  v e l o c i t y  a c c e l e r a t e d  

b o th  th e  b r e a k - i n  an d  d e a c t i v a t i o n  r a t e s ,  b u t  r e v e r s e  r e s u l t s  

w ere  o b ta in e d  f o r  r . g .  p ro p e n e .  T h is  o b s e r v a t io n  show s t h a t  

d e a c t i v a t i o n  i s  r e s u l t e d  n o t  o n ly  from  th e  i m u r i t i e s  i n  th e  

f e e d  b u t  from  th e  p o ly m e r p r o d u c t s .

I f  t h e  o x id iz e d  c a t a l y s t s  a r e  p r e t r e a t e d  by  e v a c u a t io n  

a t  v a r io u s  t e m p e r a tu r e ,  t h e  a c t i v i t y  show s two re g im e s  o f  q u i t e  

d i f f e r e n t  c h a r a c t e r i s t i c s  c e n te r e d  i n  t h e  n e ig h b o rh o o d  o f  3 2 0 'C. 

When T g .y < 3 2 0 'C , no b r e a k - i n  b u t  d ecay  was o b s e rv e d  and  th e  

a c t i v i t y  d e c r e a s e d  w ith  i n c r e a s i n g  T^.^. A t T g ^ > 3 2 0 'C ,  t h e  

a c t i v i t y  s h a r p l y  i n c r e a s e d  w ith  i n c r e a s i n g  T^^ and  b r e a k - i n  

a p p e a re d  a g a in ,  b u t  t h e  d e a c t i v a t i o n  was l e s s  d e p e n d e n t on T^.^.

A lso  th e  a d s o r p t io n  am oiïnt o f  p ro p e n e  a t  room  te m p e r a tu r e  

d e c r e a s e s  w ith  i n c r e a s i n g  T^.^ to  a  minimum a t  a b o u t  320* C, and  

i n c r e a s e s  a g a in  w i th  i n c r e a s i n g  T^.^, The r e s u l t s  s u g g e s t  t h a t  

t h e  a c t i v e  s i t e s  c r e a t e d  by  e v a c u a t io n  a t  T ^ .^ < 3 2 0 'C  a r e  l o c a t e d  

on th e  c r y s t a l l i n e  t h r e e - d im e n s io n a l  p h a s e  and  h a v e  w eak
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r e s i s t a n c e  t o  p o i s o n s  a n d  d i s p e r s i o n  o f  t h e  c r y s t a l l i n e  p h a s e  

i n t o  t h e  two d im e n s io n a l  p h a s e  c an  n o t  o c c u r .  When T g y >  520* C, 

t h e  d i s p e r s i o n  can  b e  a c c o m p lis h e d  an d  i n c r e a s e  t h e  num ber o f  

s i t e s  o r  t h e  m e t a t h e s i s  a c t i v i t y  p e r  s i t e .

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

w ith  a t  v a r i o u s  t e m p e r a tu r e .  B u t a t  5 0 0 * 0 , t h e  a c t i v i t y  i s  

low  an d  th e  b r e a k - i n  i s  p r o t r a c t e d , .  A t a  t e m p e r a tu r e  b e tw een  

200 a n d  3 5 0 * 0 , t h e  c a t a l y s t  i s  i n a c t i v e .  P e rh a p s  d e h y d r o x y la t io n  

can  n o t  be  a c c o m p lis h e d  a t  t h i s  t e m p e r a tu r e .  The m e t a t h e s i s  

a c t i v i t y  o f  t h e  r e d u c e d  c a t a l y s t  ( a t  500*0) may be  a s s o c i a t e d  

w i th  à  s m a ll  num ber o f  s i t e s  t h a t  r e s i s t  c o m p le te  r e d u c t i o n .

W ith  d i s p e r s i o n  p r e t r e a t m e n t ,  m ore s i t e s  can  be  r e d u c e d  to  

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

An 0^  p u l s e  i n t o  t h e  p ro p e n e  m e t a t h e s i s  sy s te m  p r o ­

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

(b y  d i s p e r s i o n  o r  r e d u c t i o n ) .  I n  t h i s  c a s e ,  o x i d a t i o n  r e ­

a c t i o n  may o c c u r  . even  a t  0*0  i n  th e  p r e s e n c e  o f  0̂  ̂ and  

p ro p e n e  and  c h a n g e s  t h e  o x i d a t i o n  l e v e l  o f  He to  a n  a c t i v e  o n e .

I s o l a t i n g  an  a c t i v a t e d  c a t a l y s t  i n  s t a t i c  p ro p e n e  f o r  

a  lo n g  t im e  a n d  e v a c u a t in g  o v e r n ig h t  a t  room  te m p e r a tu r e  

i n c r e a s e s  t h e  i n i t i a l  a c t i v i t y  up t o  k  t im e s  g r e a t e r  th a n  th e  

n o rm a l b u t  d e c a y s  r a p i d l y  w i t h in  one h o u r  t o  a  v a lu e  s l i g h t l y  

lo w e r  th a n  th e  n o rm a l. The i n i t i a l  a c t i v i t y  and  th e  d e a c t i v a t i o n  

r a t e  a r e  a  f u n c t i o n  o f  n o t  o n ly  t h e  i s o l a t i o n  t im e  b u t  th e  

e v a c u a t io n  t im e .
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I n  p ro p e n e  m e t a t h e s i s  s t u d i e s ,  1 -b u te n e  o r  h i g h e r  o l e f i n s  

w ere  n o t  o b s e rv e d  i n  a  f lo w in g  s y s te m , b u t  i n  a  s t a t i c  s y s te m .

I n  CB2 m e t a t h e s i s ,  p ro p e n e  w as o b s e rv e d  i n  e i t h e r  s y s te m , b u t  1 - 

b u te n e  a n d  h i g h e r  o l e f i n s  w ere  o n ly  o b s e rv e d  i n  s t a t i c  s y s te m . The 

i n i t i a l  a c t i v i t y  o f  CB2 m e t a t h e s i s  w as l a r g e  w i th  c o n v e r s io n  

a p p ro a c h in g  e q u i l i b r i u m ,  b u t  d e c a y s  r a p i d l y .

I n  g e n e r a l ,  t h e  TB2/CB2 r a t i o  i n c r e a s e s  p r o p o r t i o n a l l y  

t o  t h e  m e t a t h e s i s  a c t i v i t y  b u t  t h e  E /B  r a t i o  i n c r e a s e s  i n v e r s e l y .  

H ow ever, t h e r e  i s  a n  e x c e p t io n  o n  t h e  r e d u c e d  c a t a l y s t  ( a t  

500*C) i n  w h ich  t h e  TB2/CB2 r a t i o  d e c r e a s e s  p r o p o r t i o n a l l y  t o  

th e  a c t i v i t y  i n  t h e  p e r i o d  o f  b r e a k - i n .  CB2 i s  t h e  i n i t i a l  

p r o d u c t  i n  p ro p e n e  m e t a t h e s i s  s y s te m . The t r a n s f o r m a t i o n  may 

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

fo rm ed  a ro u n d  t h e  s i t e s .  The TB2/CB2 r a t i o  i s  u s u a l l y  l e s s  th a n  

t h e  e q u i l i b r i u m  v a l u e .  The E /B  r a t i o  a t  t h e  b e g in in g  d e p e n d s  

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

becom es c o n s t a n t  ev en  t h e  c a t a l y s t  a c t i v i t y  i s  d e c a y in g ;  w h e re  

t h e  c o n s t a n t  E /B  r a t i o  i s  l e s s  t h a n  t h e  s t o i c h i o m e t r i c  v a lu e .

T h is  may r e s u l t  fro m  some o f  e th y l e n e  p r o d u c t  b e in g  c o n v e r te d  

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

b u te n e s  i s  l i m i t e d  b y  t h e  r a t e - d e t e r m i n i n g  s t e p  so  t h a t  t h e  

E /B  r a t i o  i s  h i g h e r  th a n  u n i t y .

The a lk y l i d e n e - c a r b e n e  co m p lex  m echan ism  i s  fo u n d  

b e t t e r  c o r r e l a t e d  w i th  t h e  e x p e r im e n ta l  d a t a .



CHAPTER VI

RECOMMENDATIONS

F u r t h e r  s t u d i e s  o f  t h e  c a t a l y t i c  p r o p e r t i e s  o f  s u p p o r te d  

rh e n iu m  o x id e  c a t a l y s t s  a s  a  f u n c t i o n  o f  p r e t r e a t m e n t  c o n d i t i o n s  

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

a c t i v i t y ,  t h e  s t r u c t u r e ,  a n d  t h e  o x i d a t i o n  s t a t e  o f  R e, e t c .

The s t r u c t u r e  o f  t h e  c a t a l y s t  a n d  t h e  o x i d a t i o n  s t a t e  o f  Re 

c a n  b e  c h an g e d  i n  te rm s  o f  p r e t r e a t m e n t  c o n d i t i o n s .  The im­

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

o x y g e n , p u r e l y  i n e r t  g a s ,  vacuum , o l e f i n s ,  an d  h y d ro g e n  a t  

v a r i o u s  t e m p e r a t u r e .  B a se d  on t h o s e  p r e t r e a t m e n t s ,  some s p e c i a l  

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

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

The f o l lo w in g  g e n e r a l  t y p e s  o f  e x p e r im e n ts  c l a s s i f i e d  

i n  te rm s  o f  e x p e r im e n ta l  t e c h n iq u e s  a r e  recom m ended f o r  f u r t h e r  

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

A. K i n e t i c  S t u d i e s

( a )  Use ■ v a r i o u s  l i g h t  o l e f i n s  a s  r e a c t a n t  t o  d e te rm in e  

t h e  v a r i a t i o n  i n  t h e  a c t i v i t y  o f  s u p p o r te d  rh e n iu m  o x id e  from  

b r e a k - i n  th ro u g h  d e c a y  a s  a  f u n c t i o n  o f  p r e t r e a t m e n t  v a r i a b l e s .
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r e a c t i o n  t e m p e r a tu r e  (b e lo w  room  te m p e r a tu r e )  , and  p a r t i a l  

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

m o n ito re d *

(b )  D e te rm in e  p ro p e n e  an d  b u te n e  y i e l d  from  e th y le n e  

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

v a r i o u s  o l e f i n s ,

( c )  S im la r  to  a ,  and  b ,  b u t  a s  a  f u n c t i o n  o f  Re l o a d i n g s ,

(d )  D e te rm in e  m ass t r a n s f e r  e f f e c t s ,

( e )  U s in g  TGA to  d e te rm in e  t h e  k i n e t i c s  o f  r e d u c t io n  

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

c o n d i t i o n s  ( 4 2 ) ,  ( f ) .  S i m i la r  to  S e c t io n  I I I - F ,

B, V o lu m e tr ic  A d s o rp t io n  S tu d y

( a )  U s in g  e th y l e n e ,  a n d  TB2 to  d e te rm in e  a d s o rp ­

t i o n  i s o th e r m s  a s  a  f u n c t i o n  o f  p r e t r e a t m e n t  v a r i a b l e s .  A lso  

m o n i to r  c h a n g e s  o f  c o m p o s i t io n  an d  s e l e c t i v i t y ,

(b )  D e te rm in e  d e p en d e n ce  o f  o l e f i n  a d s o r p t io n  on  th e  

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

( c )  Use o xygen  and  h y d ro g e n  to  d e te rm in e  a d s o r p t io n  

i s o th e r m s  and  f i g u r e  o u t  o x i d a t i o n  l e v e l  a s  a  f u n c t i o n  o f  

p r e t r e a t m e n t  v a r i a b l e s .

C, DGA, DTA, an d  TPD.

( a ) .  Q u a n t i t a t i v e l y  d e te rm in e  Re l o s s  d u r in g  p r e t r e a t ­

m ent by  DGA ( d i f f e r e n t i a l  g r a v i m e t r i c  a n a ly z e r )  o r  q u a l i t a t ­

i v e l y  b y  l i q u i d  n i t r o g e n  t r a p ,

( b )  D e te rm in e  t e m p e r a tu r e  ch an g e  p r o f i l e s  o f  t h e  c a t a l y s t s
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d u r in g  p r e t r e a t m e n t  an d  r e a c t i o n ,b y  DTA ( d i f f e r e n t i a l  th e rm a l  

a n a l y z e r ) .

( c )  D e te rm in e  t h e  h e t e r o g e n e i t y  o f  t h e  c a t a l y s t s  by 

TPD ( te m p e ra tu re -p ro g ra m m e d  d e s o r p t i o n ) •

( d ) .  Use m o is tu r e  a n a ly z e r  t o  q u a n t i t a t i v e l y

d e te rm in e  w a te r  g e n e r a t i o n  d u r in g  r e a c t i o n  a n d  w a te r  rem o v a l 

d u r in g  p r e t r e a t m e n t  an d  i t s  r e l a t i o n  to  t h è  a c t i v i t y .

( e )  S i m i l a r  t o  t h e  w ork  p r e s e n t e d  by  H a l l  e t  a l .  (6 3 t  

6 5 ) s d e te rm in e  th e  num ber o f  a n io n  v a c a n c ie s  a s  a  f u n c t i o n

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

an d  c o n n e c t  t h e  in f o r m a t io n  w ith  th e  v a r i a t i o n  o f  t h e  a c t i v i t y ,  

t o  d e te rm in e  t h e i r  r e l a t i o n s h i p s .

D. P u ls e -T e c h n iq u e  A n a ly s is

( a )  Use o x y g e n - f r e e  h e liu m  a s  c a r r i e r  g a s  a n d  a p p ly  

p u l s e  te c h n iq u e  to  i n j e c t  o l e f i n s  ( e t h y e l e n e ,  p ro p e n e  o r  TB2) 

a s  p ro b e  r e a c t a n t  an d  q u a n t i t a t i v e l y  d e te rm in e  th e  w a te r  p r o ­

d u c e d , t h e  c o m p o s it io n  an d  s e l e c t i v i t y  o f  p r o d u c t s .

I n f o rm a t io n  on th e  e le m e n ta ry  s t e p s  an d  t h e i r  r a t e  c o n s t a n t s  

c an  th e r e b y  be o b t a i n e d ,

(b )  P u l s e s  o f  a c t i v a t o r s  ( e . g .  0 ^ )  an d  p o is o n s  ( e . g .

H^O) can  be i n t r o d u c e d  and  th e  r e s p o n s e  o f  t h e  sy s te m  fo l lo w e d  

to  a s s e s s  t h e  n a tu r e  o f  th e  a c t i v e  s i t e s .

( c )  P u l s e s  o f  Q>2_ ^ 2  can  be i n t r o d u c e d  an d  m o n ito re d  

to  d e te rm in e  th e  l e v e l  o f  o x i d a t i o n  and  r e d u c t i o n  o f  t h e  s u r f a c e  

a f t e r  v a r io u s  p r e t r e a t m e n t .
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E , M ass S p e c t r o m e t r y

( a )  P u l s e s  o f  i s o t o p i c a l l y  l a b e l l e d  oxygen  can  be  u s e d  

to  a s s e s s  t h e  r o l e  an d  e x c h a n g a b i l i t y  o f  l a t t i c e  oxygen  d u r in g  

th e  r e a c t i o n .  A lso  p u l s e s  o f  d e u t e r a t e d  e th y le n e  can  b e  u se d

to  m o n ito r  t h e  m e t a t h e s i s  a c t i v i t y  u n d e r  a d s o r p t io n  e q u i l i b r iu m  

c o n d i t i o n s  a f t e r  v a r i o u s  p r e t r e a t m e n t ,

(b )  I s o t o p i c a l l y  l a b e l l e d  t r a n s - 2 - b u t e n e  can  b e  u s e d  

to  d e te rm in e  t h e  m echan ism  o f  m e t a t h e s i s  an d  to  e x p la in  how ' 

p ro p e n e  i s  p ro d u c e d  i n  t h e  TB2 m e t a t h e s i s  s y s te m ,

F , S p e c i f i c  P o is o n in g  T e c h n iq u e s . ( 8 ,2 0 ,2 9 ,3 0 ,3 7 )

( a )  W ith  t h e  h e lp  o f  I P ,  d e te rm in e  th e  a c t i v e

s i t e s  r e s p o n s i b l e  f o r  m e t a t h e s i s ,  an d  i s o m e r i z a t i o n  an d  th e  

B ro n s te d  a c i d i c  s i t e s  an d  L ew is a c i d i c  an d  b a s i c  s i t e s  e t c ,

(b )  D e te rm in e  t h e  m echan ism  o f  t r a n s f o r m a t i o n  o f  CB2

an d  TB2,
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APPENDICES

A . M echanism s and  K i n e t i c  M odels o f  O l e f i n  M e ta th e s is

T h e re  a r e  two p l a u s i b l e  r e a c t i o n s  w h ich  l e a d  to  t h e  

o b s e r v e d  p r o d u c t s  o f  o l e f i n  m e t a t h e s i s  ( 2 ) .  One p o s s i b i l i t y  

in v o lv e s  c le a v a g e  o f  a  c a r b o n -c a rb o n  s i n g l e  bond  a d j a c e n t  to  

t h e  d o u b le  bond  an d  t r a n s f e r  o f  a l k y l  g r o u p s .  T h is  c a s e  i s  

a  t r a n s a l k y l a t i o n  r e a c t i o n .  A n o th e r  i n v o lv e s  c le a v a g e  and  

s c r a m b l in g  o f  t h e  d o u b le  b o n d s , a  t r a n s a l k y l i d e n a t i o n  r e a c t i o n .  

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

i n  p a g e  123 .

Mol e t  a l . ( 5 0  a n d  C la rk  e t  a l . (3 )  a n a ly z e d  t h e  p r o d u c t s  

fo rm ed  i n  t h e  h e te r o g e n e o u s ly  c a t a l y z e d  m e t a t h e s i s  o f  p ro p e n e  

l a b e l e d  w ith ^ ^ C .F ro m  (2 - ^ ^ C ) - p r o p e n e ,  t h e  r a d i o a c t i v e  c a rb o n  

w as fo u n d  i n  t h e  b u te n e  p r o d u c t  n o t  i n  t h e  e th y l e n e ,  from  (1 -  

^ ^ C )-p ro p e n e  th e  r a d i o a c t i v i t y  w as fo u n d  i n  t h e  e th y l e n e ,  and  

from  ( 3 - - p r o p e n e  t h e  b u te n e s  p r o d u c t  w as r a d i o a c t i v e ,  

C a ld e ro n  e t  a l  (5 2 )  o b t a i n e d  a n a lo g o u s  r e s u l t s  from  th e  r e a c t ­

i o n s  o f  2 - b u te n e  an d  2 - b u te n e - d g ,  t h e  o n ly  new p r o d u c t  was 2 -  

b u te n e - d ^ .  A l l  t h e  i n f o r m a t i o n  r u l e d  o u t  t h e  t r a n s a l k y l a t i o n  

m echan ism  an d  t h e  p i - a l l y l i c  i n t e r m e d i a t e  m echan ism  ( 2 ) .  So, 

t h e  t r a n s a l k y l i d e n a t i o n  m echan ism  w ould  be  m ore a c c e p t i b l e  to

1.21
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a c c o u n t  f o r  t h e  d i s p r o p o r t i o n a t i o n  o f  o l e f i n s .

B radshaw  e t  a l . (5 3 )  p ro p o s e d  t h a t  t h e  o l e f i n  m e t a t h e s i s  

p ro c e e d e d  v i a  a  " q u a s i - m e ta l - c y c lo b u t a n e  co m p lex "  i n t e r m e d i a t e .  

Mango e t  a l .  (5 4 )  s u g g e s te d  from  c a l c u l a t i o n s  a n d  o r b i t a l  sym­

m e try  c o n s i d e r a t i o n s  t h a t  t h e  r e a c t i o n  c o u ld  p r o c e e d  by  th e  

sam e m echan ism  i n  a  c o n c e r t e d  f a s h i o n  w i th  a  lo w  a c t i v a t i o n  

e n e r g y .  T h is  m echanism  i s  shown i n  p a g e  1 2 4 .

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

t h e  c o n c e r t e d ,  d i o l e f i n ,  p a i r w i s e  sch em e , o t h e r  m ech an ism s w ere  

c o n s id e r e d .  One o f  t h e s e  w as a  p a i r w i s e ,  n o n c o n c e r te d  schem e 

(show n i n  p a g e i2 4 )  ( 5 3 ) .  T h is  m echan ism  r e q u i r e d  a  t e t r a m e th y l e n e  

m é t a l l o c y c le  a s  an  i n t e r m e d i a t e .  E v id e n c e  f o r  t h e  r e a r r a n g e m e n t  

o f  m e t a l l o c y c l e  came from  t h e  i n v e s t i g a t i o n  o f  1 , 4 - d i l i t h i o b u t a n e  

w i th  t u n g s t e n  h e x a c h lo r i d e .  H ow ever, a s  w i th  any  m odel s tu d y  

o r  m e c h a n i s t i c  s tu d y  i n v o lv i n g  th e  p r e p a r a t i o n  o f  i n t e r m e d i a t e s ,  

t h e  r e s u l t s  o n ly  d e m o n s tr a te  w ha t i s  p o s s i b l e  b u t  may h a v e  no 

r e l a t i o n s h i p  to  t h e  r e a c t i o n  u n d e r  s tu d y  ( 4 0 ) .

The o t h e r  m ech an ism , n o n - p a i r w is e  c h a in  r e a c t i o n ,

(show n i n  p a g e  125) in v o lv e d  a  c h a in  r e a c t i o n  i n  w h ich  a  c a r b e n e -  

m e ta l  com plex  w as t h e  a c t i v e  s i t e s .  H é r is s o n  an d  C h au v in  (5 6 ) 

p ro p o s e d  t h i s  c a rb e n e  m echan ism  i n  1970 an d  s u g g e s te d  t h a t  t h i s  

schem e w ould  a c c o u n t  f o r  t h e  p r o d u c t s  an d  g e n e r a l  c h a r a c t e r i s t i c s  

e q u a l ly  w e l l  a s  t h e  p a i r w i s e  sc h e m e s . T h is  m echan ism  h a s  b e e n  

e x am in ed  by  G rubbs e t  a l .  (4 0 )  u s i n g  m ix tu r e s  o f  1 , 7 - o c t a d ie n e  

an d  1, 7 - o c t a d i e n e - 1 , 1 ,8 ,8 - d ^  a s  t h e  o l e f i n s  and  t h r e e  b a s i c a l l y
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MECHANISM

I. TRANSALKLI DENATION
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mCM 4# , NON PAIRWISE CHAIN M# (carbene-complex)
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d i f f e r e n t  c a t a l y s t  s y s te m s .  They c o n c lu d e d  t h a t  t h e  r e s u l t s  

o b t a i n e d  w ere  m o st c o n s i s t e n t  w i th  t h i s  mechanism. From k i n e t i c  

s t u d i e s .  Mol a n d  E i j n  (4 1 )  o b t a i n e d  a n a lo g o u s  c o n c lu s io n  to  

s u p p o r t  t h i s  c a rb e n e  m echan ism .

E ven  th o u g h  much e v id e n c e  h a s  b e e n  o b t a in e d  t h a t  o l e f i n  

m e t a t h e s i s  an d  r in g - o p e n in g  p o l y m e r iz a t i o n  o f  c y c lo a lk e n e s  a r e  

c h a in  r e a c t i o n s ,  w i th  c a rb e n e  a s  t h e  c h a in  c a r r i e r  r e v e r s i b l y  

r e a c t i n g  w i th  c o m p le te d  a lk e n e s  t o  g e n e r a t e  new c a r b e n e s  a n d  

a lk e n e s  v i a  i n t e r m e d i a t e  m e t a l l o c y c lo b u t a n e s ,  t h e  n e x t  p ro b le m  

b e in g  r a i s e d  i s  t h e  i n i t i a t i o n  o f  c a rb e n e  c o m p le x e s , Rooney 

e t  a l ,  (1 0 )  o b t a i n e d  good  e v id e n c e  t h a t  m e ta l  h y d id e s  w ere  r e ­

s p o n s ib l e  f o r  r i n g - o p e n i n g  p o ly m e r iz a t io n  a n d  d im e r i z a t i o n  

r e a c t i o n s  o f  n o rb o rn e n e  c a t a l y z e d  by  s e v e r a l  t r a n s i t i o n  m e ta l  

h a l i d e s .  U s in g  t h e  same t e c h n iq u e s  t h e y  d e t e c t e d  h y d r id o tu n g s te n  

c o m p lex e s  i n  a  t u n g s t e n  co m p lex  m e t a t h e s i s  c a t a l y s t  i n  b e n z e n e  

s o l u t i o n .  They c o n c lu d e d  t h a t  t h e  r o l e  o f  h y d r id e  was t o  i s o -  

m e r iz e  o l e f i n  r e v e r s i b l y  t o  c a rb e n e  c o m p le x e s  v i a  m e ta l  a l k y l  

f o r m a t io n ,  th e r e b y  p r o v id in g  c a rb e n e  i n i t i a t i o n .

The k i n e t i c  s tu d y  i s  a  fo rm a l  m e th o d  o f  i n v e s t i g a t i n g  

t h e  c h a r a c t e r i s t i c s  a n d  t h e  m echan ism  o f  a  c h e m ic a l  r e a c t i o n  

s y s te m . From t h a t  we c o u ld  d e v e lo p  a  m a th e m a tic  m odel t o  t h e  

o b s e rv e d  f a c t  a n d  r e a s o n a b ly  p r e d i c t  t h e  p r o p e r t i e s  o f  a n o th e r  

s i m i l a r  r e a c t i o n  s y s te m .

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

f r e e  o f  t h e  d i f f u s i o n  l i m i t a t i o n ,  t h e r e  a r e  t h r e e  s t e p s  i n  t h e
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o v e r a l l  p r o c e s s  o f  c a t a l y s i s .  They a r e : ( 1) t h e  a d s o r p t io n  o f  

t h e  r e a c t a n t  on  t h e  c a t a l y s t  s u r f a c e ,  ( 2 ) t h e  s u r f a c e  r e a c t i o n  

o f  th e  a d s o r b e d  r e a c t a n t ,  a n d  ( 3 ) t h e  d e s o r p t io n  o f  t h e  p r o d u c t s  

from  t h e  s u r f a c e .

I n  t h e  a d s o r p t i o n  s t u d i e s ,  B ru n a u e r  e t  a l .  (3 7 )  h a s  

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

p a g e  1 3 0 ) .  L in  e t  a l .  (1 5 )  fo u n d  t h a t  i s o th e r m s  f o r  a d s o r p t io n  

o f  e th y le n e  on  a lu m in a  s u p p o r te d  rh e n iu m  o x id e s  u n d e r  3 0 0  t o r r  

p r e s s u r e  c o u ld  b e  m ore f a i t h f u l l y  r e p r e s e n t e d  by  t h e  F r e u n d l ic h  

e q u a t io n  th a n  by  t h e  L angm uir i s o th e r m .

T h e re  a r e  t h r e e  k in d s  o f  k i n e t i c  m o d e ls  p ro p o s e d ;

( a ) .  H id e a l  M odel (p a g e  133 )

I t  i s  b a s e d  upon  t h e  assum ed  i n t e r a c t i o n  o f  an  a d s o rb e d  

s p e c i e s  a n d  s p e c i e s  from  th e  g a s  p h a s e  s t r i k i n g  t h e  s u r f a c e  o r  

s p e c i e s  i n  a  s t a t e  o f  p h y s i c a l  a d s o r p t i o n .  B e g le y  an d  W ilson  

(5 8 )  c o n c lu d e d  from  t h e i r  k i n e t i c  s t u d i e s  o f  p ro p e n e  m e t a t h e s i s  

o v e r  t u n g s t e n - s i l i c a  c a t a l y s t  a t  h ig h  p r e s s u r e  r a n g e  (u p  to  

900 p s i a )  t h a t  t h e  H id e a l  m odel f i t t e d  t h e  d a t a  b e t t e r  th a n  

o t h e r s .

( b )  L a n g m u ir-H in sh e lw o o d  M odel (L -H ) (p a g e  1 3 4  an d  135)

I t  i s  p o s t u l a t e d  t h a t  t h e  r e a c t i o n  o c c u r s  b e tw ee n  two

c h e m is o rb e d  m o le c u le s .  I t  i s  c o n c e iv a b le  t h a t  t h e  two c h e m iso rb e d  

m o le c u le s  a r e  e i t h e r  a d s o rb e d  on  th e  two a c t i v e  s i t e s  w hich  

a r e  l o c a l i z e d  a t  t h e  same a c t i v e  c e n t e r  (L-H B) o r  i n d i v i d u a l l y  

a t  two n e ig h b o r in g  a c t i v e  c e n t e r s  (L-H A ), The L-H m odel o f
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r e a c t i o n  r a t e  i s  d e v e lo p e d  on  t h e  a s s u m p tio n  t h a t  t h e  s u r f a c e  

r e a c t i o n  s t e p  i s  t h e  r a t e  d e te r m in in g  s t e p .

( c )  C arb en e -C o m p lez  M odel (p a g e  136 a n d  137)

I t  i s  b a s e d  on  a lk e n e  (CMC A) o r  a l k y l i d e n a t i o n  (CMC B) 

c o m p lex e s  a s  a c t i v e  s i t e s ,  t h e  num ber o f  t h e s e  b e in g  in d e p e n d e n t  

o f  t h e  a lk e n e  p r e s s u r e  i n  t h e  g a s  p h a s e .

W i l l s  e t  a l .  ( 3 9 ,6 0 )  u t i l i z e d  t h e  i n i t i a l  d i f f e r e n t i a l  

r a t e  m o d e ls  a s  a  m ethod  f o r  t e s t i n g  t h e  m e t a t h e s i s  m echanism  

o f  p ro p e n e  o v e r  a  CoO-MoO^-Al^O^ c a t a l y s t  i n  t h e  te m p e r a tu r e  

r a n g e  3 9 4 -4 7 8 *K an d  p r e s s u r e  1— 9 a tm . The e x p e r im e n ta l  d a ta  

w ere  w e l l  c o r r e l a t e d  by  th e  L-H d u a l  s i t e  s u r f a c e  r e a c t i o n  m o d e l. 

They a l s o  s t u d i e d  th e  m e t a t h e s i s  o f  p ro p e n e  o v e r  10%W0^ on s i l i c a  

g e l  c a t a l y s t  u s in g  t h e  same t e c h n i q u e s .  R e a c t io n  te m p e r a tu r e  

r a n g e d  from  3 99— 454*C an d  p r e s s u r e  from  1----- 9 a tm . S i m i la r

r e s u l t s  w e re  o b t a i n e d  a n d  th e y  c o n c lu d e d  t h a t  t h e  L -S . m odel 

was c o r r e l a t e d  w i th  t h e  d a t a  b e t t e r  th a n  t h e  R id e a l  m odel o v e r  

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

I n  t h e  s tu d y  o f  t h e  r a t e  t e m p e r a tu r e  maximum f o r  o l e f i n  

m e t a t h e s i s  o n  C o0-M o0^-A l20^ c a t a l y s t ,  M o ffa t  an d  C la r k  (2 2 ) 

c o n c lu d e d  t h a t  t h e  L-H m odel a p p l i e d  b e t t e r  t o  t h e  h e t e r o ­

g e n e o u s  s u r f a c e  r e a c t i o n  an d  c o u ld  be  u s e d  t o  d e s c r i b e  b o th  t h e  

g e n e r a l  k i n e t i c s  an d  o t h e r  c h a r a c t e r i s t i c s  su c h  a s  t h e  o b s e rv e d  

k i n e t i c s  b e lo w  T ^^^ , t h e  o b s e rv e d  r a t e - t e m p e r a t u r e  maximum; th e  

s h i f t  i n  w i th  d e c r e a s in g  p ro p e n e  p r e s s u r e ;  t h e  d e c r e a s e

i n  T ^ ^  w i th  d e c r e a s in g  c a t a l y s t  a c t i v i t y  and  t h e  a b n o rm a lly  

low  a p p a r e n t  h e a t  o f  a d s o r p t i o n .
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D av ie  e t  a l ,  ( 3 0  fo u n d  t h a t  t h e  r a t e  c o n t r o l l i n g

s t e p  was a  s u r f a c e  r e a c t i o n  b e tw e e n  two a d j a c e n t l y  a d s o rb e d  

p ro p e n e  m o le c u le s ,  i . e .  t h e  L-H m echan ism . T h is  c o n c lu s io n  was 

o b ta in e d  from  a  s tu d y  o f  t h e  k i n e t i c s  o f  p ro p e n e  m e ta th e s i s  

on  a  a lu m in a - s u p p o r te d  m olybdenum  h e x a c a rb o n y l  c a t a l y s t  i n  a  

s t a t i c  sy s te m  a t  t e m p e r a tu r e  b e tw ee n  2 9 0 — 3 5 0 *K w ith  p ro p e n e  

p r e s s u r e s  i n  t h e  ra n g e  0 . 3 — 2 0 .  kNm" ( 3 . 7 5 — 150  t o r r ) .

L in  e t  a l .  (1 3 )  s t u d i e d . t h e  k i n e t i c s  o f  p ro p e n e

m e t a t h e s i s  on 10 . 9 5 % 'Re^Or^/Al^O^ c a t a l y s t  a t  lo w  te m p e r a tu r e s  

(2 5 — 6 8 *C ). They c o n c lu d e d  t h a t  t h e  r a t e  o f  r e a c t i o n  w as p r o ­

p o r t i o n a l  t o  t h e  p a r t i a l  p r e s s u r e  o f  p ro p e n e  t o  th e  1. 4 t h  pow er 

f o r  p r e s s u r e s  e q u a l  t o  o r  l e s s  th a n  one a tm o sp h e re  and  th e  L-H 

m odel f i t t e d  t h e  d a t a  b e t t e r  th a n  th e  H id e a l  m o d e l. H ughes ( 6 1 ) 

fo u n d  th e : .o r d e r  w i th  r e s p e c t  to  2 - p e n te n e  to  be  b e tw een  0 . 7 —  

1 . 7 , d e p e n d in g  on  th e  a lk e n e  to  c a t a l y s t  r a t i o .

On t h e  b a s i s  o f  t h e  d a ta  o f  L ew is e t  a l .  (6 2 )  an d  H a t-  

t i k u d u r  and  T hodos ( 6 3 ) ,  5 i j n  and  Mol ( 4 1 ) com pared  th e  k i n e t i c  

m o d e ls  o f  L-H A a n d  B, a n d  c a rb e n e -c o m p le x  A a n d  B, a p p ly in g  

n o n l i n e a r  r e g r e s s i o n  to  t h e  i n i t i a l  r a t e  e q u a t io n s  an d  t h e i r  

i n t e g r a t e d  fo rm s . By c o m p a rin g  th e  H id e a l  m odel and  L-H m odel, 

L ew is  e t  a l ,  an d  T hodos e t  a l .  c o n c lu d e d  t h a t  t h e  L-H d u a l - s i t e  

m echanism  was f o l lo w e d .  However H i jn  an d  Mol d e m o n s tra te d  t h a t  

t h e  e x p e r im e n ta l  l i t e r a t u r e  d a ta  can  be c o r r e l a t e d  j u s t  a s  w e l l  

o r  even  b e t t e r  th ro u g h  k i n e t i c  m o d e ls  b a s e d  on th e  c a rb e n e  

com plex  s i n g l e - s i t e  m echanism .
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Type I:: Langmuix" Isotlierm:

T

F/P,

Type III;

Type V

F/E,

E/B,

Type IV:

P /P ,

Fig-#. 5 ClassdLfication of .
Adsorption Isotherms
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ADSORPTION ISOTHERMS

LANGMUIR ISOTHERM

KP
1 + KP OK

H BRUNAUER. LOVE. KEENAN ISOTHERM

be ced  -

RT ,  1 _______________
1 + k.Pexp(-c/RT)

III FREUNDLICH ISOTHERM

Lit K + (l/n)Ln PLn. V

TEMKIN ISOTHERM

(Ln K + Ln P)

BET: ISOTHERM

m.

V I HENRY ISOTHERM

KB



KINETIC MODELS

RTT>EAT. m o d e l

##INTERACTION OF ADSORBED MOLECULES WITH MOLECULES

PS

PS BS

PS ES

BS

ES

# # # #  RATE DETER2ŒNING STEP

# # # #  IN IT IA L  RATE EQUATION

(k g  + k ^ )K p  p |  /  (1  + Kp P p ) (1 4 )

# # # #  REACTION RATE EQUATION

( k 2 + k 3 ) K p  P j  -  ( k . j K g  4.

(1 5 )

^  P /P r o p e n e ;  S /A c iv e  C e n te r ;  E /E th y le n e ;  B /B u te n e s
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gTTJETTC MODELS

U .  LANGMUIR-HINSHELVOOD MODEL A
##THE REACTION OCCORS BETWEEN TWO MOLECULES CHEMI­

SORBED ON THE TWO NEIGHBORING ACTIVE CENTERS####

1 . P +

2. 2 PS

3 .  ES 

BS

PS p p 1 1

ES + BS E — B 
1 Sg Sggg

E + S E By  y1 ̂ m ^ m Ê
B + s

RATE DETERMINING STEP: 2.

#### INITIAL RATE EQUATION;

= 1=2 4  4  /  ^  ( 1 6 )

#### REACTION RATE EQUATION;

^ 2  ^  ( P p  -

(17)

it# P/Propene; S/Active Center; E/Ethylene; B/Butenes,
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KINETIC MODELS

III. LANGMUIR-HINSHEL¥OOD MODEL B
##THE REACTION OCCURS BETWEEN TWO MOLECULES CHEMI­

SORBED ON THE TWO ACTIVE SITES AT THE SAME
ACTIVE CENTER ##################################

P,
P

1.. P + S =  PS m m t m S m
  P*"P2. P + PS p^s

3 *  PgS =  EES E-B
s

4 .  EBS =  E + BS P^
^  A ®

3 »  BS. =  B + s

#### RATE DETERMINING STEP; 3 ###################
#### INITIAL RATE EQUATION;

“ a  = (1 8 )

#### REACTION RATE EQUATION;

B = -------------------------   (19)

#### RATE DETERMINING STEP;
#### INITIAL RATE EQUATION:

/(' *
REACTION RATE EQUATION;

-  ^ E V ^ e q )
(20)

^  ̂ /Propene; 5/Active Center; E/Ethylene; B/Bntenes.
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TCTNETTC MODELS

I V . CARBENE-COMPLEX MODEL A

##BASED ON ALBENE COMPLEXES AS ACTIVE CENTERS

P P
1 * P + PS =  P gS  g g  s

  E-B;2. PgS = E B S  * V h S
B JSi3* EBS = -  E + BS

P

4. P + BS =  B + PS

# # # #  RATE DETERMINING STEP; 2  # # # # # # # # # # # # # # # :

# # # #  IN IT IA L  RATE EQUATION;

®Q> = ^ ^ 1 -^ P  /  (1 + ^ i ^ p )  ( 2 J )

# # # #  REACTION RATE EQUATION;

R = -------------- --------------------------------------------- (22)

Pp + S P p + % + V B + ^ B P E P B + ^  ^ P l

# # # #  RATE DETERMINING STEP; 3  # # # # # # # # # # # # # # # # # # # #

# # # #  IN IT IA L  RATE EQUATION;

®0 = 1=3^1 P  /  (1 +

# # # #  REACTION RATE EQUATION;

^ 3 ^ 1 (P p  ”  P E P p /^ e q )
R = -------------------    (2 3 )

^  P/Propene; S/Active Center; E/Ethylene; B/Butenes,
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KINETIC MODELS

CARBENE-COMPLEX MODEL B
##BASED ON ALKYLIDENE COMPLEXES AS ACTIVE CENTERS#

P ^1 * P + eS 3=r PeS   v
2. PeS EbS
3. EbS =  bS +

S ^ 3

b  ^E
S ^

P ^kP + bS = :  PbS Y
5. PbS =  BeS e B
6» BeS — " eS + B

#### RATE DETERMINING STEP; 2 &. 5
INITIAL RATE EQUATION;

S

= ('"z + /  ( 1  * (24)
# # #  REACTION RATE EQUATION;

R =
P t e '*’̂  E P P I

( 2 5 )#### RATE DETERMINING STEP; 3 & & ###############
#### INITIAL RATE EQUATION;

®Q' = + ^ ) \ ^ P  /  (1 + K iP p )

REACTION RATE EQUATION;

C=3 + (* P  -  P E ^ B /^ eq )
R  =        ( 2 6 )

Pp+Ki Fp+EgPg+K gPg+K pgPpPg+K pgPpPg+ Z

M- P /P ro p e n e ;  S /A c t iv e  C e n te r ;  ; b /C H ^-G H =  ; 

S /E th y le n e ;  B /B u te n e s .
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B, L east-Square R egression  Program;

A computer program has been design ed  fo r  c a lc u a tio n s  

o f  product com p osition s and m eta th es is  r a te  and s e l e c t i v i t y  

from gas chromatograph a n a ly s is  data and r e g r e ss io n  o f  th e  

experim ental m eta th es is  r a te  to  th e  k in e t ic  model (Ch. IV -A), 

The le a s t - s q u a r e  curve f i t t i n g  method i s  a p p lied  ( 6 4 ) .  The 

fo llo w in g  i s  th e  l i s t  -of t h i s  program:
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// EXEC FORTGCLQ /✓FORT.SYSIN DO *CC MAIN PROGRAM ****************************$*****$************$**************$* 
IMPLICIT REAL*8(A-H,0-Z)REAL** AX(IOO), 8X(100.2)
REAL MWDIMENSION XF(IO), 8<3S)•NC(50).LA8L (5 .2 )» WHSV(SO)DIMENSION TIME(SO)» RATE(SO), KE8(S0), RTC8(S0). TBCV(SO)DIMENSION X(3*.5).YC3*).WEIGHT(34),YFIT(34)DIMENSION Z(3S). ETHENE(SO). SUTENE(SO)DIMENSION A(5). ITERM(5).SICMAA(5)DIMENSION AG(5). PG(S). CG(5)« RG(5)O AT A A/ 0.1. S.. !.. I. . 1./READ (S.SI) CFll. CF22. CF33 

51 FORMAT(3F10.S)R£AD(5.7I> W. T. P. MW. NNPT . NCMECK71 FORMAT(4F10.4. 2110)
REA0C5.80) AG. PG* CG. RG80 F0RMAT(4(5A4))READ! 5.81) DT. AT. PT. ATM. PTM. CTM81 FORMAT{ 6F7.2)WRITE(6.76)W. T. P. MW. DT76 FORMAT (IHl. / 2X. «CAT.WT/GM*. F7.4. SX, 'TEMP/C», F6.2. SX.'PRES 
1 /TORR'. F6.2. 5X. 'MOL.WT*. F6.2. SX. 'NO: '.F10.2)WRITE(6.73)73 FORMAT! / . 3X. 'TIME'. 6X, 'RATE.GM/GH', 4X,'ETHYLENE'. 3X. 'PRO IPENE*. 3X. ' 1-BUTENE'.4X. 'T82'. 7X. 'C82'. 6X. 'CONV. 7X. «RE82'. SX. 'RTCB'. SX» 'TBCV . 7X. • WHSV . SX.'BUTENE')N=1TMAX=60DO 75 1=1. NNPTREAD(5.72)TM. S. 01.P1.Q2.P2, 03.P3.P4.PS

72 FORMAT(F7.1. 9F7.3)TIME(I)=TMPAR22=CF11*PI*Q1
PAR33=P2*Q2PARTT=CF22*P4*Q3PARCC=CF33*PS*03pAR44=CF33*P3*Q3TQTAL=PAR22+PAR33+PARTT+PARCC+PAR44
C2=PAR22/T0TALC3=PAR33/TOTALTB2=PARTT/T0TALC82=PARCC/T0TALC41=PAR44/T0TAL8U =C41+CB2+T82RE8(I)=C2/BURTCBd )=TB2/C82
C0NV=l.-C3DDT=C2 - 8UFR=20./SWHSV(I)=MW*(FR/22400.)*(273./( 273. + T))*(P/760.)*(3600./W)RATE! I) =CONV*WHSV(D/MW ETHENEII)=C2*WHSV(I)/MW BUT ENE(I)=8U*W HSV(I)/MW C2CV=C2/C0NV 
TBCVd )=T82/CCNV 
C8CV=CB2/C0NVWRITE(6.74)TM.RATE(I).C2 .C3. C41. T82. C82. CONV. REB(I).3 RTCBd ). TBCV(I). WHSVCI). DDT74 FORMAT!/ . 2X. F7.2. 3X. EI3.6. 3X. 6CF7.S.3X). 2(F6.3. 3X). F7.S.4 3X, FÔ.2. IX. F8.S)75 CONTINUE
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NPTS=0 SWV=0•DO 35 1=1• NNPT35 SWV=S*V + WHSV(I)AGWVis SWV /NNPT DO 36 1=1, NNPTPEWV=OABS((WHSVCI)-AGWV)/AGWV)
I IFtPEWV ,GE, 0.05 ) GO TO 36NPTS=NPTS + 1 X(NPTS, 1)=TIME(I}/60* i Y(NPTS)=RATE(I)NC(NPTS)=I36 CONTINUE ; YMAX=Y<1)MM=1

DO 21 I=1,NPTS 
i I N = 1 + 1ERR=YMAX - Y(IN)IF(ERR ,G£. 0) GO TO 21 
Î YMAX=Y(IN)

MM=IN 21 CONTINUE Î NR=NPTS
XM=X(MM*1>*60,
WRITE(6,150) XM, Y(MM) 

t 150 FORMAT!//,2X,'MAX, METATHESIS****»**!IME/MIN,=• ,  F 1 0 , 2 ,  SXi
1 'REACTION RATE=*,  E 15 .6 )CÎ FUAMDA=0.00100

1 1 = 1  IMAX=25 « 222 CONTINUEFFF=FLAMDA 
EPS=O.G001DO t CHISOl=l,O+60
SUMA01=2000,NCC0E=3 

I NOIM=N + NPARM
IF(MM,£Q,1) GO TO 63 
GO TO (61,62), NCHECK 

I 61 CONTINUETSIGN=1 GGGG*1*00 Î ITERM(1)=1
ITERM<2)=2 
ITERM(3)=3 I ITERM(4)=A
XTERM(5)=S NTERMS=4 r NPARM=5
NPN=N+NPARMNIT=1

i GO TO 6462 CONTINUE  ̂ GGGG=3,00: ISIGN=1A(l)=0.01A(2)=2,! A(3)=2.63ITERMil)=1 
ITERM(2)=2 

f; ITERM(3)=3NPARM=3 NTERMS=3 NPN=N+NPARM 
NIT=l
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GO TO 64 63 CONTINUE 
GGGG—2 #00 ISIGN=1 NCMECK=3 ITERM(1)=I ITERM(2)=3 ITERM(3)=A 
ITERM(4)=2 
NPARM=4 t NTERMS=3NPN=N+NPARMNIT=1( 64 CONTINUECALL CPUTIM DO 7 11=11• IMAX ( CC EVALUATE WEIGHTS

CCCC NCOOE - DETERMINES METHOD OF WEIGHTING LEAST-SQUARES FIT « C 1 (STATISTICAL) WEIGHTd) = 1/Y(I)
C 2 (NO WEIGHTING) WEIGHTd) = 1C 3 (INSTRUMENTAL) WEIGHTd) = I/Y(I)**2( C 4 GOSMAN'S «EIGHTING FUNCTIONCC PERCENT ERROR WEIGHT
CC ̂ CC AND CALCULATE AVERAGE AND VARIANCE OF YDO 41 J=l.NPARM B(J)=A(J) t 41 XF(J+N)=A(J)

SUMW=0.SUMWY=0•!? DO 40 I=NIT. NPTSXF(l)=X(I.l)XF(2)=X(I.2)Î PPTS=Y(I)
GO TU (1.2*3)«NCODE1 IF(Yd) .EO. 0.) GO TO 2I WEIGHT(I) = l./0A8S(Y(I)}GO TO 302 WEIGHT!I)=1.t GO TO 303 CONTINUEIF(Y(I) .EO. 0.) GO TO 2 Î WEIGHT!I)=1./Y(I)**2GO TO 30 30 CONTINUE( SUMW=SUMW + WEIGHT!I)SUMWY=SUMWY * WEIGHT!I)WY(I)

40 CONTINUE* Y8AR=SUMWY/SUMWSUMV=0.
DO SO I=NIT, NPTS ' SUMV=SUMV + WEIGHT(I)*(Y(I) - Y3AR)*42

SO CONTINUEYVAR=SUMV
I CALL CURFIT(X,N.Y,WEIGHT.NPTS.NTERMS.A. SIGMAA.FLAMDA.YFIT.1 CHISQR.NPARM.ITERM.ISIGN.NCHECK)SUMAO=0.[ DO 23 K=NIT. NPTS

PERC=(Y(K) - YFIT(K))/Y(K)*1C0.
SUMAD=SUMAO * OABS(PERC) 

f  23 CONTINUESUHA D=5 U MAD/NPTS
IF!II .EG. 1) CALL CPUTIM(TFIRST)CALL CPUTIM!TLAST.TTOTL)WRITEI6.10) II
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10 F0RMATC////T47#ITERATION **♦♦*•/«1561 *RITE(6,2S) TFIRST,TLAST.TTOTL26 FORMAT(//TS,'CPU TIME FOR THE 1ST ITER =',F 8.4.* FOR THE LAST I ITER = .F 8.4.* TOTAL ELASPEO TIME ='.F 8.31WR1TE(6.51 CHISQR.FLAMOA5 FORMAT{y/TS.*OBJECTIVE FUNCTION*«9X.*FLAMOA•/.819.6.G20.41 MRITEie.ô) ISIGMAAIL).L=I.NTEKMSl6 FORMAT(//TS,* PARAMETER VARIANCE*/.SX.10812.61 WRITE!6.241 SUMAD24 FORMAT!//TS.* AVERAGE ABSOLUTE DEVIATION %*/,822.41 WRITE(6.41 (A(L).L=1.NPARM)4 FORMAT(//TS.*NEW PARAMETERS'/.3X.10812.6)
IFCSUMAO .8E. SUMAOl) 80 TO 33 IFICHISQl .LT. CHISQR) 80 Tu 12IF(DA8S(CH1SQ1 - CHISQR) .LT. EPS4CHISQR) 80 TO 13 IF!FLAMOA .GT. 100. .AND. CHISQI .8T. 1O+SO1 80 TO 14 SUMA01=SUMA0 CHISQI=CHISQRIF!II .EQ. 1 .AND. ! 2*TFIRST) .8T. TMAX) 80 TO 27
IF!ITLAST+TFIRST) .LT, TMAX .AND, !TLAST+TTOTL) .LT. TMAX) GO TO 727 WR1TE!6.9) TTOTL9 FORM AT!//TS«‘REMAINING TIME NOT ENOUGH FOR ONE MORE ITERATION ***ITOTAL ELASPEO TIME =*,F7,2)80 TO 87 CONTINUE WRITE!6,11111 FORMAT!//TS.*NO CONVERGENCE WITHIN MAXIMUM ITERATION*)80 TO 81112 WRITEI6.I8)18 FORMATI//TS.‘OBJECTIVE FUNCTION INCREASED*)80 TO 813 WRITE!6.191 EPS19 FORMATI///TS.‘RATIO OF CHANGE IN OBJECTIVE FUNCTION IS LESS THAN*. 1F6.3)GO TO 814 MRITEI6.20)

20 FORMAT!//TS.*NO IMPROVEMENT OVER INITIAL*)
80 TO 833 WRITEI6.341

34 FORMAT!//TS.*AVERAGE ABSOLUTE DEVIATION INCREASED*)00 94 L=l.NPARM
A!L1=8!L)94 Z! L+N)=A!L)00 93 I=NIT.NPTS Z!t)=X!l,l)

93 YFIT!I)=FUNCN!Z.NPN.NPARM.NCHECK)SUMAD=0.
SWV=0.
OO 38 K=NIT. NPTS PERC=!Y!K)-YFIT!K))/Y!K)*lO0.SUMAO-SUMAO +0 A BS!PERC1 
JJ=NC!K)SWV=SkV + WHSV!JJ)38 continueAGWV= SWV /NPTS 
SUMAD=SUMAD/NPTS8 CONTINUEIF!SUMAO.LE.88881 80 TO 811 FLAMOA=FFF
IF!FLAMOA .8E. 1000.) 80 TO 811 FLAMOA=FLAMOA*10.11=11+1 GO TO 222 811 CONTINUECHI1=1.
NFREE=NPTS-NTERMS
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CHIN=CHISQR*NFREE
FR= CI, - CHIN/YV AR) « (N FREE-1 ) *YVAR/( CHIN*NTERMS)FCHX=( CH11-CHIN)♦<NFREE-1)/CHINCHII=CHINWR1TEI6.29)29 FORMAT(//«9X«* NUMBER••9X.•PARAMETER•»9X.*STANDARD ERROR*«9X*1 «VARIANCE* )00 16 J=1.NTERMS JJ=ITERM(J)SE=0S0RT(SIGMAAWJ)*CMIS0R)WRITE!6.17) JJ.A!JJ)•SE»S16MAA!JJ)17 FORMAT!/,I 13,622.6,020.6,620*6)16 CONTINUEWRITE! 6,31) SUMAD 31 FORMAT!//T27,'AVERA6E ABSOLUTE DEVIATION %*/,64A.A)WRITE!6,32)32 FORMAT!//,2X,*NPTS*,2X, *TIME/MIN*, 4X, *EXPMT RATE*. 7X, *CALCO IRATE*, 2X, 'PER. ERR, X*)SUM=0.DO 100 I=NIT, NPTS
PERC=!Y!I>-YFIT!I))/Y!I)4100.SUM=SUM+DABS(PERC)TMM=X!I ,1)460,
WR1TE!6,2S) I, TMM, Y!I), YFIT(I), PERC2S FORMAT !I5, F10,l, 2E16,6, F15,3) lOO CONTINUEA5UM=SUM/NPTS WRITE!6,67) ASUM 67 FORMAT(/,SX,* AVE. ABS. DEV, %=*.F10.4)

110 CONTINUE 57 FORMAT!SA4)DO 59 J=l,2 59 READ!5,57) !LA8L(I,J), 1=1,5)DO 55 1=1, NPTS AX!I)=X!I,1)460,BX!I,1)=Y!1)
BX!I,2)=YFIT(I)55 CONTINUE
CALL PRPLOT!AX,8X,100,2,NPTS,2,LABL)IF!A!4),6T.1.00-4) 60 TO 116 TREX=1.00+20 TTMA=1.00+20 60 TO 106 116 CONTINUE60 TO ! 77,78,79), NCHECK77 TA8C=A!3)4!1,-A(4))TAA=A!2)4A!3)4A(4)T888=0ABS!TABC)TASQ=!TBBB)442, + 4.4TAA 
TART=TASQ44!0,S)TTMA=60.4 !TABC+TART)/{2,4TAA)60 TO 10578 TTMA=1.00 20TREX=1.00 20 60 TO 10679 TTMA=0,TREX=0,106 YY=l.30+20 RELXR=1,00+20 60 TO 103 105 Z!1)=TTMA/60.DO 66 1=1, NPARM 66 ZCI+1)=A!I)
YY=FUNCN!Z,NPN.NPARM,NCHECK)
RELXR=YY/DEXPI 1,00)ZC1)=3,
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YRX=FUNCN(z»NPN«NPARM»NCHECK)113 AAA=A(4J GO TO 115 115 CONTINUEAK=YRX*(Z{1)**AAA)TREX= (AK/RELXR)*$tl./AAA!Z(1)=TREXCALL RELTMIRELXR, Z, NPN,NPARM.NCHECK)TREX=Z(1>
103 CONTINUEWRITE<6.82}82 FORMAT!IHl,///. IIOI***))WRITE(6.83 ) DT, M83 FORMAT!//,lOX.'SUMMARY',//.lOX.'NO: ', F7.2, lOX,1 lOX, 'CAT.WT./GM', F7.4.)%RITE!6,84)84 FORMAT!// ,33X. 'GAS' , 9X, 'TEMP/C, lOX, 'TIME/HR')WR1TE!6,85) AG, AT. ATM
85 FORMAT!// , lOX, 'ACTIVATION', 5X, 5A4, F7.2, lOX, F7.2)86 FORMAT!// . lOX, 'PURGE ', 5X, SA4, F7.2, lOX. F7.2)87 FORMAT!// , lOX, 'COOLING ', SX, 5A4,17X, F7.2)WRITE!6,86) PG, PT, PTMWRITE!6,87) CG, CTM RTM=TIME!NNPT)/60.WRITE!6,88} RG, T, RTM88 FORMAT!// ,10X, 'REACTION', 7X, 5A4, F7,2, lOX, F7.2)C

GO TO ! 42,119,43),NCHECK42 *RITE!6,92) A!1),A!2),A!5),A!3),A!4)92 FORMAT!///,lOX, 'RATE EQTN R!G-MOL/G-HR)= !'. E13.6, '*!1. - ! 1.1 + ', E13.6, '4!TIME!HR) ) )♦*! - ' ,£ 13 .6 , ' )•) * , /, 3TX, '*! 1 . + ',2E13.6, '!TIME!HR)))*$!- «,E13.6, ' )')
GO TO 44119 WRITE!6,120) A!1),A!2).A!3)120 FORMAT!///,lOX, 'RATE EQTN R!G-MOL/G-HR)= !', E13.6, '*!1. - 11.
1 + ', E13.6, '*!TIME!HR)))**! - *,E13,6,'))')GO TO 4443 WRITE!6,89) A! 1),A!3),A!4)89 FORMAT!///,10X, 'RATE EQTN R!G-MOL/G-HR)= ', E13.6, ' $ ',1 /, 37X,'*!1. + '.E13.6, '!TIME!HR)))**!- ',E13.6, ' )')44 CONTINUE MRITE!6,90) ASUM, AGUV

90 FORMAT!//, lOX, 'AVG. ERR. X', F7.4, 23X, 'AVG. VHSV, F7.3)WRITE!6,68) TTMA, YY, RELXR, TREX
68 FORMAT!///,iax,'TlME!MAX,RATE)/MIN.=', £13,5,lOX,'MAX,RATE=',1 E13.6,//, lOX, 'RELAXATION RATE=', £13.6, lOX,'RELAXATION TIME/HR 1 ', E13.6)WRITEI6.91)91 FORMAT!///, 110!'*'), IHl)IF!MM.EQ.l) GO TO 6526 CONTINUE65 CONTINUESTOP ENDCC******************************************************************************C SUBROUTINE CURFIT

CC .CC PURPOSE
C MAKE A LEAST-iSQUARES FIT TO A NON-LINEAR FUNCTIONC WITH A LINEARIZATION OF THE FITTING FUNCTIONCC USAGEC CALL CURFIT !X.N,Y,WEIGHT,NPTS,NTERMS,A.



c SIGMAA,FLAMOA,YFIT,CHISQR,NPARM,ITERM,ISIGN)CC DESCRIPTION OF PARPMETERSC X - ARRAY OF DATA POINTS FOR INDEPENDENT VARIABLEC Y - ARRAY OF DATA POINTS FOR DEPENDENT VARIABLEC WEIGHT - ARRAY OF WEIGHTS FOR DATA POINTSC N - NUMBER OF INDEPENDENT VARIABLESC NPTS - NUMBER OF PAIRS OF DATA POINTSC NTERMS - NUMBER OF PARAMETERS TO BE FITTED .LE. NPARMC A - ARRAY OF PARAMETERSC SIGMAA - ARRAY OF STANDARD DEVIATIONS FOR PARAMETERS AC FLAMOA - PROPORTION OF GRADIENT SEARCH INCLUDED ,
C YFIT - ARRAY OF CALCULATED VALUES OF YC CHISQI - REDUCED CHI SQUARE FOR FITC NPARM - TOTAL NUMBERS OF PARAMETERSC ITERM - PARAMETER NUMBERS IN ORDER TO BE FITTEDC ISIGN - PARAMETER CONSTRAINT MODE FOR ALLOWANCE OF SIGN CHANGE ASC 0 UNCONSTRAINEDC 1 CONSTRAINED AGAINST SIGN CHANGESCC SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED C FUNCN (X.NDIM,NPARM)C EVALUATES THE FITTING FUNCTIONC FCHISQ (Y,WEIGHT,NPTS,NFREE,YFIT)C EVALUATES REDUCED CH SQUARE FOR FIT TO DATAC FDERIV (X.I,NOIM,NPARM)C EVALUATES THE DERIVATIVES OF THE FITTING FUNCTIONC WITH RESPECT TO THE ITH VARIABLE
C GJELIARRAY,NTERMS,NTERMS+1 ,DET,IER)C SOLVES A SYSTEM BY THE GAUSS JORDAN METHOD RETURNING THEC determinant and THE INVERSE IN PLACE
C . cC COMMENTSC DIMENSION STATEMENT VALID FOR NTERMS UP TO 35C SET FLAMOA =0.001 AT BEGINNING OF SEARCHCCCC SUBROUTINE CURFIT(X,N,Y,WEIGHT.NPTS,NTERMS,A, SIGMAA,FLAMOA,

I YFIT,CHISQR,NPARM.1 TERM,I SIGN.NCHECK)IMPLICIT REAL*8(A-H,C-Z)DIMENSION XINPTS,N),YINPTS),WEIGHT!NPTS),YFIT(NPTS)DIMENSION SIGMAA(NPARM),A(NPARM),ITERM(NPARM)DIMENSION ALPHA(630),B£TA(35),0£RIV(35).ARRAY(1260).8(35)DIMENSION Z(A5)
FACT=,99O01F(NTERMS.LE.35) GO TO 6000 PRINT 600600 FORMAT (IX, IOC*') ,* MORE THAN 35 PARAMETERS FITTED. ONLY 35' ,
1 ' USED. ',10('*'))6000 CONTINUENPN=N+NPARM 11 NFREE =NPTS-NTERMS IF (NFREE) 13,13,20 13 CHISQR=0.GO TO 110

CC EVALUATE ALPHA AND BETA MATRICESC 20 CONTINUE 31 DO 34 J=l,NTERMS BETA!J)=0.DO 34 K=1,J 
34 ALPHA(K+J*(J-l)/2)=0.CC NOTE - 1ST N OF Z ARE VARIABLESC (N+1) TO (NPARM+N+1) ARE PARAMETERS
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OO 44 L=l,NPARM
44 Z(L+N)=A(L)DO Z 3 0 J=l*NTERMSARRAY (J)=0. ^230 CONTINUE 41 OO SO 1=1*NPTS OO 45 L=1,N45 Z(L)=X( I «!_)62 YFIT<I)=PUNCN(Z«NPN,NPARM.NCHECK)

OO 43 L=1.NTERMS JJ=ITERM(L)+NOERIV(L)=FDERIV(Z.JJ.NPN.NPARM,NCHECK) lF(OABS(OERXV(L) ).LT.l .0-30 1 OERlV<i_)=0 .
43 CONTINUEOO 46 J=1,NTERMSBETA( J)=8ETA{J)+WEIGHT« I)♦(Y{1)-YFIT<I))*OERIV(J)

00 46 K=1,JALPHA(K+J* CJ-1)/2)=ALPHA(K+J*(J-1)/2)+WEIGHT{I)$OERIV(J)*OERIV(K)
46 continue 50 CONTINUECC EVALUTAE CHI SQUARE AT STARTING POINT

C 63 CHISQI = FCHISQCY.WEIGHT.NPTS.NFREE.YFIT)
CC INVERT MODIFIED CURVATURE MATRIX TO FIND NEW PARAMETERS
C 71 OO 74 J=l.NTERMSIFt ALPHAIJ*( J+D/2) »GT.O.) GO TO 280 IF(ALPMA(J$(J+l)/2).EO.O.) PRINT 200. J 200 FORMAT!IX.15.' DERIVATIVE IS ZERO*.60!•♦•))

IF!ALPHA!J$(J+l)/2) .EO. 0.) GO TO 105 JJ=ITERM!J)PRINT 300.J.JJ300 FORMAT!IX.15.» DERIVATIVE IS NEGATIVE FOR PARM *.15,20!'*'))
105 ALPHA!J*!J+1)/2)=l.0-20 
280 CONTINUEARRAY !NTERMS442+J)=8ETA!Jl/OSQRT! ALPHA!J*!J+1J/2)Ï 

DO 73 K=1.JARRAY ! J+ !K-1 ) ♦NTERMS )= ALPHA !K+J*!J-l)y’2)/'0SQRT( ALPHA! J*!J-H) 72)
1 ♦ALPHA!K*!K+l)/2))ARRAY!K + !J-1)*NTERMS)=ARR AY! ! K-1)«NTERMS)

73 CONTINUE74 ARRAY!J+!J-l)*NTERMS)=l.+FLAMOA 
IF!NTERMS.GT.1) GO TO 80 ARRAY!1)=1/ARRAY !1)ARRAY!2)=ARRAY!2)«ARRAY!1)
GO TO 8180 CALL GJELIARRAY,NTERMS.NTERMS+1,OET .1ER)81 OO 84 J=l,NTERMS 
JJ=ITERM!J)8!J)=A! JJ)+ARRAY!NTERMS**2+ J)/OSQRT!ALPHA!J*!J+1)/2 >)IF!ISIGN .EQ. 0 .OR. 8(J)*A!JJ) ,0T. 0.) GO TO 84 
WR1TEI6.100) 8!J).AiJJ).JJ 100 FORMAT!/T10,'OLD.NEW.PARM SIGN CHANGE•.2G20.6.I10)
8!J)=A!JJ)«!1.-FACT)

84 CONTINUE
CC IF CHI SQUARE INCREASED. INCREASE FLAMOA AND TRY AGAIN
C OO 94 L=l.NTERMS 

JJ=ITERMIL)94 A!JJ)=8!L)OO 5 K=1.NPARM 5 Z!K*N)=A!K)
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91 00 92 1=1.NPTS OO 96 L=1,N 96 Z(L)=X(I.L)93 CHISQR = FCMlSQfY.WEIGHT,NPTS«NFREE,YFIT)92 YFIT*I)=FUNCN(Z,NPN.NPARM.NCHECK)IFIFLAMOA.EQ.O.} 60 TO 101 IF (CHISQI-CHISQR) 95,101,101 135 OO 140 L=l.NPARM 
140 Z(L+N)=A(L)OO 150 1=1.NPTS 

OO 160 L=1,N 160 Z(L)=X(I,L)ISO YFIT( I)=FUNCN(Z.NPN.NPARM,NCHECK)CHISQR=CHISQI GO TO 110 95 FLAMOA =10.4FLAM0A FACT=FACT/2.IF(FLAMOA.GT.10OO.) GO TO 13S IF(FLAMOA.GT.0.0100) GO TO 71 115 OO 125 1=1.NTERMS125 SIGMAA(I )=OSQRT(ARRAY(I+(I-1)*NTERMS)/ALPHA(I *(1+1)/2))GO TO 71 260 CONTINUEOO 270 J=l,NTERMSSIGMAA( J)=OSQRT (ARRAY (J4-(J-1 )4NTERMS)/ALPMA(J4(J+l)/2) )270 CONTINUECHISQR=CH1SQ1RETURNC
C EVALUATE PARAMETERS AND UNCERTAINTIESC 101 DO 103 J=l.NTERMS JJ=ITERM(J)A(JJ)=B(J)IF(ARRAY(J+IJ-l)*NTERMS).GT.O.) GO TO 103 

JJ=ITERM(J)PRINT 400.J.JJ
400 FORMAT* 1%. IOC**) .' VARIANCE .13, * FOR PARAMETER *. 13.1 • IS NEGATIVE. CORRECTION TAKEN.•*2X.10C *•))

ARRAY (J*( J-1)*NTERMS)=0 103 SIGMAA*J)=OSQRT(ARRAY *J+*J-1)*NTERMS)/ALPHA(J*<U*1)/2))
FLAMOA =FLAMOA/10.110 RETURN ENDCC******************************************************************************

C FUNCTION FCHISQ C
C PURPOSEC FCHISQ = SUM* * Y-YFIT)** 2/SIGMA**2)/NFREEC EVALUATE REDUCED CHI SQUARE FOR FIT TO DATAC
C USUAGEC RESULT = FCHISQ(Y,WEIGHT.NPTS.NFREE.YFIT)C
C DESCRIPTION OF PARAMETERS C Y - ARRAY OF DATA POINTSC WEIGHT - ARRAY OF WEIGHTS FOR DATA POINTS
C NPTS - NUMBER OF DATA POINTSC NFREE - NUMBER OF DEGRES OF FREEDOMC YFIT - ARRAY OF CALCULATED VALUES OF Y
CC SUBROUTINES ANO VUNCTION SUBPROGRAMS REQUIRED C NONEC FUNCTION FCHISQ *Y.WEIGHT.NPTS.NFREE.YFIT)IMPLICIT REAL*8*A-H.O-Z)
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DIMENSION YINPTS).WEIGHTCNPTS)«YFIT(NPTS)
It CHISQ=3*12 IF (NFREE) 13.13.2013 FCHISQ =0.GO TO 40CC ACCUMULATE CHI SQUAREC 20 DO 30 1=1.NPTS30 CHISQ = CHISQ + WEIGHT(IJ*(Y(I>-YFIT(I))**2

CC DIVIDE BY NUMBER OF DEGREES OF FREEDOM
C 31 FREE =NFREE32 FCHISQ=CHISQ/FREE 40 RETURNEND
C C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *C SUBROUTINE GJEL(A.ND.MD.DETD.IER)C
C PURPOSEC SIMULTANEOUS SOLUTION OF LINEAR EQUATIONS BY GAUSS-JORDAN
C USUSGEC CALL G£JEL(A.ND.MO.OETO.IER)
CC DESCRIPTION OF PARAMETERSC A IS THE ND BY MO AUGMENTED MATRIXC THE FIRST NO COLUMNS RETURNS THE INVERSE MATRIXC THE LAST MD-NO COLUMNS CONTAIN THE SOLUTION VECTORSC DETO RETURNS THE DETERMINANT
CC SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED 
C NONE
C SUBROUTINE GJEL(A.ND.MO.DETD.1ER) 

IMPLICIT REAL*8(A-H.O-Z) DIMENSION A(NO.MO)DATA EPS/1.0-20/
IER=0N=NDM=MDDET=1.DO 4 1=1.N IF(A(I.I))1.2.12 DET=0.IER=N+1
RETURN3 DET=0.
IER=I GO TO 81 IFIOABSIA(I.I)).LT.£PS) GO TO 38 OET=A(I.I)*OET FORM DETERMINANTS FACT=A(I.I)A(I.I)=1.
DO 5 J=1.M NORMALIZE A( I.J)=A( I J)/FACTS CONTINUE DO 6 J=2.N L=M0D(I+J-2.N)+1 
IF(A(L.I).EQ.O.)GO TO 6 FACT=A(L.I)A(L.I)=0.DO 7 K=1,M LL=MOD(I+K-2.M)+1
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IF(A(I,LL).EO.O.)GO TO 7 C REDUCEA(L.LL)=A(L,LL)-A(I,LL)*FACT 7 CONTINUE 6 CONTINUE A CONTINUE DETD=OET RETURN END
C C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C FUNCTION FDERIV CC PURPOSEC EVALUATE NUMERICALLY DERIVATIVE OF FUNCTN WITH RESPECT
C TO THE ITH VARIABLE
CC USUAGEC RESULT = FOERXVIX,I.NOIM.NPARMJ
CC DESCRIPTION OF PARAMETERSC X - ARRAY OF INDEPENDENT VARIABLE VALUES
C I NUMBER OF VARIABLE FOR DERIVATIVEC NDIM - NUMBER OF INDEPENDENT VARIABLES
C NPARM- NUMBER OF PARAMETERS
CC SUBROUTINES NEEDED C FUNCN(X«NDIM*NPARM)
C EVALUATES THE FUNCTION AT POINT X
C FUNCTION FDERIV (X.I,NDIM,NPARM,NCHECK)IMPLICIT REAL*8(A-H.C-Z)DIMENSION X(NDIM)

EPS=.01D0 
N=3 ITR=0 SAVE=X(I)DEL=DABS(EPS*SAVE)14 CONTINUEIF(DEL .LT. 1.0-6) OEL=EPS X(I)=SAVE+DELF2=FUNCN(X.NDIM.NPARM.NCHECK)
X(I)=SAVE-DELF1=FUNCN(X.NOIM.NPARM.NCHECK)DFDX=(F2-FI)/(2.*DEL)

CC TESTS PRECISION OF DERIVATIVE
C IF(DABS(F1-F2)$(10**(6-N)).GT.0ABS(F1)) GO TO 40 

ITR=ITR + IIFdTR .GE. 4) GO TO 12 EPS=EPS*3.DEL=DASS(SAVE*EPS)GO TO 1412 IF(DA8S(F1-F2).LT.DABS(F1)*1.D-S) OFDX=0.40 FOERIV=DFDX 
X(I)=SAVE RETURN ENDCC******************************************************************************
SUBROUTINE RELTM(RELXR. Z.NPN,NPARM.NCHECK ) 
implicit REAL*8(A-H.O-Z)
DIMENSION A(5). 8(30),Z(5)DO 10 J=l.NPARM 

10 A(U)=Z(J+1)8(l)=Z(l)DO 4 1=1.20
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FN=FUNCNCz.NPN.NPARM.NCHECK)FX=FN-RELXR
GO TO (1,2), NCHECK1 D0=A(1)*{1,+A(3)*(1.-A(4))*B(II - A(2)*A(3)*A(A)*(8(I)**2.))EE=((1.+A(2)*8(I))**2.)*((l.+A(3)*B(l))**(A(A)+1.))FOX=DD/EEGO TO 32 DO=A(l)*(l.+A(2)*(l.-A(3))»8(D)EE= (l.+A(2)*8(I))$*(A(3)+1.)FOX=DD/EE3 CONTINUE DELTA=FX/FDXB{I+l)=8{I)-OELTA FX=DA8S(FX)WRXTE(6.1I7) FX. 8(1). I 117 FORMAT(//,lOX, 'DELTAOF RELAXATION RATE=»» E15.6.10X. 'TREX='.1 £15.6. lOX. * 1=', 110)IF (FX .LE. 0.5D-5 > GO TO S Z(l)=8(I)4 CONTINUE5 CONTINUE Z(1)=8(I)RETURN
END

**************
FUNCTION FUNCNIX.NPN.NPARM.NCHECK)IMPLICIT REAL*8(A-H.O-Z)DIMENSION X(NPN),A(3S)N=NPN-NPARM DO 10 1=1.NPARM 10 A(I)=X(N+I)
GO TO (1,2,3), NCHECK C GENERAL METATHESIS RATE EQUATION1 AN=( 1 .»A( 2) *X( 1 ) ) *A( S)BN=A(1)*(1. - (1./AN))CN=(1.+A(3)*X(1))**A(4)
FUNCN=8N/CNGO TO 9CC METATHESIS RATE EQUATION FOR BREAK-IN ONLY2 AN=(1.+A(2)*X(1))**A(3)FUNCN=A(1)*(1.-(1./AN))
GO TO 9CCC METATHESIS RATE EQUATION FOR DEACTIVATION ONLY3 AN=A(1)
CN=(l.+A(3)*X(l))**A(4)FUNCN=AN/CN9 RETURN 
END//GO.SYSIN DD *

I 0.8407 1 .6657 1.66580.519 0„ 760. 42. 23 1
i

OXYGEN — OXYGEN R.G.PR(12.04 502. 0. 17. 0. 2.3. 39.7 4. 20.2 256. 29.8 2. 0. 14.5 6.112. 39.1 4. 25.8 256. 29.5 2. 0. 22.5 8.21 . 38.6 4. 28.5 256. 30.5 2. 0. 23.9 8.330. 38.4 4. 29.7 256. 30.2 2. 0. 25.7 9.40. 38.4 4. 29.4 256. 30.5 2. 0. 25.5 8.7[ 60. 38.3 4. 29.1 256. 30.5 2. 0. 25.4 8.670. 38.8 4. 28.6 256. 30.6 2. 0. 25.4 8.680. 38.8 4. 28.2 256. 30.2 2. 0. 25. 1 8.490. 37.5 4. 27. 256. 30.2 2. 0. 23.8 8.100. 38.2 4. 28.1 256. 30,6 2. - 0. 24.9 8.5110. 38.4 4. 27.6 256. • 30.5 2. 0. 24.7 8.7. 120. 38.4 4. 27.1 256. 30. 2. 0. 24.2 8.3130. 38.2 4. 27.5 256. 30.6 2. 0. 24. 8.
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140. 3 8 .4 4 . 2 8 .1 2 5 6 .  • 3 0 .5 2 . 0 . 2 4 .1 8 . 2
ISO. 3 6 .5 4 . 2 7 .4 2 5 6 . 3 0 .1 2 . 0 . 2 3 .5 7 .9
160. 3 8 .3 4 . 2 6 .7 2 5 6 . 3 0 .4 2 . 0 . 2 3 . 6 ‘ a .
170. 3 6 .4 4 . 2 6 .6 2 5 6 . 3 0 .5 2 . 0 . 2 3 .3 7.1

c 160 . 3 6 .5 4 . 2 6 .7 2 5 6 . 3 0 .6 2 . 0 . 2 3 . 3  . 7 . 7
1 90 . 3 8 .5 4 . 2 6 . 7 2 5 6 . 3 0 .5 2 . 0 . 2 3 . 4 8 .
2 0 0 . 3 9 .5 4 . 2 7 .2 2 5 6 . 3 0 .5 2 . o . 2 3 . 4 7 .6

t 210 . 3 7 .6 4 . 2 5 .9 2 5 6 . 3 0 .5 2 . 0 . 2 2 .1 7 .5
2 3 5 . 3 6 .9 ' 4 . 2 6 .1 256 . 3 0 .6 2 . 0 . 2 2 .2 7 .3
2 4 5 . 3 6 .6 4 . 2 6 .1 2 5 6 . 3 0 .5 2 . 0 . 2 2 .3 7 .5
EXPT
CALD

RATE/GM/GM/0
RATE/GM/GH/0

C
C

*$********$*******************$*************************************************


