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INTRODUCTION - SCOPE OF THESIS 

I n t h e p e r i o d b e t w e e n t h e s e c o n d W o r l d War a n d t h e m i d - 1 9 7 0 s , c h e a p o i l 

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

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

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

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

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

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

T h i s i n d u s t r i a l ' m o n o c u l t u r e ' i s now c h a n g i n g r a p i d l y . A m o n g t h e c a u s e s a r e 

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

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

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

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

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

w i t h g r o w i n g h a s t e i n i n d u s t r i a l c o u n t r i e s ; o l d e r t e c h n o l o g y i s m o d e r n i z e d a n d 

s u p p l e m e n t e d b y new a n d i m p r o v e d p r o c e s s e s t o m a k e t h e i n d u s t r i a l i z e d w o r l d 

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

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

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

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

r e l i a n c e . A g o o d e x a m p l e i s B r a z i l , w h e r e l a r g e - s c a l e e t h a n o l p r o d u c t i o n f r o m 

b i o m a s s b y f e r m e n t a t i o n i s now a n i n d u s t r i a l r e a l i t y . 

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

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

f r o m p e t r o l e u m - d e r i v e d e t h y l e n e . H o w e v e r , i n c r e a s i n g q u a n t i t i e s o f c r o p s s u c h 

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

t h e p r o d u c t i o n o f e t h a n o l i n B r a z i l b a s e d o n t h e s e c r o p s p l a n n e d f o r 1 9 8 0 i s 

2 , 7 0 0 , 0 0 0 t o n s . E t h a n o l i s p l a n n e d t o b e u s e d m a i n l y a s a s o u r c e o f e n e r g y , f o r 

i n s t a n c e a s a d d i t i o n t o g a s o l i n e , e . g . i n t h e U.S.A. I t c a n a l s o s e r v e a s a 

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

i n t e r m e d i a t e f r o m w h i c h a l o n g l i n e o f o t h e r p r o d u c t s c a n b e d e r i v e d . 
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F o r e x a m p l e , p r o d u c t i o n o f e t h y l e n e f r o m e t h a n o l i s g r o w i n g r a p i d l y i n B r a z i l . 

O l d p l a n t s a r e m o d e r n i z e d a n d e x t e n d e d a n d new p l a n t s u n d e r c o n s t r u c t i o n . A 

1 2 0 . 0 0 0 t / a e t h y l e n e p l a n t i s b e i n g b u i l t b y R h o n e - P o u l e n c a n d t h e p r o d u c t i o n 

o f v i n y l c h l o r i d e m o n o mer f r o m t h e e t h y l e n e ( 2 0 0 . 0 0 0 t / a ) i s b e i n g c o n s i d e r e d 

b y Dow C h e m i c a l . ( 1 , 2 ) . 

A n o t h e r p o t e n t i a l l y i m p o r t a n t i n t e r m e d i a t e i s e t h a n a l , p r o b a b l y t h e m a i n 

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

o f 2 - e t h y l h e x a n o l a n d many o t h e r c o m p o u n d s , a l d e h y d e s a s w e l l a s a l c o h o l s , a r e 

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

r e a c t i o n ( F i g u r e 0 . 1 ) . B u t a n o l a n d 2 - e t h y l h e x a n o l a r e q u i t e i m p o r t a n t f o r t h e 

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

5 0 . 0 0 0 t o n s b u t a n o l a n d 1 9 0 . 0 0 0 t o n s 2 - e t h y l h e x a n o l w e r e p r o d u c e d i n t h e 

USA i n 1 9 7 4 ( 3 , 4 ) . H o w e v e r , m o s t o f t h e n - b u t a n a l r e q u i r e d a s a n i n t e r m e d i a t e 

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

s i n c e a b o u t 1 9 6 0 ( 5 ) . 

T h e c o m m e r c i a l p r o c e s s e s v i a t h e a l d o l c o n d e n s a t i o n r o u t e a r e a l l b a s e d o n l i q u i d -

p h a s e b a s e - c a t a l y z e d c o n d e n s a t i o n . H e t e r o g e n e o u s g a s - p h a s e p r o c e s s e s h a v e b e e n 

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

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

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

b e c a u s e r e a c t i o n c o n t r o l i n p a r t i c u l a r i s e a s i e r , a s i s d i s c u s s e d 

i n c h a p t e r 1. 

Among t h e r e a s o n s why g a s - p h a s e a l d o l c o n d e n s a t i o n h a s s o f a r m e t w i t h l i t t l e 

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

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

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

t o S w i f t a n d c o - w o r k e r s ( G u l f R e s e a r c h a n d D e v e l o p m e n t C o . ) ( 6 , 7, 8, 9, 1 0 ) . 

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

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

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

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

C h a p t e r 1. c o n t a i n s a l i t e r a t u r e s u r v e y o n c a t a l y t i c a l d o l c o n d e n s a t i o n , w i t h 

s p e c i a l a t t e n t i o n t o t h e w o r k o f S w i f t e t a l q u o t e d a b o v e . C a t a l y s t p r e p a r a t i o n 

a n d c h a r a c t e r i z a t i o n a r e d i s c u s s e d i n c h a p t e r 2. S e v e r a l m e t h o d s o f p r e p a r i n g 
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t i n o n s i l i c a c a t a l y s t s w e r e t r i e d o u t t o f i n d t h e i n f l u e n c e o f t h e m e t h o d 

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

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

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

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

C h a p t e r 3 d e s c r i b e s t h e a c t i v i t y , s e l e c t i v i t y a n d d e a c t i v a t i o n o f t h e c a t a l y s t s 

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

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

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

p r e s e n t e d i n c h a p t e r 4 a n d t h e s t r u c t u r e o f t h e a c t i v e s i t e i s d i c u s s e d i n 

c h a p t e r 5. 

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

r e a c t i o n , i s t h e s u b j e c t o f c h a p t e r 6. T h e f i n a l c h a p t e r a l s o c o n t a i n s a p r o p o s a l 

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

-glyoxal 

. acetic anhydride 
• peracetic acid 

. acetic acid 
acetone 

(+ ethanoli -e thy lace täte 
- v i n y l acetate 

T 
iacetone alcohol 

( i so)phorone 
- mesityloxyde 
- substituted hexanones 
- substituted aromatics 

i+ methanal I • 

•-ethylene 

pentaerythritol 
— ^ - a c r y l o n i t r i l e 
— ^ - a c r y l i c acid 
— * - a l l y l alcohol - 1,4-butadiol 

- g l y c e r o l 

— n - b u t a n a l 
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Figure 0.1 Ethanol as a raw material for i n d u s t r i a l chemicals 

* in t h i s reaction the aldol condensation i s an essential step. 
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1. ALDOL CONDENSATION 

1.1 D e s c r i p t i o n of the r e a c t i o n 

A l d o l c o n d e n s a t i o n c a n b e d e f i n e d a s a n a d d i t i o n r e a c t i o n b e t w e e n t w o r e a c t a n t s , 

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

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

T h e name c o m e s f r o m t h e s e l f - c o n d e n s a t i o n p r o d u c t o f e t h a n a l , w h i c h i s c a l l e d 

a l d o l b e c a u s e i t c o n t a i n s a h y d r o x y 1 g r o u p a s w e l l a s a n a l d e h y d e f u n c t i o n : 

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

c h a r a c t e r i s t i c o f t h e r e a c t i o n p r o d u c t : g - h y d r o x y - a l d e h y d e s o r g - h y d r o x y - k e t o n e s . 

T h e c o n d e n s a t i o n may b e f o l l o w e d b y a d e h y d r a t i o n s t e p i n v o l v i n g t h e g - h y d r o x y l 

g r o u p a n d a n a - h y d r o g e n a n d g i v i n g a n a , B - u n s a t u r a t e d a l d e h y d e o r k e t o n e . F o r 

i n s t a n c e , a 3 - h y d r o x y b u t a n a l d e h y d r a t e s e a s i l y t o 2 - b u t e n a l ( c r o t o n a l d e h y d e ) : 

When t w o d i f f e r e n t r e a c t a n t s a r e u s e d , b o t h c o n t a i n i n g a n a - h y d r o g e n , f o u r 

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

c a r b o n y l g r o u p s a n d o f a - h y d r o g e n s . When o n e r e a c t a n t h a s n o a - h y d r o g e n , o n l y 

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

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

w h e n m i x e d f e e d s a r e u s e d . 

C o n v e r s i o n t o a l d o l p r o d u c t s i s n o t a l w a y s q u a n t i t a t i v e b e c a u s e i t may b e 

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

a t l o w t e m p e r a t u r e s , v i z . n e a r l y 1 0 0 % c o n v e r s i o n t o a l d o l a t 2 5 C. E q u i l i b r i u m 

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

k e t o n e s , e . g . f o r b u t a n a l 6 6 % a n d f o r a c e t o n e 1 0 % a t 25 ° C M o r e o v e r , e q u i l i b r i u m 

c o n v e r s i o n d e c r e a s e s w i t h i n c r e a s i n g t e m p e r a t u r e . T h e s u b s e q u e n t d e h y d r a t i o n i s 

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

2 CH 3CH0 CH 3CH0HCH 2CH0 ( 3 - h y d r o x y b u t a n a l ) 

CH3CHOHCH2CHO CH3CHCHCHO + H 20 
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T h e o v e r a l l e q u i l i b r i u m c o n v e r s i o n t o t h e u n s a t u r a t e d p r o d u c t t h e r e f o r e 

b e c o m e s m o r e f a v o u r a b l e a t h i g h e r t e m p e r a t u r e s . A r e v i e w o f t h e l i q u i d - p h a s e 

a l d o l c o n d e n s a t i o n i s g i v e n b y N i e l s e n a n d H o u l i h a n ( 1 1 ) . 

1.2 C a t a l y s i s 

L i q u i d - p h a s e a l d o l c o n d e n s a t i o n i s c o m m o n l y p e r f o r m e d a t l o w t e m p e r a t u r e , e . g . 

15 °C f o r e t h a n a l a n d 50 °C f o r b u t a n a l , b e c a u s e o f t h e u n f a v o u r a b l e e q u i l i b r i u m 

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

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

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

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

e t h a n a l a n d w a t e r a t 1 6 0 °C i n a n a u t o c l a v e ( 1 2 ) . 

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

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

- b a s e c a t a l y s i s 

- a c i d c a t a l y s i s 

- a m i n e c a t a l y s i s 

- m e t a l c o o r d i n a t i o n c a t a l y s i s 

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

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

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

p o s i t i v e c h a r g e o n t h e c a r b o n . ( O f c o u r s e , t h e a - c a r b o n i s i n f l u e n c e d t o o ; i t 

c a r r i e s a s m a l l p o s i t i v e c h a r g e ) . C a t a l y s i s c o n s i s t s o f t w o a c t i o n s , v i z . 

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

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

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

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

i o n i s f o r m e d w h i c h may l e a d t o e n o l i s a t i o n . F i g u r e 1.1 s u m m a r i z e s t h e c h a r a c t e 

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

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

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

e n o u g h b a s e e f f e c t i v e l y a c t i v a t e s e v e n l e s s r e a c t i v e a - h y d r o g e n s . I t s 

m e c h a n i s m h a s b e e n p r o p o s e d f o r t h e f i r s t t i m e b y H a n n e t a l ( 1 1 , 1 3 , 1 4 , 1 5 ) . 

G e n e r a l l y NaOH, Ca(,OH) ^ a n d b a s i c i o n e x c h a n g e r s a r e u s e d a s c a t a l y s t s i n i n d u s t r y . 

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

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

( 1 4 , 1 6 , 1 7 ) . A c i d c a t a l y s i s t h e r e f o r e i s l e s s e f f e c t i v e , a n d i n a p p l i c a b l e 
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Figure 1.2.1 C a t a l y t i c mechanisms of the aldol condensation proposed 

for liquid-phase reactions. 

B i s a Brfinsted base, M i s a free or not completely coordinated metal ion. 

A. Base catalyzed 

B. Acid catalyzed 

and 

o 0 H + OH 
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C. Amine catalyzed 
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f o r a l d e h y d e s , t h e m o r e s o b e c a u s e a c i d i s a f a r b e t t e r c a t a l y s t f o r a 

p a r a l l e l r e a c t i o n , v i z . p o l y m e r i z a t i o n . 

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

t o t h e c a r b o n y l c a r b o n . B e c a u s e s u c h a n a d d i t i o n r e q u i r e s t h a t h y d r o g e n 

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

T h e r e a c t i o n p a t h d e p e n d s o n t h e p H a n d t h e t y p e o f a m i n e e m p l o y e d ( 1 8 , 1 9 , 

2 0 , 2 1 ) . 

Metal coordination c a t a l y s i s i s q u i t e a n a l o g o u s t o a c i d c a t a l y s i s . I n s t e a d o f 

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

a s a L e w i s a c i d . F r e e m e t a l i o n s a s w e l l a s a l c o h o l a t e s a r e m e n t i o n e d a s 

c a t a l y s t s . M e t a l c o o r d i n a t i o n c a t a l y s i s b y C o p p e r ( I I ) h a s b e e n p r o p o s e d b y I w a t a 

e t a l a n d w a s i n f e r r e d f r o m t h e a c t i o n o f t h e a l d o l a s e s i n b i o c h e m i s t r y ( 2 2 ) . 

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

a d d e d s o m e t i m e s t o e n h a n c e 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 m e t a l i o n 

c a t a l y s i s . T h e s e may a c t i v a t e t h e c a r b o n a t o m i n a - p o s i t i o n ( 2 3 , 2 4 , 2 5 ) . 

When u s i n g a l c o h o l a t e s o f v a r i o u s m e t a l s , s u c h a s A l , Z n , N a , Mg a n d S n ( 2 6 , 2 7 , 

2 8 , 2 9 , 3 0 , 31) a c t i v a t i o n c a n e i t h e r b e b y c o o r d i n a t i o n o r b y e n o l f o r m a t i o n 

w i t h t h e r e a c t a n t . S i n c e s t r o n g L e w i s a c i d i c m e t a l a l k o x i d e s a l s o c a t a l y z e 

t h e C a n n i z z a r o r e a c t i o n o f a l d e h y d e s , t h e p r o d u c t m i x t u r e c a n b e q u i t e c o m p l e x . 

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

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

R e i f f ( 3 2 ) d e s c r i b e s s u c h a s e l e c t i v e c o - c o n d e n s a t i o n , v i z . t h e a d d i t i o n o f 

k e t o n e t o t h e a - c a r b o n o f a n a l d e h y d e e f f e c t e d b y m e t a l l i c S c h i f f b a s e s . I w a t a 

e t a l ( 2 2 ) f o u n d t h a t c r o s s e d a l d o l c o n d e n s a t i o n w a s f a v o u r e d w i t h c o p p e r ( I I ) 

a s c a t a l y s t , e v e n w h e n a l a r g e e x c e s s o f k e t o n e w a s u s e d . T h i s l e d t h e m t o t h e 

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

e a s i l y t h a n t h e k e t o n e . 

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

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

b y h y d r o f o r m u l a t i o n ( 3 3 , 3 4 , 3 5 , 3 6 , 2 8 , 3 9 ) . F u r t h e r m o r e , t h e s e c o b a l t c a t a l y s t s 

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

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

Dehydration o f t h e a l d o l / k e t o l c o m p o u n d i s c a t a l y z e d b y a c i d s , t h e f i r s t s t e p 

b e i n g t h e r e m o v a l o f t h e h y d r o x y 1 g r o u p , w h i c h i s a c t i v a t e d b y a p r o t o n . T h e 

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

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

t e m p e r a t u r e s h i g h e r t h a n 7 0 ° C . 
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Gas-phase aldol condensations require rather high temperatures, v i z . 200 °C and 
higher, and are catalyzed by heterogeneous catalysts. I t i s generally believed 
that acid/base catalysis proceeds according to similar mechanisms for hetero
geneous reactions as for homogeneous reactions (40, 41). Because most 
heterogeneous catalysts consist of metal oxides, b»sic and acidic sites are 
available. Basic sites are associated with surface oxygen ions, (Lewis) acid 
sites with metal ions. Heterogeneous gas/solid catalysis may 
proceed according to a base or metal coordination-catalyzed mechanism, or a 
combination of these mechanisms. Not much has been done, however, to unravel 
the mechanism. 

A mechanism with base catalysis has been proposed by Malinwski and co-workers 
(42, 43, 44), who employed basic solids obtained by impregnation of s i l i c a gel 
with a l k a l i hydroxides as catalysts. Their findings were that 
- the a c t i v i t y of the catalyst i s proportional to the concentration of a l k a l i 
atoms brought on the surface, 

- the a c t i v i t y i s proportional to the a l k a l i n i t y of the metal ions used, 
- the reaction rate i s proportional to the acidi t y of the a-hydrogen atom and 

the r e a c t i v i t y of the carbonyl group. 
Minachev et a l observed the same for the condensation of butanal over rare 
earth oxides (45). 
Some authors proposed an acid-catalyzed mechanism for the aldol condensation 
on s i l i c a gel (46, 47, 48), assuming the proton of the surface hydroxyl groups 
to be acid enough to activate the carbonyl group and start the enolisation. 
However, very pure s i l i c a gels and aerosils are much less active or not at a l l 
(48, 49, 50, 51). Thus the a c t i v i t y of s i l i c a gels must be due to impurities, 
the more so because the acidity of the surface hydroxyl group i s quite low. 
A similar conclusion has been drawn by Van Roosmalen i n a study of the iso-
merization of 1-butene on s i l i c a g e l (52) , who concluded the active sites 
to be aluminium ions present as an impurity, not the hydroxyl groups. 

1.3 L i q u i d - p h a s e v e r s u s gas-phase proce s s e s 

At present, aldol compounds are usually produced by liquid-phase processes, 

generally employing homogeneous catalysts. Common catalysts are strongly 
basic substances, e.g. the hydroxides of a l k a l i and earthalkali metals. The 
following characteristics have strongly influenced the form of liquid-phase 
processes. 
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a) The formation of the aldol i s a strongly exothermic reaction. The heat 
of reaction for the ethanal condensation is-55kJ.mol , for the butanal 
condensation_67 kJ.mol * and for the acetone condensation-61 kJ.mol V. 
Thorough cooling i s therefore necessary to keep the reaction temperature at 
the required low l e v e l . Many different systems are employed. One works at 
the boiling point of the substrate, and evaporation takes care of the excess 
heat (53, 54, 55). A more common method i s external cooling of the l i q u i d 
phase, with or without direct recirculation (56,57,58,59,60,61). Those 
circulation streams can be as much as 20-40 times the feed volume (62). 
b) Subsequent condensation of primary products i s dependent on the concentration 
of reactants, products and catalyst and on the temperature. The two factors 
mentioned l a s t are the most important. Local overheating of the mixture and a 
l o c a l l y high catalyst concentration must be prevented. Vigorous s t i r r i n g of 
the reaction mixture, e.g. by ci r c u l a t i o n , and stepwise addition of the catalyst 
are used to this end (58,60). Dilution with large amounts of water, ethanol or 
ethers i s also employed, particularly i n older processes (63, 64, 65, 66). 
c) The reaction i s commonly stopped before equilibrium i s reached because the 
concentration of the desired intermediate goes through a maximum, decreasing 
again at very long residence times. Even so the residence times required to 
obtain a reasonable conversion are quite long, i.e. up to 1.5 h for the 
condensation of ethanal and several hours for the condensation of acetone. 
To improve the process better catalysts have been sought, which give higher 
reaction rates and better s e l e c t i v i t i e s even at higher temperatures, i n 
particular for the butanal condensation. Amines (67) and metal ion catalysts, 
e.g. cobalt s a l t s , have been proposed (37, 39, 33, 68). An amine catalyst has 
been claimed to give a high s e l e c t i v i t y for the ethanal condensation even at 
100 °C (69). 
d) Acetone and ethanal are miscible with the catalyst solutions, aqueous or 
alcoholic, but many other aldehydes and ketones are not. Thus mixing of the 
catalyst solution and the reactants poses a problem. This i s another reason 
for applying well-stirred reaction systems (62). Sometimes high concentrations 
of electrolytes are employed to s t a b i l i z e the suspension. These may also act 
as catalyst (70, 71). High s a l t concentrations are reported, however, to 
decrease the s e l e c t i v i t y (34, 36, 72). Phase transfer catalysts are reported 
to enhance the action of the catalysts i n these suspensions, e.g. the salts 
of t e r t i a r y and quaternary amines (54, 73). 
e) To avoid catalyst disposal problems heterogeneous catalysts such as basic 
ion exchangers have been proposed (54, 73, 74, 75, 76), but for aldehydes 
immiscible with water phase transfer agents or catalysts are s t i l l needed. 
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O t h e r h e t e r o g e n e o u s c a t a l y s t s p r o p o s e d a r e MgO, MoO^ w i t h ZnO o n a l u m i n a 

( 7 7 , 78) f o r b u t a n a l c o n d e n s a t i o n , a n d t h e h y d r o x i d e s o f b a r i u m , c a l c i u m a n d 

s o d i u m f o r c o n d e n s a t i o n o f a c e t o n e ( 7 9 , 8 0 , 8 1 , 8 2 ) . 

f ) S i n c e t h e o , g - u n s a t u r a t e d p r o d u c t i s t h e m o s t common p r o d u c t m a n y p r o c e s s e s 

c o n t a i n t w o s t e p s . T h e s e c o n d s t e p , d e h y d r a t i o n o f t h e a l d o l o r k e t o l , i s 

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

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

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

S u m m a r i z i n g , t h e m a i n c h a r a c t e r i s t i c s o f t h e l i q u i d - p h a s e p r o c e s s e s a r e : 

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

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

c a s e o f b u t a n a l , 

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

- a n o n - r e c o v e r a b l e c a t a l y s t , 

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

s u b s e q u e n t d e h y d r a t i o n , i s n e e d e d . 

A l t h o u g h n o gas-phase process h a s y e t b e e n c o m m e r c i a l i z e d , some c o m p a r i s o n 

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

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

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

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

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

m o r e f a v o u r a b l e e n e r g y e c o n o m y f o r t h e r e a c t i o n . M i x i n g o f g a s e s i s o f c o u r s e 

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

I n t h e g a s - p h a s e p r o c e s s c a t a l y s t r e c o v e r y i s n o t n e c e s s a r y a n d l i q u i d w a s t e 

s t r e a m s c o n t a i n i n g c a t a l y s t s a n d a u x i l i a r y c h e m i c a l s d o n o t o c c u r . M o r e o v e r , 

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

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

H o w e v e r , r e a c t a n t c o n c e n t r a t i o n s a r e l o w e r a n d t h e e q u i l i b r i a l e s s f a v o u r a b l e . 

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

T h e s e l e c t i v i t y o f t h e g a s - p h a s e p r o c e s s i s o f m a j o r i m p o r t a n c e f o r p r o c e s s 

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

T h e o v e r a l l e f f i c i e n c y o f t h e l i q u i d - p h a s e p r o c e s s e s i s b e t w e e n 90 a n d 9 5 % . 

A s f o r g a s - p h a s e p r o c e s s e s , t h e m a i n f a c t o r s c o n t r o l l i n g t h e s e l e c t i v i t y a r e 

c a t a l y s t t y p e a n d t h e c o n v e r s i o n p e r p a s s . 
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Figure 1.2. Performance of heterogeneous c a t a l y s t s for the gas-phase aldol 

condensation of ethanal. Numbers refer to the c a t a l y s t s with 

numbers (A) given in table 1.3.1. 

T a b l e s 1 . 3 . 1 . - 1 . 3 . 5 . a n d f i g u r e 1.2. g i v e r e a c t i o n d a t a f o r s e v e r a l c a t a l y s t s 

a n d f e e d s t o c k s . F r o m t h e s e d a t a i t c a n b e c o n c l u d e d t h a t t h e s i n g l e p a s s y i e l d 

f o r e t h a n a l c o n d e n s a t i o n s h o u l d n o t e x c e e d 3 5 % . T h e c a t a l y s t s h o w i n g t h e h i g h e s t 

s e l e c t i v i t y ( 9 7 % ) i s L i ^ P O ^ ( 8 3 ) . T i n o n s i l i c a g e l may b e a g o o d a l t e r n a t i v e 

b e c a u s e o f i t s h i g h s i n g l e p a s s y i e l d ( 3 7 % ) . T h e s i n g l e p a s s y i e l d f o r b u t a n a l 

c o n d e n s a t i o n d o e s g e n e r a l l y n o t e x c e e d 3 5 % , t h e c a t a l y s t p e r f o r m i n g b e s t 

i n t h i s r e a c t i o n b e i n g t i n o n s i l i c a g e l ( 7 , 8 ) ; a t 6 0 % c o n v e r s i o n t h e 

s e l e c t i v i t y i s 9 7 % . 

A c e t o n e c o n v e r s i o n t o m e s i t y l o x i d e i s q u i t e l o w . H i g h e r c o n v e r s i o n s c a n b e 

r e a c h e d w h e n t h e u n s a t u r a t e d i n t e r m e d i a t e i s h y d r o g e n a t e d i n t h e same r e a c t o r . 

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

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

r e a c t a n t ( s ) i s n e c e s s a r y . T i n o n s i l i c a g e l may w e l l b e a s u i t a b l e c a t a l y s t f o r 

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

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



Table 1.3.1 
(numbers (A) 

Literature data on the gas-phase a l d o l condensation of ethanal 
refer to fi g u r e 1.3.1) 

year l i t catalyst 

1918 (84) 
1920 (85) 
1931 (86) CuO/Cr O (1:1) 

1947 (87) 
(88) 

s i l i c a g e l 

(1) 
(2) 

temp 
°C 

360 
200 
360 

300 
320 

flow conditions 

(pure) 
0.1 LHSV 
batch, H. 
200 * 10 kPa 

N 2 
0.57 LHSV 
eth./H 2C=l/2 

conversion s e l e c t i v i t y 
y i e l d 

* % % 

30 (28,5) 95 

42 (11) 36 
IS 

35 (16.1) 46 
25 

(higher 
products) 

1949 189) Cd-phosphate (4) 360 80 GHSV 30 (27) 90 
on glass wool eth/N 2=l/l 

(90) 2.w% T a 2 0 3 on (5) 350 0.4 LHSV 43 (18) 42 
s i l i c a g e l 8w% H 20 

id . (6) 280 i d . 27 112) 44 
s i l i c a g e l pure (7) 350 i d . 42 (26) 62 

i d . (8) 280 i d . 35 (22) 63 
1950 (91) ZnO/Bi 20 3 (94/6) 400 0.75 LHSV 24 

on s t e e l turnings eth/H 2 = 1/1 
MgO/Bi 20 3 (94/6) 400 1.5 LHSV 6 

i d . eth/H 2 = 1/3 
Hg0/V2O5 (94/6) •100 i d . 4 

i d . 
1954 (92) 3CuO.H20 200 recycle batch 97 (54) 56 

1-5 g.gcat." h" 1 

2 h . 25 min 
AIO(OH) 230 i d . ; 4 h- 20 min 96 (79) 82 
Fe(OH) 3 170 i d . : 7 h. 20 run 96 (75) 78 
8-H2Sn03 260 i d . ; 3 h. 35 min 90 (63) 70 
SnO 200 i d . ; 9 h 79 (49) 62 

1957 (93) MgO/Ta05<95/5) (9) 300 1200 GHSV 
eth/H 20/N = 1/3/3 24.5 (16) 65 

1959 (94) 25w% Nb 20 5 on 
asbestos 340 30 

year l i t c a t a l y s t (A) temp flow conditions conversion s e l e c t i v i t y 
°C y i e l d 

% % % 

1961 (49) S i 0 2 (10) 340 35 (27.3) 78 

Zr0 2/si0 2(55/45) (11) 340 35 (26.6) 76 
i d (85/151(12) 340 35 (21.7) 62 

(95) 0.1 mol NaOH on 300 29 
lOOg s i l i c a g e l 

1963 (96; 2w% Ta.,0 on 335 1 LHSV 19 
s i l i c a g e l eth/H 20 =1/1 

1964 (83 ) L 1 3 P ° 4 (13) 250 5g.gkat .h ' 37 (33.3) 97 
1965 (46) s i l / a l (87/13) 14) 185 •».50 (̂ -25) •\,50 

(8) 10w% Sn on (15) 250 0.5 LHSV 
s i l i c a g e l eth/H 2 * 1/1.5 48 (37.3) 78 

1966 (97) Mg/Cu/II)(Mn(II)(16) 300 70 g cat.h.mol 58 5 (10.2) 17 4 
oxide (65/25/10) 

i d . (17) 48<j cat.h.mol ̂  52 6 (8.7) 16 5 
1967 (98) LiA10 2 (18) 295 1.5 LHSV 14.6 (13.1) 89 9 

on s i l i c a g e l eth/H 20 = 2/1 
i d . (19) 250 2.8 LHSV 11 2 (9.7) 86 8 

id . 
Z r0 2 on (20) 305 1.5 LHSV 1 1 0 (7.7) 69 8 
s i l i c a g e l id. 

i d . (21) 245 1.6 LHSV 12 8 (10.4) 81 4 
i d . (35 kPa) 

1968 199) s i l / a l 220 0.873 LHSV 13 
(87.5/12.5) 

1969 (100) ZnO (22) 230 0.5 LHSV 43 (24.1) 56 
eth/H 2 - 10/1 

1970 (101) Cd/Ca phosphate (23) 360 10 (89) 89 
i d . (24) 400 15. 8 (12.4) 78 

1976 (102) HgO/Al 20 (25) 280 71g cat.h.mol 32. 8 (25.6) 78 
(with L i ) 

(103) alumina with 
10 mmol.Ha+.g 

a) values are for si n g l e pass, i f not stated otherwise 
y i e l d i s conversion to desired product. 



Table 1.3.2 Literature data on the gas-phase a l d o l condensation of n-butanal. 

year l i t catalyst temp flow conditions conversion s e l e c t i v i t y 
°C (yield) 

% % % 

1953 (104) at 275°C 
dehydrated 
hydroxyde of 
Cu(II) 275 0.2 LHSV 7 (3.9) 56 
Mg id i d 33 (28.4) 96 
AÍ i d i d 49 (36.8) 75 
s i l i c a g e l i d id 25 (21.5) 86 
Sn(II) i d i d 44 (38.3) 87 
Sn(IV) i d i d 25 (20.8) 83 
Cr(III) i d i d 39 (30.0) 77 
Fe(III) i d i d 32 (24.5) 76. 5 

1956 (1051 s i l i c a g e l 
with 0.08w% Pd 150 0.025 LHSV 2 5 (20) a eo a 

1965 (8) 10w% Sn on 250 0.5 LHSV 62 (60.1) 97 
1969 (7) } s i l i c a g e l but/H 2=l/2 
1972 (106) K.NaY 200 0,53 LHSV 48.6 (36.5) 75 

zeo l i t e (after 1 hr op) 
1976 (102) MgO/Al 20 3 280 125 gkat.hr.M _ 1 51 (35.7) 70 

n/iso=l/l 
3.8» 10 2 kPa 

1978 (45) L a 2 ° 3 370 1.5 LHSV 43 (14) 32.5 
but/N 2=l/4 

N d 2 ° 3 360 i d 49 (20.4) 41.5 
(40. 

1943 (107) C r 2 0 3 330 autoclave; cat 48.3 
i s 10w%; 20« 10 2 

kPa 1 hr; H n 

Table 1.3.3 Literature data on the gas-phase a l d o l condensation of acetone 

year l i t 

1962 
1964 
1965 

(108) 
(83) 
(109) 

(8) 

(110) 

(111) 

(112) 
(113) 

cataly s t 

ZnO 
Li^PO, 

10w% Sn on 
s i l i c a g e l 
5w% MoO^ on 
alumina 
Mg-silicate 
(with 5w% Pd) 
MgO/SiO/Cr O / 

550 
285 
300 

2 3' 
/CaO 

a l k a l i c e l l u l o s e 116 
A1 20 3 350 
(with Kh) 
Zr Phosphate 
(with Pd) 

120 

1976 (115) 

1977 (102) 
on s i l i c a g e l 
MgO/Al2O3(50/3) 300 
with L i 
Zr Phosphate 
(with 0.5w% Pd) 160 

1960 (117) ZnO/Zr0 2 

(82/18) 

flow conditions 

5 GHSV 
2.4 LHSV 
0.25 LHSV 

0.7 LHSV 
ac/H =12.5/1 

6« 10 kPa 
4.0 LHSV 
ac/H2=3/l 
20* 10 2 kPa 

3.8« 10 kPa(abs) 

ac/H2=2.5/l 
30» 10 2 kPa 
0.25 LHSV 
ac/H 2 = 1/1 

conversion s e l e c t i v i t y 
(yield) 

23 
15 a 

(9.9) a 43" 
14a 
16b 

14 (9.8) a 64 a 

32 ( 2 . 3 ) a ' c 7 . 2 a 

62 b 

51.5 (28.3) a'°55 a 

80.5 
41 ( 1 9 ) a ' c 46 a 

(23> b' c 

16.6 (15.2) b 95 b 

36.2 ( 2 5 ) a ' c 68.5 C 

28 (26.3) a'=94 c 

18.4 8Ç.4 
(11.0) a 36.0 

36.3 ( 3 3 ) a ' c 90 a 

95. 5 b 

a - Q a 34.3 (20) a 58' 
78. 5 b 

a) to mesityl oxide 
b) to mesityl oxide, (iso)phorone 
c) including d i r e c t hydrogénation 

and other trimers 
of the compounds 

a) as butanol 
b) to dipropyl ketone 

http://gkat.hr


Table 1.3.4 Literature data on the gas-phase a l d o l condensation af various 
compounds. 

l i t substrate catalyst temp flow conditions Conversion 

y i e l d 
% 

183) propanal L i 3 P 0 4 275 2,5 LHSV 32 30 
Cu(0H) 2 280 0.8 LHSV 15 6 
Ca orthophos 235 0.8 LHSV 68 57 

(118) i d Ca(OH) 2 150 0.085 LHSV 80 60 
prop/N2/H2C= 
2.8/1/7.5 

(107) i d C r 2 ° 3 400 batch;autoclave; 18.7 
N 2;20« 10 2kPa;lh 

(119) 2-butenal BaO/CaO 300 40 
(o-toluald. 

(120) i d 10% Ca(CH) ? 300 0.07 LHSV 97 8 45.7 
on alumina (toluald. 

i d 10w% Sr(0H) 2 300 i d 60 1 41.8 
on alumina (toluald. 

(9) i d lOw* Cu/Sn(l/1) 250 0.5 LHSV 61 7 35.4 
on s i l i c a g e l ( toluald. 

(121) butanone ZnO/Zr02 400 1.5 LHSV 15 5 12.7 
(94 6) but/H«1/1 

l C8' 
(83) eyelopetonone L i 3 P ° 4 240 2,2 LHSV 44 0 
(102) cyclohexane MgO/Al 0 280 0.5 LHSV 14 7 12.3 

(50/l)with L i 3.8» 10 2kpa 
¡83} id 

L i 3 P ° 4 270 1.57 LHSV 13. 0 12.7 
Na-orthophosp 275 0.47 LHSV 29. 0 25.2 
Cu(OH) 2 275 0.34 LHSV 47. 8 40.2 

(6) i d 10w% Sn 250 0.5 LHSV 27. 5 25.2 
on S i 0 2 

18) i d 10w% Sn 250 1.0 LHSV 27. 5 25.6 
on S i 0 2 cycl/H 2=1.2/l 

Table 1.3.5 Literature data on the gas-phase a l d o l condensation of mixed feeds. 

catal y s t temp flow conditions Conversions 
4 y i e l d 3 ' 

(122) 

(123) 

(124) 

(95) 

(122) 

(95) 

(118) 

(122) 

(95) 

(95) 

(122) 

(83) 

(125) 

(126) 

methanal/ethanal 
(1/3) 
i d 
(3/1) 

ethanal/methanal 
(1/2) 
i d 
(1/1) 

ethanal/propanal 
(1/3) 
i d 
(1/1) 
i d 
(1/1) 

485 400 GHSV 
on s i l i c a g e l 
L i 2 C 0 3 

on s i l i c a g e l 
5w% NaOH 
on s i l i c a g e l 
7w% * 2 T i 0 2 

on s i l i c a g e l 
3w% L a 2 0 3 

on s i l i c a g e l 
N a 2o/sio 2 

(1/3.18) 
kOH on 

ceramic chips 

3 LHSV 
mixt /H 0=l/3 

485 400 GHSV 

0.085 LHSV 
mixt/N =3/1 

on ceramic chips 

-2-3 4 8 5 

(1/1) 
methanal/n-butanal 3w% La 00 

(1/3) 
i d Na 20/SiO 
(1/1) (1/3.18) 

methanal/n-pentoial Na.,0/Sio 
(1/1) (1/3.18) 

methanal/acetone 
(1/3) s i l i c a g e l 

ethanal/benzaldehyde L i 3 P 0 4 

(1/1) 
benzaldehyde/ethanal 0.8w% Na 

(1/3) on s i l i c a g e l 
acetone/iso-butanal 1% kOH on 

(1/1) alumina 
i d 5w% Sn on 

s i l i c a g e l 

485 400 GHSV 

333 2.2 LHSV 

(propenal) 
52 

430 
3 50 

0.6 LHSV 
306g.(lcat)"'h 
mixt/H 2 = 1/10 
i d 

(2 methyl-propenal) 
45 

74 62 

34 30 
(2 ethyl-propenal) 
49 

59 

(2 propyl-propenal) 
40 66 
(methyl-vinyl-ketone) 
27 9 
(cinnamic acid) 

27.2 
12.9 3.9 
(methylhexenal) 
12.0 5.9 

a) based on f i r s t mentioned reactant. 
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1.4 P r e v i o u s work done on t i n on s i l i c a g e l c a t a l y s t s . 

The t i n on s i l i c a g e l catalysts described by Swift et a l (6, 7, 8, 9, 10) givo 
good results for the aldol condensation of ethanal and butanal. A 10w% Sn catalyst 
gave a single pass conversion of 48% for ethanal at a s e l e c t i v i t y of 78%,- for 
butanal the conversion was 62% at a s e l e c t i v i t y of 97%. In both cases hydrogen 
was used as diluent. These conversions are high compared to those obtained on 
most other catalysts. 
Earlier work has shown several other t i n compounds to have some catalytic 
a c t i v i t y for the aldol condensation, but their performance was not as good. 
Examples are the t i n ( I I , IV)hydroxides for butanal (104) and tin(IV) 
compounds for ethanal (92, 128) (see tables 1.3.1, 1.3.2) 
In particular, large amounts of acid and ketone are reported to be formed when 
applying these catalysts for the ethanal condensation. Furthermore t i n compounds 
are mentioned along with many others as possible catalysts or additives without 
further specification , e.g. (129,127). Swift et a l noticed aldol condensation as 
a side reaction when studying the dehydrogenation of cyclohexanone over n i c k a l - t i n -
s i l i c a catalysts, and reported particulars about preparation and activation of the 
catalyst by reduction, using the butanal condensation as the test reaction (7). 
When describing their findings they claim many t i n compounds with different solvents 
for the preparation of the catalysts, and invariably assume that a t i n compound 
i s present as fine particles well distributed through the support. The cataly t i c 
a c t i v i t y was found to depend on the duration of the reduction (figure 1.3). Swift 
and co-workers concluded from their experiments that metallic t i n i n the g-phase 
i s the active agent, although i n i t i a l l y they mentioned stannous-oxide as an other 
p o s s i b i l i t y . Their optimal catalyst was 10w% t i n on s i l i c a g e l . Other supports were 
tested but gave catalysts with much lower a c t i v i t y and s e l e c t i v i t y . 
Before reduction the catalyst showed some a c t i v i t y but a low s e l e c t i v i t y . Pure 
s i l i c a g e l had more or less the same a c t i v i t y as an unreduced catalyst but a 
much better s e l e c t i v i t y . A study with adsorption of ammonia at 250 °C revealed 
that the unreduced catalyst had twice the number of acid sites as the pure 
s i l i c a g e l support, and the reduced catalyst three times that number. Thus the 
a c t i v i t y i s probably not d i r e c t l y related to the Lewis acidity of the catalyst. 
Catalyst deactivation could be delayed to a high degree by d i l u t i n g the feed 
with an "inert" gas. Hydrogen proved to be the most favourable diluent. The 
optimal r a t i o of reactant to diluent was 0.2. According to the Swift patent (10), 
coke formation during butanal condensation i s the main cause for deactivation, 
although oxidation by water and coalescence of metallic t i n were suggested c.t 
f i r s t to be additional causes.(7). 
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R e g e n e r a t i o n o f t h e c a t a l y s t w a s s h o w n t o b e p o s s i b l e b y a t r e a t m e n t w i t h 

h y d r o g e n a t h i g h t e m p e r a t u r e ( 3 5 0 - 5 0 0 ° C ) . R e a c t i v a t i o n i s c o n s i d e r e d n e c e s s a r y 

w h e n 10 - 2 0 % c o k e h a s b e e n d e p o s i t e d o n t h e c a t a l y s t . T h i s c o n d i t i o n i s r e a c h e d 

a f t e r 2- 3 w e e k s . A f t e r r e a c t i v a t i o n 5 - 10w% c o k e r e m a i n s i n t h e c a t a l y s t b u t 

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 a r e a b o u t t h e s a m e a s f o r a f r e s h l y p r e p a r e d 

c a t a l y s t . 

T h e f o l l o w i n g i s c l a i m e d i n t h e S w i f t p a t e n t s : 

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

- f e e d s i n c l u d e b u t a n a l , a c e t o n e , e t h a n a l , p o s s i b l y m i x e d w i t h m e t h a n a l , 

- a h e t e r o g e n e o u s c a t a l y s t " c o m p r i s i n g m e t a l l i c t i n i n t h e 6 - p h a s e " o n a s u p p o r t 
2 -1 

h a v i n g a s u r f a c e a r e a o f a t l e a s t 50 m .g , 

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

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

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

T i n o n s i l i c a g e l c a t a l y s t s h a v e a l s o b e e n u s e d b y D r o s t e e t a l ( 1 2 6 ) f o r a 

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

t o b e h i g h l y s e l e c t i v e , v i z . 5 0 % a n d m o r e , t o t h e m i x e d a l d o l p r o d u c t . T h i s 

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

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

c h a p t e r . I n a n o r m a l l i q u i d - p h a s e b a s e - c a t a l y z e d r e a c t i o n , m e s i t y l o x i d e i s 

f o r m e d a s t h e m a i n p r o d u c t . 
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2. CATALYST PREPARATION AND COMPOSITION 

2.1 I n t r o d u c t i o n 

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

u l t i m a t e p e r f o r m a n c e a s h a s b e e n d e m o n s t r a t e d b y m a n y a u t h o r s ( e . g . 1 3 0 , 1 3 1 , 

1 3 2 , 1 3 3 ) . Two f a c t o r s a r e o f t e n e s s e n t i a l f o r a c a t a l y s t t o b e e f f e c t i v e , v i z . 

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

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

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

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

S w i f t e t a l ( 7 , 8 ) , o t h e r s u p p o r t s s h o w i n g m u c h l o w e r a c t i v i t i e s . T h e y d o n o t 

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

s i l i c a g e l s i s t h e l a r g e c o n t e n t o f i m p u r i t i e s , some o f w h i c h a r e k n o w n t o c a t a 

l y z e t h e a l d o l c o n d e n s a t i o n t o some e x t e n t . P y r o g e n i c s i l i c a s ( s i l i c a p o w d e r s ) 

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

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

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

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

s t a b i l i t y b u t a l s o c h a n g e s u r f a c e s t r u c t u r e a n d p o r o s i t y ( 1 3 4 , 1 3 5 ) . 

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

s t u d i e s . M o r e o v e r , t h e z e o l i t e m o r d e n i t e , w h i c h w a s n o t i n v e s t i g a t e d b e f o r e , 

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

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

t h e o v e r a l l c o m p o s i t i o n N a (A10„) ( S i O . ) . 24 H „ 0 . T h e s o d i u m i o n s c a n b e 
o z o 2 40 2 

r e p l a c e d b y H . I n a c i d s o l u t i o n t h e s t r u c t u r e i s p a r t i a l l y d e a l u m i n a t e d . L a r g e 

a m o u n t s o f h y d r o x y l g r o u p s a r e t h e n f o r m e d ( 1 3 6 , 1 3 7 ) . B o t h t h e N a a n d t h e 

H - m o r d e n i t e c a n a d s o r b o t h e r m e t a l i o n s b y i o n e x c h a n g e ( 1 3 8 ) . T h e p r e p a r a t i o n 

o f a t i n m o r d e n i t e h a s b e e n d e s c r i b e d b y C o u g h l a n e t a l ( 1 3 9 ) , who u s e d d i -

m e t h y l t i n d i c h l o r i d e i n a q u e o u s s o l u t i o n a t l o w p H . 
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The surface structure of s i l i c a g e l and s i l i c a powders can be described as being 
regular on a short range but amorphous over a longer distance with many defects. 
The surface c a r r i e s a large number of hydroxy1 groups; four types can be 
d i s t i n g u i s h e d : i s o l a t e d s i n g l e surface hydroxyl groups, i s o l a t e d geminal groups 
and both types hydrogen bonded to other hydroxyl groups (see f i g u r e 2.1,1). A 
thorough d i s c u s s i o n of the types of hydroxyl groups and t h e i r occurrence i s 
given by van Roosmalen (140, 141) . On s i l i c a powder only the two types of 
i s o l a t e d hydroxyl groups are observed i n i t i a l l y . A f t e r a thermal treatment 
followed by hydration other groups are a l s o present. These are most l i k e l y 
geminal hydroxyl groups with hydrogen bonds formed by opening of siloxane bonds. 

© © © © 
H 

OH OH OH OH 0 OH 
I \ / I I 
S i S i Si Si 

/ ' \ / \ / l \ / ' \ 
0 0 0 0 0 0 0 0 0 0 

\ / \ / \ / \ y \ / 
Si S i Si Si Si 
' \ ' \ ' / \ / \ 

O OH 
/ I 

Si S i 

Figure 2.1.1 Types of hydroxyl groups on a s i l i c a surface: 

(cf. van Roosmalen (140, 141) 

1. isolated single hydroxyl group 

2. isolated geminal hydroxyl group 

3. v i c i n a l hydroxyl groups with hydrogen bonding 

4. geminal group with hydrogen bonding 

P h y s i c a l adsorption of water occurs only to a minor extent on the i s o l a t e d 
hydroxyl groups of s i l i c a g e l . There are i n d i c a t i o n s that adsorption to these 
s i t e s i s stronger for s i l i c a powder. Moreover, there i s evidence that the 
i s o l a t e d hydroxyl groups are more r e a c t i v e and give more e a s i l y chemisorption 
than the hydrogen bonded groups(142). For instance, such i s found f o r r e a c t i o n 
with S n C l 4 (161). However, t h i s conclusion i s opposed by others as follows 
from (143). 
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T h e a m o u n t o f h y d r o x y l g r o u p s o n s i l i c a g e l i s a s u b j e c t o f c o n t i n u i n g d i s c u s s i o n . 

D e p e n d i n g o n t h e m e t h o d o f d e t e r m i n a t i o n a n d t h e h i s t o r y o f t h e g e l , v a l u e s 
2 

r a n g i n g f r o m 4.4 9.6 g r o u p s p e r nm a r e f o u n d ( 1 4 4 , 1 4 5 , 1 4 6 ) . B e r e n d s e n 

( 1 4 2 ) a r g u e s o n t h e o r e t i c a l g r o u n d s a n d b y c o m p a r i s o n o f p u b l i s h e d d a t a t h a t 

a v a l u e o f 4.8 i s l i k e l y a f t e r t h e s u r f a c e h a s b e e n a n n e a l e d a n d 

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

i s r e m o v e d a t 2 0 0 ° C ; a b o u t t h e same h a s b e e n r e p o r t e d b y s e v e r a l o t h e r a u t h o r s 

( 1 4 7 , 1 4 8 ) . F u r t h e r m o r e B e r e n d s e n s u p p o s e s t h e a m o u n t o f i s o l a t e d h y d r o x y l g r o u p s 
-2 -2 t o b e 3.6 nm a n d t h a t o f h y d r o g e n - b o n d e d g r o u p s 1.2 nm . L e s s a n n e a l e d s i l i c a 

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

s i l i c a s u r f a c e s e e m s t o b e d e s c r i b e d m o s t a p p r o p r i a t e l y b y a g - t r i d y m i t e 

s t r u c t u r e ( 1 4 2 , 1 4 9 , 1 5 0 , 1 5 1 ) ( f i g u r e 2 . 1 . 2 ) . H e r e t h e d i s t a n c e b e t w e e n 

t w o i s o l a t e d h y d r o x y l g r o u p s i s a b o u t 0.28 nm, b u t i t i s o f c o u r s e m u c h 

s m a l l e r f o r g r o u p s w i t h h y d r o g e n b o n d s . F o r s i l i c a p o w d e r l o w e r h y d r o x y l 
-2 

c o v e r a g e s h a v e b e e n r e p o r t e d , v i z . f r o m 2.3 t o 4.8 nm ( 1 4 7 , 1 5 2 , 1 4 4 , 1 5 3 , 

1 4 9 ) . 

Figure 2.1.2 Model of the s i l i c a g e l surface structure, which shows i t s short 

distance regularity;some defects caused by broken siloxane bonds are 

incorporated, (cf. 142). Copied by courtesy of the authors and Marcel Dekker 

Inc. N.Y. 

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

i s i m p r e g n a t e d w i t h a c t i v e m a t e r i a l t o m a k e a c a t a l y s t . 
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Exchange of protons by metal ions as w e l l as adsorption or chemical r e a c t i o n 
of the hydroxyl groups are f e a s i b l e and have been described by many authors, 
e.g. for Cu, Pt, Co, Mn (155, 156, 157, 158, 159, 160). The pH plays an important 
r o l e : i f i t i s too low adsorption of most metal ions does not occur. At high pH 
the s i l i c a may d i s s o l v e s l i g h t l y and the metal i s p r e c i p i t a t e d as i t s s i l i c a t e 
(161) . 

There i s no agreement about the mechanism of adsorption. Chemisorption i s 
p o s s i b l e , sometimes with one hydroxyl group, generally with two v i c i n a l groups, 
but r e a c t i o n with more groups has a l s o been proposed. The l a t t e r i s u n l i k e l y 
because of the tension of the r e s u l t i n g bonds. Coordination i s p o s s i b l e with the 
hydroxyl groups a c t i n g as ligand; p h y s i s o r p t i o n of a metal complex with a 
hydrogen bond to one of the ligands may also occur. Such bonds are l e s s strong 
and probably unimportant f o r c a t a l y s t preparation. 

Reaction with more r e a c t i v e compounds i s another e f f e c t i v e method of preparation. 
The c h l o r i d e s of several polyvalent metals are commonly used to modify the 
s i l i c a g e l surface and to determine the surface of s i l i c a g e l s . Generally one or 
two hydroxyl groups are involved i n t h i s r e a c t i o n because of the small s i z e 
of the metal ions and the distance between the hydroxyl groups. 
Rachkovskii et a l (162) and Fink et a l (163) have reported on the i n t e r a c t i o n 
of SnCl^ with r e s p e c t i v e l y s i l i c a g e l and s i l i c a powder. On s i l i c a g e l SnCl^ reacts 
with two hydroxyl groups, but r e a c t i o n i s not q u a n t i t a t i v e . Only 40% of the 
groups react. On s i l i c a powder the r e a c t i o n i s complete. This underlines again 
the s t r u c t u r a l d i f f e r e n c e between s i l i c a g e l and s i l i c a powder. I t provides 
further evidence f o r the assumption that the i s o l a t e d hydroxyl groups are the 
more r e a c t i v e groups. Metal-organic compounds react i n a s i m i l a r way as the above 
metal c h l o r i d e s . Dibutyldimethoxytin, used i n our experiments, reacts with the 
hydroxyl groups by i t s methoxy groups, g i v i n g methanol and a t i n compound 
attached to the surface with two bonds. 

Uniform d i s t r i b u t i o n of the a c t i v e compound i s dependent on the rate of p r e c i p i 
t a t i o n on or adsorption to the surface, i n r e l a t i o n to the rate of 
d i f f u s i o n i n t o the pores of the support. Extreme cases are (i) strong adsorption 
or f a s t p r e c i p i t a t i o n with slow d i f f u s i o n , and ( i i ) hardly any adsorption or 
p r e c i p i t a t i o n with easy d i f f u s i o n . 

In the f i r s t case a large amount of the compound w i l l remain at the periphery 
of the support p a r t i c l e . In the second case uniform d i s t r i b u t i o n w i l l be obtained 
at f i r s t , but during drying the compound w i l l withdraw i n t o the i n t e r i o r of the 
c a t a l y s t p a r t i c l e , with the l i q u i d . I t only p r e c i p i t a t e s when s a t u r a t i o n of the 
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l i q u i d i s r e a c h e d . 

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

a b l e f o r u s e i n c a t a l y s t p r e p a r a t i o n m e t h o d s . S n C l 2 i s u s e d i n a q u e o u s s o l u t i o n . 

T h e s o l u t i o n i s a c i d ( pH i s a b o u t 2) b e c a u s e o f S n * h y d r o l y s i s a n d c o n t a i n s 

m any d i f f e r e n t i o n s , m a i n l y c o m p l e x e s o f t i n w i t h c h l o r i d e o r h y d r o x i d e ( 1 7 1 ) . 

I m p o r t a n t c o m p l e x s p e c i e s a r e S n O H + a n d S n ^ ( O H ) ^ + ( 1 6 4 ) . M i x e d c o m p l e x e s a r e 

n o t f o r m e d ( 1 6 7 ) . T h e s m a l l a m o u n t o f p r e c i p i t a t e f o r m e d c o n s i s t s m a i n l y 

S n 0 . n H 2 0 . A d d i t i o n o f a c i d c a u s e s t h e p r e c i p i t a t e t o d i s s o l v e . When h y d r o 

c h l o r i c a c i d i s u s e d , m o r e c h l o r i d e c o m p l e x e s a r e f o r m e d , o f w h i c h S n C l " i s m o s t 
2+ 

i m p o r t a n t ( 1 6 6 , 1 6 7 ) . When s o l u t i o n s a r e i n c o n t a c t w i t h a i r , o x i d a t i o n o f S n 

t o S n 4 + w i l l o c c u r . L a r g e a m o u n t s o f h y d r o x i d e s a r e f o r m e d , i . e . S n 4 + ( O H ) ^ 4 - n ' 

( w i t h n = 1 - 4 ) , a s w e l l a s a p r e c i p i t a t e o f S n ( O H ) 4 . n H , , 0 ( 1 6 8 ) . A s a r e s u l t t h e 

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

S n C l ^ a n d d i b u t y l d i m e t h o x y t i n a r e v e r y r e a c t i v e a n d a r e e a s i l y h y d r o l y z e d . 

T h e y m u s t b e h a n d l e d u n d e r d r y c o n d i t i o n s . T h e y d i s s o l v e e a s i l y i n h e x a n e . S n C l ^ 

h a s a l o w b o i l i n g p o i n t ( 1 1 4 °C) a n d t h u s a h i g h v a p o u r p r e s s u r e a t a m b i e n t 

t e m p e r a t u r e . 

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

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

- d r y i m p r e g n a t i o n w i t h a q u e o u s S n C l , , s o l u t i o n s , s o m e t i m e s a f t e r a c i d i f i c a t i o n 

o f t h e s o l u t i o n w i t h H C 1 . T h e m e t h o d i m p l i e s t h e a d d i t i o n o f j u s t e n o u g h 

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

- w e t i m p r e g n a t i o n , i . e . t h e s u p p o r t i s b r o u g h t i n t o a s o l u t i o n o f t h e a c t i v e 

c o m p o u n d ; a q u e o u s s o l u t i o n s o f S n C l 2 a n d s o l u t i o n s o f S n C l 4 a n d d i b u t y l 

d i m e t h o x y t i n i n n - h e x a n e , w e r e u s e d . 

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

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

s o l u t i o n . 

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

d u c t i o n w i t h h y d r o g e n . S w i f t e t a l ( 7 , 8 ) , who p r e p a r e d t h e i r c a t a l y s t s b y d r y 

i m p r e g n a t i o n o f s i l i c a g e l w i t h a n a q u e o u s s o l u t i o n o f S n C l 2 , r e p o r t t h a t r e 

d u c t i o n i s n o t e a s y ( c f . f i g u r e 2 . 3 . 1 ) . T h e y a l s o s t a t e t h a t r e d u c t i o n p r o c e e d s 

t h r o u g h s e v e r a l s t a g e s w i t h d i f f e r e n t a c t i v a t i o n e n e r g i e s t o w a r d s £-tin 

c r y s t a l l i t e s w i t h a m e a n d i a m e t e r o f 100mm, a s w a s d e t e r m i n e d w i t h X - r a y 

d i f f r a c t i o n . 
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0 4 0 8 0 120 

* Reduct ion t i m e (min) 

Figure 2.1.3 Reduction of a t i n on s i l i c a g e l catalyst with hydrogen at d i f f e r e n t 

temperatures, after Swift (7). 

2.2 E x p e r i m e n t a l 

2.2.1 Chemicals and supports 

A n u m b e r o f c a r r i e r s w e r e o b t a i n e d i n s m a l l q u a n t i t i e s f r o m s e v e r a l p r o d u c e r s . 

T h e i r c h a r a c t e r i s t i c s a r e g i v e n i n t a b l e 2 . 2 . 1 , t o g e t h e r w i t h t h e c o d e s a p p l i e d 

b y u s . F o r c o m p a r i s o n t h e d a t a o f t h e s u p p o r t u s e d b y S w i f t a n d c o - w o r k e r s a r e 

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

t h e l e a s t a m o u n t o f A 1 ^ + ( D ) h a s b e e n u s e d f o r m o s t e x p e r i m e n t s . T h r e e t y p e s o f 

p y r o g e n i c s i l i c a s h a v e b e e n a p p l i e d , o n e o f w h i c h ( S) h a d b e e n m o d i f i e d a n d 

s i n t e r e d p r e v i o u s l y . Two t y p e s o f m o r d e n i t e s w e r e a v a i l a b l e . One h a d t h e n o r m a l 

f o r m c o n t a i n i n g s o d i u m , i n t h e o t h e r o n e t h e s o d i u m w a s i o n e x c h a n g e d w i t h 

h y d r o g e n . 

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

S n C l 2 . 2 H 2 0 f r o m , UCB, B e l g i u m . 

S n C l f r o m A l d r i c h , B e l g i u m 

S n ( B u ) 2 ( M e t h o x y ) f r o m A l f a R e s e a r c h C h e m i c a l s , V e n t r o n Cy, U.S.A. 

W a t e r a n d n - h e x a n e w e r e d i s t i l l e d a n d d e o x y g e n a t e d b e f o r e u s e . 
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T a b l e 2 . 2 . 1 S u p p o r t c h a r a c t e r i s t i c s 

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

Hydrogenic s i l i c a g e l s 

A s i l i c a g e l A T 2 3 e x Gembo ( A K Z O ) , t h e N e t h e r l a n d s 

D 9.5 nm A l 0 . 2 0 w* p o r e s _. 
S „ „ 3 8 5 m ,g C a 0.09 w% 
BET 3 - 1 

V 0 . 9 0 cm .g N a 0.03 w% 
P 

D s i l i c a g e l " w e i t p o r i g " ( s p e c i a l S P 2 - 2 9 1 . 3 4 5 1 ) e x G r a c e GmbH G e r m a n y 

D 16nm A l 0.08 w% p o r e s _. 
S 3 8 0 m .g C a 0.04 w% 
BET 3 - 1 

V 1.2 a n . g N a 0.08 w% 
P 

( s u p p o r t u s e d b y S w i f t e t a l , D a v i s o n G r a d e 7 0 ) 

D 14 nm C a 0.07 w% 
p o r e s 2 _ 1 

S 3 4 0 m . g N a 0.09 w% 
BET 2 _ i 

V 1.16 cm .g o t h e r 0 .07 w% 
P 

Pyrogenic s i l i c a ( s i l i c a p o w d e r ) 

F A e r o s i l 1 3 0 V e x D e g u s s a GmbH, G e r m a n y 

D 16nm A l 0.10 w% 
p a r t 

s „ ™ , 1 3 0 m -9 N a 0 . 0 0 5 w% 
B E I 

G A e r o s i l 3 0 0 V e x D e g u s s a GmbH, G e r m a n y 
D 7 nm p a r t 2 _ 1 

S B E T 3 0 0 m . g a s s u p p o r t F 

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

DSM, t h e N e t h e r l a n d s 

D 17 nm N a 36 ppm p o r e s 
2 -1 

P 

Zeolites 

S B E T 1 0 1 m . g 

V 1.05 cm . g 

H - M o r d e n i t e Z e o l o n 9 0 0 H e x N o r t o n C h e m . P r o c . P r o d . L t d . G r e a t B r i t a i n 
vti 2 -1 S „ „ 3 7 3 m . g BE T | 

Micropores" 1 7 ^ - g < 9 5 % o f t o t a l p o r e v o l u m e ) 

Na-Mordenite Zeolon 900Na ex Norton Chem.Proc.Prod. Ltd. Great B r i t a i n 
2 -1 S „ r , m 2 4 3 m .g BET y

3 j 
V , 0 . 1 1 3 cm .g 
m i c r o p o r e s 
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2.2.2 Preparation of c a t a l y s t s 

A s s t a t e d e a r l i e r v a r i o u s m e t h o d s w e r e a p p l i e d f o r p r e p a r a t i o n o f t h e S n - c a t a l y s t . 

Dry impregnation with an aqueous solution of SnCl„ w a s a p p l i e d t o s i l i c a g e l s A a n d 

D. T h i s m e t h o d w a s c o m p l e t e l y b a s e d o n t h e m e t h o d d e s c r i b e d b y S w i f t e t a l ( 7 ) . 

B e f o r e i m p r e g n a t i o n t h e s i l i c a g e l w a s d r i e d a t 1 5 0 °C d u r i n g 1 6 h . B e t w e e n 2 5 

a n d 5 0 g s u p p o r t w a s t h e n w e t t e d w i t h j u s t e n o u g h ( i . e . 2 5 - 5 0 m l ) s o l u t i o n 

t o f i l l t h e p o r e s . T h e a m o u n t o f S n C l ^ d i s s o l v e d w a s c a l c u l a t e d t o g i v e t h e 

d e s i r e d t i n c o n t e n t . E . g . f o r a c a t a l y s t w i t h l w % S n b a s e d o n 5 0 g s u p p o r t 

0 . 9 6 3 g S n C l 2 - 2 H 2 0 m u s t b e d i s s o l v e d i n 50 m l w a t e r . 

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

l h a n d t h e n a t 150 °C d u r i n g 1 6 h . A f t e r c a l c i n a t i o n a t 4 5 0 ° C d u r i n g 1 6 h i n a 

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

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

w a s d o n e i m m e d i a t e l y b e f o r e u s e . U s u a l c o n d i t i o n s f o r a c t i v a t i o n w e r e a 
o -1 t e m p e r a t u r e o f 4 5 0 C, a h y d r o g e n f l o w o f 2 5 0 m l . m i n , a n d a t i m e o f 3 0 m i n u t e s 

o r l o n g e r . 

Dry impregnation with an a c i d i f i e d aqueous solution of SnCl^ w a s u s e d w i t h t h e 

s i l i c a g e l D, t h e m o r d e n i t e s K a n d M, a n d t h e m o d i f i e d s i l i c a p o w d e r S. S u p p o r t 

S a d s o r b e d a l s o a b o u t 1 m l w a t e r p e r g r a m , H - m o r d e n i t e (K) a b o u t 0.15 m l . g ~ l a n d 

N a - m o r d e n i t e (M) a b o u t 0.1 m l . g *. 

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

t h a t j u s t e n o u g h c o n c e n t r a t e d h y d r o c h l o r i c a c i d w a s a d d e d t o t h e S n C l 2 s o l u t i o n 

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

o b s e r v e d a t t h e l o w e s t c o n c e n t r a t i o n a p p l i e d ( f o r a c a t a l y s t w i t h 0.5w% t i n ) 

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

Wet impregnation with an aqueous SnCl s o l u t i o n w a s c a r r i e d o u t w i t h s i l i c a g e l 

D a n d m o r d e n i t e s K a n d M. No a c i d h a s b e e n a d d e d t o t h e S n C l ^ i n t h e s e e x p e r i m e n t s , 

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

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

w a t e r c o u l d b e l e d . N i t r o g e n w a s b u b b l e d t h r o u g h . A f t e r a d d i t i o n o f S n C l ^ - 2 1 1 ^ 0 

t h e s o l u t i o n w a s h e a t e d t o 7 0 ° C . T h e s u p p o r t w a s t h e n a d d e d . T h e a m o u n t a n d 

c o n c e n t r a t i o n s f o r t h e s e e x p e r i m e n t s a r e g i v e n i n t a b l e 2 . 2 . 2 . V i g o r o u s s t i r r i n g 

i s n e c e s s a r y t o k e e p t h e s y s t e m w e l l m i x e d . A c o o l e r o n t o p o f t h e v e s s e l 

p r e v e n t s e v a p o r a t i o n o f w a t e r f r o m t h e s y s t e m w h i c h i s m a i n t a i n e d a t 7 0 ° C . 
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Table 2.2.2 Conditions f o r the wet-impregnation of s i l i c a g e l and mordenite 

with an aqueous s o l u t i o n of SnCl 

support 
code 

D 
D 
D 
D 
K 
M 

amount of 
support 

(g) 

25 
12.5 ' 
2 5 

12.5 
15 
15 

amount of 
s o l u t i o n 
(ml) 

5 0 0 

5 0 0 

5 0 0 

5 0 0 

7 5 0 

7 5 0 

concentration 
„ 2+ Sn 
(mmol.1 1) 

100 
100 
50 
50 

75 
75 

time of 
oxygen 
i n t r o d u c t i o n 

min. 

5 
5 
5 

90 

c a t a l y s t 
code 

D6 
D7 
D8 
D9 
K4 
M 4 

For three experiments with s i l i c a g e l D as support a i r was passed through the 

s o l u t i o n from the s t a r t ; i n a fo u r t h experiment the nitrogen was replaced by 
a i r 1.5h a f t e r the a d d i t i o n of the support D. During impregnation of mordenites 
no a i r was applied. The pH was measured continuously and two samples were taken 
from the s o l u t i o n at regular i n t e r v a l s , commonly 15 or 30 minutes, v i z . one 

through a f i l t e r , so that only d i s s o l v e d t i n i s present, and the other d i r e c t l y 
from the l i q u i d a f t e r a short s e t t l i n g period, so that i t contained p r e c i p i t a t e d 
t i n but no t i n adsorbed by the support. The experiment was stopped when the pH 

4+ 

began to decrease appreciably, which i s presumably due to Sn formation and 
h y d r o l y s i s . The l i q u i d was then decanted and the impregnated support r i n s e d three 
times with a hydrochloric acid-containing s o l u t i o n having about the same pH as 
the t i n s o l u t i o n and then three times with water. The fu r t h e r treatment i s 
i d e n t i c a l with the one described f o r dry impregnation of s i l i c a g e l . 

Aerosil-based c a t a l y s t s made with an aqueous solution of SnCl^ were produced 

from s i l i c a powders F and G. To 10 g a e r o s i l suspended i n 110 ml of an aqueous 
s o l u t i o n of S n C l 2 some hydrochloric a c i d was added to d i s s o l v e the i n i t i a l l y 
formed p r e c i p i t a t e . The amount of SnCl^ to be used was c a l c u l a t e d from the 
desi r e d t i n content. The suspension was s t i r r e d vigorously at 95 °C f o r 20 
minutes under nitrogen. The mixture was then heated to nearly dryness and 
the c r u s t formed broken to f i n e c a t a l y s t p a r t i c l e s . The fu r t h e r procedure was 

i d e n t i c a l to the one described i n the f i r s t c a t a l y s t preparation of t h i s 
s e c t i o n . 
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Wet impregnation with a solution of dibutyldimethoxytin (DBDMT) was applied 
to s i l i c a g e l D. The s i l i c a g e l had been d r i e d at 350 °C i n a nitrogen flow f o r 
3h. The DBDMT was di s s o l v e d i n f r e s h l y d i s t i l l e d dry hexane. In most experiments 
10 g support was suspended i n 100 ml s o l u t i o n i n a closed v e s s e l under nitrogen. 
A f t e r 16h the s i l i c a g e l was f i l t e r e d o f f , washed twice with hexane and d r i e d i n 
a f i l m evaporator at 80 °C. Thereafter three d i f f e r e n t methods were applied 
fo r f u r t h e r treatment: (i) d i r e c t reduction under hydrogen (100 ml. min ) 
during l h at 300 °C and hh at 450 °C, ( i i ) c a l c i n a t i o n at 450 °C i n a flow of 
a i r for 16h followed by i n s i t u a c t i v a t i o n at 450 °C with a hydrogen flow at 
100 ml.min ^ during 1.5h, ( i i i ) heat treatment of the c a t a l y s t precursor i n 
the reactor under nitrogen (100 ml.min at 300 °C followed by a c t i v a t i o n at 
450 °C with hydrogen (100 ml.min ) during l h . 

Wet impregnation with a solution of SnCl^ in hexane was applied to s i l i c a g e l D. 
The impregnation was i d e n t i c a l with that of DBDMT, described above; f u r t h e r 
treatment of the impregnated and d r i e d support was done by two d i f f e r e n t methods:( 
d i r e c t c a l c i n a t i o n with a i r at 450 °C during 16h followed by the normal a c t i v a t i o n 
i n the reactor (30 min; 450 °C; flow 250 ml.min }, ( i i ) the same method except 
fo r passage of a i r saturated with water over the impregnated support at 25 °C 
for 3h p r i o r to c a l c i n a t i o n . 

Reaction with SnCl vapour was applied to make c a t a l y s t s based on s i l i c a g e l 
D. lOg s i l i c a g e l was d r i e d at 350°C under nitrogen during 3h and placed 
i n a ve s s e l under nitrogen. SnCl^d.2 g) was then introduced by heating t h i s 
impregnant i n a connected v e s s e l w h i l s t c o o l i n g the v e s s e l containing the 
support i n i c e . The system was l e f t at ambient temperature f o r 16h. The fu r t h e r 
treatment proceeded according to the two methods described p r e v i o u s l y . 
Reaction with liquid SnCl^ and silicagel D was accomplished by mixing 
20 g s i l i c a g e l (dried at 350 °C under nitrogen f o r 3h) with 60 ml S n C l ^ 
A f t e r 16h at ambient temperature the SnCl^ was d i s t i l l e d o f f under a flow of 
nitrogen. The impregnated s i l i c a g e l was treated with a i r saturated with water 
at 25 °C f o r 3h. C a l c i n a t i o n and a c t i v a t i o n proceeded as described i n the f i r s t 
method of t h i s chapter. 

2.2.3 Analytical methods 

Several a n a l y t i c a l methods have been used to define the c a t a l y s t at various 
stages of the preparation. 
Tin content of the solid samples was determined by neutron a c t i v a t i o n a n a l y s i s . 
This i s a r e l a t i v e l y easy and f a s t method f o r the simultaneous determination of 
the concentration of t i n and other elements, e.g. Na. 
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T h e d e t e c t i o n l i m i t s f o r t i n a n d s o d i u m a r e 3 0 0 a n d 1 ppm, r e s p e c t i v e l y . 

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

a t 1 5 0 °C f o r 1 6 h , u n l e s s s t a t e d o t h e r w i s e . 

Tin content of the solutions of some impregnation experiments h a v e b e e n 

d e t e r m i n e d b y a t o m i c a b s o r p t i o n s p e c t r o s c o p y ( A . A . S . ) . S a m p l e p r e p a r a t i o n 

w a s b y a d d i n g 10 m l c o n c e n t r a t e d h y d r o c h l o r i c a c i d t o 1 m l s o l u t i o n a n d 

d i l u t i o n o f t h i s m i x t u r e w i t h w a t e r t o e x a c t l y 50 m l . T h e s e s o l u t i o n s w e r e 

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

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

c o m p o u n d s . T h e G u i n i e r - d e W o l f f m e t h o d w a s f o l l o w e d . F o u r s a m p l e s w e r e a n a l y s e d 

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

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

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

i s t o t a l l y a m p o r p h o u s . 

X-ray fluorescence w a s a p p l i e d t o d e t e r m i n e t h e d i s t r i b u t i o n o f t i n i n a c a t a l y s t 

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

o f t h e e m i s s i o n l i n e s c a u s e d b y e l e c t r o n b o m b a r d m e n t . A l i n e s c a n c a n b e m a de 

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

m e a s u r e d b y u s i n g a b e a m o f 15 k e V e l e c t r o n s . 

T i n i s d e t e c t e d b y i t s l i n e , s i l i c o n b y i t s l i n e . S a m p l e p r e p a r a t i o n i s 

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

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

Structural analysis h a s b e e n a c c o m p l i s h e d b y n i t r o g e n a d s o r p t i o n f o r p o r e s i z e 

d i s t r i b u t i o n a n d B E T s u r f a c e a r e a , a n d b y m e r c u r y p e n e t r a t i o n f o r p o r e s i z e 

d i s t r i b u t i o n . T h e B E T s u r f a c e i s m e a s u r e d b y t h e e x p a n s i o n m e t h o d i n w h i c h t h e 

p o r e d i s t r i b u t i o n i s o b t a i n e d f r o m n i t r o g e n a d s o r p t i o n a t - 1 9 0 °C w i t h s e m i 

a u t o m a t i c a p p a r a t u s , C a r l o E r b a 1 8 0 0 . S u r f a c e a n d p o r e s i z e s w e r e c a l c u l a t e d 

w i t h t h e m e t h o d o f B r o e k h o f ( 1 6 9 , 1 7 0 ) ; t h e s h a p e o f t h e T - p l o t g i v e s i n d i c a t i o n s 

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

N i t r o g e n a d s o r p t i o n c a n b e u s e d f o r p o r e s w i t h d i a m e t e r 3 t o 5 0 nm; 

m e r c u r y p e n e t r a t i o n f o r p o r e s w i t h d i a m e t e r b e t w e e n 4 a n d 5 0 0 0 nm. T h e l a t t e r 

m e a s u r e m e n t s w e r e d o n e u s i n g a M i c r o m e r e t i c s 9 0 5 - 1 . F o r a l l m e t h o d s s a m p l e s 

w e r e p r e t r e a t e d a t 1 5 0 °c i n v a c u u m . 

Thermogravimetric analysis (TGA) h a s b e e n p e r f o r m e d t o d e t e r m i n e t h e t h e r m a l 

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

T h e a p p a r a t u s u s e d w a s a S t a n t o n R e d c r o f t T G - 7 5 0 ; t h e e x p e r i m e n t s i n c l u d e d r e d u c t i c 

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

p r i o r t o a c h a n g e o f g a s e o u s r e a c t a n t . R e d u c t i o n w i t h TGA w a s d o n e b y t w o m e t h o d s : 

t e m p e r a t u r e p r o g r a m m e d u p t o 4 5 0 °C u n d e r h y d r o g e n , o r h e a t i n g u n d e r n i t r o g e n 
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t o t h e s a m e t e m p e r a t u r e f o l l o w e d b y i n t r o d u c t i o n o f h y d r o g e n . T h e h y d r o g e n s u p p l y 

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

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

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

T h e r e a c t o r w a s b r o u g h t t o 4 5 0 C u n d e r n i t r o g e n ; a c t i v a t i o n p r o c e e d e d 

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

o f w a t e r i n t h e p r o d u c t g a s , t a k i n g s a m p l e s e v e r y 3 m i n . 

D i f f e r e n t i a l Scanning Calorimetry {DSC), h a s b e e n u s e d t o d e t e r m i n e t h e m e l t i n g 

p o i n t a n d t h e a m o u n t o f m e t a l l i c t i n i n some c a t a l y s t s . S a m p l e s w e r e k e p t u n d e r 

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

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

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

e m i t t e d b y t h e t i n i s o t o p e S n * 1 ^ ™ , o f w h i c h t h e n u c l e i a r e i n a n e x c i t e d 

s t a t e a n d e m i t a gamma q u a n t u m w h e n r e t u r n i n g t o t h e i r g r o u n d e n e r g y s t a t e . 

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

h o l d e r made o f p o l y e t h e n e ( d i a m e t e r 20mm, t h i c k n e s s 0.5-1.0mm). F o r 

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

h o l d e r u n d e r n i t r o g e n i n a g l o v e b o x . T h e S n 119 m s o u r c e h a s a s h o r t l i f e , 

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

u n a v a i l a b l e w h i l s t t h i s w o r k w a s i n p r o c e s s ; a s a c o n s e q u e n c e , a t h o r o u g h 

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

2.3. R e s u l t s and d i s c u s s i o n 

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

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

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

o n t h e v a r i o u s p a r a m e t e r s o f p r e p a r a t i o n , t h i s p a r a g r a p h g i v e s some b a c k g r o u n d 

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

2.3.1 Tin content, d i s t r i b u t i o n and c r y s t a l l i n i t y 

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

i n t a b l e 2.3.1 a n d f i g u r e s 2.3.1 a n d 2 . 3 . 2 . I n t h e l a t t e r f i g u r e t h e d i f f e r e n c e s 

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

g i v i n g t h e t i n p e r u n i t s p e c i f i c s u r f a c e a r e a . 

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

l o s s e s o c c u r d u r i n g p r e p a r a t i o n w i t h a q u e o u s S n C l ^ s o l u t i o n s . T h e s e l o s s e s a r e 

l a r g e r f o r s i l i c a g e l w h e n h y d r o c h l o r i c a c i d i s a d d e d t o t h e s o l u t i o n t o d i s s o l v e 
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Table 2.3.1 T i n contents of c a t a l y s t s , and the lo s s of t i n occuring during 
preparation. (Tin contents i n w%, measured by neutron a c t i v a t i o n a n a l y s i s , t i n 
loss i n % of the o r i g i n a l intended t i n content*). 

c a t a l y s t t i n content t i n l o s s c a t a l y s t t i n content t i n l o s s 
(w%) (%) (w%) (%) 

a. dry impregnation, no a c i d h. mordenites dry impregnation 
added with added a c i d 

A3 7.2 28 Kl 1.42 17 
A4 8.3 17 K2 3.19 36 
A5 4.2 16 K3 9.55 
A6 1.8 10 Ml 1.54 9 
Dl 7.4 27 M2 4. 16 17 
D2 7.3 27 M3 6.75 33 
D3 3.6 10 i . mordenites, wet inpregnation 
D18 7.5 25 with aqueous SnCl2 
b. dry impregnation with K4 5.39 4 

a c i d added M4 6.34 12 
D10 7.5 50 j • a e r o s i l s granulated with an 
D l l 6.36 47 aqueous S n C ^ s o l u t i o n 
D12 3.74 58 F l 0.53 o 
D13 2.65 56 F2 1.85 2 
D14 2.00 50 F3. 1 3.15 13 
D15 0.98 51 F3. 2 3.06 22 
D16 0.51 49 F4 6.70 13 
D17 0.45 10 Gl 0.10 0 
c. wet impregnation with G2 0.23 8 

aqueous SnCl2 G4 1.34 33 
D6 2.30 12 G5 2.30 42 
D7 1.70 19 G6 7.30 14 
D8 2.10 16 k. s i n t e r e d a e r o s i l , dry 
D9 1.79 28 impregnation with added a c i d 
d. wet impregnation with d i b u t y l - SI 1.83 9 

dimethoxytin i n hexane S2 3.50 13 
D19 1.78 11 S3 4.00 33 
D20 3.72 7 S4 0.88 12 
D21 1.02 0 
D22 5.64 6 (1) a f t e r impregnation and drying only. 
e. wet impregnation with (2) a f t e r d i r e c t c a l c i n a t i o n 

t i n t e t r a c h l o r i d e i n hexane (4) a f t e r treatment with water vapour 
D23(l) 0.80 60 and c a l c i n a t i o n . 
D23(2) 0.65 68 
D23(4) 0.80 60 * The intended t i n contents were 
D24(2) 0.77 81 determined as follows: 
f . with t i n t e t r a c h l o r i d e vapour - f o r dry impregnation: fron the t i n f . with t i n t e t r a c h l o r i d e vapour 

concentration and the amount of solvent 
D25(l) 3.80 - adsorbed, 
D25(2) 0.92 - - f o r wet impregnation with an aqueous SnCl2 
D25(4) 1.30 - s o l u t i o n : from the amount of t i n adsorbed 
g. with l i q u i d t i n t e t r a c h l o r i d e from the s o l u t i o n . 
D26(4) 4.00 - - f o r wet inpregnation with the hexane 

sol u t i o n s of DBDMT and SnCl^j: by assuming 
that t i n has been adsorbed q u a n t i t a t i v e l y . 
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t i n a d d e d ( w "A.) 

Figure 2.3.1 Comparison of actual and intended t i n contents of dry impregnated 

s i l i c a g e l s . 

any p r e c i p i t a t e formed. I n v e s t i g a t i o n showed that the losses occur only during 
the drying step, a transparent c r y s t a l l i n e substance and a white powder being 
formed i n c o l d parts of the reactor. The only t i n compound which can be r e s p o n s i b l 
fo r t h i s behaviour i s SnCl^ since i t has a b o i l i n g p o i n t of 114 C. No f u r t h e r 
t i n evaporation takes place during c a l c i n a t i o n or reduction; besides water only 
HC1 i s detected i n the o f f - g a s . I t i s concluded that a d d i t i o n of hydrochloric 
a c i d to the s o l u t i o n promotes the formation of SnCl^, because of the higher 
Cl/Sn r a t i o . This r e s u l t s i n a higher t i n l o s s with the s i l i c a g e l (see e.g. 
f i g . 2.3.1). Mordenites and the modified s i l i c a powder (S) give much lower t i n 
losses under the same conditions, presumably because the SnCl^ formed reacts 
more r e a d i l y with these supports. 

The maximum quantity of t i n adsorbed by s i l i c a g e l D during wet impregnation 
with a S n C ^ s o l u t i o n was 2.6w%Sn. This i s c a l c u l a t e d from the decrease of the 
t i n content of the s o l u t i o n . Figure 2.3.3a shows how the t i n concentrations 
and pH change during some preparations. When oxygen i s introduced a decrease 
of the pH i s observed; i n the absence of oxygen the pH increases. The change 
i n d i s s o l v e d t i n i s not d i r e c t l y r e l a t e d to pH changes when oxygen i s present, 
but when oxygen i s absent a decrease of the t i n concentration i s coupled to an 
increase i n the pH. Therefore adsorption of t i n on the s i l i c a g e l i s l i k e l y to 
occur by t i n ( I I ) h y d r o x i d e s . The hydroxide i s f i r s t physisorbed on the s i l i c a 
surface; then, a chemical a d d i t i o n takes place i n which OH i s produced. 
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Figure 2.3.2 Comparison of actual and intended t i n content for the impregnation 

of s i l i c a supports with aqueous solutions of SnCl^. (data are given as w%Sn 

per unit surface area). 

s i l i c a g e l D: O dry impregnation 

+ dry impregnation, acid added 

x wet impregnation 

• F c a t a l y s t s 

A G c a t a l y s t s 

• S, dry impregnation, acid added 

s i l i c a powders: 

T h e r e s u l t i n g i n c r e a s e i n p H i s c o u n t e r a c t e d w h e n o x y g e n i s p r e s e n t , b e c a u s e t h e 
4+ 

S n f o r m e d h y d r o l y s e s . 

T h e N a c o n t e n t o f t h e s u p p o r t h a s d e c r e a s e d f r o m t h e i n i t i a l v a l u e o f 8 0 0 t o 

4 0 ppm b y t h e w e t i m p r e g n a t i o n . A s w i l l b e s h o w n l a t e r t h e t i n c o n t e n t i n t h e 

p a r t i c l e b u l k o f t h e c a t a l y s t s p r e p a r e d b y t h i s m e t h o d d o e s n o t e x c e e d 0.5w%. 

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

s i l i c a g e l , a n e x c h a n g e w h i c h a l s o c a u s e s t h e r e l e a s e o f OH i o n s . A c c o r d i n g t o 

f i g u r e 2 . 3 . 3 a i t i s a s l o w e r r e a c t i o n t h a n p h y s i s o r p t i o n . A t h i g h e r p H t i n ( I I ) 

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



33 

(2.3.3.a) (2.3.3.b) 

Figure 2.3.3 Catalyst preparation by wet impregnation with an aqueous solution 

of SnCl2-

a. with s i l i c a g e l D 

b. with mordenite K and M 

The t i n concentration i s given as: 

1 the amount of t i n in the s o l u t i o n , dissolved and suspended 

2 the amount of dissolved t i n only 

ox indicates introduction of a i r 
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However, the p r e c i p i t a t e d i s s o l v e s e a s i l y when r i n s i n g the support. This i s 
p a r t i c u l a r l y s o f o r c a t a l y s t s D7 and D9, which were prepared i n s o l u t i o n s of 
higher pH. Tin(IV) p r e c i p i t a t e s are much more d i f f i c u l t to d i s s o l v e , and 
therefore remain o n the support. 

The r e s u l t s obtained with the a e r o s i l s , F and G, show a r e l a t i v e l y small lo s s 
o f t i n e v e n though hydrochloric a c i d was added to the S n C ^ s o l u t i o n s . T h i s 
i n d i c a t e s that the t i n compounds formed reacted more r e a d i l y with the s i l i c a 
powder than with s i l i c a g e l , as mentioned before. Here, too, SnCl^ i s most 
probably the key intermediate formed. E a r l i e r t e s t s showed that the s i l i c a 
powders d i d not adsorb any t i n from an a c i d i f i e d s o l u t i o n of SnC^r even a f t e r 
one night's standing. Impregnation of s i l i c a g e l with SnCl^ from hexane s o l u t i o n 
showed that the r e a c t i v i t y at ambient temperatures i s low: the d r i e d sample 
(D23(0)) contained only 0.8 w%Sn. D i r e c t c a l c i n a t i o n (D23(2)) caused t i n los s e s , 
which could only be prevented by pretreatment with water vapour (D23(4)). React
ion with SnCl^ vapour r e s u l t e d i n adsorption of more SnCl^, but t h i s component 
i s not adsorbed s t r o n g l y . Even pretreatment with water vapour d i d not prevent a 
large l o s s (compare D25(4) with D25(o)). T h e r e a c t i o n with l i q u i d SnCl^ gave a 
much better r e t e n t i o n of t i n , which may be caused by the higher temperature used 

to vaporize the excess SnCl.. The average t i n coverage reached i n t h i s case i s 
-2 2 0.5 at Sn.nm . Assuming a coverage of 4.8 hydroxyl groups per nm, only 20% of 

the groups have reacted. 
During impregnation of s i l i c a g e l with DBDMT d i s s o l v e d i n hexane t i n reacted 
almost q u a n t i t a t i v e l y with s i l i c a g e l . T h e various treatments a f t e r the impreg
nation step d i d not give any d i f f e r e n c e i n the t i n content. 

Preparation of the mordenite-based c a t a l y s t s a l s o gave high t i n contents and 
r e l a t i v e l y small t i n losses. The course of t i n content and pH during wet 
impregnation are shown i n f i g u r e 2.3.3b. T h e Na-mordenite shows the same 
phenomena as s i l i c a g e l , considering no oxygen i s a v a i l a b l e : Na + ions are exchanged 
fo r S n 2 + , which r e s u l t s i n a pH increase. The H-mordenite behaves d i f f e r e n t l y . 
Ion exchange of H + and Sn^ + i s somewhat more d i f f i c u l t as follows from the longer 
time needed to reach equilibrium. This may a l s o be due to the somewhat higher 
pH of the s o l u t i o n , which i s ascribed to the d i f f e r e n c e i n support. 

2+ 
The Na content o f the Na-mordenite i s about 5w%. I f one S n would be exchanged 
fo r two Na +, the maximal t i n content would become 13w%. 
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T h e d i s t r i b u t i o n o f t i n o v e r t h e c a t a l y s t p a r t i c l e s f o l l o w s f r o m X - r a y 

f l u o r e s c e n c e l i n e s c a n s o f w h i c h some e x a m p l e s a r e g i v e n i n f i g u r e 2.3.4. 

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

t h e c a t a l y s t s p r e p a r e d b y d r y i m p r e g n a t i o n w i t h o u t a c i d a d d i t i o n ( e . g . D2) 

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

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

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

— particle section 

Figure 2.3.4 X-ray fluorescence l i n e scans for some c a t a l y s t s , to show t i n 

concentration p r o f i l e s (only c h a r a c t e r i s t i c parts of the p r o f i l e are shown, 

mean p a r t i c l e radius :800 ]im) 

Type of samples:-D2 dry impregnation (7.3w%) 

-D7, D9 wet impregnation with SnCl (1.70, 1.79w%) 

-BIO, D14 dry impregnation, acid added (7.5, 2.0w%X 

-D20, D22 wet impregnation with DBDMT (3.72, 5.64w%) 

-D23 wet impregnation with SnCl (0.80w%) 

-D26 impregnation with l i q u i d SnCl (4.0w%) 
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i n t h e c e n t e r o f a p a r t i c l e b e i n g s o m e w h a t h i g h e r i n some p a r t i c l e s . I m p r e g n a t i o n 

w i t h l i q u i d S n C l ^ l e a d s t o a n u n e v e n t i n d i s t r i b u t i o n : n e a r t h e o u t e r s u r f a c e 

o f t h e p a r t i c l e t h e r e i s a r e g i o n w i t h v e r y h i g h t i n c o n c e n t r a t i o n ( D 2 6 ) . B y 

c o n t r a s t , c a t a l y s t s p r o d u c e d b y i m p r e g n a t i o n w i t h S n C l ^ s o l u t i o n s i n h e x a n e 

( D 2 3 , D 24) s h o w a n e v e n d i s t r i b u t i o n b u t t h e i r t i n c o n t e n t i s q u i t e l o w . T h i s 

i s c a u s e d b y t h e s l o w r e a c t i o n o f S n C l ^ w i t h t h e s i l i c a s u r f a c e c o m b i n e d w i t h 

t h e r e l a t i v e e a s e o f d i f f u s i o n o f t h e S n C l ^ t h r o u g h t h e s u p p o r t p o r e s w h e n 

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

i n h e x a n e . 

S n C l 4 i s a l s o f o r m e d d u r i n g d r y i n g a f t e r d r y i m p r e g n a t i o n w i t h S n C l . , . T h e 

d i s t r i b u t i o n o b t a i n e d i s g e n e r a l l y g o o d ; a p p a r e n t l y , t h e f o r m a t i o n o f S n C l ^ i s 

v i t a l f o r a n e f f e c t i v e d i s t r i b u t i o n , b e c a u s e t h e d i r e c t i n t e r a c t i o n o f S n C l 2 

w i t h t h e s u r f a c e i s r a t h e r w e a k ( s e e b e l o w ) . L e s s S n C l ^ i s f o r m e d w h e n t h e 

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

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

c o n c e n t r a t i o n o f t i n n e a r t h e o u t e r s u r f a c e o f c a t a l y s t D 2 6 i s a t t r i b u t e d t o 

d i f f u s i o n o f S n C l 4 t o t h e o u t e r s u r f a c e o f t h e p a r t i c l e d u r i n g d r y i n g , w h e r e i t ; 

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

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

W e t i m p r e g n a t i o n w i t h a S n C l , , s o l u t i o n r e s u l t s i n l o w S n c o n c e n t r a t i o n s w i t h i n 

t h e p a r t i c l e a n d a h i g h o n e a t t h e o u t s i d e . T h i s may b e c a u s e d b y w e a k i n t e r a c t i o n 

b e t w e e n S n ^ + a n d t h e s u r f a c e i n a q u e o u s s o l u t i o n s o r b y t h e f a c t t h a t f e w s i t e s 
2+ 

a r e a v a i l a b l e f o r t h e a d d i t i o n o f S n . T h e l a t t e r e x p l a n a t i o n i s m o r e l i k e l y 
b e c a u s e r e p e a t e d w a s h i n g d i d n o t r e m o v e t h e t i n . T h e m o s t p r o b a b l e e x p l a n a t i o n 

2+ + 
i s t h e i o n e x c h a n g e o f S n a n d N a , a s w a s d i s c u s s e d e a r l i e r i n t h i s s e c t i o n . 
T h e l a r g e a c c u m u l a t i o n o f t i n a t o r n e a r t h e o u t e r s u r f a c e i s a s c r i b e d t o t h e 

4+ 
f o r m a t i o n o f i n s o l u b l e h y d r o l y s i s p r o d u c t s f r o m S n . W e t i m p r e g n a t i o n w i t h 

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

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

l o w d i f f u s i o n r a t e . N e a r l y a l l t h e t i n i s a d s o r b e d i n a n o u t e r l a y e r o f 5 0 nm 

o f t h e p a r t i c l e s . T h e m a x i m u m c o n c e n t r a t i o n i s e q u i v a l e n t t o a b o u t 7w%, i n d i c a t i n g 
-2 

a t i n c o v e r a g e o f a b o u t 1.0 a t Sn.nm . B e c a u s e DBDMT c a n r e a c t w i t h t w o h y d r o x y l 
g r o u p s , 4 0 % o f t h e s e g r o u p s m u s t h a v e r e a c t e d s i n c e t h e h y d r o x y l g r o u p c o v e r a g e 

-2 

i s 4.8 nm . T h i s r e s u l t i s i n c l o s e a g r e e m e n t w i t h t h e f i n d i n g s o f R a c h k o v s k i i 

e t a l (162). 
T h e c a t a l y s t s b a s e d o n s i l i c a p o w d e r ( F a n d G) d o n e i t h e r s h o w a v e r y e v e n t i n 

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

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

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

i s s t i l l h o m o g e n i z e d b y t h e v i g o r o u s s t i r r i n g a p p l i e d . 
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T h e S n C l ^ f o r m e d d u r i n g d r y i n g i s n o t w e l l d i s t r i b u t e d o v e r t h e c r u s t o f 

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

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

p r e s e n t i n t h e d r i e d c a t a l y s t i m p r e g n a t e d w i t h a q u e o u s S n C ^ . A f t e r c a l c i n a t i o n , 

l i n e s o f S n O j a r e c l e a r l y p r e s e n t a n d a f t e r r e d u c t i o n m e t a l l i c g - t i n w a s d e t e c t e d . 

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

a q u e o u s s o l u t i o n o f S n C l ^ s h o w a n i n t e r e s t i n g p h e n o m e n o n . T h e c a l c i n e d c a t a l y s t 

w i t h a l o w t i n c o n t e n t ( <2w%) c o n t a i n e d SnO^ p a r t i c l e s w i t h s i z e s o f a b o u t 

50 - 100 nm. T h e c a t a l y s t s w i t h h i g h e r t i n c o n t e n t s c o n t a i n e d s m a l l e r p a r t i c l e s , 

i . e . a b o u t 5 - 10 nm. T h e r e a s o n f o r t h i s may b e t h e l o w t i n c o n c e n t r a t i o n i n 

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

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

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

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

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

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

t i n c o n c e n t r a t i o n . T h i s may l e a d t o d i f f e r e n t s i z e o f t h e t i n - c o n t a i n i n g 

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

T h e g - t i n c r y s t a l l i t e s f o r m e d d u r i n g r e d u c t i o n a r e m u c h l a r g e r , a b o u t 1 0 0 nm 

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

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

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

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

25 t o 2 5 0 C. A c o n t i n u i n g d e c r e a s e o c c u r r e d w h e n k e e p i n g t h e t e m p e r a t u r e 

a t 4 5 0 ° C o v e r a p e r i o d l a s t i n g 10 t o 1 5 h a f t e r t h e s t a r t o f t h e c a l c i n a t i o n . 

T h e c a t a l y s t s l o s t 2 - 2 , 5 % w e i g h t d u r i n g c a l c i n a t i o n , i . e . t h e same w e i g h t 

l o s s a s t h e u n t r e a t e d s u p p o r t . 

S u m m a r i z i n g , t h e f o l l o w i n g c o n c l u s i o n s a r e d r a w n : 

- S n C l ^ i s l a r g e l y r e s p o n s i b l e f o r t h e a d s o r p t i o n o f t i n o n t h e s i l i c a s u p p o r t s 

w h e n u s i n g a q u e o u s s o l u t i o n s o f S n C l ^ f o r i m p r e g n a t i o n , 

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

- R e a c t i o n o f S n C l ^ w i t h t h e s u p p o r t i s m o r e e f f e c t i v e a t h i g h e r t e m p e r a t u r e s , 

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

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

n e a r t h e o u t e r s u r f a c e o f t h e p a r t i c l e s ; p r e c i p i t a t e s o f t i n ( I I ) a r e e a s i l y 

d i s s o l v e d b u t t h o s e o f t i n ( I V ) a r e h a r d t o r e m o v e . 
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- T i n ( I I ) ions are adsorbed on the surface by ion exchange with Na ions 
present as impurity i n the (hydrogenic) s i l i c a g e l s ; the s i l i c a powders 
do not adsorb t i n as t i n ( I I ) . 

- DBDMT i s very r e a c t i v e towards the s i l i c a g e l surface, but only about 40% 
of the hydroxyl groups present can react. The d i s t r i b u t i o n obtained i s very 
u n s a t i s f a c t o r y because of the high r e a c t i v i t y 

2.3.2 Structure of the c a t a l y s t s 

The conditions during preparation may have much infl u e n c e on the p h y s i c a l 
s t r u c t u r e of Sn/SiO^ c a t a l y s t s . For instance, s i l i c a g e l d i s i n t e g r a t e s to a 
powder when i n contact with an aqueous S n C l 2 s o l u t i o n f o r 15h. Another f a c t o r 
that should be taken i n t o account i s the infl u e n c e of the (hydro)thermal treatment 
occuring during other preparation steps. A decrease of the surface area at 
constant pore volume may occur during drying at 150°C when the g e l contains 
water and HC1 (172, 173). Other s t r u c t u r a l changes are p o s s i b l e during c a l c i n a t i o n . 
Moreover, the p o s s i b i l i t y that t i n a f f e c t s the s t a b i l i t y of the c a r r i e r during 
drying and/or c a l c i n a t i o n should not be overlooked. Metal ions are known to 
influence the s t r u c t u r a l s t a b i l i t y of s i l i c a g e l s (146, 174, 173, 176, 175, 177, 
178, 179, 180, 181). In p a r t i c u l a r Na + has an appreciable negative e f f e c t . 
F i n a l l y , the occurrence of s t r u c t u r a l changes during c a t a l y s t preparation, e.g. 
at conditions of high temperature and when i n contact with water, may provide 
i n d i c a t i o n s f o r i n s t a b i l i t y during r e a c t i o n at lower temperatures but over much 
longer periods of time. Accordingly, the changes of some s t r u c t u r a l parameters 
during c a t a l y s t preparation were studied. 

Tables 2.3.2 and 2.3.3 show some p h y s i c a l c h a r a c t e r i s t i c s and f i g u r e 2.3.5 
contains pore d i s t r i b u t i o n s as measured by mercury porosimetry f o r some t y p i c a l 
samples. In f i g u r e 2.3.6 the various supports are compared with respect to 
cumulative surface area versus pore s i z e . 

Comparison of DO and D10.6 shows that the pore s i z e d i s t r i b u t i o n remains almost 
the same, but a l s o that pore volume and surface area decrease somewhat. 
The same e f f e c t s are observed f o r the G- c a t a l y s t . The F - c a t a l y s t , however, 
shows an in c r e a s i n g pore diameter and pore volume. When the diameters of the 
most frequently occuring pores found by nitrogen adsorption and by mercury 
porosimetry are compared, the former pore s i z e value i s found to be higher. The 
l a t t e r method measures the entrance diameter of the pore, whereas nitrogen 
adsorption gives the i n t e r n a l diameter. Although mercury penetration measure
ments are known to give values smaller by about 20-30%, the d i f f e r e n c e of a 
fa c t o r of about 2 i s s i g n i f i c a n t . 
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Table 2.3.3 S t r u c t u r a l data obtained by nitrogen adsorption. 
a. c a t a l y s t a f t e r drying step of preparation 
b. a f t e r c a l c i n a t i o n step 
c. a f t e r reduction 

C a t a l y s t S „, V R R 
BET pore pore pore, mean 

m.2.g-l cm3.g~l at dV/d(logR)max nm 

DO 380 1. 20 8. 0 7.2 
DO.b 372 1 16 7. 0 6.7 
Dl.a 314 
Dl.b 350 
Dl.c 328 1 11 7. 0 6.8 
D2.a 332 1 06 7. 0 6.4 
D2.c 341 1 12 7. 5 6.6 
D3.a 334 1 07 7. 5 7.0 
D3.b 353 1 16 6. 5 6.2 
D6.b 387 1 12 7. 0 7.6 
D7.b 385 1. 18 7. 0 6.6 
DlO.b 323 
D l l . b 344 
Dl2.b 350 
Dl3.b 362 
Dl4.b 374 
Dl5.b 379 
Dl6.b 382 
Dl7.b 382 
D20 349 1 01 6. 5 6.4 
D24(2) b* 382 0.96 7. 0 6.5 
D25(2) b* 369 1. 23 6. 5 7.0 
D25(4) b* 344 0. 85 7. 0 7.4 
D26(4) b* 374 1 13 6. 2 6.0 
F 128 
FO.b 130 1 . 39 3C .0 20. 
F l . b 135 
F3.2.b 128 
F4.b 127 1. 63 3£ .0 24. 
G 315 
GO.b 326 
Gl.b 327 
G2.b 402 
G4.b 342 1 . 52 22 .5 13. 
G6.b 280 1. 38 18 .5 10. 
S 101 1 . 05 17 .0 
S2.b 89 0. 78 18 .0/27.0 22. 

* (2) a f t e r d i r e c t c a l c i n a t i o n 
(4) with preceding treatment with water vapour. 
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Figure 2.3.5 Comparison of pore d i s t r i b u t i o n of supports and c a t a l y s t s (method: 

mercury porosimetry) 

T a b l e 2 . 3 . 2 S t r u c t u r a l d a t a o n c a l c i n e d c a t a l y s t a n d s u p p o r t ( m e t h o d ; m e r c u r y 

p o r o s i m e t r y ) . 

C a t a l y s t S V p R R 
2 - 1 , , 3 - 1 , p o r e p o r e 

(m~.g i ) ( c n f ' . g * J a t d V / d ( l o g R ) m e a n v a l u e 
max 

(nm) (nm) 

DO 4 3 5 1.04 3.5 8.1 
D l O . b 3 7 1 0 . 8 9 3.5 8.2 
F O . b 1 1 3 1.37 1 6 . 9 2 4 . 5 
F 3 . 1 . b 101 1.49 2 2 . 9 3 1 . 4 
GO.b 3 0 2 1.51 7.4 14.2 
G 5 . b 2 7 1 1.28 7.4 1 4 . 1 

* 
m e a s u r e d f r o m 1 0 0 k P a ( a b s ) o n 

** 
u n t r e a t e d s u p p o r t 
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Figure 2.3.6 Cumulative surface versus pore diameter for the supports used. 

The d i f f e r e n c e i n surface area found by the two methods may i n d i c a t e that an 
"ink b o t t l e " shape i s a c h a r a c t e r i s t i c of the pores. This i s p l a u s i b l e , consider
ing that the structure i s b u i l t up from s p h e r i c a l primary p a r t i c l e s . 
The s i m i l a r i t y i n surface area of DO and DO.b shows that, i n s p i t e of the high 
Na content, the support hardly degrades during the various preparation steps. 

T i n appears to i n f l u e n c e the s t r u c t u r a l c h a r a c t e r i s t i c s . A f t e r impregnation 
and drying, surface area and pore volume have decreased (Dl.a, D2.a, and D3.a), 
but c a l c i n a t i o n restores these almost to the values found f o r the support. 
Reduction of t i n oxides to t i n again causes a decrease. Furthermore, i t i s 
evident that the higher the t i n content, the l a r g e r the decrease i n surface 
area i s f o r the c a l c i n e d c a t a l y s t (DlO - Dl7). 
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The e f f e c t i s q u i t e small u n t i l 2%w t i n ; at higher concentrations the decrease 
becomes s u b s t a n t i a l . 
A d i f f e r e n c e can be observed between the c a t a l y s t s prepared by dry impregnation 
with and without a d d i t i o n of a c i d . The data on DlO.b and Dl.b, which have the 
same t i n content, i n d i c a t e that the decrease of the surface area i s smaller i n 
the l a t t e r case. X-ray d i f f r a c t i o n has shown t h i s c a t a l y s t to have l a r g e r SnO 
p a r t i c l e s . These w i l l stay i n l a r g e r pores. Smaller SnO^ p a r t i c l e s f i t i n t o 
the smaller pores and have a stronger e f f e c t on the surface area by blocking 
these pores. The amorphous p a r t i c l e s which are formed during drying are 
voluminous and most l i k e l y contain some c h l o r i d e and water. They are able to 
block a l s o l a r g e r pores. 

The drop i n surface area a f t e r reduction must be due to a more e f f e c t i v e 
blockage of pores by the l a r g e r t i n c r y s t a l l i t e s formed by coalescence. 
The F c a t a l y s t s show a much increased pore volume and pore radius at more or 
l e s s constant surface area. T i n seems to have the e f f e c t of rearranging the 
a e r o s i l p a r t i c l e s to a more open s t r u c t u r e . The G c a t a l y s t s e x h i b i t t h i s 
e f f e c t only at low t i n concentrations. At higher t i n contents blockage of 
the pores by t i n compounds counteracts t h i s e f f e c t . 
A s t r i k i n g d i f f e r e n c e between the D c a t a l y s t s and the a e r o s i l c a t a l y s t s i s the 
occurrence of micropores ( < 2.5 diameter) i n the l a t t e r group. This i s 
p a r t i c u l a r l y noticeable at low t i n concentrations and with the G c a t a l y s t s 
with i t s smaller primary p a r t i c l e s . 

The mordenites have a completely d i f f e r e n t s t r u c t u r e , being c r y s t a l l i n e and 
c o n s i s t i n g of cages with small apertures of about 0.7 ran diameter. During 
synthesis some A l ^ + can d i s s o l v e , but t h i s does not n e c e s s a r i l y change the 
s t r u c t u r e , as was discussed before. 

2.3.3 Reactions of t i n under reducing or o x i d i z i n g conditions 

The c a l c i n e d c a t a l y s t precursor contains tin(IV) i n an o x i d i c form. Since 
reduction i s necessary to a c t i v a t e the c a t a l y s t , the reduction of c a l c i n e d 
S n 0 2 / s i l i c a has been i n v e s t i g a t e d . Another problem area studied i s oxidation 
of S n / s i l i c a because t h i s o x i d a tion can occur during a l d o l condensation, water, 
aldehydes or oxygen present as contaminant i n the feed a c t i n g as o x i d i z i n g agents 
SnC^ i s stable under non-reducing conditions. Only at higher temperatures i t w i l l 
lose some oxygen. SnO i s a metastable s o l i d phase; t h i s compound i s stable only 
i n the gas phase at 1000 °C and higher. The s o l i d slowly disproportionates to 
Sn° and S n 4 + at temperatures up to 300 °c ( 182, 183, 184), but the r e a c t i o n 
becomes f a i r l y f a s t above 500 °C (185, 188). 
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The m e t a s t a b i l i t y of Sn i s confirmed by the reduction and oxidation 

behaviour of SnO and m e t a l l i c t i n , r e s p e c t i v e l y . Oxidation of m e t a l l i c t i n 
o 

i n a i r does r e s u l t i n SnO below 200 C. At temperatures between 200 and 
400 °C SnO^ i s formed by d i s p r o p o r t i o n a t i o n of the intermediate SnO, not by 
further o x idation of SnO. Temperature-programmed oxidation showed that 
oxidation of SnO s t a r t s at 440 °C, and that the r e a c t i o n i s not complete u n t i l 
at l e a s t 700°C because of the low r a t e of d i f f u s i o n of oxygen through the 
Sn0/Sn02 product layer. Small t i n p a r t i c l e s are o x i d i z e d completely at 
s u b s t a n t i a l l y lower temperatures however(about 400 °C); s i m i l a r l y small SnO 
p a r t i c l e s are oxidized too at such lower temperatures, v i z . 380 °C (185). 

Reduction of SnO^ i n i t i a l l y y i e l d s SnO and i s followed by d i s p r o p o r t i o n a t i o n 
at temperatures below 400 °C. Since the d i s p r o p o r t i o n a t i o n i s extremely slow 
at temperatures lower than 175 °C, SnO i s not reduced i n t h i s temperature 
region. Water retards the reduction of SnO^: a few percent of water i n hydrogen 
at 450 °C even s u f f i c e s to stop the reduction completely. On the other hand, 
3% water i n nitrogen d i d not o x i d i z e m e t a l l i c t i n (7, 186). P a r t i c l e s i z e 
has much infl u e n c e on the e f f e c t of water during reduction of SnO^ because t h i s 
r e a c t i o n product must d i f f u s e out of the p a r t i c l e , which c o n t r o l s the rate of 
reduction. The d i f f e r e n t regions i n the reduction of the c a t a l y s t observed by 
Swift (7) can be explained i n t h i s way. 

The above reactions were studied by means of thermogravimetric a n a l y s i s . This 
method was rather d i f f i c u l t to apply i n t h i s study because of the low t i n content 
of the samples and the slow or incomplete desorption of water from the c a r r i e r . 
The r e s u l t s are therefore compared with those obtained by subjecting the support 
to the same treatments as the c a t a l y s t s or the c a t a l y s t precursors. The data 
on the TGA reduction experiments are given i n t a b l e 2.3.4 and f i g u r e 2.3.7; for 
the oxidation experiments reference i s made to tab l e 2.3.5 and f i g u r e 2.3.8, and 
data on the reduction i n the r e a c t i o n apparatus are shown i n table 2.3.6 and 
f i g u r e 2.3.9. 

The c a l c i n e d c a t a l y s t precursor contains t i n only i n the form of t i n ( I V ) o x i d e 
(see 2.3.4). I t was therefore expected that a l o s s of weight would occur 
during reduction which i s i n accordance with two oxygen atoms per atom t i n . 
However, isothermal reduction of the c a t a l y s t i n T.G.A. apparatus at 450°C was 
accompanied by a l a r g e r weight decrease, i n s p i t e of p r i o r drying under to 
constant weight (in about 16 h). The l a r g e r decrease observed i s not w e l l 
understood; i t might be due to l o s s of water r e t a i n e d i n the SnOj str u c t u r e or 
to reduction of SnC^* which according to X-ray fluorescence i s sometimes 
present i n the c a t a l y s t s even a f t e r c a l c i n a t i o n . The d i f f e r e n c e between the 
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t i t I I I I I I 1 _ 
150 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 

T ( ° C ) 

Figure 2.3.7 Reduction of tin on s i l i c a catalysts and SnO^ (fractional weight 

loss = 1 when SnO is completely reduced to Sn). D12:3,74w%Sn, D15: 0.98w%Sn. 

- T ( ° C ) 

Figure 2.3.8 Air oxidation of tin on s i l i c a catalysts (fractional weight increase 

= 1 after complete oxidation of Sn to SnO ) Dl:7'.3w%Sn, D12: 3.74w%Sn, D15: 0.98w%Sr. 
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Tabel 2.3.4 Reduction of c a l c i n e d c a t a l y s t s with hydrogen. 

a) isothermal at 450 °C, u n t i l constant weight (about 16h) 

c a t a l y s t Dl D2 D12 support D 

t i n content (w%) 7.3 3.6 3.74 0 
* 

t h e o r e t i c a l decrease (%) 1.97 0.97 1.01 
** ** ** 

observed decrease (%) 2.69 1.41 1.14 0.25 

b) temperature-programmed, 10 °C.min, 25 - 450 °C and kept at that temperature 
fo r 2.5h. 

c a t a l y s t D12 

t i n content (w%) 3.74 
* 

t h e o r e t i c a l decrease (%) 1.01 
*** * 

observed decrease (%) 1.01 

D15 

0.98 

0.26 

0.22" 

support D 
0 

0.56 

Sn0 2 

21.23 

21.86 

two oxygen atoms per t i n atom 
corrected f o r the weight decrease of the support 
from 150 °C on. 

Table 2.3.5 Temperature-programmed oxidation of reduced t i n on s i l i c a g e l 
c a t a l y s t s (150 - 600 °C, i n d r i e d a i r ) . 

c a t a l y s t Dl D3 D10 D12 D15 D16 
t i n content (w%) 7.3 3.6 7.5 3.74 0.98 0.51 
t h e o r e t i c a l increase (%) 1.97 0.97 2.02 1.01 0.26 0.14 
observed increase (%) 1.92 0.89 2.41 0.97 0.26 0.16 

two oxygen atoms per t i n atom. 
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Table 2.3.6 Isothermal reduction of s i l i c a g e l - b a s e d c a t a l y s t s i n a tubular 

reactor. 

Conditions: 450 °C; H 2; 250 ml.min , 

c a t a l y s t w%Sn i n i t i a l water P H ofin)''"* 5 1 1 water formed 
p a r t i a l pressure (w% of c a t a l y s t ) 
(kPa) 

t h e o r e t i c a l observed 

D3 3.6 2 46 0 68 1.09 0.92 
D9 1.8 0 90 0 50 0.55 0.51 
DlO 7.5 5 39 0 72 2.28 2.23 

D l l 6.36 2 67 0 42 1.93 1.38 

D12 3.74 1 91 0 51 1.13 1.02 

013 2.65 1 43 0 54 0.80 0.68 
D14 2.00 1 47 0 23 0.61 0.30 
D15 0.98 0 32 0 18 0.16 0.05 

D17 0.45 0 02 0 05 0.14 0.01 

* i n sample taken a f t e r 30 sec. 
** c a l c u l a t i o n i s by i n t e g r a t i o n of the curve (P - t) with P a f t e r 30 sec. 

2 ^2^ 
as s t a r t i n g value. 

actu a l and the t h e o r e t i c a l weight decrease i s p a r t i c u l a r l y apparent f o r 
m a terial prepared by dry impregnation without a d d i t i o n of a c i d (Dl and D3). 

From the temperature - programmed reduction experiments i t can be concluded that 

reduction of bulk Sn0 2 cannot be detected below 450°C (figure 2.3.7). 
However, the p a r t i c l e s of the sample tested here were large, v i z . i n the range 
of 1 to 10 ym. By contrast, reduction of the SnO^ i n the c a t a l y s t s t a r t s at 
150 °C. The c a t a l y s t with a small amount of t i n (D15, 0.98w%Sn) shows two regions 

o 
of reduction. From 150 to 450 C nearly h a l f the decrease i n weight takes; 
place; f u r t h e r reduction occurs at 450 °C, but only very slowly. The t o t a l 
weight l o s s does not reach the t h e o r e t i c a l value f o r reduction to m e t a l l i c 
t i n even a f t e r 2.5h. A c a t a l y s t containing more t i n (D12; 2.7w%) shows only 
a s i n g l e reduction region from 150 °C onwards. Reduction i s complete a f t e r 
2.5h at 450 °C. 
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The following reactions can be expected during reduction. 
Large c r y s t a l l i t e s of SnC>2 r e s u l t i n g from p r e c i p i t a t i o n during impregnation 
are reduced to m e t a l l i c t i n . 
Surface t i n compounds, which a f t e r c a l c i n a t i o n have the form silica=Sn(OH)^ 
(163), w i l l lose t h e i r hydroxyl groups. A t i n ( I I ) surface compound i s thus 
formed which appears to be stable seeing the r e l a t i v e l y high s t a b i l i t y of 
t i n ( I I ) o x i d e mentioned above. Further reduction to give s i n g l e tin(O) atoms 
appears u n l i k e l y . 

Furthermore, molecularly dispersed SnC^.I^O i s present on the surface as a 
r e s u l t of h y d r o l y s i s of t i n ions attached to the surface (187). I t i s quite 
mobile at higher temperatures and may form agglomerates which are 
subsequently reduced to m e t a l l i c t i n . Part of i t may react with surface 
hydroxyl groups to give more t i n ( I I ) surface compounds. 

The assumption of these reactions and of the two t i n compounds formed i n the 
c a t a l y s t explains the observed r e s u l t s . C a t a l y s t s with a low t i n content w i l l 

contain r e l a t i v e l y large amounts of the surface groups. The observed two-step 
reduction i s explained as an i n i t i a l dehydration at low temperature to 
silica=SnO, which i s reduced to s i l i c a = S n at a higher temperature. 
The more d i f f i c u l t and l e s s complete reduction of these c a t a l y s t s may be 
caused by the presence of large c r y s t a l l i t e s of SnC^ i n c a t a l y s t s with low 
t i n contents, as i s shown by X-ray d i f f r a c t i o n . C a t a l y s t s with higher t i n 

contents contain much greater proportions of c r y s t a l l i n e SnC^ -

The l a r g e r weight decrease caused by reduction of t h i s compound obscures the 
two steps i n the reduction of the surface compound which i s a l s o present. 

The reactions described above are a l s o i n l i n e with the observations made 
during isothermal reduction at 450°C i n the reactor. This reduction proceeds 
very r a p i d l y during the f i r s t 10-15 minutes (see f i g u r e 2.3.9). The i n i t i a l 
water concentration, a f t e r 30 seconds, i s not p r o p o r t i o n a l to the t i n content 
(table 2.3.6) . 
Furthermore, the expected and a c t u a l l y measured amounts of water show a 
d e v i a t i o n which increases r e l a t i v e l y with decreasing t i n content. 
I t i s assumed therefore that dehydration (and reduction) of the silica=Sn(OH)^ 
groups occurs very f a s t , within the f i r s t 30 seconds. Less water i s observed 
i n that case, when s t a r t i n g the measurements a f t e r p a r t of the dehydration and 
reduction has already taken place. The e f f e c t w i l l be the strongest f o r the 
lower t i n contents. 

Temperature-programmed oxidation of reduced c a t a l y s t s showed oxidation to s t a r t 
at lower temperatures as the t i n content i s higher. A c a t a l y s t with a high t i n 
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Figure 2.3.9 Concentration of water in the product gas during reduction. 

Conditions: hydrogen flow 250 ml.min ; 450°C. 

content (Dl, 7.3w%) s t a r t e d to o x i d i z e at 100°C and showed a maximum r a t e at 
230°C, but oxidation was s t i l l incomplete even at 600°C. The ox i d a t i o n curve 
fo r a c a t a l y s t with a high t i n content apparently i s dominated by the slow 
oxidation of m e t a l l i c t i n . The curve observed f o r a c a t a l y s t with low t i n con
tent (e.g. Dl5, 0.98w%Sn) i n d i c a t e s o x i d a t i o n of a t i n compound which i s 
r e l a t i v e l y stable at o x i d i z i n g conditions and f o r which oxidation i s not 
subject to d i f f u s i o n l i m i t a t i o n . The compound presumably i s the t i n ( I I ) bound 
on the surface, discussed before, which i s present i n r e l a t i v e l y large amounts 
at low t i n contents. The oxidation of t h i s t i n ( I I ) f i n a l l y leads to the formation 
of silica=Sn(OH) 2 groups because water i s always present. 

Some DSC measurements performed with c a t a l y s t Dl showed a melting p o i n t f o r the 
m e t a l l i c t i n phase at 220 - 225 °C, which i s about 10 °C lower than the normal 
melting p o i n t of t i n (231.9 C) . This d i f f e r e n c e i s b e l i e v e d to be caused by the 
f i n e d i s p e r s i o n of the t i n . 
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I t was furthermore observed that the t o t a l heat of melting was 3 times 
smaller than would be expected from the t i n content of the c a t a l y s t . This 
i n d i c a t e s that only p a r t of the t i n i s present i n a c r y s t a l l i n e m e t a l l i c 
form. 

2.3.4 Catalyst analysis by Moesshauer spectroscopy 

Moessbauer spectroscopy i s a valuable t o o l f o r i n v e s t i g a t i o n of the e l e c t r o n i c 
state of t i n and i t s surroundings, but most information i n l i t e r a t u r e i s 
a v a i l a b l e only on compounds i n a bulk phase. The i n f l u e n c e of the occurrence of 

surface compounds and s i n g l e atoms i s much l e s s known. Gol'danskii discusses 
some e f f e c t s (189); broadening of the quadrupole s p l i t t i n g i s to be expected. 
There are reports on t i n chemisorbed on a s i l i c a g e l surface (187, 190). In 
t h i s case the strongly adsorbed t i n ( I I ) was brought on to the s i l i c a surface by 
ion exchange. Tin(IV) was formed from i t by h y d r o l y s i s and subsequent oxidation; 
i t was bound with weak Van der Waals forces only, i n the form SnC^.nl^O, and 
showed a high surface m o b i l i t y . 

In the present work the recorded spectra were i n t e r p r e t e d by d i s s e c t i n g them 
mathematically i n t o separate peaks f o r the most l i k e l y compounds with the 
known isomeric s h i f t s and quadrupole s p l i t t i n g . The data used are based on 
Gol'danskii et a l (191). The procedure used generally gives good spectra f o r 
compounds i n large concentrations but reveals small amounts of compounds only 
when they are not obscured by the l a r g e r peaks. The deviations from the peak 
forms of pure compounds observed i n t h i s work (table 2.3.7) are therefore 
not only caused by s t r u c t u r a l f a c t o r s , as very small c l u s t e r s , c r y s t a l l i t e s 
or surface adsorbates, but also by compounds that are d i f f i c u l t to determine 
because they are present i n r e l a t i v e l y small q u a n t i t i e s . Their peaks coincide 
almost f u l l y with the major peaks and influence t h e i r form. 

Two c a t a l y s t s were in v e s t i g a t e d , Dl and D3, both prepared by dry impregnation 
without a d d i t i o n of a c i d . Their t i n content was 7.3 and 3.6 w% r e s p e c t i v e l y . 
Figure 2.3.10a gives the spectra f o r c a t a l y s t s Dl at d i f f e r e n t stages of 
preparation. A f t e r drying (Dl.a) only small amounts of t i n ( I I ) are l e f t ; most of 
i t has been converted to SnO,,. The c a l c i n e d c a t a l y s t (Dl.b) contains only Sn0 2. 
Conditions f o r the reduction, 400 °C during l h , under a small hydrogen flow, 
were such that complete reduction was not obtained. The sample was exposed to 
a i r a f t e r the reduction because means of blanketing with were not yet a v a i l 
able . E v i d e n t l y , the c a t a l y s t batch was not homogeneous. The colo r of the 
reduced c a t a l y s t v a r i e d from dark grey to brown and nearly white. Separate 
spectra were run on the brown and the grey p a r t i c l e s . 
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I somer ic s h i f t 

( r e l a t i v e t o p - t i n ) 

( m m . s e c " 1 ) 

- 1 0 - 8 - 6 0 +2 +4 +6 

Isomer ic s h i f t 

( re la t ive to p- t in) 

( m m . s e c " 1 ) 

(2.3.10.a) (2.3.10.b) 

Figure 2.3.10 Moessbauer spectra of t i n on s i l i c a g e l c a t a l y s t s . 

a. c a t a l y s t Dl(7.3w%Sn), A dried a f t e r impregnation 

B calcined 

C reduced:two fractions,one of which contains less t i n 

and has a brown color (CI), the other contains more 

t i n (about 10 times) and has a grey color (C2) 

b. c a t a l y s t D3 (3.6w%Sn),A reduced and exposed to a i r , 

B reduced and kept under nitrogen 

Peaks are due to: 1 :Sn02, 2:$-tin, 3 :SnO, 4 :SnCl2, 5 and 6 :unknown t i n compounds 



51 

Table 2.3.7 Isomeric s h i f t and quadrupole s p l i t t i n g f o r the Moessbauer spectra; 
given i n l i t e r a t u r e (191, 192), and those used i n s e l e c t i n g the best f i t f o r 
the measured spectra. 

sample t i n compound IS 
2 3 -1 r e l a t i v e to (mm.sec ) 

B - t i n 
(mm. sec ) 

literature data for pure crystalline compounds, 

S n C l 2 + 1 59 0 

SnSiO^ (192) +0 30 2.00 
SnO +0.12 1.50 

B-Sn 0 0 
o-Sn -0 55 0 
S n C l 4 -1 80 0 

Sn0 2 -2 65 0.45 

values used for analysis of the spectra, 

Dla Sn0 2 -2 44 0.56 
p -0 .23 0 

S n C l 2 + 1 53 0 

Dl.b Sn0 2 -2 .65 0.39 

D2.c(brown) Sn0 2 -2 52 0.63 

SnO +0 16 1.34 
Dl.c(grey) Sn0 2 -2 50 0.61 

B-Sn 0 0 

S n C l 2 +1 59 0 
D3.c(exposed Sn0 2 -2 54 0.62 

to a i r ) B-Sn +0 07 0 
SnO +0 13 1.49 
S n C l 2 1 36 0 

D3.c(kept under Sn0 2 -2 65 0.45 
nitrogen) ? -1 22 1.69 

B-Sn 0 0 
S n C l 2 1.59 0 
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The former contained much SnO,, and g-Sn was not detectable, the l a t t e r : 
contained mainly SnO^ and B-Sn, and only very small amounts of SnO. 
I n t e n s i t i e s of the spectra showed that the grey p a r t i c l e s had a much higher t i n 

content than the brown f r a c t i o n . Therefore, SnO i s formed i n r e l a t i v e l y large 
amounts at low t i n content and r e s i s t s f u r t h e r reduction. I t i s not j u s t the 
intermediate f o r the formation of B - t i n because otherwise both samples should 

have had the same spectrum. 

Figure 2.3.10b shows the spectra f o r c a t a l y s t D3 reduced under the same conditions 
mentioned above. One batch was exposed to the a i r and another was kept under 
nitrogen. The spectra show that t h i s batch s t i l l contained some SnCl^. The 
sample which was exposed to a i r contains SnO^, B - t i n and SnO. The sample kept 
under nitrogen showed SnO^ and B - t i n but no SnO. However, an unknown compound 
i s present which has a negative s h i f t r e l a t i v e to B - t i n and a large quadrupole 
s p l i t t i n g . I t i s l i k e l y that the observed phenomena are due to the presence of 
a strongly attached surface tin(II)compound. In such strong i n t e r a c t i o n some 
of the electrons can be f u r t h e r removed from the t i n atom. The i n t e r a c t i o n 
i s weakened during exposure to the a i r , e.g. by the a c t i o n of water. 
Summarizing, i t i s l i k e l y that i n the reduced state the c a t a l y s t contains 
tin(0) i n the form of B _ t i n , and some t i n ( I I ) . The l a t t e r i s present i n r e l a t i v e l y 
l a r g e r amounts when the t i n content of the c a t a l y s t i s low. I t i s furthermore 
r e s i s t a n t to further reduction because of i t s attachment to the s i l i c a g e l surface. 

2.4 C o n c l u d i n g remarks 

The various methods of c a t a l y s t preparation discussed i n t h i s chapter give 
quite d i f f e r e n t r e s u l t s f o r the a t t a i n a b l e t i n content as w e l l as f o r the t i n 
d i s t r i b u t i o n . This applies to the d i s t r i b u t i o n over each i n d i v i d u a l p a r t i c l e 
and over the c a t a l y s t batch as a whole. Use of imprégnants with a high r e a c t i v i t y 

r e s u l t s i n small t i n losses during impregnation but a l s o i n a poor t i n d i s t r i b u t i o n . 
The reverse holds f o r imprégnants of low but s t i l l s u f f i c i e n t r e a c t i v i t y . 

Impregnation with SnCl^ corresponds to the l a t t e r case, g i v i n g a very even 
d i s t r i b u t i o n but at the expense of large t i n l o s s e s : a considerable excess of 
SnCl^ must be applied and favourable conditions such as the presence of water 
and a high temperature. Optimal c a t a l y s t s are obtained when applying dry 
impregnation of s i l i c a g e l with an aqueous S n C l 2 s o l u t i o n a c i d i f i e d with hydro
c h l o r i c a c i d : SnCl^ i s formed during drying. SnCl^ i s probably more r e a c t i v e 

towards s i l i c a powder, but then a somewhat l e s s a t t r a c t i v e t i n d i s t r i b u t i o n 
i s obtained. 
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An example of an impregnation at too high a r e a c t i v i t y i s DBDMT: i t re a c t s so 
r e a d i l y with the s i l i c a g e l surface that most of the t i n i s deposited near the 
outer surface of the p a r t i c l e because the rate of d i f f u s i o n through the pores 
of the support i s much lower than the rate of r e a c t i o n . 

Summarizing, the following phenomena occur during the various steps of 
c a t a l y s t preparation: 
Impregnation 

2+ + 
- Sn i s exchanged with Na ; reactions between t i n ( I I ) hydroxides and 

chl o r i d e s and hydroxyl groups-do not occur. 
- SnCl^ reacts slowly with surface hydroxyl groups. 
- DBDMT reacts very f a s t , two surface hydroxyl groups r e a c t i n g per molecule to 

2 
a maximum OH-conversion of about 40% fo r s i l i c a g e l (about 1.0 group per nm ). 

- Water and oxygen cause the formation of t i n ( I I ) and tin( I V ) p r e c i p i t a t e s . 
Any p r e c i p i t a t e present i n the s o l u t i o n accumulates at or near the outer 
surface of the p a r t i c l e s . P r e c i p i t a t e s formed i n s i d e the p a r t i c l e s are 
generally f i n e l y dispersed. Higher concentrations of imprégnants give more 
and f i n e r p r e c i p i t a t e i n s i d e the p a r t i c l e s . 

Drying 

- Large proportions of SnCl^ are formed under the infl u e n c e of oxygen and 
ch l o r i d e ions, mainly from p r e c i p i t a t e s , when impregnating with SnCl^. 

- Since SnCl^ reacts rather slowly with two surface hydroxyl groups i t can 
d i f f u s e through the pores during drying and even evaporate p a r t i a l l y . The 
maximum amount of hydroxyl groups on s i l i c a g e l r e a c t i v e towards SnCl. i s 

2 
1.0 group per nm at the conditions used. S i l i c a powder reacts more r e a d i l y . 

- Sn-Cl bonds are fur t h e r hydrolyzed to SnOH bonds. 
Calcination 

- The t i n compounds i n p r e c i p i t a t e s lose CI and water and oxidize, f u r t h e r t o S n O 

- Weakly adsorbed t i n i s o x i d i z e d and d i f f u s e s over the surface; c r y s t a l l i t e s of 

SnO^ may be formed from t h i s source too. 
- Strongly adsorbed t i n loses adsorbed water and r e s i d u a l c h l o r i d e . 
Reduction 
- SnC^ i s reduced to m e t a l l i c t i n , which then coalesces to la r g e r globules of 

molten t i n ; g- t i n i s formed a f t e r c o o ling. 
- Strongly adsorbed tin(IV) loses i t s hydroxyl groups by reduction, the t i n (II) 

formed i s even more strongly attached to the surface. 
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3 CATALYST PERFORMANCE 

3.1 E x p e r i m e n t a l 

In t h i s chapter the experimental study of the a c t i v i t y , s e l e c t i v i t y , 
d e a c t i v a t i o n and regeneration of the Sn/Si02 c a t a l y s t s f o r gas-phase a l d o l 
condensation i s discussed. A s i m p l i f i e d flow diagram of the equipment used i n 
t h i s work i s shown i n f i g u r e 3.1.1. 

Freshly d i s t i l l e d ethanal was fed from cooled v e s s e l (3) to evaporator (6) by 
means of pump © . A gas stream a c t i n g as d i l u e n t f o r the reactant (H2 or N2) 
was introduced i n t o the evaporator to ensure smooth evaporation; gas flows were 
s t a b i l i z e d by flow c o n t r o l l e r s (l) and measured with flowmeters @ . Whenever 
necessary other l i q u i d s , e.g. water, could a l s o be introduced i n t o the equip
ment by s i m i l a r means. Piston pumps having a maximum capacity of 45 ml.h -* were 
i n s t a l l e d . L i q u i d flows were checked with c a l i b r a t e d burettes @ and flow 
pulsations i n the l i q u i d flows damped by a pressure valve and a membrane. In 
a d d i t i o n , surge tank (7) was i n s t a l l e d j u s t upstream of reactor (§) to smooth 
out p o s s i b l e flow and concentration f l u c t u a t i o n s s t i l l f u r t h e r . 

In part of the experiments an a l t e r n a t i v e feed system was used i n which ethanal 
was heated to 65°C i n a closed v e s s e l . Since at t h i s temperature the vapour 
pressure of ethanal i s about 300 KPa, the vapour can be fed d i r e c t l y i n t o the 
system by way of a heated flow c o n t r o l l e r . 

Gases were p u r i f i e d before use. Hydrogen was l e d over a Pd/Al203 c a t a l y s t to 
remove oxygen and d r i e d over molecular sieves. Nitrogen was f i r s t d r i e d and then 
passed over f i n e l y dispersed Cu on s i l i c a t o remove oxygen. Gas flow measurement 
(2) was e i t h e r by rotameters or by determining the pressure drop over 

c a l i b r a t e d c a p i l l a r i e s by means of d i f f e r e n t i a l pressure i n d i c a t o r s , i . e . 
U tubes f i l l e d with s i l i c o n e o i l . The gas flow was checked i n each run by 
means of a c a l i b r a t e d soap f i l m meter. 
Reactor @, a s t a i n l e s s s t e e l tube of 3-10 ml and 8 mm i n t e r n a l diameter with 
s i n t e r e d metal f i l t e r s at both ends, was provided with Swagelok connections to 
f a c i l i t a t e i n s t a l l a t i o n a f t e r a c a t a l y s t change. I t was heated by a tubular 
furnace which could be opened lengthwise f o r easy access. The temperature was 
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kept constant by means of an Eurotherm t h y r i s t o r c o n t r o l l e r to within 0.5°C 
during each run. 
Analysis of reactor feed and product was done by on-line gas Chromatograph (9) 
samples being taken d i r e c t l y from the gas stream with a sample loop and 
in j e c t e d i n t o the gas Chromatograph by a pneumatic valve. 

•4-

r T I 
N 2 J 

(̂ ) GbiiuLr} 
O 0 

Figure 3.1.1 Equipment for gas-phase aldol condensation 

Legend: Q) flow c o n t r o l l e r , Q) flow measurement, Q) cooled feed vessel, 

@ £ u r e t t e f o r measuring l i q u i d flow, Q)pump, © evaporator, (?) surge tank, 

(§)reactor, Q)gas chromatographic analysis, (To) condensor, (?) and (dp) pressure 

and d i f f e r e n t i a l pressure i n d i c a t i o n , (g) temperature control, @ f o u r way valve 

The product gas was passed through water-cooled condenser (lO) and the non-
condensable compounds vented. A vapour trap cooled to -60°C was sometimes 
added f o r complete l i q u i d recovery. Construction materials used were brass i n 
the gas sec t i o n ; parts of the system i n contact with aldehyde were made of 
s t a i n l e s s s t e e l , PTFE or ethylene-propylene rubber. 

The operation was semi-automatic, which implies that set points were adjusted 
manually and that a f t e r a c e r t a i n time samples were taken and the ana l y s i s 
s t a r t e d under automatic c o n t r o l . Safety was ensured by i n s t a l l i n g pressure, 
temperature and flow c o n t r o l devices; i f a pre-set maximum or sometimes 
minimum allowable value f o r a given parameter was exceeded, automatic shut-down 
of the apparatus followed. This made i t p o s s i b l e to run the apparatus 
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unattended f o r long periods o f time. 

The gas chromatograph used f o r o n - l i n e a n a l y s i s contained a column (1 m long, 
2 mm i n t e r n a l diameter) f i l l e d with Porapak QS, mesh s i z e 120-150. The column 
temperature was 165°C and the c a r r i e r gas hydrogen at a flow rate of 
32.5 ml.min -!. Detection was by thermal c o n d u c t i v i t y . The GC was used to 
determine the concentrations of ethanal, water and butenal i n the product. 
O f f - l i n e analyses were c a r r i e d out with another gas chromatograph equipped 
with a column f i l l e d with 3% SE-30 on Chromosorb W, acid-washed and DMCS-
treated, mesh s i z e 100-120. The column was 3 m long and had an i n t e r n a l 
diameter of 2 mm. The column temperature was maintained at 175°C; the c a r r i e r , 
hydrogen, was passed through at a flow of 25 ml.min" . Detection was by flame 
i o n i s a t i o n . This GC was used mainly to analyze f o r h i g h e r - b o i l i n g products. 

GC-MS was used f o r q u a l i t a t i v e a n a l y s i s of the products, the 
conditions being: SP 2250 column, 3 m length, temperature-programmed from 20°C 
through 210°C at a rate of 8°C.min - 1. The c a t a l y s t s used were analyzed to 
determine changes i n t i n content by neutron a c t i v a t i o n , c r y s t a l l i n i t y and 
c r y s t a l l i t e s i z e of the m e t a l l i c t i n by X-ray d i f f r a c t i o n , and stru c t u r e by 
BET a n a l y s i s , as has been described i n 2.2.3. 

The feed rate i s characterized as the r e c i p r o c a l molar hourly space 

v e l o c i t y ( i n g cat.h.mol"!), which i s measure of the residence time. The 

density of the c a t a l y s t i n the reactor was about 0.3 g . m l } the reactor 

u s u a l l y contained between 1 and 5 g. 

Conversion and s e l e c t i v i t y were c a l c u l a t e d d i r e c t l y from the ethanal, butenal 
and water concentration i n a s i n g l e sample taken from the gas stream a f t e r the 
reactor. As w i l l be shown i n 3.4, nearly a l l the by-products are formed by 
condensation of three and four ethanal molecules. I t was therefore p o s s i b l e to 
derive r e l a t i o n s f o r conversion and s e l e c t i v i t y based on only those three 
values (see appendix I ) . 
The following r e l a t i o n s apply: 

[ d - S F ) B r + (1+SpjHj / [ E r + ( l - S p ) B r + (1+S F)H g 

and 

S 200B / [ ( 1 - S j B + r L F r (%) 
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i n w h i c h E , B a n d H a r e t h e m e a s u r e d c o n c e n t r a t i o n s o f e t h a n a l , b u t e n a l a n d r r r 
w a t e r a f t e r t h e r e a c t o r r e s p e c t i v e l y . S„ i s a c o n s t a n t d e p e n d e n t o n t h e r a t i o 

r 

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

v a l u e i s a l m o s t c o n s t a n t a n d t a k e n a s 0.45 i n o u r c a l c u l a t i o n s . 

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

s h o w e d u n e x p e c t e d a n d u n s y s t e m a t i c d i f f e r e n c e s u p t o 15% r e l a t i v e . A t t e m p t s t o 

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

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

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

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

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

b e f o r e a n d a f t e r t h e r e a c t o r g e n e r a l l y s h o w e d d e v i a t i o n s l e s s t h a n 1% w h e n t h e 

a v e r a g e w a s t a k e n o v e r a s e r i e s o f m e a s u r e m e n t s . L a r g e r d e v i a t i o n s w e r e f o u n d 

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

e x p e r i m e n t s a t t e m p e r a t u r e s h i g h e r t h a n 350°C. 

3.2 P r e l i m i n a r y t e s t s and c a l c u l a t i o n s 

A g e n e r a l i m p r e s s i o n o f c a t a l y s t p e r f o r m a n c e f o l l o w s f r o m f i g u r e 3.2.1, i n 

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

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

d u r i n g t h e f i r s t 20 r u n h o u r s . T h e r a t e o f d e a c t i v a t i o n d o e s n o t d e p e n d m u c h o n 

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

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

w a s t o b e p r e f e r r e d (8). Some p r e l i m i n a r y t e s t s s h o w e d t h i s t o b e t h e c a s e . T h e 

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

h y d r o g e n . 

A s s t a n d a r d c a t a l y s t a c t i v a t i o n p r o c e d u r e w a s u s e d r e d u c t i o n a t 450°C u n d e r 

h y d r o g e n , 250 m l . m i n , d u r i n g 30 m i n u t e s , o r t i l l n o w a t e r c o u l d b e d e t e c t e d 

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

c o n v e r s i o n a n d s e l e c t i v i t y a f t e r 15 m i n u t e s r e d u c t i o n , e v e n f o r c a t a l y s t w i t h a 

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

l y f a s t ( c . f . 2.3.3 a n d f i g u r e s . 1 . 3 a n d 2.1.3). 

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

40 h w a s c h o s e n . T h e r a t e o f d e a c t i v a t i o n i s s l o w a f t e r 40 h o p e r a t i o n , a n d 

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

o p e r a t e d c l o s e t o t h e d i f f e r e n t i a l r e g i o n . F i g u r e 3.2.2 g i v e s t h e r e s u l t s f o r a 
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c a t a l y s t , D2, t e s t e d over a wide range of conditions, to e s t a b l i s h favourable 

r e a c t i o n conditions. 
Usual t e s t conditions chosen were: ethanal p a r t i a l pressure = 10 kPa, 
W/F = 5 g cat.h.mol - 1, and a temperature of 523 K (250°C). 

Plug flow reactor behaviour i s assured because the L/d , r a t i o was at 
p a r t i c l e 

l e a s t 80 and the d /d ^. , r a t i o about 10 (195). Moreover i t was reactor p a r t i c l e 
ascertained that the r e a c t i o n rate i s not c o n t r o l l e d by d i f f u s i o n ; t h i s was 
done as o u t l i n e d below. 

Several c r i t e r i a are a v a i l a b l e f o r t e s t i n g f o r pore d i f f u s i o n l i m i t a t i o n of 
the r e a c t i o n rate i n a porous c a t a l y s t . Most authors apply the Damkohler number 
for mass transport f o r t h i s purpose. When d i f f u s i o n l i m i t a t i o n i s absent the 
f o l l o w i n g r e l a t i o n holds f o r a r e a c t i o n i n which a volume change does not 
occur (193, 194, 195): 

r ' * d , 
p a r t i c l e 

• » - • - 4 . « ; . • • „ „ < -

For the most unfavourable case we may assume Knudsen d i f f u s i o n throughout the 
p a r t i c l e , as most pores are smaller than 100 nm. For ethanal the e f f e c t i v e 
Knudsen d i f f u s i o n constant i s about 2.2 * 10 -^ m 2.s~l. 
C a l c u l a t i o n s show Dam,, to be smaller than 0.1 at P , = 10 kPa and 523 K, M ethanal 
and at a conversion of 10%. This points to the absence of d i f f u s i o n l i m i t a t i o n . 

In the above c a l c u l a t i o n the r e a c t i o n was taken to be f i r s t order i n ethanal. 

An experimental check was also made. Two c a t a l y s t samples from the same batch 
but d i f f e r i n g i n p a r t i c l e s i z e (1.0-0.6 and 0.6-0.3 mm) were te s t e d (see 
f i g u r e 3.2.3). The ageing c h a r a c t e r i s t i c s appear to be the same, so the 
ethanal conversion a f t e r 40 hours can be used as a measure of c a t a l y s t 
a c t i v i t y at d i f f e r e n t conditions. The experimental r e s u l t s confirm the 
assumption made on t h e o r e t i c a l grounds that pore d i f f u s i o n does not c o n t r o l • 
the rate of the r e a c t i o n . 

In view of the absence of pure d i f f u s i o n l i m i t a t i o n i t i s u n l i k e l y that mass 
t r a n s f e r from gas to s o l i d i n f l u e n c e s the process r a t e . This was confirmed by 
c a l c u l a t i o n s . 
Temperature e f f e c t s can also be neglected because the heat produced by the 
r e a c t i o n i s too small to cause non-isothermal reactor behaviour. The r i s e i n 
temperature observed at the beginning of a run over a f r e s h c a t a l y s t , which 
amounted to 2-3°C, disappeared within 3 minutes. I t i s ascribed to strongly 
exothermic adsorption of the reactants. 
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F i g u r e 3.2.1 Behaviour of catalysts during test runs at different conditions 

Legend: catalyst code (P in kPa, W/F in g cat,h.mol~l, T in K) 

01 I I I 1 I l _ 
0 10 2 0 3 0 4 0 5 0 6 0 

« — W / F (gca t . h mol ') 

Figure 3.2.2 Activity for catalyst D2 at different conditions after 40 hours 

operation. Below the dotted line A the reactor is operated differentially. 
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(3.2.3.a) (3.2.3.b) 

Figure 3.2.3 Comparison of two sieve f r a c t i o n s of catalyst D12 to i n v e s t i g a t e 

the influence of d i f f u s i o n on the reaction rate 

T 523 K 

a. Condition 1: P _ , = 8.2 kPa, W/F =14.1 g cat.h.mol~l 

ethanal 
" 2: P _ , = 10 kPa, W/F = 5 g cat.h.mol~l 

ethanal 

b. Conversion after 40 h operation 

3.3 C a t a l y s t a c t i v i t y 

3.3.1 Influence of method of preparation 

Various methods have been applied to prepare c a t a l y s t s based on s i l i c a g e l D. 
Figure 3.3.1 shows the a c t i v i t y as percentage of the conversion obtained with 
the most acti v e c a t a l y s t p l o t t e d against the t i n content expressed as t i n atoms 
per u n i t of surface area. For the purpose of the d i s c u s s i o n i t i s assumed that 
at a given set of conditions the conversion depends only on the concentration 
of a c t i v e t i n on the surface. 

I t follows from the data that the support has a d i s t i n c t a c t i v i t y f o r a l d o l 
condensation. This i s caused by i m p u r i t i e s , e s p e c i a l l y Na +. However, the 
a c t i v i t y of s i l i c a g e l D i s much below that of the l e a s t a c t i v e Sn/SiC>2 
c a t a l y s t (see t a b l e 3.3.1a). 
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Figure 3.3.1 Comparison of the r e l a t i v e a c t i v i t i e s obtained by d i f f e r e n t 

preparation methods with s i l i c a g e l D as support. 

Legend: A dry impregnation no acid added, + dry impregnation with acid added, 

• wet impregnation with aqueous SnCl? (A; D9), O with DBDMT in hexane, 

• with SnClii in hexane (B; treated with water vapour) , A with SnCli^ in gas 

phase (C; treated with water vapour) , • with SnClii in l i q u i d phase 

TABLE 3.3.1 Standard a c t i v i t i e s of catalysts, prepared by different methods 
(see 2.2.2). Experimental conditions: p

e t n a n a i = 10 kPa, 
W/F = 5 g cat.h.mol - 1, T = 523 K. 
a. Support, and catalysts prepared by dry impregnation with acid added. 
catalyst w% Sn o 

at Sn.nm % of a c t i v i t y of D i l l * * 

* 
support D 0 0 6 
D17 0.45 0.06 24 
DIS 0.98 0.13 47 
D14 2.00 0.27 63 
Dl l 6.36 0.91 100 

* contains 800 ppm Na 
** 

maximum a c t i v i t y observed with D-type catalysts 
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The highest a c t i v i t y i s reached by dry impregnation with added a c i d (HC1). 
This method gives the maximal a c t i v i t y at a t i n coverage of 0.6 nm-^ (4.4 w% 
t i n ) ; a d d i t i o n of more t i n does not r e s u l t i n higher a c t i v i t y . 
Because of the high Cl/Sn r a t i o of the s o l u t i o n much SnCli* i s formed during 
drying which apparently reacts f a i r l y e f f e c t i v e l y with the surface. This causes 
a good t i n d i s t r i b u t i o n but a l s o a large t i n loss during drying (cf. 2.3). 

Dry impregnation without added a c i d gives a much lower Cl/Sn r a t i o and lar g e r 
amounts of p r e c i p i t a t e . The t i n d i s t r i b u t i o n i s not very good although only a 
minor t i n lo s s i s observed. The a c t i v i t y of these c a t a l y s t s i s c l e a r l y below 
that of c a t a l y s t s made with added a c i d , at the same t i n content. Large 
proportions of t i n are i n a c t i v e from low t i n contents onwards, the maximal 
a c t i v i t y not being reached u n t i l a t i n density of 1.6-1.7 nm~2 11 w% t i n ) , 
the optimal t i n content claimed by Swift et a l (8) who applied t h i s method of 
preparation. 

Catalysts prepared by wet impregnation with aqueous SnCl2 s o l u t i o n have 
a c t i v i t i e s s i m i l a r to those prepared by dry impregnation with added a c i d , but 
contain l e s s i n a c t i v e t i n at the same t i n content. This i n a c t i v e t i n i s most 
l i k e l y caused by the formation of a p r e c i p i t a t e by t i n (IV) h y d r o l y s i s . Any 
p r e c i p i t a t e of t i n (II) formed could be d i s s o l v e d and i s washed out i n t h i s 
preparation method. That i n a c t i v i t y i s r e l a t e d to p r e c i p i t a t e formation 
i s shown by the r e s u l t s on c a t a l y s t D9 which has been prepared with a s o l u t i o n 
that had been i n contact with a i r f o r a much shorter time. This c a t a l y s t 
showed an even b e t t e r a c t i v i t y r e l a t i v e to i t s t i n content which i s caused by 
the r e l a t i v e l y lower amount of t i n (IV) p r e c i p i t a t e formed (table 3.3.1b). 

TABLE 3.3.1b Cat a l y s t s prepared by wet impregnation with aqueous SnCl2 
c a t a l y s t w% Sn at Sn.nm - 2 % of maximum observed a c t i v i t y 
D7 1.70 0.23 57 

D9 1.79 0.24 75 (large part of preparation under N2) 

The D c a t a l y s t s made by wet impregnation with aqueous SnCl2 s o l u t i o n do not 
contain as much Na as the other D c a t a l y s t s . Therefore t h i s impurity does not 
contribute s i g n i f i c a n t l y to the a c t i v i t y . I f t h i s i s taken i n t o account D9 i s 
seen to come close to the optimal a c t i v i t y - t i n r e l a t i o n . 
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A p p a r e n t l y , i o n e x c h a n g e o f N a w i t h S n z + l e a d s t o a g o o d t i n d i s t r i b u t i o n a n d 

h i g h a c t i v i t y , i . e . a b o u t 7 5 % o f t h e maximum. T h i s a c t i v i t y i s o f c o u r s e 

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

T h e c a t a l y s t s p r e p a r e d w i t h S n C l ^ d i s s o l v e d i n h e x a n e h a v e l o w t i n c o n t e n t s 

a n d a c o n s e q u e n t l o w a c t i v i t y . H o w e v e r , t h e y come c l o s e t o t h e o p t i m a l 

a c t i v i t y / t i n r e l a t i o n , w h i c h m e a n s t h a t a g o o d t i n d i s p e r s i o n i s o b t a i n e d ( c f . 

2 . 4 ) . P r e t r e a t m e n t w i t h w a t e r p r i o r t o c a l c i n a t i o n r e s u l t e d i n a s l i g h t l y 

h i g h e r t i n c o n t e n t , b u t a s u b s t a n t i a l l y h i g h e r a c t i v i t y ( c a t a l y s t D 2 3 ( 4 ) ) 

( t a b l e 3 . 3 . 1 c ) . I t i s c o n c l u d e d t h a t w a t e r r e a c t s w i t h t h e a d s o r b e d SnCli±, 

p o s s i b l y b y h y d r o l y s i s o f t h e S n - C l b o n d , w h i c h r e s u l t s i n i m m o b i l i z a t i o n o f 

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

h y d r o g e n b o n d i n g . 

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

w i t h t h e c a t a l y s t s p r e p a r e d b y i n t e r a c t i o n w i t h S n C l b , v a p o u r : s u c h p r e t r e a t m e n t 

g i v e s a 5 0 % h i g h e r t i n c o n t e n t b u t a 1 0 0 % h i g h e r a c t i v i t y . T h i s t y p e o f 

c a t a l y s t ( D 2 5 ( 4 ) ) a l s o c o m e s c l o s e t o t h e o p t i m a l a c t i v i t y l i n e . 

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

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

T A B L E 3 . 3 . 1 c C a t a l y s t s p r e p a r e d b y i m p r e g n a t i o n w i t h S n C l u , , w i t h o u t ( 2 ) a n d 

w i t h ( 4 ) t r e a t m e n t w i t h w a t e r v a p o u r p r e v i o u s t o c a l c i n a t i o n . 

c a t a l y s t w% S n a t S n . n m - 2 % o f m a x i m u m o b s e r v e d a c t i v i t y 

SnCli+ dissolved in hexane 

D23 (2) 0.77 0.10 34 

D23 ( 4 ) 0.80 0.11 42 

SnCl^ in vapour phase 

D 2 5 ( 2 ) 0.92 0.12 28 

D 2 5 ( 4 ) 1.30 0.18 58 

C a t a l y s t s p r e p a r e d w i t h DBDMT a l r e a d y d e v i a t e f r o m t h e o p t i m a l a c t i v i t y / t i n 

c o n t e n t l i n e a t l o w t i n c o n c e n t r a t i o n . D u r i n g p r e p a r a t i o n t h e DBDMT r e a c t s s o 

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

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

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

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

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



64 

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

h e a t t r e a t m e n t u n d e r n i t r o g e n ( s e e 2.3) i n f a c t g a v e a c a t a l y s t w i t h 

a p p r o x i m a t e l y t h e s a m e a c t i v i t y ( d e v i a t i o n <_ 2% r e l a t i v e ) . 

3.3.2 Influence of the support 

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

e x p r e s s e d a s £40 a r e c o m p a r e d w i t h t h o s e o f t h e c a t a l y s t s p r e p a r e d f r o m 

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

T h e s i l i c a p o w d e r s c o n t a i n o n l y a m i n o r a m o u n t o f N a + c o m p a r e d t o t h e s i l i c a s 

(<_ 4 0 ppm) . A l t h o u g h t h e y s h o w some a c t i v i t y i n i t i a l l y , t h e c o n v e r s i o n i s 

v i r t u a l l y z e r o a f t e r 4 0 h o u r s . When t h i s i s t a k e n i n t o a c c o u n t , t h e d a t a 

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

l o w t i n c o n t e n t s i s t h e same a s f o r t h e s i l i c a g e l c a t a l y s t s . T h i s m e a n s t h a t 

t i n i s e q u a l l y e f f e c t i v e o n a l l t y p e s o f s i l i c a s u p p o r t s e x a m i n e d . H o w e v e r , 

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

v a r i o u s s u p p o r t s . T h e S c a t a l y s t s , w h i c h w e r e p r e p a r e d b y t h e same p r o c e d u r e 

a s t h e D s e r i e s , v i z . w e t i m p r e g n a t i o n w i t h a c i d a d d e d , r e a c h a l o w e r 

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

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

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

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

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

T h e F a n d G t y p e c a t a l y s t s w e r e p r e p a r e d i n a s o m e w h a t d i f f e r e n t w a y . H e r e , 

t o o , t h e i n t e r a c t i o n o f S n C l i j w i t h t h e s u p p o r t s u r f a c e p l a y s a n i m p o r t a n t r o l e 

( c f . 2.3). I n p a r t i c u l a r w i t h t h e G c a t a l y s t s , w h i c h r e q u i r e a s m a l l s u r p l u s 

t i n c o n t e n t t o a t t a i n m a x i m a l a c t i v i t y , t h i s i n d i c a t e s t h a t t h e t i n b e c o m e s 

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

s u r f a c e i s s m a l l . 

T h e d a t a , s e e f i g u r e 3.3.2, s h o w t h a t t h e a c t i v i t y o f t h e t i n i s i n d e p e n d e n t 

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

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

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

o b s e r v e d a c t i v e t i n / a c t i v i t y r e l a t i o n s t o 1 0 0 % o f t h e m a x i m u m a c t i v i t y . 

( T h e n u m e r i c a l d a t a a r e g i v e n i n t a b l e 3.3.2.) 
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Tin content ( w ° / 0 ) 

F i g u r e 3.3.2 Relation between ethanal conversion and t i n content for 

d i f f e r e n t supports. A l l c a t a l y s t s prepared with aqueous SnCl2 s o l u t i o n , acid 

added. Conditions: p

e t h a n a l = 10 kPa, W/F = 5 g cat.h.mol'1, T = 523 K, 

conversion i s after 40 hours' operation. 

T A B L E 3.3.2 A m o u n t s o f t i n n e e d e d t o r e a c h m a x i m u m a c t i v i t y f o r t h e v a r i o u s 

s u p p o r t s . 

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

a r e a ( m 2 . g _ 1 ) (A) (B) 

w% S n a t S n . n m - 2 w% S n a t S n . n m - 2 

S 101 1.8 0.92 4.0 2.10 

F 130 2.2 0.92 3.5 1.50 

G 3 2 6 2.0 0.35 2.5 0.44 

D 3 8 0 2.0 0.27 4.5 0.64 

(A) b y e x t r a p o l a t i o n o f l i n e o f o p t i m u m a c t i v i t y v e r s u s t i n c o n t e n t 

(B) o b s e r v e d 

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

s u r f a c e a r e a t h a n t h e l o w - s u r f a c e s i l i c a p o w d e r c a t a l y s t s ( F a n d S). T h i s c a n 

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

a n d s i l i c a p o w d e r d i s c u s s e d b e f o r e ( 2 . 1 ) . M o r e s u r p r i s i n g l y , t h e r e i s a 



66 

d i s t i n c t d i f f e r e n c e b e t w e e n t h e G a n d F b a s e d c a t a l y s t s , a l t h o u g h b o t h a r e 

b a s e d o n s i l i c a p o w d e r a n d w e r e p r e p a r e d i n e x a c t l y t h e same w a y . A d i f f e r e n c e 

b e t w e e n S a n d t h e t w o o t h e r s i l i c a p o w d e r s u p p o r t s ( F a n d G) i s t h a t q u i t e a 

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

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

I n 2.3 i t w a s a r g u e d t h a t t h e f o r m a t i o n o f S n C l i j d u r i n g t h e d r y i n g s t e p i s 

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

S n C l i t u s u a l l y r e a c t s w i t h t w o h y d r o x y l g r o u p s , b u t d e p e n d e n t o n t h e d e n s i t y o f 

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

a l l h y d r o x y l g r o u p s w i l l r e a c t , d e p e n d i n g o n t h e t y p e o f s i l i c a i n v o l v e d (161, 

162, 163). T y p e a n d n u m b e r o f h y d r o x y l g r o u p s t h e r e f o r e d e t e r m i n e t h e 

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

s u r f a c e w h e n p r e p a r i n g Sn/SiC>2 c a t a l y s t s . T h i s e x p l a i n s t h e d i f f e r e n c e s 

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

r e a c t i v i t y o f t h e d i f f e r e n t s u r f a c e g r o u p s w i t h S n C l i ^ i s n e e d e d t o g a i n m o r e 

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

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

c o n d e n s a t i o n . E v e n a t h i g h e r t e m p e r a t u r e s l o w c o n v e r s i o n s (< 0.05) w e r e 

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

r e a c t i o n w a s a l s o l o w (< 70%). 

3.4 S e l e c t i v i t y 

3.4.1 By-products 

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

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

k e p t a t -60°C. T h e c o n d e n s a t e s e p a r a t e d i n t w o l a y e r s ; t h e l o w e r c o n s i s t e d o f 

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

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

GC-MS. 

F i g u r e 3.4.1 s h o w s a t y p i c a l e x a m p l e o f a c h r o m a t o g r a m . 
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Figure 3.4.1 GC-MS chromatogram of aldol condensation products of ethanal 

Reaction conditions: 523 K, 16 kPa, 20 g cat.h.mol~^ 

Analysis conditions: SP 2250 column, 3 m length, temperature-programmed from 

20°C to 210°C, 8°C.min-1 

ethanal 

methylacetate 

water 

3-butenal 

ethylacetate 

11 paraldehyde d e r i v a t i v e 

12 c y c l i c o c t a t r i e n a l 

13 o-tolualdehyde 

14 p-tolualdehyde 

15 2,4,6-octatrienal 

C l i n e a r o c t a t r i e n a l isomers 

B c y c l i c and branched o c t a t r i e n a l isomers D decatetrenal isomers 

6 benzene 

7 2-butenal 

8 paraldehyde 

9 2-vinyl - 2-butenal 

10 2,4-hexadienal 

hexadienal isomers 

The bulk of the sample consists of 2-butenal, the desired product, and some 
3-butenal which i s actually not a by-product. At d i f f e r e n t i a l reactor 
conditions (5 < 0.10) by-products constitute less than 5% of the product, but 
with increasing conversion by-product formation increases (figure 3.4.4). 

More than 90% of the by-products are formed by aldol condensation of the 
primary product butenal: hexadienals, octatrienals and tolualdehydes are formed 
in this manner. Esters formed by Cannizzaro reactions and polymerization 
products, paraldehyde and derivatives of butenal, are formed i n minor 
amounts. Another minor group of by-products i s formed by disintegration of 
reactants and products: methane, carbon monoxide, propylene and benzene. The 
f i r s t three (hardly 1% of the products, even at 300°C) do not condense at 
-60°C and are detected only during on-line analysis of the product stream. 



68 

In a d d i t i o n , traces of hydrogenated products, such as hexanal and butanal, are 
sometimes found. 

The data i n table 3.4.1 show that with i n c r e a s i n g conversion r e l a t i v e l y l a r g e r 
amounts of 2,4-hexadienal and e s p e c i a l l y o-tolualdehyde are formed. The 
importance of another by-product, 2-vinyl-2-butenal, decreases somewhat. 
Further a l d o l condensation i s of course to be expected because the d e s i r e d 
product 2-butenal contains a carbonyl group as well as an a-hydrogen atom. An 
an a l y s i s of by-products i s given by Losse (18) f o r the liquid-phase process 
and by Rozenberg (101, 196) f o r the gas phase process. The same range of 
products i s found. Figure 3.4.2 gives a scheme f o r the l i k e l y a l d o l condensat
ion routes. Other ad d i t i o n reactions are included i n the f i g u r e since such 
reactions may occur e a s i l y with unsaturated and conjugated aldehydes such as 
2-butenal. Among them i s the Knoevenagel a d d i t i o n i n which an a c t i v e 
methylene compound reacts with a carbonyl group: 

C H 3 C H O + C H 3 C H C H C H O • CH 3 CHCHCHCHCHO + H 2 0 

The a l d o l condensation i s a c t u a l l y a s p e c i a l case of t h i s r e a c t i o n . 

TABLE 3.4.1 P r i n c i p a l by-products (in % of the 2,4-hexadienal concentration) 
Experimental conditions and r e s u l t s : 

T (K) 523 523 573 
P , (kPa) 8 16 10 
ethanal 

W/F (g cat.h.mol - 1) 10 20 15 
C a t a l y s t D2 D3 D12 
Conversion (40 h) 0.16 0.19 0.19 (average) 

S e l e c t i v i t y (%) 93 85 80 (average) 

By-product contents: 

2,4-hexadienal 100 100 100 
3,5/2,5-isomers 28 1 -
2-vinyl-2-butenal 94 26 20 

2,4,6-octatrienal 13 4 0.3 
n-isomers 4 - -
c y c l i c isomers 10 3 0.3 
branched isomers 2 0.5 -
o-tolualdehyde 5 50 90 

p-tolualdehyde 1 0.5 -
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-CH2=CH-C=CH-CHj 
CHO 

CH g 
I 

+CH,-CHO CH V + CH_,-CH = CH-CHO 

1 — 

1—CH,(-CH=CH),-CHO -

CHO CHO 

Figure 3.4.2 Reaction network in gas phase aldol condensation of ethanal 

Another relevant reaction i s the Michael a d d i t i o n . I t i s a 1,4-addition of a 
carbanion to an a,g-unsaturated carbonyl compound: 

CH CH NCH 
^CH ^CH C' \ 
CH CHO CH 

X v C H 3 ^CH-

CH_ 
I 2 

CHO 

The longer carbon chain and highly unsaturated a l i p h a t i c a l d o l products are 
e a s i l y subject to such i n t e r n a l r e a c t i o n s , which have been reported f o r the 
products of ethanal and acetone (197,198,205). Dehydrogenation of the c y c l i c 
products formed gives r i s e to tolualdehydes. This r e a c t i o n i s quite f a s t as can 
be concluded from the r e l a t i v e l y high proportion of tolualdehyde formed compared 
to o c t a t r i e n a l isomers. The rea c t i o n of 2-butenal to tolualdehydes i s w e l l -
known (see table 1.3.4). Inspection of the changes i n Gibbs free energy of 
the various reactions ( c . f . f i g u r e 3.4.3) 

shows that the formation of the by-products i s favourable from a thermo
dynamic po i n t of view. Tolualdehydes are c l e a r l y favoured over the 
o c t a t r i e n a l s . 
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Figure 3.4.3 Gibbs free energies of reaction for some important reactions 

1 2 ethanal = 2-butenal + water 

2 2-butenal * 3-butenal 

3 butenal + ethanal hexadienal + water 

4 hexadienal + ethanal - r — o c t a t r i e n a l + water 

5 2 butenal = o c t a t r i e n a l + water 

6 2 butenal = cyclooctadienal + water 

7 2 butenal =: tolualdehyde + water + Hi 

8 butenal T — propene + CO 

The formation of polymeric products i s often catalyzed by acids; f o r instance, 
strong a c i d s i t e s on heterogeneous c a t a l y s t s are known to produce large amounts 
of these products (46, 48). The small amount formed during our experiments 
points to low c a t a l y s t a c i d i t y . 

Carbon monoxide, methane and propene are formed by p y r o l y s i s of ethanal and 
butenal. The decomposition of ethanal s t a r t s already at 200°C, but s u b s t a n t i a l 
conversions require much higher temperatures (199, 200). Decarbonylation of 
unsaturated products proceeds more r e a d i l y , e s p e c i a l l y over a c i d c a t a l y s t s , 
but here too higher temperatures (>350°C) are necessary to give appreciable 
conversions (46, 107). Ketones are not present i n the products. E s p e c i a l l y 
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s t r o n g l y b a s i c s o l i d s a r e k n o w n t o c o n v e r t a l d e h y d e s t o t h e s e ( 4 5 , 1 1 8 , 1 2 8 ) , 

b u t t h e Sn/SiC>2 c a t a l y s t s s t u d i e d h e r e d o n o t c o n t a i n s u c h s t r o n g l y b a s i c 

s i t e s a p p a r e n t l y . 

3.4.2 Influence of reaction conditions 

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

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

s e l e c t i v i t y t o b u t e n a l d e p e n d s o n t h e p r o c e s s c o n d i t i o n s . A s e l e c t i v i t y o f 9 5 % 

i s a t t a i n a b l e a t 2 5 0 ° C w h e n t h e e t h a n a l p a r t i a l p r e s s u r e i s 10 k P a o r l o w e r 

a n d w h e n t h e c o n v e r s i o n i s k e p t b e l o w 0 . 1 5 . H i g h e r t e m p e r a t u r e s , h i g h e r 

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

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

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

e s t a b l i s h t h e r e l a t i o n b e t w e e n c o n v e r s i o n a n d s e l e c t i v i t y s y s t e m a t i c a l l y . One 

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

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

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

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

T h e t y p e of support a n d t h e t i n concentration h a v e l i t t l e o r n o i n f l u e n c e o n 

t h e s e l e c t i v i t y , a s f o l l o w s f r o m f i g u r e s 3 . 4 . 4 a a n d b . 

A t c o n v e r s i o n s b e l o w 0.15 t h e a v e r a g e s e l e c t i v i t y i s g e n e r a l l y h i g h e r t h a n 9 5 % ; 

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

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

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

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

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

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

T a b l e 3.4.2 s h o w s d a t a o n t h e s e l e c t i v i t y a s a f u n c t i o n o f c o n v e r s i o n f o r s ome 

r u n s a t v a r y i n g ethanal p a r t i a l pressure a n d space v e l o c i t y . T h e s e r e s u l t s s h o w 

t h a t t h e r e l a t i o n s h i p s b e t w e e n t h e t h r e e v a r i a b l e s i s c o m p l e x . A t l o w 

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

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

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

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

( f i g u r e 3 . 4 . 5 ) . T h i s i s d u e t o a n i n c r e a s e d p r o b a b i l i t y o f s u c c e s s i v e a l d o l 

c o n d e n s a t i o n b e t w e e n e t h a n a l a n d b u t e n a l . 

F i g u r e 3.4.6 s h o w s t h a t h i g h e r temperatures r e s u l t i n l o w e r s e l e c t i v i t y . When 

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

t e m p e r a t u r e (300-380°C) a s t r a i g h t l i n e i s o b t a i n e d f r o m w h i c h a n a p p a r e n t 

a c t i v a t i o n e n e r g y f o r s u c c e s s i v e a l d o l c o n d e n s a t i o n o f a b o u t 2 3 k J . m o l - 1 c a n 

b e d e r i v e d . 

T A B L E 3 . 4 .2 A v e r a g e v a l u e s o f t h e s e l e c t i v i t y a t c e r t a i n l e v e l s o f c o n v e r s i o n , 

a t d i f f e r e n t p r o c e s s c o n d i t i o n s ( a t 5 2 3 K) 

P e t h a n a l 
W/F £ = 0 . 2 0 0 0 . 1 5 0 0 . 1 2 0 

( k P a ) ( g c a t . h . m o l - 1 ) ( s e l e c t i v i t y i n %) 

10 5 - 1 0 0 1 0 0 

8.2 16 90 97 99 

6.0 15 87 9 5 100 

4.0 28 85 9 5 9 8 

3.4 25 80 9 0 -

Influence of the process period h a s b e e n o b s e r v e d t o o . One w o u l d e x p e c t t h e 

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

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

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

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

3 . 4 . 5 a n d 3 . 4 . 6 . H o w e v e r , a d e c r e a s e i n s e l e c t i v i t y w i t h d e c r e a s i n g c o n v e r s i o n 

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

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

a n d a v e r y s h o r t r e s i d e n c e t i m e , w h e n t h e c o n v e r s i o n i s l o w ( c f . f i g u r e 3 . 4 . 8 ) . 

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

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

i t s c o n s e q u e n t l o w e r p r o b a b i l i t y f o r s u c c e s s i v e a l d o l c o n d e n s a t i o n . 
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(3.4.4.a) 

Figure 3.4.4 S e l e c t i v i t y versus conversion 

a. for several of c a t a l y s t s with d i f f e r e n t supports 

(3.4.4.b) 

conditions: P , = 8 kPa, W/F = 15 g cat.h.mol'1, T = 5 2 3 K 
ethanal 

(D12, 3.74 w% Sn; F3.2, 3.06 w% Sn; S2, 3.50 w% Sn) 

b. for various t i n contents 

conditions: P _ , = 10 kPa, W/F = 5 g cat.h.mol'1 , T = 523 K 
ethanal 

(D12, 7.5 w% Sn; D l l , 6.4 w% Sn; D12, 3.74 w% Sn; D13, 2.65 w% Sn) 

T h e i n i t i a l i n c r e a s e o f t h e s e l e c t i v i t y s h o w n i n f i g u r e 3.4.8 i s t h e n c a u s e d 

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

T h e s u b s e q u e n t d e c r e a s e i s m o r e d i f f i c u l t t o e x p l a i n . 

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

i n c r e a s i n g c a t a l y s t a g e ( 2 0 1 , 2 0 2 , 2 0 3 ) . I t i s b a s e d o n t h e c o n c e p t o f m a s s 

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

p r o p o s e d b y C a r b e r r y ( 2 0 4 ) . 

F e r r a i o l o c . s . a s s u m e t h e a l d o l c o n d e n s a t i o n o f e t h a n a l c a t a l y z e d b y a s i l i c a -

a l u m i n a t o b e o f t h e t y p e : 

A -*• B •*• C 

C i s a p r o d u c t w h i c h i s a s s u m e d t o p o i s o n t h e a c t i v e s i t e s . T h e r e a c t i o n 

p r e s u m a b l y t a k e s p l a c e o n l y i n t h e s m a l l e r p o r e s , w h i c h a r e i n k b o t t l e - s h a p e d . 
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Figure 3.4.5 S e l e c t i v i t y versus conversion for d i f f e r e n t conditions, a 

higher conversions 

conditions: 1: P , = 25 kPa, W/F = 15 g cat.h.mol~l, T = 523 K 
ethanal 

2 : P j.u , = 8.2 kPa, W/F = 16 g cat.h.mol~l, T = 523 K 
ethanal 

- Conversion 

Figure 3.4.6 S e l e c t i v i t y versus conversion at d i f f e r e n t temperatures 

Conditions: P = 10 kPa, W/F = 8 g cat.h.mol'1 
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0 15 

Figure 3.4.7 Selectivity and conversion versus time, with reaction conditions 

under which the decrease of the selectivity in time is clearly visible 

Conditions: catalyst D15, P J_, , = 20 kPa, W/F = 2.5 g cat.h.mol~l , 
ethanal 3 

T = 523 K 

The r a t i o of the T h i e l e moduli i n micro- and macropores d i c t a t e s the 
s e l e c t i v i t y . Poisoning of the surface s t a r t s at the pore mouth of the micro
pore, and moves inwards during r e a c t i o n as a sharp f r o n t . The r e s u l t i s an 
average longer d i f f u s i o n path and an increase i n T h i e l e modulus. The more 
tapered the pore, the stronger t h i s e f f e c t on the s e l e c t i v i t y i s . Although 
F e r r a i o l o ' s explanation i s an elegant one, t h e i r experimental evidence i s not 
very convincing. The s i l i c a - a l u m i n a c a t a l y s t used by these authors i s known to 
catalyze also polycondensation because of i t s a c i d i t y . This i s not a consecutive 
reaction but a p a r a l l e l one. 

Comparison with our f i n d i n g s i s f u r t h e r hampered by the large d i f f e r e n c e s i n 
experimental conditions. F e r r a i o l o et a l work with undiluted ethanal i n the 
gas phase, obtaining an i n i t i a l conversion of 0.500 at 70% s e l e c t i v i t y on a 
fresh c a t a l y s t . However, i n t h e i r experiments, the s e l e c t i v i t y i s very low 
already, and decreases r a p i d l y ; at a conversion of 0.100 the s e l e c t i v i t y 
d eclines from 20% to 8% with a 5% decrease i n a c t i v i t y , r e l a t i v e . Nevertheless, 
such a model seems a l i k e l y candidate explanation of the decrease i n 
s e l e c t i v i t y . 'In our case, the product poisoning the a c t i v e 
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s i t e s b e c a u s e o f i t s l o w v o l a t i l i t y i s p r o b a b l y t h e r e s u l t o f s e v e r a l 

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

w i l l t h e r e f o r e b e r a t h e r s l o w , a s we h a v e o b s e r v e d . 

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

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

3.5 C a t a l y s t d e a c t i v a t i o n 

3.5.2 i n f l u e n c e of reaction conditions 

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

l a s t e d 350 h o u r s , b u t t h e r a t e o f d e a c t i v a t i o n w a s n o t c o n s t a n t . D u r i n g t h e 

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

h i g h c o n v e r s i o n s , u p t o 60%. T h e s e l e c t i v i t y i s , h o w e v e r , v e r y l o w t h e n , t h e 

f i r s t m i n u t e s o f t e n e v e n u n d e r 10%. < A p e r i o d o f r a p i d d e a c t i v a t i o n 

f o l l o w s (15 - 25 h o u r s ) ; s u b s e q u e n t l y , t h e d e a c t i v a t i o n r a t e d e c r e a s e s t o 

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

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

c o n d i t i o n s , p r o v i d e d t h a t t h e t e m p e r a t u r e i s t h e same ( c f . f i g u r e 3.2.1). I n 

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

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

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

b e h a v i o u r i s i l l u s t r a t e d i n t a b l e 3.5.1. 

T h e F a n d S t y p e c a t a l y s t s d e a c t i v a t e s l i g h t l y f a s t e r i n t h e r e g i o n o f s l o w 

d e a c t i v a t i o n . S i n c e t h e s e c a t a l y s t s c o n t a i n l e s s N a + a n d A l 3 + t h a n t h e D 

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

d e a c t i v a t i o n . R a t h e r , t h e s m a l l d i f f e r e n c e b e t w e e n t h e s u p p o r t s may b e d u e t o 

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

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

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

M o r e e x t r e m e p r o c e s s v a r i a b l e s d o a f f e c t t h e r a t e o f d e a c t i v a t i o n , a s f o l l o w s 

f r o m f i g u r e 3.5.1. A h i g h e r p a r t i a l p r e s s u r e a n d a l o n g e r r e s i d e n c e t i m e c a u s e 

f a s t e r a c t i v i t y d e c l i n e . A c c o r d i n g t o f i g u r e 3.5.2, a h i g h e r t e m p e r a t u r e 

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

t o e s t i m a t e a n a p p a r e n t e n e r g y o f a c t i v a t i o n f o r t h e s l o w d e a c t i v a t i o n ; a v a l u e 
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of 35-40 kjmol -* was found when using data on rates of deactivation obtained 
between 70 and 80 run hours. 

TABLE 3.5.1 Absolute drop i n a c t i v i t y for various catalysts after 5, 15 and 
40 hours 
catalyst 55h A 55-8h 515h A 515-18h 540h A 540-45h 
DlO a 0.Ï53 0.011 0.122 0.005 0.092 0.003 
D12a 0.140 0.010 0.116 0.005 0.090 0.002 
D14a 0. 103 0.010 0.079 0.004 0.059 0.002 
Dl5 a 0.074 0.009 0.053 0.003 0.044 0.002 
Dl2b 0.230 0.011 0.202 0.005 0.165 0.004 
F2 a 0.138 0.012 0.108 0.006 0.083 0.004 
F3.2 a 0.143 0.012 0.115 0.005 0.090 0.004 
S2 a 0.127 0.010 0.109 0.006 0.082 0.005 
s 4 a , 0.084 0.007 0.069 0.004 0.053 0.003 
Conditions : a. P ethanal = 10 kPa, W/F = 5 g cat .h.mol

- 1, T = 523 K 
b. P ethanal =8.7 kPa, W/F =15 g cat .h.mol - 1, T = 523 K 

When raising the temperature by about 50°C, at otherwise unchanged conditions, 
the conversion of ethanal increases as expected. When the temperature was 
returned to i t s o r i g i n a l value after 1-2 hours, i t took up to 10 hours for the 
a c t i v i t y to go down to the level found before the period at higher 
temperature. The same observation was made after flushing of the catalyst bed 
with inert gas without reactant being present; the conversion i s increased 
appreciably afterwards which indicates that deactivation i s , at least i n part,a 
reversible phenomenon. Relatively strong adsorption of reaction products 
combined with the p o s s i b i l i t y of further aldol condensation of these strongly 
adsorbed intermediates are therefore among the causes of deactivation. 
These products desorb p a r t i a l l y during a short period of higher temperature or 
flushing of the catalyst, which makes deactivated sites active again. The 
processes involved i n reactivation and deactivation are rather slow, as i s 
shown i n figure 3.5.3. I t can take some hours to reach a stationary value of 
conversion after a change i n conditions. 
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F i g u r e 3.5.1 Catalyst a c t i v i t y decline at d i f f e r e n t reaction conditions 

Catalyst :D12 

Conditions: 1. P , » 3.4 kPa, W/F = 26.7 g cat.h.mol~x , T = 523 K 
etnanal 

2. as 1. i T = 573 K 

3. P . = 8.2 kPa, W/F = 14.1 g cat.h.mol'1, T = 523 K 
etnanal 

I i i i i i l I 1 1 
O 20 4 0 6 0 8 0 100 120 140 160 180 

— time (h) 

Figure 3.5.2 Catalyst a c t i v i t y decline at d i f f e r e n t reaction temperatures 

Catalyst D13 

Conditions: P = 7 kPa, W/F = 16 g cat.h.mol~l 

ethanal 
Legend: 1, 523 K; 2, 547 K; 3, 573 K; 4, 623 K 
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time (h) 

Figure 3.5.3 Change in conversion and s e l e c t i v i t y after a change in reaction 

conditions 

Conditions: catalyst D12, P ,, , = 10 kPa, W/F = 20 g cat.h.mol'1 

ethanal 
Change in temperature from 523 K to 573 K and back after some hours. 

F u r t h e r m o r e , we o b s e r v e d t h a t c a t a l y s t d e a c t i v a t i o n - b e c a m e t w i c e a s f a s t w h e n 

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

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

n e e d e d . T h i s h a s b e e n r e p o r t e d i n l i t e r a t u r e ( 7 , 8) a n d w a s t h e r e t e n t a t i v e l y 

a s c r i b e d t o o x i d a t i o n o f a c t i v e s i t e s w h i c h i s h i n d e r e d b y h y d r o g e n . 

3.5.2 Changes in the catalyst during reaction 

A c c o r d i n g t o t h e r e s u l t s o f B E T m e a s u r e m e n t s t h e t e x t u r e o f t h e c a t a l y s t 

c h a n g e s d u r i n g t h e r e a c t i o n , s e e t a b l e 3 . 5 . 2 , t h e d e c r e a s e i n s p e c i f i c s u r f a c e 

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

p r o n o u n c e d f o r t h e D a n d G c a t a l y s t s . T h e d e c r e a s e i n p o r e v o l u m e m a k e s i t 

e v i d e n t t h a t p o r e s h a v e b e c o m e b l o c k e d , p a r t i c u l a r l y t h e s m a l l e r o n e s . T h e F 

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



80 

t h e G c a t a l y s t s s h o w t h a t t h e mean p o r e d i a m e t e r i n c r e a s e s d u r i n g t h e r e a c t i o n , 

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

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

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

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

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

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

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

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

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

T A B L E 3.5.2 T e x t u r e p a r a m e t e r s o f t h e c a t a l y s t s b e f o r e a n d a f t e r r e a c t i o n . 

U n l e s s s t a t e d o t h e r w i s e , c a t a l y s t s w e r e u s e d 5 0 - 70 h o u r s (.b, a f t e r 

c a l c i n a t i o n ; . c , a f t e r r e d u c t i o n ; . d , a f t e r r e a c t i o n ) . 

C a t a l y s t S 
s p e c 

n ^ . g " 1 

V 
p o r e s 3 -1 cm . g 

R 
p o r e s 

a t d V / d ( l o g R ) m a x 

R por« 
nm 

D l . c 3 2 8 1.11 7.0 6.8 

Dl.A'(150h) , 2 3 9 0.57 6.5 6.5 

D 2 . d l 2 4 4 0.71 6.2 6.1 

(170 h) (twice regenerated) 

D2. d2 (80h) 2 7 7 0.71 6.5 6.0 

D6.b 3 8 7 1. 12 7.0 7.6 

D 6 . d 3 4 1 0.98 6.5 7.4 

D 1 5 . b 3 7 9 

D 15.dl(22h) 3 7 8 1.15 6.5 6.3 

D 1 5 . d 3 (100h) 3 4 3 1.05 7.0 6.3 

F 3 . 2 . C 125 1.40 3 8 . 0 2 6 . 9 

F 3 . 2 . d 119 1.50 3 8 . 0 -
F 4 . b 127 1.63 3 8 . 0 2 4 . 7 

F 4 . d 130 1.63 3 7 . 0 2 3 . 5 

G 4 . c 3 1 2 1.52 2 2 . 5 13.2 

G 4 . d 2 4 1 1.49 2 0 . 0 1 6 . 5 

G 6 . c 2 8 0 1.38 1 8 . 5 1 0 . 8 

G 6 . d 181 1.22 2 0 . 0 1 4 . 2 

, mean 



81 

The deposits, which have a low v o l a t i l i t y at the reaction temperature or are 
strongly adsorbed, are formed evenly throughout a catalyst p a r t i c l e . The 
amount of deposit increases from the front end to the outlet of the reactor, 
as follows from the colour of the particles which changes from almost white 
via brown to deep black i n the same direction. This i s further confirmation 
that the deposits are mainly caused by compounds formed by subsequent 
condensation of primary and even secondary reaction products. 
The coke formation can be followed by the weight increase of the catalyst. 
The percentage of deposit formed on the catalysts generally ranges from 5 to 
20 w%, depending on conversion reached, type of support and the duration of a 
run (up to 350 hours). 
The coke formation i s clearly proportional to the a c t i v i t y of the catalyst as 
i s shown i n table 3.5.3a. The a c t i v i t y i s related to the conversion over the 
catalyst after 40 hours. 

T A B L E 3.5.3 Weight increase of the catalysts during reaction caused by 
deposit formation (conditions: P , = 10 kPa, W/F = 5 q cat.h.mol - 1, 

ethanal " 
T = 523 K). 
a. influence of the a c t i v i t y of the catalyst 
catalyst w% Sn t (h) weight 
D12 3 . 7 4 0 . 0 9 0 42 6 . 9 

D13 2 . 6 5 0 .075 44 6 . 0 

D15.d2 0 . 9 8 0 . 0 4 4 38 3 . 9 

D l l 6 . 3 6 0 . 0 9 4 70 9 . 6 

D14 2 . 0 0 0 . 0 5 9 73 5 . 6 

D17 0 . 4 5 0 . 0 2 2 71 2 . 0 

With increasing time more coke i s formed, but at a decreasing rate. The coke 
deposit i s formed most rapidly i n the beginning of the operation of a catalyst, 
see table 3.5.3b. This i s caused by the very high a c t i v i t y of the catalyst at 
the start and the resulting high conversion. 
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TABLE 3.5.3b Influence of the duration of a run 
catalyst w% Sn 5*0 t (h) weight increase (%) 
Dl5.dl 0.98 0.044 22 3.4 
Dl5.d2 0.98 0.044 38 3.9 
D15.d3 0.98 0.044 100 5.1 

The method of preparation and type of support have also much influence on 
the amount of deposit formed. Catalysts prepared from s i l i c a g e l by dry 
impregnation with acid added show the largest coke deposits. The influence of 
the operation time i s furthermore strongest for t h i s type of catalyst. 
Catalysts prepared with aqueous SnCl2 solutions and no acid added show r e l a t i v e l y 
lower coke deposits, and the silicagel-based catalysts prepared with solutions 
that are not acid at a l l (e.g. SnCli+ and DBDMT in hexane) show the lowest 
tendency to deposit formation of the silicagel-based catalysts examined. 
Catalysts prepared from s i l i c a powders show even lower deposits (see table 
3.5.3c). 

TABLE 3.5.3c Influence of preparation and type of support 
catalyst w% Sn 540 t (h) weight increase (%) AW/(5ü.0*t)*103 

D14 2.00 0.059 73 5.6 13.0 
D7 1.70 0.053 90 4.0 7.9 
D24 0.77 0.032 70 1.1 4 . 8 

F3.2 4.40 0.081 92 2.5 3.4 
G4 1.80 0.049 100 1.7 2.9 

S i l i c a g e l gives r i s e to more deposit formation than s i l i c a powders. This may be 
due to the larger amount of impurities (Na, Al) in the former. Furthermore, 
acid treatment of the s i l i c a g e l increases deposit formation substantially. This 
indicates that acid sites cause most of deposit formation, v i z . by catalyzing 
polymerization. Since these sites become blocked soon by the products, deposit 
formation i s highest on fresh catalysts. The s i l i c a powders are not affected 
by the acid solutions used. 

Deactivation of the catalysts i s v i r t u a l l y independent of the type of support 
and method of preparation as i s reported above. We may conclude, therefore, 
that there i s no direct relationship between t o t a l deposit formation and 
a c t i v i t y decline. 
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X-ray d i f f r a c t i o n measurements showed that reduced c a t a l y s t s contained large 
c r y t a l l i t e s of g - t i n . S u r p r i s i n g l y , the spent c a t a l y s t examined showed n e i t h e r 
l i n e s of g - t i n and SnC>2 nor evidence f o r the presence of other c r y s t a l l i n e 
species. Only i n c a t a l y s t s with high t i n contents weak l i n e s were observed that 
were due t o g - t i n ; i n a d d i t i o n , very weak l i n e s of an u n i d e n t i f i e d (tin) 
compound were present (d = 0.307, 0.250, 0.233, 0.193 nm). 

A c t i v a t i o n a n a l y s i s showed that loss of t i n during r e a c t i o n or regeneration 
d i d not occur. 
These r e s u l t s are at variance with reports by Swift et a l (7), who observed 
the formation of Sn02 during processing of butanal and ascribed the d e a c t i v a t 
ion to o x i dation of t i n . 
C a l c i n a t i o n at 450°C of used c a t a l y s t s d i d not change the x-ray d i f r a c t i o n 
pattern: Sn02 was not formed. Reduction with hydrogen at 450°C r e s u l t e d i n the 
reappearance of sharp but weak g - t i n l i n e s . In both cases the unknown compound 
mentioned above was a l s o observed f o r c a t a l y s t s with high t i n contents. 

3.5.3 Catalyst regeneration 

The regeneration method recommended by Swift et a l (10) was found to be 
e f f e c t i v e f o r r e s t o r i n g the a c t i v i t y of deactivated c a t a l y s t s . The procedure 
followed was a two-hour treatment with hydrogen at the same conditions as those 
used f o r the reduction of a fresh c a t a l y s t , v i z . 450°C and a hydrogen flow of 
250 ml.min -*. Small amounts (less than 1% by volume) of water, ethanal, 
butenal, methane and propene were detected i n the reactor off-gas during the 
f i r s t h a l f hour. Tests i n a glass reactor showed that a small amount of t a r 
l i k e material i s removed when passing through hydrogen or nitrogen at 450°C. 
A f t e r regeneration the percentage of coke-like deposits on the c a t a l y s t has 
decreased appreciably; f o r instance, c a t a l y s t Dl2.d2 contained about 20 w% 
coke a f t e r a 245-hour process p e r i o d and only 5 w% a f t e r subsequent 
regeneration by the method o u t l i n e d above. Even a f t e r several successive 
regenerations the coke content of the c a t a l y s t d i d not r i s e much above the 
percentage found a f t e r the f i r s t regeneration. 

The i n i t i a l a c t i v i t y of the regenerated c a t a l y s t and the rate of d e a c t i v a t i o n 
were s l i g h t l y below those of a f r e s h c a t a l y s t (example i n f i g u r e 3.5.4). A f t e r 
about 20 hours' processing there was l i t t l e d i f f e r e n c e i n performance between 
a f r e s h and a regenerated c a t a l y s t , i n d i c a t i n g that long c a t a l y s t l i f e i s 
p o s s i b l e i f p e r i o d i c regenerations are c a r r i e d out. 
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F i g u r e 3.5.4 Catalyst a c t i v i t y decline after several regenerations 

Conditions: catalyst D3, P .. , = 12.3 kPa, W/F = 6 . 7 g cat.h.mol~l, 
3 ' ethanal 

T = 523 K 

1, fresh c a t a l y s t ; 2, 3, 4, catalyst after 1, 2 and 3 regenerations 

respectively. 

The above f i n d i n g s confirm that d e a c t i v a t i o n i s caused by the formation of 
h i g h - b o i l i n g products on the c a t a l y s t surface. Most of the r e a c t i v a t i o n 
apparently stems from desorption of such condensation products from s i t e s 
a c t i v e f o r a l d o l condensation. 

3.5.4 Influence of water on catalyst deactivation 

Because the e q u i l i b r i u m conversion of the a l d o l condensation of ethanal to 
butenal and water i s not much higher than the observed conversions 
(cf. f i g u r e 5.2.1) the add i t i o n of water w i l l decrease the conversion. Moreover 
water has been reported to be one of the p o s s i b l e causes of c a t a l y s t 
d e a c t i v a t i o n , t e n t a t i v e l y a t t r i b u t e d to oxidation of a c t i v e t i n (7). However, 
when i n v e s t i g a t i n g the k i n e t i c s of the r e a c t i o n , a pronounced b e n e f i c i a l 
e f f e c t of water on the s t a b i l i t y o f Sn/Si0 2 c a t a l y s t s was noted. Figure 3.5.5 
gives an example of the e f f e c t s observed: although the conversion of ethanal 
decreases, d e a c t i v a t i o n i s slowed down appreciably over the e n t i r e run. I t s 
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Figure 3.5.5 Catalyst a c t i v i t y decline and the influence of water. 
Conditions: catalyst D13, F

e t n a n a l = 7 - 2 k P a r W/F = 14-8 9 cat.h.mol~l, 

T = 523 K 

1, water added, P„ / P , , = 0.12; 2, without addition of water # 2 ° ethanal 

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

d e a c t i v a t i o n d u r i n g t h e f i r s t 1 5 - 2 0 h o u r s , i . e . d u r i n g t h e p e r i o d w h e r e 

w i t h o u t t h e p r e s e n c e o f w a t e r r a p i d d e a c t i v a t i o n o c c u r s , e s p e c i a l l y a t 5 7 3 K, 

i s a l s o c l e a r l y v i s i b l e i n f i g u r e 3 . 5 . 6 . T h e o v e r a l l r e s u l t i s t h a t t h e 

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

w a t e r . 

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

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

e t h a n a l / w a t e r r a t i o i s g i v e n i n t a b l e 3 . 5 . 4 . E v i d e n t l y , w a t e r n o t o n l y 

s l o w s down d e a c t i v a t i o n b u t i t a l s o h e l p s i n a t t a i n i n g h i g h s e l e c t i v i t i e s , 

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

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

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

a t a w a t e r / e t h a n a l r a t i o o f 0.25 t h e s e l e c t i v i t y w a s h i g h e r t h a n 9 5 % w h e n t h e 

e t h a n a l c o n v e r s i o n w a s b e t w e e n 15 a n d 2 0 % . T h e s e l e c t i v i t y i n c r e a s e s s t i l l 
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Figure 3.5.6 Influence of water on the catalyst a c t i v i t y decline. 

Conditions: catalyst D l l , 

'ethanal 

ethanal 

ethanal 

10 kPa, W/F = 15 g cat.h.mol'1, T = 523 K, no water added 

19.3 kPa, W/F = 17.8 g cat.h.mol 

22.0 kPa, W/F = 15.0 g cat.h.mol 

-1 
-1 

T ' 5 2 3 K ' PH20/Peth =0-20 

T - 5 7 3 *' PH2c/Peth - °-18 

f u r t h e r when the water/ethancil r a t i o i s r a i s e d ; concomitantly, d e a c t i v a t i o n i s 
nearly absent f o r water/ethanal r a t i o s higher than 0.3 when working at 523 K, 
even with an ethanal p a r t i a l pressure of 30 kPa. Other data i n d i c a t e that the 
rate of d e a c t i v a t i o n does not change when hydrogen i s replaced by nitrogen as 
the d i l u e n t . 

TABLE 3.5.4 Relation of de a c t i v a t i o n rate and s e l e c t i v i t y to the r a t i o of 
the p a r t i a l pressure of water to the p a r t i a l pressure of ethanal 

Conditions: P ^ , = 30 kPa, W/F = 14 g cat.h.mol - 1, T = 523 K ethanal ' 
P H 2 0 / P e t h a n a l d^/dt (lO^h"!) S (%) 
0.30 0.033 =97 
0.25 0.080 96 
0.23 0.350 92 
0.20 1.500 90 
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T h u s , i t i s c o n c l u d e d t h a t a d d i t i o n o f w a t e r t o t h e f e e d p e r m i t s h i g h e r 

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

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

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

i n g a c o m m e r c i a l p r o c e s s w i t h Sn/SiC>2 c a t a l y s t s , a s i s d i s c u s s e d m o r e 

e x t e n s i v e l y i n c h a p t e r 7. 

3.6 C o n c l u d i n g remarks 

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

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

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

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

d e a c t i v a t i o n . 

T h e a c t i v e t i n s i t e s i n t h e c a t a l y s t s a r e e q u a l l y e f f e c t i v e o n s e v e r a l 

s i L i c a s u p p o r t s , i r r e s p e c t i v e o f t h e m e t h o d o f p r e p a r a t i o n . H o w e v e r , t h e 

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

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

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

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

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

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

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

s u r f a c e h y d r o x y l g r o u p s . M o r d e n i t e - b a s e d c a t a l y s t s w e r e f o u n d t o b e m u c h l e s s 

a c t i v e t h a n S n / S i 0 2 c a t a l y s t s . 

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

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

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

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

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

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

a p p r e c i a b l e e x t e n t . B e c a u s e o f t h e l o w r e a c t i v i t y a c e r t a i n e x c e s s o f S n C l i i i s 

n e e d e d t o r e a c h t h e a c t i v i t y maximum; t h e a m o u n t a c t u a l l y n e e d e d v a r i e s w i t h 

t h e t y p e o f s i l i c a s u p p o r t . O t h e r d a t a i n d i c a t e t h a t i o n e x c h a n g e o f S n 2 + w i t h 

N a + c a n a l s o g i v e a c t i v e c a t a l y s t s , d e p e n d i n g o n t h e N a + c o n t e n t o f t h e s i l i c a . 

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

g r o u p s i s n o t r e c o m m e n d e d . M u c h o f t h e t i n i s t h e n d e p o s i t e d a t o r n e a r t h e 
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outer surface of the support p a r t i c l e , which causes excessively high l o c a l 
t i n concentrations and consequent agglomeration, thus rendering a large part; 
of the t i n i n a c t i v e . 

Ti n on s i l i c a c a t a l y s t s are qu i t e s e l e c t i v e f o r a l d o l condensation r e a c t i o n s , 
i r r e s p e c t i v e of the method of preparation applied. When ethanal i s used as 
feed, l e s s than 1% of the products i s formed by other types of r e a c t i o n . 
Impurities on the s i l i c a surface may give r i s e to polymerization and consequent 
coke formation; i n other respects there i s no d i f f e r e n c e between the s i l i c a 
c a r r i e r s examined as f a r as s e l e c t i v i t y i s concerned. This does not mean that 
s e l e c t i v i t y to 2-butenal i s q u a n t i t a t i v e or almost so, mainly because the 
primary product may undergo f u r t h e r a l d o l condensation t o heavier products. 
S t i l l , more than 95% s e l e c t i v i t y can be obtained below 250°C, a conversion of 
15% or l e s s , an ethanal p a r t i a l pressure of 10 kPa and a residence time of 
15 g cat.h.mol -*. 

Deactivation occurs under a l l r e a c t i o n conditions. The i n i t i a l a c t i v i t y of the 
c a t a l y s t i s very high; i t i s even p o s s i b l e to reach e q u i l i b r i u m conversion to 
2-butenal. However, the i n i t i a l s e l e c t i v i t y i s low and de a c t i v a t i o n r a p i d . The 
excessive a c t i v i t y i s soon l o s t , the conversion decreasing to h a l f i t s i n i t i a l 
value i n about 20 hours, with a simultaneous increase i n s e l e c t i v i t y to an 
acceptable l e v e l . A f t e r that p e r i o d d e a c t i v a t i o n i s much slower, the conversion 
decreasing nearly l i n e a r l y with time by about 0.3% per 10 hours. 
Addition of water appreciably retards the successive a l d o l condensation of 
primary products, which leads to much more stable c a t a l y s t performance and 
makes i t p o s s i b l e to increase the p a r t i a l pressure of ethanal. Although the 
conversion i s somewhat lower than without water, acceptable conversions and 
high s e l e c t i v i t i e s are obtainable at very low rates of d e a c t i v a t i o n . 
The i n s t a b i l i t y of the c a t a l y s t , p a r t i c u l a r l y i n the absence of water, cause 
d i f f i c u l t i e s i n i n t e r p r e t i n g c a t a l y s t performance, p a r t i c u l a r l y at the 
conditions envisaged f o r a commercial process. 
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4 KINETICS 

4.1 I n t r o d u c t i o n 

K i n e t i c data are often very h e l p f u l f o r a be t t e r understanding of a hetero-
geneously catalyzed r e a c t i o n , and are i n d i s p e n s i b l e f o r reactor design. More
over, more i n s i g h t i n t o the rea c t i o n mechanism may give clues to optimize 
c a t a l y s t performance and process conditions. Accordingly, a preliminary k i n e t i c 
study was made of the a l d o l condensation of ethanal over t i n on s i l i c a c ata
l y s t s , although i t was r e a l i z e d that t h i s would by no means be easy because of 
the inadequate s t a b i l i t y of the c a t a l y s t s i n v e s t i g a t e d . 

Several authors have reported on the k i n e t i c s of the gas-phase a l d o l condensat
ion over various c a t a l y s t s (16, 44, 49, 50, 97, 202, 205, 206, 207, 208, 209) 
However, because the rate of d e a c t i v a t i o n of the c a t a l y s t s v a r i e s widely and 
since d e t a i l s on c a t a l y s t s t a b i l i t y are frequently l e f t unreported, most 
l i t e r a t u r e data should be used with caution. In analogy with the liquid-phase 
a l d o l condensation Malinowski et a l (44, 50, 205) have found that the o v e r a l l 
order of the r e a c t i o n depends on the r e a c t i v i t y and the concentration of r e -
actants as w e l l as on the a c t i v i t y of the c a t a l y s t . Most other authors d i d not 
study the r e a c t i o n order extensively and u s u a l l y j u s t assume an order. Except
ions are DelBorghi e t a l (202), who found a second order i n ethanal during the 
f i r s t phase of processing over s i l i c a / a l u m i n a ; a f t e r some d e a c t i v a t i o n the order 
approached u n i t y . Kawaguchi et a l (206) mention f i r s t order over a c a l c i n e d 

Na_CO., c a t a l y s t . As f o r the a c t i v a t i o n energy, values reported for ethanal 
-1 

condensation are u s u a l l y between 42 and 52 kJ.mol 
Ivanov et a l (210) studied the r e a c t i o n at 365°C between 2-butenal and water, 
i . e . hydration followed by r e t r o a l d o l condensation. The r e a c t i o n proceeds 
f a i r l y r e a d i l y at t h i s temperature. The rate of the r e t r o r e a c t i o n decreased 
when the water/2-butenal r a t i o was increased, which points to competitive 
adsorption of the two reactants. The a l d o l condensation i s also retarded by 
water according to Fab b r i et a l , who applied s i l i c a / a l u m i n a c a t a l y s t s (99). 

The type of mechanism i s not discussed extensively i n the l i t e r a t u r e . A 

mechanism proposed f o r c a t a l y s i s on a c i d i c surface hydroxyl groups (46, 47, 48) 
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i s of the Langmuir-Hinshelwood type; both reactants must be adsorbed f o r the 
re a c t i o n to proceed. On the other hand, Malinowski et a l stat e that adsorption 
occurs by the formation of hydrogen bonds between the o-hydrogen atoms of the 
reactants and the oxygen atoms coordinated to an adsorbed metal i o n on the 
surface (43, 95). Intermediate formation i s s a i d to occur by re a c t i o n from the 
gas-phase or v i a a physisorbed reactant, a mechanism often c a l l e d an El e y -
Rideal mechanism. 

That the gas-phase a l d o l condensation i s an e q u i l i b r i u m r e a c t i o n l i k e the 
liquid-phase r e a c t i o n i s evident from the p a r t i a l conversion reached over a l l 
kinds of c a t a l y s t s at very low space v e l o c i t i e s (tables 1.3.1 - 1.3.5) and from 
r e s u l t s obtained i n t h i s study. Fresh c a t a l y s t s were very a c t i v e , but even then 
y i e l d s of butenal were never higher than 30%, even at high temperature and a 
long residence time. 
E q u i l i b r i u m data are scarce, however. Methods are a v a i l a b l e to c a l c u l a t e the 
necessary data; these are discussed i n appendix I I . Table 4.1.1 gives data 
from the l i t e r a t u r e and the r e s u l t s f o r two methods of approximation. 

TABLE 4.1.1 C a l c u l a t e d e q u i l i b r i u m conversion data f o r the gas-phase a l d o l 

condensation of ethanal 
T (K) 300 400 500 600 700 800 
source: 
Malinowski (95) 0.10 0.49 0.68 
Nagarajan (97) 0.99 0.98 0.97 0.96 
Ivanov (210) 0.26 0.15 
This work, method a 0.67 0.64 0.62 0.61 0.59 0.58 
T h i s work, method b 0.64 0.46 0.36 0.31 0.28 0.25 
a method of van Krevelen and Chermin (236) 
b method discussed i n appendix II 

I t follows that the e q u i l i b r i u m conversion decreases with i n c r e a s i n g temperature, 
s i m i l a r to the liquid-phase r e a c t i o n . The c a l c u l a t e d data are not i n c o n f l i c t 
with our experimental r e s u l t s : the experimental conversions were i n v a r i a b l y 
lower than the c a l c u l a t e d values. 
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4.2 Ex p e r i m e n t a l approach 

The d e f i n i t i o n of the re a c t i o n rate used i s : 

r = -dg / d(W/F) 

£ being the f r a c t i o n of i n i t i a l reactant converted and W/F the r e c i p r o c a l space 
v e l o c i t y i n g cat.h.mol ^. When the reverse r e a c t i o n can be neglected the form 
of the r e a c t i o n rate equation i s : 

r = k * P n 

with 

k = k Q * (1-S) * exp (-E a c t/RT) 

k being the re a c t i o n rate constant, G the degree of deact^itetion defined as 
f r a c t i o n of the i n i t i a l a c t i v i t y . 

Three methods of i n v e s t i g a t i o n f o r k i n e t i c data are a v a i l a b l e : (i) the i n t e g r a l 
method, ( i i ) the d i f f e r e n t i a l method and ( i i i ) the i n i t i a l r a t e method. Method 
(i) uses the d e r i v a t i v e of the p l o t of conversion versus residence time. Data 
are needed over a wide range of conversion, i . e . up to long residence times. 
Comparison of the int e g r a t e d r e a c t i o n rate equation with the conversions found 
gives the r e a c t i o n r a t e constants and the order i n the reactants. The method 
becomes complicated and thus inaccurate when the influence of the products must 
be incorporated. This s i t u a t i o n c e r t a i n l y a pplies to our case at higher 
conversions. 

Method ( i i ) assumes the re a c t i o n rate to be constant over the reactor, v i z . the 
reactant concentration i s considered to be constant. This i s so at low 
conversions and short residence times. The conversion then i s l i n e a r l y 
p r o p o r t i o n a l to the residence time. For our c a t a l y s t s t h i s condition i s f u l 
f i l l e d i n the region below the dotted l i n e A i n f i g u r e 3.2.2. In t h i s region, 
however, the measurements often are rather inaccurate because of the low 
conversion, the small amount of c a t a l y s t and large gas flows needed. 
Method ( i i i ) i s based on conversion data at varying residence times. By means 
of a f i t method the most l i k e l y equation i s c a l c u l a t e d which describes a curve 
through the data points and the o r i g i n . The tangent to t h i s curve at zero 
residence time i s p r o p o r t i o n a l to the re a c t i o n rate at zero conversion. This 
method seemed best f o r the re a c t i o n system studied here; i t was assumed that 
the conversion/residence time r e l a t i o n could be described by: 

5 = Constl * tangh (Const2 * W/F) 
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Precise adjustment of p a r t i a l pressure and residence time for each p o i n t 
within one experiment proved to be d i f f i c u l t . V a r i a t i o n s i n these r e a c t i o n 
conditions of up to 10% d i d occur. Corrected conversions were c a l c u l a t e d with 
the a i d of the order i n ethanal found using the uncorrected points. The r e s u l t s 
obtained i n t h i s way were not at variance with those obtained using the 
d i f f e r e n t i a l method with the same points; see f i g u r e 4.2.1 f o r such a s e r i e s of 
experiments. The deviations between the two methods were less than 5%, a 
devi a t i o n also found during repeated measurement of the k i n e t i c values using 
the i n i t i a l rate method. Most data were therefore acquired with the d i f f e r e n t i a l 
method. 

4.3 R e s u l t s 

Figure 4.3.1 gives the log r versus l o g p
e i ^ p l o t s at 523 and 573 K (250 and 

300°C). The observed order i s 1.34 +0.05 i n ethanal a t 573 K and 1.05 + 0.05 
at 523 K. 
The temperature e f f e c t was fur t h e r i n v e s t i g a t e d by determining the order at 
d i f f e r e n t temperatures between 458 and 547 K (table 4.3.1). Although the order 
shows deviations due to the l i m i t e d number of i n i t i a l rate values used, the 
mean order of 0.98 + 0.10 i s not e s s e n t i a l l y d i f f e r e n t from the value found a t 
523 K. Therefore, the order i s assumed to be constant at temperatures below 547 K. 

Figure 4.2.1 Determination of reaction rates for various ethanal p a r t i a l 

pressures, assuming d i f f e r e n t i a l reactor behaviour. Catalyst D13, T = 573 K. 
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_l I I L_ 
16 2 0 2.4 2.8 

— L n P e t h a n a l ( k P a ) 

Figure 4.3.1 Determination of the order in ethanal 

X catalyst D3, T = 523 K, O catalyst D13, T = 573 K 

TABLE 4.3.1 The order i n ethanal at d i f f e r e n t temperatures, c a t a l y s t D3, 
P between 4.9 and 12.2 kPa, d e a c t i v a t i o n 15 h. 
T (K) n 
458 0 94 

473 0 88 

488 1 12 

503 1 08 
523 0 91 
547 0 94 

DelBorghi et a l (201, 202, 203) have suggested that the order of the r e a c t i o n 
changes as the c a t a l y s t deactivates, by the same process by which the 
s e l e c t i v i t y decreases, discussed i n 3.4.2. These authors state that the 
i n i t i a l order of 2 becomes un i t y upon aging of the c a t a l y s t . Table 4.3.2 gives 
the r e s u l t s found f o r an aging t i n on s i l i c a c a t a l y s t . The mean value f o r 
the order i s again near u n i t y and does not change by c a t a l y s t aging. Because the 
data were obtained with d i f f e r e n t c a t a l y s t s the r e a c t i o n rate constants found 
d i f f e r not only i n the degree of d e a c t i v a t i o n , G, but also i n the number of 
a c t i v e s i t e s on the fresh c a t a l y s t . 
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T A B L E 4.3.2 V a l u e s f o r t h e o r d e r i n e t h a n a l a n d t h e r e a c t i o n r a t e c o n s t a n t , 

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

c a t a l y s t t ( h ) n k * 10 3 ( m o l . h 1.g c a t 1 . k P a n ) 

T = 523 K 

D12 2 0.99 2.40 

D12 5 1.06 2.02 

D12 10 1.02 1.96 

D3 15 1.05 1.46 

D19 20 1.17 0.82 
D12 30 1.01 1.67 

D12 60 1.00 1.66 
T = 573 K 

D13 4 1.28 1.31 

D13 145 1.34 0.96 

F i g u r e s 4 . 3 . 2 a a n d 4.3.2b s h o w A r r h e n i u s p l o t s f o r t h e r e a c t i o n . B e c a u s e o f t h e 

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

r e a c t i o n r a t e c o n s t a n t . T h i s w a s p o s s i b l e w h e n a l l o t h e r c o n d i t i o n s w e r e k e p t 

c o n s t a n t . 

-6.0 

-I - 8 . 0 -

1 8 2.0 2.2 

« — 1 / T X 1 0 3 (K~1) 

1.6 1.8 2.0 

11l x 1 0 3 (K~ 1) 

(4.3.2a) (4.3.2b) 

Figure 4.3.2 Arrhenius plot for the aldol condensation of ethanal 

a Catalyst D3 

b Catalyst D13 and different periods of deactivation (T < 547 K : t d e a c t
 ; 

30 h, T > 547 Kit- = 100 h) 
deact 
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Measurements at higher temperature had to cope with a high d e a c t i v a t i o n rate; 
therefore, the experiments were generally done over a narrow temperature range. 
Observed preexponential f a c t o r s show the marked dea c t i v a t i o n of the c a t a l y s t s 

at higher temperatures (see t a b l e 4.3.3). Apparently, a change i n a c t i v a t i o n 
energy occurs at the same point where a change i n order was observed; the 
a c t i v a t i o n energy at temperatures below 547 K i s approximately 33 kJ.mol 

_1 
whereas at higher temperatures about 21 kJ.mol i s found. These values are 

s u b s t a n t i a l l y lower than those reported i n the l i t e r a t u r e . 
Table 4.3.3 also contains the apparent a c t i v a t i o n energies f o r c a t a l y s t de
a c t i v a t i o n and by-product formation ( c . f . 3.4.2 and 3.5.1). 

The i n f l u e n c e of 2-butenal on the conversion of ethanal at d i f f e r e n t conditions 
i s shown i n f i g u r e s 4.3.3 and 4.3.4. The butenal/ethanal r a t i o i s the important 
v a r i a b l e . The i n f l u e n c e of butenal i s confined to low p a r t i a l pressures where 
the a d d i t i o n of butenal causes a decrease i n conversion; above a 
butenal/ethanal mole r a t i o of 0.1 at 523 K f u r t h e r decrease i s not observed. 
The conversion l e v e l s t a b i l i z e s at about 75% of the conversion observed i n the 
absence of butenal i n the feed. Furthermore, the order i n ethanal does not 
change by a d d i t i o n of butenal, which i n d i c a t e s that the decrease i n conversion 

TABLE 4.3.3 A c t i v a t i o n energies of reactions o c c u r r i n g during a l d o l 

condensation of ethanal over t i n on s i l i c a g e l c a t a l y s t s 

temperature range 

(°C) 

c a t a l y s t 

for aldol condensation: 

170 - 275 D3 
190 - 270 D13 
300 - 380 D13 
200 - 250 D2 
250 - 280 D26 
290 - 310 D26 
for by-product formation: 

300 - 380 D10/D11 
for deactivation: 

250 - 350 D13 

d e a c t i v a t i o n 
time (h) 

15 
30 

100 
60 
20 
20 

act 

>80 

(kJ.mol ) 

32.9 

32.6 

20.7 
30.9 
33.0 
22.1 

23.0 

37.6 

preexponential 

f a c t o r 

3.10 
4.30 
0.08 
2.80 
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Figure 4.3.3 Dependency of the r e l a t i v e conversion on the r a t i o of butenal and 

ethanal pressure, for d i f f e r e n t pressures of ethanal. Conditions: catalyst D13, 

A :12 kPa 

1.0 2.0 3.0 4 .0 

p Butenal < k P a > 

Figure 4.3.4 Dependency of the r e l a t i v e conversion on the p a r t i a l pressure of 

butenal at d i f f e r e n t temperatures. Conditions: catalyst D13; P' t h ~ 8 kPa, 

W/F = 10 g cat.h.mol'1, T = O --523, x :547, • :573 K 
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i s n o t c a u s e d b y a c h a n g e i n r e a c t i o n m e c h a n i s m . A t h i g h e r t e m p e r a t u r e , t h e 

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

f i n e m e n t o f t h e d e c r e a s e t o a l e v e l o f 7 5 % o f t h e o r i g i n a l c o n v e r s i o n i s 

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

T h e i n f l u e n c e o f w a t e r o n t h e c o n v e r s i o n i s s h o w n i n f i g u r e 4.3.5. A t l o w 

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

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

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

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

f o u n d f o r t h e i n f l u e n c e o f b u t e n a l ( c . f . 3.5.4). I n c o n t r a s t t o b u t e n a l t h e 

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

a d d e d . 

Figure 4.3.5 Dependency of the conversion on the p a r t i a l pressure of water 

added; for d i f f e r e n t temperatures. 

Catalyst D13 

O P ^ = 7.4 kPa, W/F = 10 g cat.h.mol'1, T = 523 K 
eth ^ 

• P Q t h = 7.8 kPa, W/F = 10 g cat.h.mol' , T = 573 K 

A P = 2 5 - 3 0 kPa, W/F = 15 g cat.h.mol'1, T = 523 K 
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4.4 D i s c u s s i o n 

The results reported i n chapter 3 concerning catalyst performance provide the 
starting point for the discussion on the processes occurring on the surface of 
the catalyst. The a c t i v i t y i s f i r s t order i n t i n , as follows from the linear 
relation between a c t i v i t y and t i n content of the catalyst observed for low t i n 
loads (c.f. figures 3.3.1 and 3.3.2). The data also show that adsorption on the 
active sites must be strong, pa r t i c u l a r l y for products. The observations lead
ing to this conclusion are: (i) the slow s t a b i l i z a t i o n of conversion after a 
change i n conditions (e.g. figure 3.5.3), ( i i ) s t a b i l i z a t i o n of the conversion 
at a lower l e v e l with lower ethanal pressure (c.f. figure 3.2.2) , ( i i i ) 
competition of ethanal and butenal which govern the s e l e c t i v i t y i n part (c.f. 
table 3.4.2) , (iv) deactivation and regeneration are caused for a large part 
by adsorption and desorption of products. 

A r e l a t i v e l y large part of the active surface i s covered by adsorbed reactant 
and primary product; the l a t t e r leads to further aldol condensation. Moreover, 
products formed by this multiple aldol condensation tend to eliminate active 
sites because of their low v o l a t i l i t y . The very low turn-over number, 
<0.05 sec * after 15 h, i s another indication for the limited a v a i l a b i l i t y of 
sites for the reaction. 

The f i r s t order i n ethanal at temperatures under 547 K i s i n agreement with a 
mechanism i n which one of the reactant molecules i s adsorbed very strongly and 
a second one either adsorbs much less strongly at or near the f i r s t one or 
reacts from the gas phase. The l a t t e r step i s then rate determining. The fact 
that the process i s f i r s t order i n t i n i s yet another indication that the two 
molecules adsorb on or near a single t i n s i t e , i f both adsorb before 
reaction. At higher temperatures, surface coverage by the strongly adsorbed 
ethanal molecule decreases; surface coverage of both molecules has influence 
on the rate, according to the increased order. 

The low activation energy below 547 K indicates that the second ethanal 
molecule i s indeed adsorbed too. The even lower activation energy at higher 
temperatures shows the increased participation in the rate determining step 
of the strongly adsorbed f i r s t ethanal molecule. 
Water, butenal and the products of further aldol condensation are adsorbed on 
the same sit e s . The aldol products probably adsorb i n a similar manner as 
ethanal, and the reactions involving them follow the same mechanism, as i s 



99 

i n d i c a t e d by the s i m i l a r i t y i n a c t i v a t i o n energies for d e a c t i v a t i o n and by

product formation with that of the a l d o l condensation of ethanal. The above 

mechanism i s a c l e a r case of competitive adsorption of feed, primary products 

and by-products. 

When water i s added to the feed the surface coverage and r e a c t i o n e q u i l i b r i a 
are s h i f t e d appreciably. Less s i t e s are then a v a i l a b l e f o r ethanal and butenal 
as a r e s u l t , the conversion decreases and the s e l e c t i v i t y increases. Moreover, 
the reverse r e a c t i o n , butenal with water to ethanal, i s g r e a t l y enhanced. 
At low water pressure the conversion decreases as the temperature i s higher 
because of a l a r g e r r e a c t i o n rate constant. At high water pressure, however, 
t h i s decrease i s l e s s : lower adsorption of water and butenal cancel the e f f e c t 
of l a r g e r r e a c t i o n rate constants. 

Add i t i o n of butenal to the feed has a comparable e f f e c t on e q u i l i b r i a and 
surface coverage, more s i t e s being occupied by butenal, which causes the 
reverse r e a c t i o n to increase. Concomitantly, the s e l e c t i v i t y decreases. 
Because the adsorption of butenal and water i s l e s s with higher temperature 
the e f f e c t decreases with i n c r e a s i n g temperature (c.f. f i g u r e 4.3.4). The 
maximum decrease i n conversion, about 25%, which i s independent of the 
temperature can be explained by assuming that the in c r e a s i n g r e a c t i o n of 
adsorbed water and butenal i s the main cause f o r the decrease i n conversion. 
Only p a r t of the water formed (=25%) reacts. This i s ascribed to adsorption of 
water on s i t e s which are not i n p o s i t i o n f o r reaction; p o s s i b l y hydroxyl 
groups which are not close to an ac t i v e s i t e , formed by t i n . 
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5 ON THE NATURE OF THE ACTIVE SITE FOR THE ALDOL CONDENSATION 
OVER TIN ON SILICA CATALYSTS 

5.1 C a t a l y s t c o m p o s i t i o n 

B e f o r e e m b a r k i n g o n t h e d i s c u s s i o n o n t h e n a t u r e o f t h e a c t i v e s i t e a n d a 

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

c a t a l y s t c o m p o s i t i o n a t a l l s t a g e s o f p r e p a r a t i o n r e p o r t e d i n c h a p t e r 2. I t w a s 

f o u n d t h a t d u r i n g c a t a l y s t p r e p a r a t i o n s u r f a c e s t r u c t u r e s , s u c h a s s i l i c a = S n C l 2 , 

a r e f o r m e d b y r e a c t i o n o f t i n c o m p o u n d s w i t h h y d r o x y l g r o u p s o f t h e s i l i c a 
2+ + 

s u r f a c e o r b y i o n e x c h a n g e o f S n w i t h N a ., H y d r o l y s i s a n d o x i d a t i o n o f t h e 

r e s u l t i n g s u r f a c e c o m p o u n d s t h e n l e a d s t o s i l i c a = S n ( O H ) s u r f a c e g r o u p s ( 1 6 2 , 

163) o r t o S n 0 2 . n H 2 0 , t h e l a t t e r o n l y w e a k l y b o u n d t o t h e s u r f a c e ( 1 9 0 ) . T h e 

h i g h m o b i l i t y o f t h e l a t t e r c o m p o u n d i s o n e o f t h e r e a s o n s w h y r a t h e r l a r g e S n 0 2 

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

p r e c i p i t a t e f o r m e d d u r i n g i m p r e g n a t i o n a l s o g i v e s r i s e t o r e l a t i v e l y l a r g e S n 0 2 

p a r t i c l e s . 

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

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

s h o w e d t h a t t i n ( I V ) , t h e o n l y f o r m o f t i n i n t h e c a l c i n e d c a t a l y s t , i s r e d u c e d 

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

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

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

M o e s s b a u e r s p e c t r o s c o p y s h o w e d t h e s e s p e c i e s t o b e B - t i n a n d a h i t h e r t o u n k n o w n 

s t a b l e t i n ( I I ) c o m p o u n d ( c . f . f i g u r e 2 . 3 . 1 0 . b , s p e c t r u m B, p e a k 6 ) . T h e B - t i n 

i s f o r m e d f r o m t h e S n 0 2 p a r t i c l e s ; X - r a y d i f f r a c t i o n i n d i c a t e s t h a t i t i s 

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

p o r e s o f t h e s i l i c a g e l s t r u c t u r e . T h e B - t i n w a s f o u n d t o r e a c t w i t h a l d e h y d e 

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

T h e t i n ( I I ) c o m p o u n d s h o w s u p a s t i n ( I I ) o x i d e i n M o e s s b a u e r s p e c t r o s c o p y u n l e s s 

t h e r e d u c e d c a t a l y s t i s k e p t i n v e r y d r y c o n d i t i o n s . C r y s t a l l i n e t i n ( I I ) o x i d e i s 

n o t s t a b l e u n d e r t h e c o n d i t i o n s u s e d h e r e ( c . f . 2 . 3 . 3 ) . T h e r e l a t i v e l y s t a b l e 
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t i n ( I I ) i o n i s most probably formed upon reduction of silica=Sn(OH)^ structures 
and s t a b i l i z e d through anchoring to the s i l i c a surface. I t resembles t i n ( I I ) s i 
l i c a t e s : SnSiOj, S ^ S i O ^ , which have been reported to be r e s i s t a n t against re
duction at high temperature (212) . The t i n ( I I ) ion w i l l thus be bound to surface 
oxygen atoms. Such t i n ( I I ) species have also been reported by several other 
authors (163, 187, 190, 213). 

In the subsequent d i s c u s s i o n , the above t i n ( I I ) surface compound i s considered 
to be the a c t i v e centre f o r c a t a l y t i c gas-phase a l d o l condensation. Tin(IV) 
complexes, i n c l u d i n g bulk t i n ( I V ) o x i d e , do not q u a l i f y because reduction i s 
needed to a c t i v a t e the c a t a l y s t . 

E a r l i e r , m e t a l l i c t i n has been named as the most l i k e l y condidate f o r the a c t i v e 
s i t e on t i n / s i l i c a c a t a l y s t s (7, 8). However, observations made during the 
experiments reported i n t h i s t h e s i s c o n t r a d i c t t h i s conclusion for the follow
ing reasons: 

(i) the m e t a l l i c t i n phase i n the c a t a l y s t s has an observed melting range of 
220-225°C, as was reported i n 2.3.3. One would expect the c a t a l y t i c a c t i v i t y to 
change more or less abruptly at the melting range, which i s not observed. 

( i i ) preparation by dry impregnation r e s u l t e d i n a d i s p e r s i o n of smaller Sn0 2 

c r y s t a l l i t e s at higher t i n contents. Although the t i n formed upon reduction 
agglomerates to some extent, one would expect the m e t a l l i c t i n surface area to 
increase with i n c r e a s i n g t i n content, r e s u l t i n g i n a higher a c t i v i t y per % weight 
t i n . However, the opposite e f f e c t was found. 

( i i i ) the observed t i n c r y s t a l l i t e s had about the same s i z e as the pores of the 
supports. Therefore, the a c t i v e surface of the t i n c r y s t a l l i t e s per % t i n would 
decrease with i n c r e a s i n g pore s i z e , which would lead to lower a c t i v i t y , which i s 
not observed. 

(iv) a maximal a c t i v i t y was found at about 4w% t i n , which i s equivalent to 
about 0.5% of the meso-pore volume of the c a t a l y s t . One would expect the maximum 
to occur at a s u b s t a n t i a l l y higher t i n content. 
(v) during a l d o l condensation m e t a l l i c t i n reacts to an amorphous compound. 
Cata l y s t s i n which m e t a l l i c t i n could no longer be detected were s t i l l a c t i v e 
for the r e a c t i o n . I f t h i s amorphous compound c o n s t i t u t e d the a c t i v e t i n compound, 
an induction p e r i o d would have been observed. This was not found; on the contrary, 
a high ethanal conversion was noted e a r l y i n a l l runs over a f r e s h c a t a l y s t , 
i n d i c a t i n g a very high i n i t i a l a c t i v i t y . 

(vi) Even a f t e r 15 minutes reduction a c a t a l y s t with a high t i n content, D12, 
showed optimum a c t i v i t y and s e l e c t i v i t y , although reduction of Sn0 2 was not 
complete. 
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To f o r t i f y the hypothesis of tin( I I ) active sites s t i l l further, i t i s necessary 
to discuss the nature of the interactions of aldehydes and ketones with oxidic 
surfaces with and without coordinatively unsaturated polyvalent metal ions. 
This i s the subject of the next section. 

5.2 I n t e r a c t i o n of aldehydes and ketones w i t h o x i d i c s u r f a c e s 

Physisorption of aldehydes and ketones on an oxidic surface with hydroxyl 
groups, e.g. s i l i c a g e l and hydrated alumina, occurs by hydrogen bonding of 
carbonyl groups to the surface hydroxyl groups (47, 48, 214, 215). At low 
surface coverage of the aldehyde or ketone the carbonyl group may form a 
hydrogen bond with two v i c i n a l hydroxyl groups (216, 217). This explains the 
surface coverage dependency of the adsorption enthalpy of ethanal on s i l i c a g e l 
reported by Robinson et a l (48), which varies from 42 to 67 kJ.mol . 

Chemisorption of aldehydes and ketones i s observed on surfaces which contain 
metal ions functioning as Lewis acid s i t e s . Aldehydes form alkoxy bonds with 
surface metal ions which are not completely coordinated. Ketones are less re
active and do not chemisorb readily. The reaction has been reported for a wide 
range of s o l i d compounds, e.g. TiC^, Cr,,03, A1 20 3 and even SiO^, i f activated 
at higher temperature and/or i n vacuo (214, 218, 219, 220, 221). Chemisorption 
leads to several (surface) compounds such as carboxylates, enolates, esters and 
polymers. The product mix strongly depends on the coordination sphere of the 
ion, the reaction conditions and the presence of other molecules (figure 5.2.1). 
The formation of carboxylates, esters and alcohols i s the gas-phase form of the 
Cannizzaro or Tsitschenko reaction; the l a t t e r i s known to be catalyzed by 
metal alkoxides, i n which the metal acts as a Lewis acid, i n the l i q u i d phase. 
On more strongly basic oxides, e.g. MgO, rapid chemisorption of aldehydes on 
surface oxygens occurs; ethanal and butanal react even at ambient temperature 
to give carboxylates (222). The r e a c t i v i t y for this reaction increases with 
increasing carbon chain length and increasing basicity of the catalyst (45, 
106, 118, 223). Ca(0H) 2 gives large amounts of esters, Ca-orthophosphates 
hardly any (83). 
A related reaction i s the formation of ketones from aldehydes, a reaction 
occurring over several metal oxides and hydroxides, among which are those of 
t i n , and i s reported as proceeding via the decomposition of surface carboxylate 
intermediates. High temperature and a v a i l a b i l i t y of water pa r t i c u l a r l y favour 
the production of ketones (45, 118, 128). 
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Figure 5.2.1 Reactions of aldehydes on coordinatively unsaturated metal ions 

on the surface of oxidic materials. 

A; ester formation, B; carboxylate and alcohol formation 

A l d o l c o n d e n s a t i o n may occur on a l l kinds of o x i d i c materials ( c . f . t a b l e s 
1.3.1 - 1.3.5). The importance of b a s i c s i t e s f o r a c t i v a t i o n described by 
Malinowski and Minachev i s discussed i n 1.2. Ketones can be a c t i v a t e d f o r a l d o l 
condensation by metal ions a c t i n g as Lewis a c i d s i t e s , as occurs when adsorbing 
acetone on a c t i v a t e d alumina (224). The same mechanism seems al s o p o s s i b l e f o r 
ethanal; i n f a c t , during adsorption on s i l i c a - a l u m i n a some 2-butenal i s formed 
(225) . 

Many other authors have reported that s o l i d s having c l e a r l y a c i d i c c h a r a c t e r i s 
t i c s are a c t i v e f o r a l d o l condensation to some extent, although the s e l e c t i v i t y 
i s commonly low. Examples are alumina (96, 103, 220), a c i d - t r e a t e d s i l i c a g e l 
(103), s i l i c a - a l u m i n a (46, 48) and ZrC^/SiC^ (49). However, too high an a c i d i t y 
c l e a r l y r e s u l t s i n a low s e l e c t i v i t y ; e.g. h i g h l y a c i d alumina produces only coke 

from cyclohexanone (226) . Furthermore, dehydration of the Z r 0 2 / S i 0 2 , by which 
4+ 

Zr ions are exposed, lowers the y i e l d s u b s t a n t i a l l y . Impregnation of such 
s o l i d s with b a s i c compounds, .e.g. NaOH, i n i t i a l l y only r e s u l t s i n increased 
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s e l e c t i v i t y towards a l d o l condensation, without changing the o v e r a l l c a t a l y s t 
a c t i v i t y . Only a f t e r a d d i t i o n of more than a c e r t a i n amount of base an increase 
i n the o v e r a l l a c t i v i t y was observed. This i n d i c a t e s that strongly a c i d s i t e s 
are f i r s t n e u t r a l i z e d . New, more ba s i c s i t e s are formed l a t e r on, which leads 
to the conclusion that even with a c i d oxides the b a s i c s i t e s are very important 
i n the a l d o l condensation, although the reactions i n i t i a t e d by the a c i d s i t e s 
e a s i l y dominate the o v e r a l l a c t i v i t y . 

The above phenomena can be summarized as follows: 
The surface oxygen atoms of o x i d i c substances form b a s i c s i t e s , the b a s i c i t y 
being influenced by neighbouring cations ( c . f . (227)). These s i t e s are 
c e r t a i n l y capable of i n i t i a t i n g a l d o l condensation by i n t e r a c t i o n with the 
a-hydrogen atoms, as discussed e a r l i e r , and appear to contribute s u b s t a n t i a l l y 
to the c a t a l y t i c a c t i v i t y . 
Metal ions on the surface of such o x i d i c s o l i d s which are c o o r d i n a t i v e l y 
unsaturated act as a c i d s i t e s . They i n t e r a c t with the oxygen atom of the carbonyl 
group and may i n i t i a t e several d i f f e r e n t r eactions, depending on the r e a c t i v i t y 
of the carbonyl group and the a c i d i t y of the s i t e . 

I t i s very w e l l p o s s i b l e that the reactants are a c t i v a t e d by the a c i d i c and 
basic s i t e s i n combination. T h e i r i n d i v i d u a l and t h e i r r e l a t i v e mutual strength 
determine the product d i s t r i b u t i o n . In the case of aldehydes and strongly a c i d i c 
s i t e s the formation of surface compounds and/or polymerisation predominates. 
Both lead to low s e l e c t i v i t y f o r a l d o l condensation and d e a c t i v a t i o n of the 
s i t e . A low a c i d i t y favours the a l d o l condensation of aldehydes. More strongly 
a c i d s i t e s are needed to a c t i v a t e ketones f o r a l d o l condensation. On the other 
hand, too strongly b a s i c s i t e s are b e l i e v e d to be unfavourable f o r the condens
at i o n of aldehydes. 

Hydroxyl groups present on the surface may adsorb aldehydes and ketones but do 
not i n i t i a t e a l d o l condensation ( c . f . 1.2). 

5.3 The a c t i v e c e n t r e f o r a l d o l c o n d e n s a t i o n 

The t i n / s i l i c a c a t a l y s t s used i n t h i s i n v e s t i g a t i o n are more than 99% s e l e c t i v e 
f o r the a l d o l condensation r e a c t i o n : formation of e s t e r s , polymeric products and 
ketones i s only of minor importance. Since polymerization i s a c i d - c a t a l y z e d and 
the Cannizzaro r e a c t i o n leading to esters i s i n i t i a t e d by strong bases, i t i s 
concluded that the a c i d i t y of the c a t a l y s t s i s low and that very strongly b a s i c 
s i t e s are absent. 
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A n y s t r o n g l y a c i d i c s i t e p r e s e n t i n i t i a l l y i s s o o n d e a c t i v a t e d . A s w a s d i s c u s s e d 

e a r l i e r , s u c h a c i d i c s i t e s m o s t l i k e l y s t e m f r o m i m p u r i t i e s i n t h e s i l i c a g e l , 
3+ 

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

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

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

Surface t i n ( I I ) compounds m o s t p r o b a b l y a r e t h e a c t i v e c e n t r e s . T h i s v i e w i s 

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

Lor 
3 

2 2 2 
T h e t i n ( I I ) i o n h a s t h e g r o u n d s t a t e 5 s 5 p . I t f o r m s s p h y b r i d i z a t i o n e a s i l y . 
T h e a v a i l a b i l i t y o f a d o n o r l i g a n d i s k n o w n t o y ; i e l d a v e r y s t a b l e s p " 

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

l i g a n d , a n o t h e r o r b i t a l c o n t a i n i n g t h e r e m a i n i n g e l e c t r o n p a i r ( f i g u r e 5 . 3 . 1 ) . 

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

o r m o r e h y d r o x y l g r o u p s . R e a c t a n t s s u c h a s S i C l . , A 1 C 1 , BC1.,, S n C l . , T i c l . , 
2 + 

C u ( N H 3 > 4 a n d C r C l 2 0 2 a r e p r o b a b l y b o u n d t o a t m o s t t w o g r o u p s ( 1 4 3 , 1 5 0 , 1 5 3 , 

1 5 5 , 1 5 9 , 1 6 2 ) . T h i s p h e n o m e n o n i s c a u s e d b y t h e s m a l l i o n i c r a d i u s o f t h e s e 
3+ 4+ m e t a l i o n s , w h i c h r a n g e f r o m 0.02 nm f o r B t o 0.07 nm f o r S n . T h e s u r f a c e 

h y d r o x y l g r o u p s o n a r e g u l a r s u r f a c e h a v e a m e a n d i s t a n c e o f a b o u t 0 . 2 8 nm. On 

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

a v e r a g e d i s t a n c e w i l l b e s m a l l e r . 

T h e r a d i u s o f t h e t i n ( I I ) i o n i s m u c h l a r g e r t h a n f o r t h e a b o v e m e n t i o n e d m e t a l 

i o n s , v i z . 0.11 nm. T h e r e f o r e t h e c h a n c e s o f c o o r d i n a t i o n t o t h r e e h y d r o x y l 

g r o u p s a r e h i g h e r . Two o f t h e b o n d s a r e v a l e n c e b o n d s , S i - O - S n , t h e o t h e r o n e 

i s a c o o r d i n a t i o n t o t h e o x y g e n o f S i - O H o r p o s s i b l y a s u r f a c e s i l o x a n e b o n d . 

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

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

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

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

Figure 5.3.1 Hybridization of the t i n ( I I ) ion 
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In the previous paragraph i t has been argued that a concerted action of both 
sites i s likely and that too strongly acid or basic sites favour other reactions. 
The tin(II) compound which i s held to be the active species, has a low surface 

-2 
coverage, i.e. 0.3 at.nm for silicagel-based catalysts. It is therefore most 
likely that acid and basic functions are located at a single t i n site. The t i n 
ion i s the acid site and the coordinated oxygen ions the basic sites. The large 
distance between the t i n ions on the surface prevents reaction of reactant 
molecules adsorbed on different sites. 
A possible way of adsorption i s the interaction of the carbonyl group with the 
ti n ion and of the a-protons with one of the surface oxygens (c.f. figure 
5.3.2: (A)). This would result in the very strong adsorption and the effective 
activation found during the kinetic measurements. The second reactant molecule 
(B) may react directly from the gas phase, but a preceding adsorption i s 
considered necessary to bring the molecule in a better position for the 
reaction. The adsorption may be on a neighbouring hydroxy1 groups, which would 
cause a relatively long distance to the activated substrate, but i t i s more 
likely that i t occurs on one of the remaining oxygen ions by i t s a-proton(s) 
(figure 5.3.2, configuration 1), or by i t s carbonyl groups to the hydroxyl 
group to which the t i n i s bound (configuration 2). In this way the carbon atoms 
of both reactant molecules which have to be coupled are within easy reach of 
each other. 

Figure 5.3.2 Modes of adsorption and reaction of reactant molecules. Reactant 

molecule @ adsorbed with a-proton and carbonyl oxygen atom, molecule @ 

either: 1; with a-proton to an oxygen ion, or 2; with the carbonyl oxygen atom 

hydrogen-bonded to a hydroxyl group in the coordination sphere of t i n (model 

not to scale) . 
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6 . GAS-PHASE ALDOL CONDENSATION OF n-BUTANAL OVER 
TIN ON SILICA CATALYSTS 

6.1 I n t r o d u c t i o n 

A l d o l condensation of butanal followed by hydrogénation of the primary product, 
2-ethylhexenal, i s of much i n d u s t r i a l i n t e r e s t since i t i s the only f e a s i b l e 
route to 2-ethylhexanol, which i s applied as a p l a s t i c i z e r compound i n about 
50% of a l l s o f t PVC formulations. 
The relevant reactions are: 

2 CH 3CH 2CH 2CHO • CH 3CH 2CH 2CHC(C 2H 5)CHO + H 20 

CH 3CH 2CH 2CHC(C 2H 5) CHO + 2 H 2 CH 3CH 2CH 2CH 2CH ( C ^ ) CH2OH 

At present, the condensation i s c a r r i e d out i n d u s t r i a l l y i n the l i q u i d phase. 
However, gas-phase a l d o l condensation i s a promising a l t e r n a t i v e : the t i n on 
s i l i c a c a t a l y s t of Swift e t a l (7, 8) i s claimed to give a s u b s t a n t i a l l y higher 
y i e l d i n n-butanal condensation than e a r l i e r heterogeneous c a t a l y s t s . Moreover, 
the s e l e c t i v i t y was very high, even at high conversions. Therefore, the c a t a l y s t s 
developed i n the present work were t e s t e d f o r t h e i r performance i n the gas-phase 
condensation of n-butanal. 

The e q u i l i b r i u m conversion at about 250°C of the r e a c t i o n t o 2-ethylhexenal i s 
probably higher than the analogous r e a c t i o n f o r ethanal, as can be seen by 
comparing the y i e l d s i n the tables 1.3.1 and 1.3.2. Table 6.1.1 shows the 
e q u i l i b r i u m conversions f o r the gas-phase r e a c t i o n c a l c u l a t e d according to the 
approximation method described i n appendix I I . I t follows that h i g h l y a c t i v e 
c a t a l y s t s would be advantageous since these may allow operation at low 
temperatures where the e q u i l i b r i u m conversion i s highest. Experimental data are 
described i n subsequent paragraphs. 
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T A B L E 6.1.1 C a l c u l a t e d e q u i l i b r i u m c o n v e r s i o n s f o r t h e g a s - p h a s e a l d o l 

c o n d e n s a t i o n o f n - b u t a n a l . 

T (K) 300 400 500 600 700 800 
f a 0.95 0.85 

S q b 0.95 0.85 
0.73 
0.72 

0.64 0.57 
0.60 0.54 

0.51 
0.51 

a . M e t h o d o f v a n K r e v e l e n a n d C h e r m i n (236) 

b . M e t h o d d i s c u s s e d i n a p p e n d i x I I 

6.2 E x p e r i m e n t a l 

T h e a p p a r a t u s d e s c r i b e d i n 3.1 f o r t h e t e s t i n g o f t h e e t h a n a l c o n d e n s a t i o n h a s 

a l s o b e e n u s e d f o r n - b u t a n a l . L i q u i d n - b u t a n a l , d i s t i l l e d b e f o r e u s e , w a s pump

e d t o t h e e v a p o r a t o r b y m e a n s o f a l o w - f l o w p i s t o n pump ( f i g u r e 3.1.1). T h e 

c o n c e n t r a t i o n o f t h e f e e d w a s v a r i e d b y a d d i n g h y d r o g e n a s d i l u e n t . A b o u t 1 g 

c a t a l y s t p r e p a r e d b y t h e m e t h o d s d e s c r i b e d i n c h a p t e r 2 w a s u s e d i n e a c h 

e x p e r i m e n t . T h e c o n c e n t r a t i o n s o f n - b u t a n a l , 2 - e t h y l h e x e n a l a n d w a t e r w e r e 

d e t e r m i n e d e v e r y 30 m i n u t e s b y o n - l i n e g a s - c h r o m a t o g r a p h y t o a l l o w c a l c u l a t i o n 

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

t h e r m a l l y a t 167°C, w a s f i l l e d w i t h a s o l i d c o m p o u n d , T e n a x G.C. ( A K Z O ) , m e s h 

s i z e 60/80 (3m l o n g , 2mm i n s i d e d i a m e t e r ) . H y d r o g e n w a s a p p l i e d a s c a r r i e r g a s 

a t a f l o w o f 35 m l . m i n , D e t e c t i o n w a s b y t h e r m a l c o n d u c t i v i t y . GC-MS w a s u s e d 

t o a n a l y z e t h e p r o d u c t s f o r m e d . T h e f r e s h a n d u s e d c a t a l y s t s w e r e e x a m i n e d b y 

n e u t r o n a c t i v a t i o n t o d e t e r m i n e p o s s i b l e c h a n g e s i n t i n c o n t e n t . X - r a y 

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

T h e s e a n a l y t i c a l m e t h o d s a r e d e s c r i b e d i n 2.2. 

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

a s t h o s e a p p l i e d t o e t h a n a l c o n d e n s a t i o n ( s e e 3.1 a n d a p p e n d i x I ) . H e r e , t o o , 

t h e r e l a t i o n o f w a t e r f o r m e d t o 2 - e t h y l h e x e n a l w a s t a k e n t o b e a m e a s u r e o f 

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

T h e e q u a t i o n s u s e d a r e : 

5 = [(1-S p) E H r + (1+S F) H j / [B r + (1-S F) E H r + (1+S p) H J 

a n d 

S = 200 * E H r / [ d - S ) E H r + d + S p ) H J (%) 

B , EH a n d H a r e m e a s u r e d c o n c e n t r a t i o n s o f n - b u t a n a l , 2 - e t h y l h e x e n a l a n d r r r 
w a t e r r e s p e c t i v e l y i n t h e p r o d u c t . I n t h i s c a s e , t h e v a l u e 0.5 w a s t a k e n f o r S 

T h e r e p r o d u c i b i l i t y o f c o n v e r s i o n a n d s e l e c t i v i t y i s g o o d , a l t h o u g h a g a i n a 
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c e r t a i n amount of unsystematic deviations i n the c a l c u l a t e d values f o r succes
s i v e samples was observed (about 5% r e l a t i v e ) . Average values f o r a group of 
consecutive samples deviated les s than 1% from values produced by an o v e r a l l 
mole balance based on the concentration of butanal before and a f t e r the re a c t 
ion . 

6.3 C a t a l y s t performance 

6.3.1 A c t i v i t y 

Figure 6.3.1 shows the a c t i v i t y of the c a t a l y s t s r e l a t e d to time at s e v e r a l 
r e a c t i o n conditions. The data show that the d e a c t i v a t i o n rates are lower than 
fo r the ethanal condensation. The conversion a f t e r 40 h was again used as a 
measure of c a t a l y s t a c t i v i t y ; numerical data f o r some c a t a l y s t s are given i n 
table 6.3.1. When comparing the r e s u l t s f o r the two reactions, i t appears that 
the order of the a c t i v i t i e s i s the same as f o r the reaction of ethanal. 

(21 / 40) 

(20 / 24) 

(14 / 21) 

(8 / 15) 

I I I I I I I 
0 20 4 0 6 0 80 100 120 

m t ime (h) 

Figure 6.3.1 A c t i v i t y of t i n on s i l i c a c a t a l y s t s for gas-phase aldol 

condensation of n-butanal. 

Catalyst D26; T = 523 K; other conditions, as indicated: 

(P (kPa) / W/F (g cat.h.mol'1)) 
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T A B L E 6.3.1 A c t i v i t y o f t i n o n s i l i c a c a t a l y s t s f o r t h e g a s - - p h a s e a l d o l 

c o n d e n s a t i o n o f n - b u t a n a l . 

C o n d i t i o n s : P = 
b u t 8 k P a , W/F = 15 g c a t . h . m o l * , T = 5 2 3 K 

c a t a l y s t w% S n Ç40h % a c t i v i t y r e l a t i v e t o c a t a l y s t D l l f o r 
c o n d e n s a t i o n o f b u t a n a l e t h a n a l 

D3 3.60 0 . 0 9 2 46 47 

D l l 0.36 0 . 2 0 1 100 1 0 0 

D12 3.74 0 . 1 8 9 94 9 6 

D15 0.98 0 . 1 0 5 52 47 

D22 5.64 0.181 90 88 

D26 4 . 0 0 0 . 1 8 4 9 2 1 0 0 

F i g u r e 6.3.2 w h i c h c o n t a i n s t h e c o n v e r s i o n a t d i f f e r e n t p a r t i a l p r e s s u r e s a n d 

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

b u t a n a l t h a n w i t h e t h a n a l . W i t h t h e l a t t e r f e e d t h e y i e l d w a s n e v e r h i g h e r t h a n 

3 0 % e v e n w h e n u s i n g a f r e s h c a t a l y s t a n d a t p a r t i a l p r e s s u r e s u p t o 20 k P a . F o r 

b u t a n a l , o n t h e o t h e r h a n d , c o n v e r s i o n s u p t o 5 0 % w e r e r e a c h e d . 

Figure 6.3.2 Plots of conversion against residence time for d i f f e r e n t p a r t i a l 

pressures of n-butanal. 

Catalyst D l l ; T = 523 K 
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6.3.2 S e l e c t i v i t y 

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

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

a t 523 K i s a b o v e 95% i n m o s t c a s e s ( s e e t a b l e 6.3.2). T h e l o w e s t s e l e c t i v i t y 

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

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

e t h a n a l c o n d e n s a t i o n a t l o w e r p a r t i a l p r e s s u r e s o f e t h a n a l ( c . f . t a b l e 3.4.2). 

T A B L E 6.3,2 S e l e c t i v i t y o f g a s - p h a s e a l d o l c o n d e n s a t i o n o f n - b u t a n a l 

T (K) P. , ( k P a ) b u t ^ " a v e r a g e r u n p e r i o d (h) s e l e c t i v i t y (%) 

523 8 0.19 20- 60 92 
523 20 0.31 10- 60 98 
523 24 0.39 10-120 99 
573 20 0.47 20- 60 98 

M a n y p r o d u c t s a r e f o r m e d d u r i n g t h e c o n d e n s a t i o n r e a c t i o n ; f i g u r e 6.3.3 g i v e s 

a n e x a m p l e o f t h e r e s u l t s o f a GC-MS a n a l y s i s . Two i s o m e r i c 2 - e t h y l h e x e n a l s a r e 

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

2- e t h y l - 2 - h e x e n a l . T h e o t h e r p r o d u c t , 2 - e t h y l - 3 - h e x e n a l , w a s a l s o d e t e c t e d b y 

o n - l i n e a n a l y s i s o f t h e p r o d u c t s t r e a m a n d c o n s t i t u t e s u p t o 5% o f t h e p r o d u c t . 

T h e b u l k o f t h e b y - p r o d u c t s (+_75%) i s f o r m e d b y f u r t h e r c o n d e n s a t i o n w i t h 

a n o t h e r b u t a n a l m o l e c u l e t o g i v e 2 , 4 - d i e t h y l o c t a d i e n a l s . A c e r t a i n a m o u n t o f 

3- h e p t e n e i s f o r m e d b y p y r o l y s i s o f 2 - e t h y l h e x e n a l , b u t t h i s w e l l - k n o w n b y 

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

f r a c t i o n (<15%) o f t h e b y - p r o d u c t s . I t i s r e p o r t e d t o b e f o r m e d i n h i g h e r y i e l d s 

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

3 - h e p t e n e i s 6% w h e n r e a c t i n g n - b u t a n a l o v e r C ^ O - j a t 330°C (107). 
A c e r t a i n a m o u n t o f k e t o n e s i s a l s o f o r m e d , i n c o n t r a s t t o t h e r e s u l t s o b t a i n e d 

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

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

c o n d e n s a t i o n ; t h e same a p p l i e s t o t h e C a n n i z z a r o r e a c t i o n (118, 217). 

F i g u r e 6.3.4 g i v e s t h e G i b b s f r e e e n e r g i e s f o r t h e r e a c t i o n s l e a d i n g t o t h e 

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

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

d y n a m i c a l l y e q u a l l y f a v o u r a b l e a s t h e p r o d u c t i o n o f 2 - e t h y l h e x e n a l . T h e h i g h 

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

i s m u c h s l o w e r t h a n t h e i n i t i a l a l d o l c o n d e n s a t i o n . 



112 

1 
I T T - •b> 'c'o' 

Figure 6.3.3 GC-MS chromatogram of butanal condensation products. 

Reaction conditions: 20 kPa; 20 g cat.h.mol j 523 K 

Analysis conditions : 3m SP2250 column, temperature-programmed from 50 to 280°C 

at a rate of 8°C.min 

Legend: 1; n-butanal 

2; 3-heptene 

3; 2-ethyl-3-hexenal 

A; ketones 

B; undekadienes 

C; c y c l i c trimeres 

4; 2-ethyl-2-hexenal 

5/ 2,4-diethyl-2,4-octadienal 

D; trimeres 

E; c y c l i c tetrameres 

• 

6.3.3 Catalyst deactivation 

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

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

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

o b s e r v e d . A f t e r 4 0 - 8 0 h t h e d e a c t i v a t i o n r a t e b e c o m e s a l m o s t c o n s t a n t ; t h i s 

r a t e i s l o w e r b y a f a c t o r 3-4 t h a n i s t h e c a s e f o r e t h a n a l c o n d e n s a t i o n . 

X - r a y d i f f r a c t i o n o f t h e s p e n t c a t a l y s t s h o w e d t h a t , h e r e t o o , B - t i n h a s d i s 

a p p e a r e d a l m o s t c o m p l e t e l y . T r e a t i n g t h e c a t a l y s t w i t h h y d r o g e n o r a i r a t 450°C 

h a d n o m e a s u r a b l e e f f e c t , n e i t h e r B - t i n n o r SnO„ b e i n g o b s e r v e d a f t e r w a r d s . T h i s 
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Figure 6.3.4 Gibbs free energy for the reactions: 

1. 2 n-butanal =. 2-ethylhexenal + water 

2. 2-ethyl-2-hexenal = 2-ethyl-3-hexenal 

3. ethylhexenal + n-butanal 1,4-diethyloctadienal + water 

4. ethylhexenal ^= 3-heptene + CO 

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

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

8 - t i n ( c . f . 3.2.2). N e u t r o n a c t i v a t i o n a n a l y s i s s h o w e d t h a t t h e t i n c o n t e n t o f 

t h e c a t a l y s t s h a d n o t c h a n g e d . 

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

m a g n i t u d e a s w a s o b s e r v e d w i t h e t h a n a l , i . e . b e t w e e n 5 w% f o r a s h o r t e x p e r i m e n t 

a n d 30 w% f o r e x p e r i m e n t s o f a b o u t 250 h . T h e d e p o s i t f o r m a t i o n s h o w e d t h e same 

d e p e n d e n c y o n t h e p r e p a r a t i o n m e t h o d . A f t e r 60 h c a t a l y s t D l l , w h i c h w a s 

p r e p a r e d b y d r y i m p r e g n a t i o n w i t h a c i d a d d e d , h a d a c q u i r e d a b o u t 50% m o r e 

d e p o s i t t h a n c a t a l y s t D26, w h i c h w a s made b y r e a c t i o n w i t h l i q u i d S n C l ^ . C a t a 

l y s t b e h a v i o u r d u r i n g r e g e n e r a t i o n w a s a l s o v e r y s i m i l a r ; f o r e x a m p l e , a 

d e p o s i t c o n t e n t o f 30 w% c a u s e d b y 250 h r e a c t i o n w a s r e d u c e d b y r e g e n e r a t i o n 

t o 7 w%. H e r e , t o o , a t a r - l i k e p r o d u c t w a s s e t f r e e . T h e a c t i v i t y o f a 

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

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

e t h a n a l c o n d e n s a t i o n . 



114 

6.4 K i n e t i c s 

The kinetic experiments on gas-phase aldol condensation of n-butanal were 
carried out according to the method described i n 4.2. 
The order i n butanal i s about 0.75 (table 6.4.1, figure 6.4.1) and i s constant 
over the temperature range examined, v i z . 453-623 K. 
Catalyst aging does not affect the order. The activation energy, 16 kJ.mol ^, 
i s also constant over the above temperature range (table 6.4.1, figure 6.4.2). 
This value i s low, even lower than the activation energy found for ethanal 
condensation. Nevertheless, kinetics and mechanism closely resemble those of 
the ethanal aldol condensation: competition of reactant and product for active 
sites influences the s e l e c t i v i t y (c.f. table 3.4.2 and 6.3.2) and a large 
coverage of active sites i s again observed. The rate of desorption of products 
determines the rate to some extent, as evidenced by the low order i n butanal. 

(6.4.1) (6.4.2) 

Figure 6.4.1 Determination of the order in butanal. 

Figure 6.4.2 Arrhenlus plot for the gas-phase aldol condensation of butanal. 
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T A B L E 6.4.1 K i n e t i c data f o r the gas-phase a l d o l condensation of n-butanal 
over t i n on s i l i c a c a t a l y s t s . 
order in n-butanal 

T (K) c a t a l y s t age (h) order k 4 10 3 

523 D16 40 0.73 1.2 
523* D l l 80 0.73 3.2 
523* D26 60 0.76 2.8 
573 D16 40 0.77 1.4 

a c t i v a t i o n energy 

temperature range (K) c a t a l y s t age (h) E , (kJ.mol - 1) act ko 
453 - 583 D26 40 16.0 1.2 
473 - 623 * D l l 40 15.8 2.0 
*based on a l i m i t e d number of experiments (4-6) 

6 . 5 C o n c l u s i o n s 

C a t a l y s t performance and r e a c t i o n mechanism f o r ethanal and butanal condensation 
are q u i t e s i m i l a r . The butanal condensation, however, produces higher conversions 
under i d e n t i c a l c o n d i t i o n s , and the c a t a l y s t i s much more s t a b l e , the d e a c t i v a t 
ion r a t e being 3-4 times lower f o r butanal condensation. The s e l e c t i v i t y i s 
good, commonly higher than 95%, even at high conversions. 

The b e t t e r s e l e c t i v i t y and lower d e a c t i v a t i o n of the c a t a l y s t i n the case of 
butanal condensation are most l i k e l y due to the lower r e a c t i v i t y of aldehydes 
with i n c r e a s i n g chain length and branching. Moreover, branching probably 
decreases the strength of adsorption somewhat and hinders the reactions which 
infl u e n c e s e l e c t i v i t y and d e a c t i v a t i o n . 

The higher conversion i s due, i n part, to the more favourable e q u i l i b r i u m 
conversion. Another reason i s the lower rate of c a t a l y s t d e a c t i v a t i o n . 
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7 . PROCESS FEASIBILITY 

The preceding chapters have d e a l t with the preparation of s u i t a b l e t i n on 
s i l i c a c a t a l y s t s and t h e i r performance i n r e l a t i o n to the process conditions 
applied i n the a l d o l condensation of ethanal. Although the experiments were 
performed i n microreactors and i n s p i t e of the f a c t that much remains to be 
done to develop a c a t a l y s t that i s e n t i r e l y s a t i s f a c t o r y process-wise, i t i s 
concluded that an i n d u s t r i a l process may w e l l be f e a s i b l e . In t h i s chapter a 
rough o u t l i n e i s given of such a process; i t i s too e a r l y yet to make even a 
preliminary design study i n which a l l process c o n f i g u r a t i o n s , r e a c t i o n and 
separation conditions, energy requirements and economic aspects are treated i n 
d e t a i l . 

Reaction conditions and reactor type 

Since the cost of the feedstock i s one of the major - i f not the most 
important - f a c t o r determining product cost, i t i s a prime requirement that the 
s e l e c t i v i t y of the process must be as high as p o s s i b l e . This i s the more impor
tant because liquid-phase processes showing s e l e c t i v i t i e s between 90 and 95% 
are i n use. This i s one of the reasons why the conditions advocated by Swift 
(8), v i z . a high p a r t i a l pressure of ethanal and long residence times leading 
to a r e l a t i v e l y high conversion (45-50%) but a s e l e c t i v i t y of only 75-80% ( c . f . 
table 7.1) are not acceptable. Moreover, at these conditions the c a t a l y s t de
a c t i v a t e s very r a p i d l y , which necessitates frequent regeneration. 

Although lower p a r t i a l pressures and r e l a t i v e l y short residence times r e s u l t i n a 
much improved s e l e c t i v i t y (see t a b l e 7.1) combined with reasonably slow d e a c t i v a t 
ion, operation at a low p a r t i a l pressure of ethanal and at about 15% conversion 
i s not very a t t r a c t i v e since much energy i s required to separate the products 
from unconverted ethanal and f o r r e c y c l i n g the unconverted feed. Although 
d e f i n i t e proof cannot yet be o f f e r e d , i t i s b e l i e v e d that operation with a feed 
stream containing s u f f i c i e n t water to r e t a r d c a t a l y s t d e a c t i v a t i o n i s to be pre
f e r r e d . Higher ethanal p a r t i a l pressures can then be applied and the amount of 
hydrogen added to the feed may be reduced. The e f f e c t s of omitting hydrogen 
e n t i r e l y from the feed should be studied; i f conditions can be found where 
hydrogen i s superfluous these may w e l l be more favourable. For the purpose of 



117 

t h i s d i s c u s s i o n , however, i t i s assumed that a d d i t i o n of hydrogen i s a 
n e c e s s i t y . The combined presence of water and hydrogen then r e s u l t s i n 
s e l e c t i v i t i e s that are at l e a s t as high as those obtained i n liquid-phase pro
cesses , w h i l s t d e a c t i v a t i o n i s so slow that process periods between regeneration 
of about 1000 hours can be attained i f the reactor i n l e t temperature i s adjusted 
p e r i o d i c a l l y to o f f s e t the e f f e c t s of d e a c t i v a t i o n . The exact quantity of water 
to be added to the feed should be e s t a b l i s h e d with more c e r t a i n t y , the more so 
because of the e f f e c t of water a d d i t i o n on process energy requirements. 

Operation with a feed stream containing hydrogen and water, and ethanal 
conversions of not more than about 25% have the a d d i t i o n a l advantage that an 
a d i a b a t i c fixed-bed r e a c t o r can be applied. As i s shown i n appendix 2, the heat 
of r e a c t i o n i s about -10 kj/mole, which implies that the a d i a b a t i c temperature 
r i s e over the reactor i s l i m i t e d to but a few degrees centigrade at the 
conditions envisaged. 

As f o r the c a t a l y s t , the advantages of high a c t i v i t y , s t a b i l i t y and ease of 
regeneration have been discussed i n much d e t a i l i n the preceding chapters. An
other aspect that i s important process-wise i s i t s mechanical strength. I t was 
found that c a t a l y s t s containing s i l i c a powders as the support are extremely weak 
mechanically unless a hydrothermal treatment i s applied ( c . f . support S). The 
s i l i c a g e l - b a s e d c a t a l y s t s are more s t a b l e . Nevertheless, i t i s very necessary 
to optimize the c a t a l y s t i n terms of mechanical s t a b i l i t y . As f a r as the most 
s u i t a b l e method of preparation i s concerned, the most promising method appears 
to be dry impregnation with an a c i d i f i e d s o l u t i o n of S n C l 2 ; the SnCl^ evaporat
ing during c a t a l y s t preparation can be recovered. S t i l l , the r e l a t i o n between 
method of preparation and mechanical strength may lead to the s e l e c t i o n of a 
d i f f e r e n t method. 

Process system 

Figure 7.1 shows how the process might be c a r r i e d out i n d u s t r i a l l y . Fresh ethanal 
i s added to a r e c y c l e stream c o n s i s t i n g of hydrogen, water vapour and ethanal, 
heated by heat exchange with the reactor e f f l u e n t (not shown i n the figure) and 
by a furnace, and fed to the reactor s e c t i o n at 250°C. Two a d i a b a t i c fixed-bed 
reactors are provided to enable the operation to be continuous i n s p i t e of the 
p e r i o d i c c a t a l y s t regeneration required. A f t e r heat exchange and c o o l i n g most of 
the butenal, mixed with water and unconverted ethanal, condenses, separated i n 
(4) and i s then fed to d i s t i l l a t i o n column © . The uncondensed components are 
passed to scrubber (f) where the remaining products with some ethanal are removed 
by washing with water. This s o l u t i o n i s also fed to column (6); the e f f l u e n t 
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Ethanol 

Hydrogen 

Wate r 

Heavy 
p r o d u c t s 

Butenal 

Ellar 
Figure 7,1 Process design for gas-phase aldol condensation of ethanal to 

butenal. Legend;@ compressor, Q) furnace, © packed bed c a t a l y t i c reactors, 

@ gas-liquid separator, (5) scrubber, @ d i s t i l l a t i o n tower (ethanal, 

butenal), Q) sub-zero cooling for ethanal r e f l u x (necessary when working at 

atmospheric pressure), © l i q u i d - l i q u i d separator, (?) d i s t i l l a t i o n tower 

(water) 

TABLE 7.1 Process data f o r the gas-phase aldol-condensation processes 

Type of process 

for ethanal 
S w i f t e t a l (6) 250 

proposed, without 
water 250 

proposed, with 250 

water 300 

for butanal 
S w i f t et a l (8,9) 250 

proposed 250 

LHSV D i l u e n t Average 
convers it 

Lowest 

convers i ' 

1.0 H 2 

7.5 1.0 H 2/N 2 

7.5 1.0 H 2/N 2 

0.5 H 2 

0.64 H, 

0.15 

0.17 

0.16 

0.20 

0.64 

0.37 

0. 10 

0.15 

0.13 

0.15 

Time Annual 

between p r o d u c t i o n 

r e g e n e r a t i o n per ton 

c a t a l y s t 

(ton) 

3 50 

550 

850 

>400 

1300 

2600 

3000 

2700 

3500 
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c o n t a i n i n g h y d r o g e n , w a t e r a n d e t h a n a l i s r e c y c l e d t o t h e r e a c t o r s e c t i o n . 

C o l u m n (6) p r o d u c e s e t h a n a l a s t h e t o p p r o d u c t , w h i c h i s a l s o r e c y c l e d . A 

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

a z e o t r o p e (84°C; 24.8% v o l w a t e r ) . U p o n c o o l i n g t h i s m i x t u r e s e p a r a t e s i n t o t w o 

l i q u i d l a y e r s i n s e p a r a t o r (§) ; t h e t o p l a y e r i s t e c h n i c a l b u t e n a l w i t h 9.6 v o l 

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

q u e n t c o l u m n ( n o t s h o w n ) . T h e l o w e r l a y e r f r o m s e p a r a t o r ® c o n s i s t s o f w a t e r 

a n d 15.6 v o l % b u t e n a l ; i t i s r e t u r n e d t o c o l u m n © . T h e b o t t o m p r o d u c t o f 

c o l u m n (6) i s f u r t h e r s e p a r a t e d i n t o w a t e r f o r r e c y c l e a n d h e a v y e n d s . 

M o s t o f t h e g a s f r o m s c r u b b e r (5) a n d n e a r l y a l l t h e w a t e r c a n b e r e c y c l e d ; 

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

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

c o n t a m i n a n t s i n t h e w a t e r r e c y c l e s t r e a m . H o w e v e r , i t i s e x p e c t e d t h a t t h e 

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

p r o d u c t s o b t a i n e d a s b o t t o m s i n c o l u m n © c o n t a i n u s e f u l l p r o d u c t s a s h e x a -

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

Comparison with liquid-phase processes 

I t i s n o t y e t p o s s i b l e t o c o m p a r e t h e p r o p o s e d g a s - p h a s e p r o c e s s w i t h e x i s t i n g 

l i q u i d - p h a s e p r o c e s s e s . Q u a l i t a t i v e l y i t c a n b e s a i d t h a t t h e g a s - p h a s e r e a c t o r 

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

r e c y c l e s t r e a m s a r e n e e d e d a s w e l l a s c o o l i n g t o a b o u t 2 5 ° C , w h i c h r e q u i r e s l o w -

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

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

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

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

p r o c e s s . 

T h e c o n s u m p t i o n o f c a t a l y s t a n d a u x i l i a r y c h e m i c a l s i n t h e g a s - p h a s e p r o c e s s i s 

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

c a t a l y s t i s m o r e e x p e n s i v e t h a n t h e a l k a l i c a t a l y s t n o r m a l l y u s e d i n l i q u i d -

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

i s , h o w e v e r , e x p e c t e d t o b e m u c h h i g h e r . 

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

i n t e r m e d i a t e i n t h e same o r i n a s e c o n d r e a c t o r d o w n s t r e a m o f t h e a l d o l -

c o n d e n s a t i o n r e a c t o r . C a t a l y s t s h a v e b e e n d e s c r i b e d w h i c h g i v e c o n v e r s i o n s 

a p p r o a c h i n g 100% a t s e l e c t i v i t i e s c l o s e t o 100% (237, 238, 239). T h e e f f e c t s o n 

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

t h e t i n o n s i l i c a c a t a l y s t i s , h o w e v e r , n o t k n o w n . 
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In conclusion, the gas-phase a l d o l condensation process described i n t h i s 
t h e s i s i s a p o t e n t i a l l y a t t r a c t i v e a l t e r n a t i v e for conventional liquid-phas 
processing. 

Much f u r t h e r work remains to be done to e s t a b l i s h the f e a s i b i l i t y of the 
heterogeneously catalyzed gas-phase process. 
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SUMMARY 

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

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

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

t h a t a r e now b a s e d o n e t h e n e a n d p r o p e n e e m p l o y s a l d o l - c o n d e n s a t i o n r e a c t i o n s ; 

n o t a b l y o f e t h a n a l . 

I n p r e s e n t p r o c e s s e s h o m o g e n e o u s l y c a t a l y z e d l i q u i d - p h a s e a l d o l c o n d e n s a t i o n i s 

a p p l i e d . I n p r i n c i p l e , h o w e v e r , h e t e r o g e n e o u s l y c a t a l y z e d g a s / s o l i d p r o c e s s e s 

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

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

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

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

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

t h e o p t i m a l p r o c e s s c o n d i t i o n s f o r t h e a l d o l c o n d e n s a t i o n o f e t h a n a l t o 2 - b u t e n a l . 

R e s u l t s a r e a l s o g i v e n o n t h e c o n d e n s a t i o n o f n - b u t a n a l t o 2 - e t h y l h e x e n a l . 

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

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

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

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

I m p r e g n a t i o n o f s i l i c a g e l w i t h a q u o u s S n C ^ s o l u t i o n s a c i d i f i e d w i t h h y d r o 

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

D u r i n g d r y i n g o f t h e i m p r e g n a t e d s u p p o r t S n C l ^ i s f o r m e d , w h i c h r e a c t s w i t h 

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

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

g a s e o u s S n C l ^ a t r o o m t e m p e r a t u r e l e a d s t o l o w t i n l o a d s a n d a c o n s e q u e n t l o w 

a c t i v i t y . When t h e i m p r e g n a t i n g s o l u t i o n i s n o t a c i d i f i e d i o n e x c h a n g e o c c u r s 
2+ + 

b e t w e e n S n a n d N a , w h i c h i s c o m m o n l y p r e s e n t i n s i l i c a g e l a s a n i m p u r i t y . 

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

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

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

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

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

T h e b e h a v i o u r o f t h e a e r o s i l s d i f f e r s f r o m t h a t o f s i l i c a g e l : a e r o s i l s a r e m u c h 

m o r e r e a c t i v e t o w a r d s S n C l ^ a n d c a n c o n t a i n m o r e a c t i v e t i n p e r u n i t o f s u r f a c e 

a r e a . T h i s i s s e e n m o s t c l e a r l y w i t h a e r o s i l s o f l o w s u r f a c e a r e a . D i f f e r e n c e s 

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

a r e a m o ng t h e p r o b a b l e c a u s e s . 

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

i n t w o f o r m s : a s m e t a l l i c t i n w h i c h i s m o l t e n a t r e a c t i o n c o n d i t i o n s a n d 

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

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

t h e a c t i v e s i t e s o f t h e c a t a l y s t . T h e m e t a l i o n s a n d t h e s u r r o u n d i n g o x y g e n i o n s 

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

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

K i n e t i c m e a s u r e m e n t s s h o w e d t h e o r d e r i n e t h a n a l t o b e 1.0 a n d t h e a c t i v a t i o n 

e n e r g y 33 k J . m o l e 1 a t t e m p e r a t u r e s b e l o w 275°C. A t h i g h e r t e m p e r a t u r e s t h e 

o r d e r r i s e s t o 1.3 w h e r e a s t h e a c t i v a t i o n e n e r g y g o e s d o w n t o 21 k J . m o l e I t 

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

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

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

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

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

T h e k i n e t i c s t u d y o f t h e c o n d e n s a t i o n o f b u t a n a l i n d i c a t e s t h e o r d e r t o b e 0.75 

a n d t h e a c t i v a t i o n e n e r g y 16 k J . m o l e * o v e r t h e e n t i r e t e m p e r a t u r e r a n g e 

e x a m i n e d , v i z . 170-370°C. A s i m i l a r m e c h a n i s m a s f o u n d f o r e t h a n a l i s l i k e l y , 

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

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

T h e c a t a l y s t s a r e v e r y s e l e c t i v e f o r a l d o l c o n d e n s a t i o n r e a c t i o n s (>99%). 
A l t h o u g h c o n t i n u i n g a l d o l c o n d e n s a t i o n c a u s e s a d e c r e a s e i n t h e s e l e c t i v i t y f o r 

d e s i r e d p r o d u c t s , i t a p p e a r s t h a t s e l e c t i v i t i e s a b o v e 95% a r e f e a s i b l e . T h e 

r e l a t i o n b e t w e e n p r o c e s s c o n d i t i o n s a n d s e l e c t i v i t y i s c o m p l e x . S e l e c t i v i t y 

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

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

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

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

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

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

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

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

e a s i l y a c c o m p l i s h e d b y t r e a t i n g i t w i t h h y d r o g e n a t 450°C: t h e h e a v y p r o d u c t s 

a r e t h e n d e s o r b e d a n d c o n d e n s e d m a t e r i a l s e v a p o r a t e . A l t h o u g h 30-50% o f t h e 

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

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

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

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

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

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

p a r t i a l p r e s s u r e s . T h u s , t h e p r o c e s s c o n d i t i o n s c a n b e a d j u s t e d i n s u c h a w a y 

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

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

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

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

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

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

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

i s b e l i e v e d t o b e f e a s i b l e . When w a t e r i s a d d e d t o t h e f e e d s e l e c t i v i t i e s o f 

m o r e t h a n 95% c a n b e r e a c h e d a t a n a v e r a g e c o n v e r s i o n o f 0.17, w h e n u s i n g a n 

e t h a n a l p a r t i a l p r e s s u r e o f 30 k P a a t 250°C. T h e c a t a l y s t m u s t b e r e g e n e r a t e d 

e v e r y 500 r u n h o u r s . T h e a d d i t i o n o f w a t e r d o e s f a c i l i t a t e p r o d u c t r e c o v e r y : 

m o s t o f t h e p r o d u c t s t r e a m c o n d e n s e s a t 25°C b e c a u s e o f t h e h i g h p a r t i a l 

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

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

r e c y c l e d d i r e c t l y t o t h e r e a c t o r . 

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

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

De s t i j g e n d e p r i j z e n v a n r u w e a a r d o l i e e n d e d a a r u i t b e r e i d e g r o n d s t o f f e n v o o r 

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

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

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

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

men d e h o m o g e e n g e k a t a l y s e e r d e a l d o l c o n d e n s a t i e i n v l o e i s t o f f a s e t o e . V o o r a l 

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

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

f a s e p r o c e s s e n i n p r i n c i p e v o o r d e l e n . U i t l i t e r a t u u r g e g e v e n s b l i j k t d a t t i n o p 

s i l i c a k a t a l y s a t o r e n z o w e l q u a s t a b i l i t e i t a l s s e l e c t i v i t e i t g o e d e p e r s p e c t i e 

v e n b i e d e n . D e z e d i s s e r t a t i e b e s c h r i j f t d a n o o k e e n o n d e r z o e k n a a r b e r e i d i n g 

e n w e r k i n g v a n d e z e k a t a l y s a t o r e n , e n n a a r d e o p t i m a l e p r o c e s c o n d i t i e s v o o r d e 

a l d o l c o n d e n s a t i e v a n e t h a n a l n a a r 2 - b u t e n a l . O o k w o r d e n r e s u l t a t e n g e g e v e n v o o r 

d e c o n d e n s a t i e v a n n - b u t a n a l n a a r 2 - e t h y l h e x e n a l . 

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

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

z o v e r h e t d e s i l i c a d r a g e r s s i l i c a g e l e n a e r o s i l b e t r e f t . H e t g e b r u i k v a n 

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

I m p r e g n a t i e v a n s i l i c a g e l m e t w a t e r i g e o p l o s s i n g e n v a n S n C ^ a a n g e z u u r d m e t 

z o u t z u u r l e v e r t d e b e s t e r e s u l t a t e n o p v o o r w a t t i n d i s t r i b u t i e e n a c t i v i t e i t 

b e t r e f t . T i j d e n s h e t d r o g e n v a n d e g e ï m p r e g n e e r d e d r a g e r o n t s t a a t S n C l ^ , d a t 

r e a g e e r t m e t o p p e r v l a k t e h y d r o x y l g r o e p e n v a n d e s i l i c a . De v e r h o o g d e t e m p e r a 

t u u r , b i j d r o g e n , s p e e l t h i e r b i j e e n d u i d e l i j k e r o l . B i j d i r e c t e r e a c t i e m e t , 

o p g e l o s t o f g a s v o r m i g , S n C l ^ w o r d e n b i j k a m e r t e m p e r a t u u r s l e c h t s l a g e t i n 

b e l a d i n g e n v e r k r e g e n e n d u s o o k l a g e a c t i v i t e i t e n . B i j g e b r u i k v a n n i e t a a n g e -
2+ + 

z u u r d e o p l o s s i n g e n v a n SnCl^ v i n d t i o n e n u i t w i s s e l i n g p l a a t s t u s s e n S n e n N a , 

d a t n a g e n o e g a l t i j d a l s v e r o n t r e i n i g i n g i n s i l i c a g e l a a n w e z i g i s . O o k d i t g e e f t 

e e n g o e d e t i n d i s t r i b u t i e e n r e d e l i j k e a c t i v i t e i t . 

G e b r u i k v a n t i n v e r b i n d i n g e n d i e z e e r s t e r k m e t d e o p p e r v l a k t e h y d r o x y l g r o e p e n 

r e a g e r e n , z o a l s d i b u t y l d i m e t h o x y t i n , g e e f t s l e c h t e r e s u l t a t e n . A a n d e b u i t e n 

k a n t v a n e e n k a t a l y s a t o r d e e l t j e o n t s t a a t d a n n a m e l i j k e e n z e e r h o g e t i n -
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concentratie, waardoor gemakkelijk agglomeratie van het t i n optreedt, hetgeen 
de a c t i v i t e i t ongunstig beïnvloedt. 

Het gedrag van de eveneens a l s drager toegepaste a e r o s i l s w i j k t af van dat van 
s i l i c a g e l : de a e r o s i l s b l i j k e n v e e l sterker met SnCl^ te reageren en kunnen per 
oppervlakte-eenheid meer a c t i e f t i n bevatten. D i t l a a t s t e i s het d u i d e l i j k s t 
waargenomen voor a e r o s i l s met een r e l a t i e f gering s p e c i f i e k oppervlak. De ver
s c h i l l e n i n oppervlaktestruktuur, met name voor zover het aantal en type 
hydroxylgroepen b e t r e f t , i s h i e r w a a r s c h i j n l i j k de oorzaak van. 

Aangetoond i s dat het t i n op de actieve (gereduceerde) k a t a l y s a t o r i n twee vor
men aanwezig i s : a l s onder r e a c t i e c o n d i t i e s gesmolten m e t a l l i s c h t i n dat z i c h 
i n de grotere poriën bevindt, en a l s t i n ( I I ) ionen die sterk aan het s i l i c a -
oppervlak z i j n gebonden. Deze aan zuurstofionen van het oppervlak gebonden t i n 
ionen vormen de actieve centra van de k a t a l y s a t o r . De metaalionen en omringende 
zuurstofionen fungeren r e s p e c t i e v e l i j k a l s zure en basische plaatsen, die t e 
zamen zorgen voor a c t i v e r i n g van beide b i j de r e a c t i e betrokken reactantmolecu-
len. 

U i t k i n e t i s c h onderzoek b l i j k t dat b i j temperaturen beneden 275°C de orde i n 
ethanal 1.0 i s en dat de activeringsenergie 33 kJ.mol ^ bedraagt. B i j hogere 
temperatuur wordt r e s p e c t i e v e l i j k 1.3 en 21 kJ.mol ^ gevonden. Conclusies z i j n 
dat de bezetting van de actieve plaatsen door één van de reactantmoleculen b i j 
lage temperatuur p r a k t i s c h k w a n t i t a t i e f i s , en dat adsorptie van het tweede mole 
cule snelheidsbepalend i s voor de r e a c t i e . B i j stijgende temperatuur wordt de 
bez e t t i n g minder en gaat de oppervlakteconcentratie van beide moleculen een r o l 
spelen. 

Het k i n e t i s c h onderzoek van de butanal condensatie toont een orde van 0.75 i n 
-1 

butanal en een activeringsenergie van 16 kJ.mol i n het gehele onderzochte 
temperatuurgebied van 170-370°C. Een v e r g e l i j k b a a r mechanisme a l s voor ethanal 
l i j k t w a a r s c h i j n l i j k met sterke adsorptie van product, waardoor adsorptie en 
desorptie de r e a c t i e s n e l h e i d bepalen. 

De katalysatoren z i j n zeer s e l e c t i e f voor aldolcondensatie r e a c t i e s (>99%). 
Hoewel verdergaande condensatie de s e l e c t i v i t e i t naar gewenst product doet da
le n , b l i j k e n s e l e c t i v i t e i t e n hoger dan 95% zeer goed haalbaar. De i n v l o e d van 
de c o n d i t i e s op de s e l e c t i v i t e i t i s gecompliceerd. De s e l e c t i v i t e i t d a a l t b i j 
toenemende temperatuur en toenemende conversie. Maar ook hebben concurrentie 
van reactanten en producten voor de actieve plaatsen en a l s gevolg van veroude
r i n g van de k a t a l y s a t o r veranderende reactie-omstandigheden i n de k a t a l y s a t o r -
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d e e l t j e s v e e l i n v l o e d . 

D e v o r m i n g v a n z w a r e p r o d u c t e n t e n g e v o l g e v a n v e r d e r g a a n d e c o n d e n s a t i e i s d e 

h o o f d o o r z a a k v a n d e v e r o u d e r i n g v a n d e k a t a l y s a t o r . D e z e p r o d u c t e n b l o k k e r e n 

a c t i e v e p l a a t s e n d o o r d a t z e n a u w e l i j k s d e s o r b e r e n . E e n g r o o t p e r c e n t a g e v a n d e 

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

M e t d e d u u r v a n h e t e x p e r i m e n t d a a l t d e s n e l h e i d v a n d e a c t i v e r i n g e c h t e r s t e r k . 

R e g e n e r a t i e v a n d e k a t a l y s a t o r b l i j k t e e n v o u d i g m o g e l i j k d o o r d e k a t a l y s a t o r 

b i j 450 C m e t w a t e r s t o f t e b e h a n d e l e n w a a r d o o r z w a r e p r o d u c t e n d e s o r b e r e n e n 

g e c o n d e n s e e r d m a t e r i a a l v e r d a m p t . H o e w e l 30-50% v a n d e a f z e t t i n g a c h t e r b l i j f t 

i n d e k a t a l y s a t o r w o r d t z o d o e n d e d e a c t i v i t e i t v r i j w e l g e h e e l h e r s t e l d . 

T o e v o e g e n v a n w a t e r a a n d e e t h a n a l v o e d i n g d o e t d e s e l e c t i v i t e i t s t e r k t o e n e m e n 

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

d e n g e r e m d e n d e e v e n w i c h t s l i g g i n g w o r d t o n g u n s t i g e r . H o e w e l d a a r d o o r d e c o n 

v e r s i e o n d e r o v e r i g e n s g e l i j k b l i j v e n d e o m s t a n d i g h e d e n d a a l t , i s t o e v o e g i n g v a n 

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

g e w e r k t . Z o d o e n d e k u n n e n p r o c e s c o n d i t i e s w o r d e n t o e g e p a s t , w a a r b i j t o c h e e n 

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

v e r o u d e r i n g . 

V o o r d e c o n d e n s a t i e v a n n - b u t a n a l w o r d e n v e r g e l i j k b a r e r e s u l t a t e n v e r k r e g e n . 

D e l a g e r e r e a c t i v i t e i t v a n n - b u t a n a l l e i d t t o t h o g e r e s e l e c t i v i t e i t e n e e n 

t r a g e r e d e a c t i v e r i n g v a n d e k a t a l y s a t o r . 

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

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

g e n g e g e v e n s g o e d m o g e l i j k . B i j t o e v o e g i n g v a n w a t e r k a n e e n s e l e c t i v i t e i t v a n 

>95% w o r d e n b e r e i k t b i j e e n g e m i d d e l d e c o n v e r s i e v a n 0.17, e e n e t h a n a l p a r t i a a l -

s p a n n i n g v a n 30 k P a e n e e n t e m p e r a t u u r v a n 250°C. W e l m o e t d e k a t a l y s a t o r om d e 

500 u u r g e r e g e n e r e e r d w o r d e n . 

W a t e r t o e v o e g i n g b l i j k t o o k d e p r o d u c t o p w e r k i n g t e v e r b e t e r e n : d o o r d e r e l a t i e f 

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

t o t 25°C. H e t o v e r b l i j v e n d e g a s b e s t a a t n a e e n w a t e r w a s u i t w a t e r s t o f , e t h a n a l 

e n w a t e r e n k a n w o r d e n g e r e c i r c u l e e r d n a a r d e r e a c t o r . 

Op g r o n d v a n d e z e g e g e v e n s w o r d t g e c o n c l u d e e r d d a t h e t d e m o e i t e w a a r d i s d i t 

p r o c e s e c o n o m i s c h e n t e c h n i s c h n a d e r t e a n a l y s e r e n . 
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LIST OF SYMBOLS 

e f f 
a 

E 
r 

EH 
r 

F 
G 
H 
r 

IS 

k 

k 
o 

L 
n 
P 
QS 
R pore 

BET 
T 
t 

pore 
w 

Y 

p a r t i a l pressure of 2-butenal/n-butanal i n product stream 
reactant concentration outside c a t a l y s t p a r t i c l e 
e f f e c t i v e d i f f u s i o n constant 
diameter 
p a r t i a l pressure of ethanal i n product stream 
p a r t i a l pressure of 2-ethylhexenal i n product stream 
mole flow 

degree of d e a c t i v a t i o n ( f r a c t i o n of i n i t i a l a c t i v i t y ) 
p a r t i a l pressure of water i n product stream 
isomeric s h i f t 
r e a c t i o n r a t e constant 
preexponential f a c t o r 
length of reactor 
order of the r e a c t i o n 
p a r t i a l pressure 
quadrupole s p l i t t i n g 
pore radius 
r e a c t i o n rate 
r e a c t i o n r a t e 

s e l e c t i v i t y (% of reactant converted) 
constant dependent on r a t i o of by-products 
s p e c i f i c surface area 
temperature 
time 

s p e c i f i c pore volume 
c a t a l y s t weight 
r a t i o of by-products 

conversion ( f r a c t i o n of i n i t i a l amount of reactant) 

(kPa) 
(mol.m 3) 

(m .sec ) 
(m) 

(kPa) 
(kPa) 

(mol. i f 1 ) 

(kPa) 
(mm.sec ) 

(mol.h *.g cat *.kPa n) 
(mol.h *.g c a t *.kPa n) 

(m) 

(kPa) 
, -1. (mm.sec ) 

(nm) 

(mol.h *.g cat 
(mol.sec .m ) 

(m .g ) 
(K/°C) 

(cm .g ) 

(h) 

(g) 

C a t a l y s t codes (see f u r t h e r t a b l e 2.2.1) 

A,D hydrogenic s i l i c a g e l 
F,G,S pyrogenic s i l i c a powder (aerosils) 
K,M mordenites 
.a a f t e r impregnation and drying step 
.b a f t e r c a l c i n a t i o n step 
.c a f t e r reduction step 

.d a f t e r use i n the r e a c t i o n 
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APPENDIX I . D e r i v a t i o n of the r e l a t i o n s used f o r c a l c u l a t i o n 
of c o n v e r s i o n and s e l e c t i v i t y 

As i s discussed i n 3.4.1 v i r t u a l l y a l l by-products are formed by condensation 
of three and four molecules ethanal. The following reactions are therefore of 
i n t e r e s t : 

(i) 2 ethanal butenal + water (in code: 2E •* B + H) 
( i i ) butenal + ethanal hexadienal + water (in code: B + E •*• F ( B + H ) + H) 
( i i i ) 2 butenal •> to l u a l d e h y d e / o c t a t r i e n a l + water ( i n code: 2B •+ F ( B + B j + H) 

The amount of hydrogen produced i n r e a c t i o n ( i i i ) i s neglected. Furthermore, 
the formation of an o c t a t r i e n a l by r e a c t i o n of hexadienal and ethanal i s 
incorporated i n r e a c t i o n ( i i i ) . The r e s u l t , formation of a Cg and 3 water from 
4 ethanal, i s the same. I t i s f u r t h e r assumed that the mixture shows i d e a l gas 
behaviour. 

The f o l l o w i n g i n d i c e s are used: 
0: r e f e r s to molar amounts before r e a c t i o n 
i : r e f e r s to molar amounts which would be expected i f the condensation i s 

f u l l y s e l e c t i v e 
r: r e f e r s to q u a n t i t i e s a c t u a l l y present i n the product stream 

I t i s now p o s s i b l e to derive as mole balances: 

E Q = E r + 2B r + 3 F ( B + E ) + 4 F ( B + B ) D 

B i = B r + F ( B + E ) + ^(B+B) 2 > 

H r = B i + F ( B + E ) + F ( B + B ) = B r + 2 F ( B + E ) + 3 F (B +B) 3 ) 

The t o t a l amount of by-products i s : 

F = F + F 4) r (B+E) (B+B) 

Combination of these leads to: 

E = E + B + H + F 5) 0 r r r r 
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Because i t i s not possible to measure the amount of by-products on-line f o r 
each s i n g l e sample, t h i s value must be c a l c u l a t e d from the a v a i l a b l e data. The 
d i f f e r e n c e between the actual amount of water and butenal i n the product gas, 
i . e . - B̂ ., i s e s s e n t i a l ; i t can be c a l c u l a t e d by combination of 2) , 3) and 
4) : 

H r ' B r = 2 F ( B + E ) + 3 F (B+B) 6 ) 

Furthermore i t i s necessary to know the r a t i o between F . and F. . : 
(B+B) (B+E) 

v = F / F 
* (B+B) ' (B+E) 

With t h i s r a t i o one can derive the amount of by-products formed as: 

F = S * H - S„ * B 7) r F r F r 

with S F = (1+y) / (2+3y) 

The f r a c t i o n a l conversion and the percentage s e l e c t i v i t y are defined as: 

£ = 1 - E /E„ r 0 
S = 2 * B / (E -E ) * 100 

r O r 
A f t e r i n s e r t i o n with the above equations one f i n d s : 

Z = [ d - S F ) B r + (l+S p)H r] / [ E r + d - S F ) B r + d+S F)H r] 

and: 

S = 200 * B / [~(1-S )B + (1+S )H 1 r F r F r-1 

To use these equations S has to be known f o r each sample. Since t h i s quantity 
F 

i s unknown i t must be estimated. An i n d i c a t i o n f o r the extreme can be found, 

considering that y v a r i e s between zero and u n i t y ( c . f . table 3.4.1). This leads 

to a value of S f i n the range 0.4 - 0.5. Since S p does not vary much, i t was 

taken t c be 0.45 f o r the conditions encountered during the a l d o l condensation 

of ethanal. 

In an analogous manner the following equations can be derived f o r the condensât 
ion of n-butanal (B) to 2-ethylhexenal ( E H ) : 

S = [ d - S P ) E H R + d + S F ) H R ] / [ B R + n-Sw)EHr + ( I + S J H J 
and 

S = 200 * EH r / [ ( l - S F ) E H r + (l+S p)H ] 

In t h i s case, the value 0.5 was taken f o r S 
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APPENDIX I I . A pproximation o f thermodynamic data f o r the p r o d u c t s 
o f gas-phase a l d o l c o n d e n s a t i o n , t o c a l c u l a t e 
e q u i l i b r i u m c o n v e r s i o n and heats of r e a c t i o n . 

The heat of formation of reactants and products must be known to c a l c u l a t e the 
heat of r e a c t i o n of the gas-phase a l d o l condensation of ethanal and n-butanal. 
Moreover, the Gibbs free energies of formation of the compounds involved i n 
these reactions are required to c a l c u l a t e e q u i l i b r i u m conversions as a 
function of the temperature. The methods employed are o u t l i n e d below. 

Thermodynamic values f o r ethanal, n-butanal and water are known (231), but 
hardly any of butenal and none of 2-ethylhexenal and the products formed by 
furt h e r a l d o l condensation. Many approximation methods, however, are a v a i l a b l e 
f o r c a l c u l a t i n g the necessary values, but a l l show c e r t a i n shortcomings (228, 
229, 230, 235, 236). 

For the c a l c u l a t i o n of AG f one can use e i t h e r a d i r e c t method, i n the form of 
group c o n t r i b u t i o n methods, or v i a the estimates of AH^, and C^(T). 

Comparison between the r e s u l t s of such c a l c u l a t i o n s and known data, i n the 
l i t e r a t u r e , showed that approximation v i a the component values of AH f, and 
C^(T), w i l l lead t o acceptable r e s u l t s f o r AG f i f the method of Benson (235) 
i s used i n c a l c u l a t i n g C (T) and that of Anderson (228) f o r S^. These methods 

P 
also gave the best agreement between c a l c u l a t e d and measured values of AH f f o r 
butenal. As data on the conjugational e f f e c t of the C"»C-C=0 group are una v a i l 
able, the value f o r the C=C-C=C group was taken i n t o account. The er r o r i n t r o 
duced i n t h i s way cannot be estimated i n any way. For comparison, the often 
used group co n t r i b u t i o n method van van Krevelen and Chermin was al s o applied. 
Here too the conjugational e f f e c t of C=C-C=0 had to be estimated. 

Table II.1 contains the known data on the heat of formation of 2-butenal. A 
value of -100 kJ.mol * was a p p l i e d i n the c a l c u l a t i o n s because i t i s the most 
recent given value and appears the best documented. The standard heat of 
re a c t i o n of the a l d o l condensation of ethanal found with t h i s value i s 
-13 kJ.mol j the dependence of the heat of r e a c t i o n on the temperature i s 
shown i n table II.2. I t should be noted that the approximations involved make 
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i t necessary to measure the heat of conversion d i r e c t l y f o r purposes of reactor 
design. 
The c a l c u l a t e d Gibbs free energy of r e a c t i o n f o r the a l d o l condensation of 
ethanal and n-butanal are given i n f i g u r e s 3.4.3 and 6.3.4 r e s p e c t i v e l y . 
Tables 4.1.1 and 6.1.1 give the respective c a l c u l a t e d e q u i l i b r i u m conversions. 

TABLE II.1 Thermochemical data f o r 2-butenal 

(kJ.mol S 

1) AH „„„(1) -143.3 * 0.4 (231, 232, 233) 1961 

2) i d -137.8 +1.8 (234) 1970 

.3) AH O Q Q ( g ) - 99.9 + 1.5 (234) 1970 

4) AH 1.. 37.8 + 0.8 (231) 
evaporation — 

5) AH. , .. 0 Q Q ( g ) 103.6 + 0.4 (231) 
hydrogenation,298 * — 

5) AH f 2 g 8 ( g ) butanal -203.8 (231) 

!U3LE II.2 AH r f o r the gas-phase a l d o l condensation of ethanal and n-butanal 
t d i f f e r e n t temperatures (kJ.mol ^) 

(K) 300 400 500 600 700 800 

thanal condensation -13 -11 -11 -10 - 9 - 9 

v-butanal condensation -24 -24 -23 -22 -22 -21 
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