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Homogenizing Metal Oxide Catalysts 

C h a r l e s  U .  P i t t m a n ,  J r . ,  Edwin  H .  L e w i s  
a n d  Mohammad H a b i b  

D e p a r t m e n t  of C h e m i s t r y  
U n i v e r s i t y  o f  A labama  
U n i v e r s i t y ,  AL 3 5 4 8 6  

A B S T R A C T  

M e t a l  o x i d e  p a r t i c l e s  h a v e  b e e n  p r e p a r e d  w h i c h  a r e  

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

a m e t a l  ( o r  i t s  m e t a l  o x i d e )  w i t h  w a t e r ,  m i n e r a l  s p i r i t s ,  

and  a m i x t u r e  of c a r b o x y l i c  a c i d s  c a n  r e s u l t  i n  h y d r o c a r b o n -  

m i s c i b l e  m e t a l  o x i d e  c o r e  p a r t i c l e s  of  20-10008, d i a m e t e r  

s i z e s  w h i c h  a r e  c o a t e d  w i t h  a l a y e r  o f  h y d r o p h o b i c  c a r b o x y -  

l a t e s .  T h i s  w i l l  o n l y  o c c u r  i f  t h e  m e t a 1 : a c i d  r a t i o  e x -  

c e e d s  o n e .  T h e  p a r t i c l e  s i z e  i n c r e a s e s  a s  t h e  m e t a 1 : a c i d  

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

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

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

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

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

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

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

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

o f  c y c l o h e x a n e ,  t o l u e n e ,  a n d  x y l e n e s .  C o b a l t  o x i d e s  w e r e  
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a98 PITTMAN, LEWIS, AND HABIB 

u s e d  i n  h y d r o f o r m y l a t i o n s  o f  1 - p e n t e n e .  N i c k e l  o x i d e  c a t a l y s t s  

w e r e  t e s t e d  i n  h y d r o g e n a t i o n s  o f  1 - p e n t e n e ,  p o l y b u t a d i e n e ,  p o l y -  

i s o p r e n e ,  and  a r o m a t i c  c o m p o u n d s ,  T h e  n i c k e l  o x i d e s  were much 

m o r e  a c t i v e  u p o n  a d d i t i o n  o f  E t 3 A 1 .  C o b a l t  o x i d e  s y s t e m s  w e r e  

a c t i v e  i n  t h e  s y n d i o t a c t i c  1 . 2 - p o l y m e r i z a t i o n  o f  b u t a d i e n e .  

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

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

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

me ta l  h y d r i d e s  o r  E t 3 A 1  g a v e  s u p p o r t e d  me ta l  c a t a l y s t s .  T h e  

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

I N T R O D U C T I O N  

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

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

Homogeneous  t r a n s i t i o n  m e t a l  c o m p l e x e s .  for e x a m p l e ,  h a v e  

b e e n  i m m o b i l i z e d  o n t o  c r o s s l i n k e d  p o l y m e r s  and  s i l i c a  [ 1 - 3 ] ,  

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

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

c a t a l y s t  h a s  l a r g e l y  b e e n  o v e r l o o k e d .  C o n s i d e r  m e t a l  

o x i d e  c a t a l y s t s .  H o w  c o u l d  o n e  " h o m o g e n i z e "  a m e t a l  o x i d e ?  

C o u l d  a m e t a l  o x i d e  b e  p r e p a r e d  t h a t  w a s  " s o l u b l e "  i n  a 

h y d r o c a r b o n  s o l v e n t ?  I t  w a s  t h i s  g o a l  w h i c h  w a s  t h e  b a s i s  

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

S o l u b l e  m e t a l  c a r b o x y l a t e  s a l t s  ( s o a p s )  h a v e  b e e n  u s e d  

R S  c a t a l y s t s  f o r  p a i n t  d r y i n g ,  o x i d a t i o n  o f  p - x y l e n e  t o  

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

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

o f  c a r b o x y l i c  a c i d  [ 4 ] .  H o w e v e r ,  w h a t  w o u l d  h a p p e n  if a 

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

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

r a t i o  i s  k e p t  g r e a t e r  t h a n  one)? I f  a n  i n s u f f i c i e n t  q u a n t i t -  

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

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

m e t a l  c a r b o x y l a t e s  r e s u l t ?  A n t h o n y  A l k a i t i s  a n d  P a u l  C e l l s ,  

w o r k i n g  a t  Mooney C h e m i c a l  Co.. I n c .  [ 5 ] ,  p i o n e e r e d  s u c h  

r e a c t i o n s  i n  1 9 7 7 .  T h e  p r o c e d u r e  i s  i l l u s t r a t e d  i n  F i g u r e  I .  
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METAL OXIDE CATALYSTS 899 
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FIG. 1. 

H e a t i n g  m e t a l  o x i d e s ,  w a t e r  a n d  a m i x t u r e  of  c a r -  

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

( o r  o t h e r  s o l v e n t s ) ,  l e d  t o  a n  e x o t h e r m i c  r e a c t i o n  giving 
m e t a l  h y d r o x i d e s  a n d  c a r b o x y l a t e s  [ 5 ] .  A i r  o x i d a t i o n  a n d  

d i s t i l l a t i o n  o f  w a t e r  g a v e  " s o l u b l e "  m e t a l  o x i d e s  [ S ] .  F o r  

e x a m p l e ,  s t a b l e  h y d r o c a r b o n  " s o l u t i o n s "  of Mn3O4, C O O ,  o r  

N i O  c o u l d  b e  made t h a t  were  6 0 %  by  w e i g h t  m e t a l .  O t h e r  s u c -  

c e s s f u l  p r e p a r a t i o n s  o f  Be203  a n d  CuO, a s  w e l l  a s  b i m e t a l l i c  

s y s t e m s  s u c h  a s  MngO4fCo0, Mn304fBaO a n d  MnjO4fZnO w e r e  

made [ 5 1 .  

EXPERIMENTAL 

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

p a r t i c l e s  is d e s c r i b e d  b y  A l k a i t i s  a n d  C e l l s  in t h e i r  1 9 7 9  

p a t e n t  . [ 5 . ] .  T h u s ,  t h e  s y n t h e s e s  w i l l  not b e  f u r r h e r  

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

p e r i m e n t s  w i l l  b e  d e s c r i b e d  in t h e  f o l l o w i n g  p a p e r .  
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900 PITTMAN, LEWIS, AND HABIB 

Homogeneous R e a c t i o n s  

x y l e n e s  were c a r r i e d  o u t  i n  lOOcc o r  2 5 0 c c  s t a i n l e s s  s t e e l  

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

F o r  e x a m p l e ,  a t y p i c a l  c y c l o h e x a n e  o x i d a t i o n  i n  b e n z e n e  

i n v o l v e d  c h a r g i n g  c y c l o h e x a n e  ( 5 9  m m o l ) ,  b e n z e n e  ( 2 5 0  m m o l ) ,  

and  c y c l o h e x a n o n e  ( 0 . 4 8  mmol,  a n  i n i t i a t o r )  i n t o  t h e  a u t o -  

c l a v e .  Then t h e  c o b a l t  o x i d e  c o m p l e x  ( 0 . 1 3  mmol) a n d  t h e  

m a n g a n e s e  o x i d e  c o m p l e x  ( 0 . 4 4  mmol) w e r e  a d d e d ,  f o l l o w e d  b y  

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

r e a c t o r  v e s s e l  w a s  v i g o r o u s l y  s h a k e n  w h i l e  h e a t e d  (115-160 ' )  

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

by c o o l i n g  and  a n a l y s i s  o f  g l c .  S i m i l a r  s t r a i g h t f o r w a r d  

p r o c e d u r e s  were u s e d  i n  h y d r o f o r m y l a t i o n s  (CO/H2 a t m o s p h e r e ) ,  

and  h y d r o g e n a t i o n s  (H2 a t m o s p h e r e ) .  

S u p p o r t e d  C a t a l y s t s  

c a t a l y s t s  f r o m  t h e  " s o l u b l e "  m e t a l  o x i d e s  f o l l o w e d  t h e  

f o l l o w i n g  g e n e r a l  m e t h o d .  T h e  s u p p o r t  (A l2O3 ,  S i O 2 ,  k i e s e l g u h r )  

was t h o r o u g h l y  d r i e d  by h e a t i n g  a t  50O-6OO0C u n d e r  a c o n -  

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

s u p p o r t  was t r e a t e d  w i t h  a " s o l u t i o n "  o f  t h e  o v e r b a s e d  

Mooney c o m p l e x e s  t o  f o r m  a s l u r r y  w h i c h  was  t h o r o u g h l y  m i x e d .  

The  s o l v e n t  was  r emoved  i n  v a c u o .  T h e  s u p p o r t e d  c a t a l y s t s  

w e r e  t h e n  h e a t e d  t o  4 0 0 - 5 0 0 °  u n d e r  a f l o w  o f  o x y g e n  t o  i n s u r e  

t h e  o x i d a t i o n  o f  a n y  o r g a n i c  compounds  o n  t h e  s u r f a c e  a n d  t o  

e f f e c t  s u r f a c e  b i n d i n g .  I n  many c a s e s  r e d u c t i o n  was t h e n  

e f f e c t e d  u s i n g  NaBH4 o r  A 1 E t 3  o r  by  h e a t i n g  i n  a h y d r o g e n  

a t m o s p h e r e .  

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

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

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

a l u m i n a - s u p p o r t e d  N i O  a n d  N i  f o r  s t u d i e s  o f  t h e  d e m e t h y l a t i o n  

o f  1 - m e t h y l n a p h t h a l e n e  is g i v e n ,  A l u m i n a  t a b l e t s  (1/8") f r o m  

C a l c i c a t ,  h a v i n g  a p o r e  v o l u m e  o f  O . S c c / g  a n d  a s u r f a c e  a r e a  

o f  200rn2/g were d r i e d  a t  5OO0C f o r  3 h r s .  u n d e r  a c o n t i n u o u s  

n i t r o g e n  p u r g e .  A f t e r  c o o l i n g ,  1 0 6 g  o f  t h e  s u p p o r t  was 

t r e a t e d  w i t h  a h e x a n e  s o l u t i o n  ( 2 0 0 m l )  o f  t h e  n i c k e l  o x i d e  

p a r t i c l e s  ( 1 2 2 1  d i a m e t e r  i n  m i n e r a l  s p i r i t s ,  N i / a c i d  = 3 3 ,  
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METAL OXIDE CATALYSTS 901 

acid distribution: 2O%C3, 50%c8, 15%neoClo and 1 5 % c I g )  

containing 2 1 . 2 g  of the nickel complex (to give theoreti- 
cally a 9% wt. Ni catalyst). The nickel complex was in- 
jected; then nitrogen was introducted at 1 atm. and the 
slurry was mixed for 10 hrs. The solvent was evaporated to 
give dark tablets which were dried in a steel tube at 400'C 
for 1 hr. under nitrogen and then an additional 2 hrs. at 

4OO0C under oxygen. This catalyst was designated A1203-Ni0. 
The supported nickel oxide (just described) (60g) was 

reduced with a 0.5M aqueous solution of NaBH4 (3.2g, 0.065 mol). 
After the evolution o f  gas stopped (-8hrs.) the catalyst had 

turned green. The catalyst was washed with distilled water 

three times and drfed in vacuo. The tablets were heated 
under a nitrogen flow for 2 hrs. at 4 O O 0 C  and then des- 

ignated A1203-Ni. 

Testing A1703-NiO and A1203-Ni 
Dried AlZ03-Ni (log), cyclohexane (30ml), and 1- 

methylnaphthalene ( 5 g ;  35.lmmol) were charged into a 300ml 
autoclave which was pressurized to 850psi with hydrogen. 
The reactor was heated to 320' (pressure increased to 

14OOpsi) and held for 30min. Glc analysis (Hewlett Packard 
Model 5710A with a model 3380A recorder integrator using 
internal standard techniques) showed 1-methylnaphthalene 

93.6%. naphthalene 3.8%, trans-1-methyldecalin 1.6%, trans- 
decalin 0.5%. and &-decalin 0.51%. After 17hrs at 320' 

the product distribution was, respectively O X ,  1.9%. 11.6%. 
ll.O%, and 73.7%. 

The A1203-Ni0 catalyst ( 2 O g )  and 1-methylnaphthalene 

(log, 70.3mmol) were charged to an autoclave and reacted as 

described above (74Opsi initial hydrogen pressure and 125Opsi 

at 3 2 0 ' ) .  After 18hrs. glc analysis showed 1-methylnaphthalene 

28.41, naphthalene 14.2% &-1-methyldecalin 5 . 7 % .  trans-l- 

methyldecalin 7.8%, *-decalin 10.7%, and trans-decalin 33.1% 

R E S U L T S  AND DISCUSSION 

"Soluble" metal oxide systems were prepared in a 
variety of concentrations. To characterize the particles, 
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902 PITTMAN, LEWIS, AND HABIB 

t h e  n a t u r e  o f  t h e  m e t a l  o x i d e  c o r e  was  s t u d i e d  by  X - r a y  

a n a l y s i s .  A c r y s t a l l i n e  c o r e  d o m a i n  w a s  s u r r o u n d e d  by  a n  

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

( s p i n e l ) ,  C O O  ( c u b i c ) ,  Fe3O4 ( s p i n e l )  a n d  CuO ( t r i c l i n i c ) .  

Where two d i f f e r e n t  m e t a l s  w e r e  u s e d  i n  t h e  p r e p a r a t i o n s  

( i e  MngOf,/CoO e t c . )  t h e  a t o m s  o f  b o t h  w e r e  p r e s e n t  in t h e  

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

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

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

s o l v e n t s .  E l e c t r o n  m i c r o s c o p y  (2x106M) o f  d r i e d  s a m p l e s  

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

t i c l e s "  

300A c l u s t e r s .  I n f r a r e d  a n d  c h e m i c a l  a n a l y s i s  f u r t h e r  

r e v e a l e d  a s t r u c t u r e  g e n e r a l i z e d  i n  F i g u r e  2 .  C a r b o x y l i c  

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

B o t h  c a r b o x y l a t e  s a l t  s i t e s  and  h y d r o g e n - b o n d e d  c a r b o x y l i c  

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

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

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

(30-808, d i a m e t e r )  w h i c h  w e r e  a g g r e g a t e d  i n t o  200-  
0 

METAL OXIDE CARBOXYLATE PARTICLE STRUCTURE 

Crystalline Core Region 

Amorphous Surface Region 

FIG. 2. 
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METAL OXIDE CATALYSTS 903 

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

m i n e r a l  s p i r i t s ,  h e x a n e ,  b e n z e n e ,  e t c .  

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

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

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

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

t i c l e s  c a u s e d  much i n i t i a l  c o n f u s i o n .  T h e  p a r t i c l e s '  

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

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

v a p o r  p r e s s u r e  o s m o m e t r y  (VPO) g a v e  m o l e c u l a r  w e i g h t s  f a r  

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

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

t e c h n i q u e  m e a s u r e s  a c o l l i g a t i v e  p r o p e r t y .  F i g u r e  3 il- 

l u s t r a t e s  t h i s  p r i n c i p l e .  Here  a c o r e  p a r t i c l e ,  w i t h  a 
m o l e c u l a r  w e i g h t  o f  1 0 6  is i n  e q u i l i b r i u m  w i t h  s i x  d i s -  

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

a p p e a r  t o  h a v e  a m o l e c u l a r  w e i g h t  o f  1 0 6 / 7 .  T h e r e f o r e ,  

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

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

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

s e d i m e n t a t i o n  e q u i l i b r i u m  e x p e r i m e n t s .  H o w e v e r ,  t h e  

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

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

e q u i l i b r i u m  e x p e r i m e n t s ,  

Part icle Dirrociat ion 

In= 10 6 = 106/7 

FIG. 3.  
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904 PIT", LEWIS, AND HABIB 

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

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

s o l v e n t .  T h i s  i s  t h e  r e s u l t  of  a s o l u t i o n  a g g r e g a t i o n  

e q u i l i b r i u m  which  i s  s o l v e n t  d e p e n d e n t ,  P o o r  s o l v e n t s  

g a v e  t h e  h i g h e s t  m o l e c u l a r  w e i g h t s  a s  c a n  b e  s e e n  i n  T a b l e  1 .  

F o r  e x a m p l e ,  a Mn3O4 s a m p l e ,  made w i t h  a m e t a l / a c i d  r a t i o  

o f  1 8 ,  was p r e s e n t  a s  " u l t i m a t e  p a r t i c l e s  " ( 4 8 i  d i a m e t e r )  

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

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

o f  20 u l t i m a t e  p a r t i c l e s  was p r e s e n t  p e r  a g g r e g a t e ,  T h i s  

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

i n  F igure  4 .  Thus ,  t o  m e a s u r e  t h e  c o r e  p a r t i c l e ' s  a c t u a l  

s i z e  r e q u i r e s  t h a t  measurement  b e  made i n  a good s o l v e n t ,  

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

a d d i n g  a good s o l v e n t ,  t h e  e q u i l i b r i u m  is r e v e r s e d  and  t h e  

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

T A B L E  1 

S e d i m e n t a t i o n  V e l o c i t y  Studies C o n f i r m  A g g r e g a t i o n  
E q u l i b r a  Is S o l v e n t  Dependent  

Sample M I A  S o l v e n t  P a r t i c l e  Molec.  Ave. No. O f  
Dia  - ( A )  Weight  U l t i m a t e  P a r t i c l e s  

40%MnA 18 Min. Sp .  P8 1 . 5 ~ 1 0 5  1 . 0  
(MngO4) C y c l o h e x .  72 5 . 0 ~ 1 0 ~  3 . 3  

C C 1 4  103 1 . 5 ~ 1 0 ~  1 0 . 0  

THF 1 2 8  3 . 0 ~ 1 0 ~  20.0 
Bz 111 1 . 9 x 1 0 6  1 3 . 0  

Min. Sp .  1 2 2  3 . 1 ~ 1 0 ~  
5 0 % N I B  3 3  I s o o c t .  132  4 . 1 ~ 1 0 ~  
( N i O )  C C 1 6  286 4 0 . 0 ~ 1 0 ~  

40%Coc 2 4  I s o o c t .  8 6  9 . 0 ~ 1 0 ~  
(COO) CCl4 160 5 . 7 ~ 1 0 6  

A20% C3, 40% Cg 20% C3, 50% C 8  30% C3, 55% n e o  C10 
20% neo  C 1 o  15% neo  C 1 o  154: C18 
20% C18 15% C 1 8  
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METAL OXIDE CATALYSTS 905 

Nonspecif ic Aggregation 

Large 
aggregate 

U l t imate  
part  i el e 

3k-e 
Meta l  oxide core 
J 
OlllMlW + 

Acid hydrocarbon ta i l  

FIG. 4. 

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

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

p a r t i c l e ' s  s i z e  b e  v a r i e d  b y  c h a n g i n g  t h e  m e t a l / a c i d  r a t i o  

d u r i n g  p r e p a r a t i o n ?  The  a n s w e r  a p p e a r s  t o  b e  y e s .  I n  

T a b l e  2 o n e  o b s e r v e s  t h i s  t r e n d .  O t h e r  s i m i l a r  o b s e r v a -  

T A B L E  2 

E f f e c t  O f  M e t a l / A c i d  R a t i o  On P a r t i c l e  S i z e  

M o l e c u l a r  S o l v e n t  Paz:tc]ie Di W e i g h t  
S a m p l e  Meta l  

A c i d  

Mn gA 3 5  6 . 3 ~ 1 0 ;  Min.  S p .  
(~11304)  12-4 4 3  1 . 2 x 1 0  Min.  S p .  

1 gA 48 1 . 5 ~ 1 0 ~  Min.  S p .  

c o  24: 1 7 9  7 .  4 x 1 0 6  Min .  S p .  
(COO) 42  206 1. i X 1 0 7  Min.  S p .  

A 25%C3, 25%C10,  15%C18, . I O % B e n z o i c  

C o n c l u s i o n .  PARTICLE SIZE INCREASES AS M / A  INCREASES 
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906 PITTMAN, LEWIS, AND HABIB 

t i o n s  h a v e  b e e n  made i n  o t h e r  s o l v e n t s .  By r a i s i n g  t h e  

m e t a l / a c i d  r a t i o s ,  l a r g e r  p a r t i c l e s  a r e  m a d e .  Does  t h e  

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

c h a n g e  t h e  p a r t i c l e  s i z e  when t h e  m e t a l / a c i d  r a t i o  i s  

c o n s t a n t ?  I n  T a b l e  3 w e  s e e  t h e  a n s w e r  i s  n o .  T h e  u l t i m a t e  

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

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

s o l u t i o n  a g g r e g a t i o n  e q u i l i b r i a ' s  d e p e n d e n c e  on s o l v e n t .  

From t h e s e  r e s u l t s  a g e n e r a l  p i c t u r e  e m e r g e s .  D u r i n g  t h e  

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

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

u n t i l  a l l  a v a i l a b l e  w a t e r  i s  l o s t  ( c o m p l e t e  M-0-M b o n d  f o r m a t i o n )  

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

Use o f  " S o l u b l e  M e t a l  O x i d e s "  a s  Homogeneous  C a t a l y s t s  

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

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

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

i t  was o f  i n t e r e s t  t o  s e e  i f  t h e s e  o x i d e  c o m p l e x e s  c o u l d  

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

M e t a l  c a r b o x y l a t e s ,  (RCOZ)yM+Y, h a v e  l o n g  b e e n  u s e d  

T A B L E  3 

E f f e c t  O f  A c i d  D i s t r i b u t i o n  On P a r t i c l e  S i z e  a t  C o n s t a n t  
M e t a l / A c i d  R a t i o  ( I n  M i n e r a l .  S p i - r i t s )  

S D i a m e t e r  M o l e c .  
d W e i g h t  

M e t a l  M e t a l  
( O x i d e )  A c i d  

18* 5 2 . 4  4 8  1 .  5 1 x 1 0 5  
Mn 1 gB  5 1 . 3  47 1. 4 7 x 1 0 5  

(Mn30 4 )  18' 4 9 . 5  47  1 . 4 0 ~ 1 0 ~  
1 gD 5 2 . 5  48 1 . 5 3 x 1 0 5  

A 25%C3 35%C3 5 o % c 4  4 o % c 4  
2 5 % c 8  3 5 % c 8  4 0 % c 8  4 0 % c 8  
25%ClO 10%ClO 1 0 % ~ ~ ~  20%C 1 8  
15XCl8 5 X B e n z o i c  

a c i d  

C o n c l u s i o n  S i z e  is i n d e p e n d e n t  of a c i d  d i s t r i b u t i o n  a t  
c o n s t a n t  M I A  i f  s o l v e n t  i s  a good  o n e .  
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METAL OXIDE CATALYSTS 907 

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

c a t a l y s t s  f o r  h e a v y  f u e l  o i l s . 6  The  c o m p l e x e s ,  u n l i k e  

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

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

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

d o .  T h u s ,  t h e y  d o  n o t  p l u g  up  f u r n a c e  s p r a y  n o z z l e s .  We 

r e p o r t ,  h e r e ,  s e v e r a l  o t h e r  a t t e m p t s  t o  u s e  t h e s e  c o m p l e x e s  

h o m o g e n e o u s l y .  

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

t o  c a t a l y z e  t h e  o x i d a t i o n  o f  c y c l o h e x a n e  w i t h  oxygen a t  

1 1 5 - 1 6 0 °  , 7  The s p e c i a l  s o l u b l e  p a r t i c u l a t e  c a r a l y s t s  o f  

Mn3O4 a n d  C O O  a l s o  c a t a l y z e  t h i s  r e a c t i o n .  T h e  r a t e s  o f  

t h i s  o x i d a t i o n  when c a t a l y z e d  by  a s o l u b l e  C O O  c o m p l e x  

( C o l a c i d  = 2 4 ,  86A d i a m e t e r  i n  i s o o c t a n e )  were  c o m p a r e d  t o  

t h a t  when t h e  c a t a l y s t  w a s  c o b a l t  n a p h t h e n a t e  a t  1 1 5 '  a n d  

3OOpsi  ( 1 1 9 ,  02/N2). T h e  r a t e s  were a p p r o x i m a t e l y  e q u a l .  

S i m i l a r  c o m p a r i s o n s  were made  o f  t h e  Mn304 c o m p l e x  (Mnl 
a c i d  = 1 8 ,  48A d i a m e t e r  i n  m i n e r a l  s p i r i t s )  t o  m a n g a n e s e  

n a p h t h a n a t e  a t  1 4 0 '  a n d  1 7 O p s i .  A g a i n  t h e  r a t e s  w e r e  

a p p r o x i m a t e l y  e q u a l .  The r e a c t i o n s  were  c a r r i e d  o u t  i n  

a u t o c l a v e s  s h a k e n  w i t h  a w r i s t a c t i o n  s h a k e r ;  t h u s  mass  

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

T h e  m a j o r  d r a w b a c k  in t h e s e  o x i d a t i o n s  was t h e  l a c k  

0 

0 

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

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

c a t a l y s t s  p r e c i p i t a t e d  a s  a b l a c k  p o w d e r .  P o s s i b l y ,  some 

o f  t h e  c o r e s '  s u r f a c e  a c i d  g r o u p s  a r e  e s t e r i f i e d ,  t h u s  p r o -  

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

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

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

02, b e n z e n e  
______j 
C O O  o r  Mq.304 0 " s o  1 ub  1 e " me t a 1 
o x i d e  c o m p l e x e s  

11 5-160'  
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908 PITTMAN, LEWIS, AND HABIB 

Oxidations of Toluene and p-Xylene 

to p-toluic and terephthalic acids with 02/N2 mixtures 

were successfully catalyzed by the MngO4 and C O O  soluble 

Yooney complexes at 160' and 120-2OOpsi in benzene. Since 
surface sites must be involved in catalysis, it was not 

surprising that the core complexes were only about 1 / 1 0  as 

active per metal atom as the corresponding metal carboxy- 

late salts. It would be interesting to see if the use of 
smaller C O O  core particles would lead to an increase in rate. 

The oxidations of toluene to benzoic acid and p-xylene 

C 0 2 H  
0 2 / N 2  

C O O  or M1-1304 
com lexes 160 ! , 120-200p~i 

Hydroformylation. 
The C O O  complexes catalyzed 1-pentene hydroform-lations, 

The soluble core complexes decomposed, in part. to C o 2 C C O I 8  

in these reactions. This was shown by demonstrating C O ~ ( C O ) ~  

and the COO complex gave the same normal/branched aldehyde 

selectivities at a variety of temperatures. Thus cobalt 
carbonyl served as the true homogeneous catalyst in this 

case and one cannot view the soluble metal oxide as the 

catalyst. 

800-1300p~i 
160" 
C O O  complex 

Polymerizations 

polybutadiene at temperatures from 20' t o  70' using a 

catalyst system composed of an 80A diameter C O O  core 

complex, C S 2 ,  and AlEt3 (Al/Co;50), Benzene was used as 

the solvent and the resultant 1,2-polybutadiene had a 

high crystallinity and melting points ranged from 203- 

Butadiene was selectively polymerized t o  1 . 2 -  

0 
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METAL OXIDE CATALYSTS 909 

2 1 3 ' .  The  p o l y m e r  w a s  d i s s o l v e d  i n t o  h o t  o - d i c h l o r o -  

b e n z e n e  a n d  p r e c i p a t e t e d  i n t o  m e t h a n o l ,  A s t r o n g  I R  

a b s o r p t i o n  a t  660m;l c h a r a c t e r i z e d  t h e  1 .2 -mode  o f  p o l y -  

m e r i z a t i o n .  No p o l y m e r  w a s  o b t a i n e d  i n  t h e  a b s e n c e  o f  

CS2. T y p i c a l  r e a c t i o n s  e m p l o y e d  h u t a d i e n e  ( 5 g ) ,  b e n z e n e  

( 3 0 m l ) .  c o b a l t  c o m p l e x  (0 .O5mmol  o f  C o ) ,  C S 2  ( 0 , 4 2 m m o l )  

a n d  A l E t 3  ( 2 . 5 m m o l ) .  U n d e r  t h e s e  c o n d i t i o n s  t h e  p o l y m e r  

y i e l d  was  40% a t  20 '  a f t e r  24  h r ,  a n d  1 9 %  a t  6 0 '  a f t e r  

3 . 2  h r .  

A p p a r e n t l y ,  Z e i g l e r - N a t t a  t y p e  c a t a l y s t  s i t e s  a r e  

f o r m e d  on  t h e  s u r f a c e s  o f  t h e  s o l u b l e  m e t a l  o x i d e  com- 

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

c o b a l t  o c t o a c t e  w e r e  10 t o  2 0  t imes  m o r e  a c t i v e  p e r  c o b a l t  

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

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

s i t e s  w h e r e a s  a l l  t h e  m e t a l  a r e  a v a i l a b l e  c a t a l y s t  s i t e s  

w i t h  c o b a l t  o c t o a t e .  

C O O  c o m p l e x  

N '",511° 

H y d r o g e n a t i o n s  
The  s o l u b l e  n i c k e l  o x i d e  c o r e  p a r t i c l e s  (Ni!ac id  = 3 3 ,  

d i a m e t e r  in m i n e r a l  s p i r i t s  = 1 2 2 1 )  w e r e  a c t i v e  c a t a l y s t s  

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

c o m p l e x e d  w i t h  A 1 E t 3 .  N e i t h e r  t h e  N i O  c o m p l e x  n o r  n i c k e l  

o c t o a t e  w a s  a c t i v e  w i t h o u t  t h e  p r e s e n c e  o f  A l E t 3  u n l e s s  

t h e  r e a c t i o n  t e m p e r a t u r e  e x c e e d e d  1 3 0 ' .  In e x a m p l e  r e a c t i o n s  

c a r r i e d  o u t  a t  l 0 0 ' C  a n d  u s i n g  A l E t 3 / N i  = 3 . 7 ,  I - p e n t e n e  

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

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

o c t o a t e .  T h e  a c t i v i t i e s  were c o m p a r a b l e .  T a b l e  4 sum- 

m a r i z e s  a f e w  r e p r e s e n t a t i v e  r e a c t i o n s ,  

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

c o m p o s e d  o f  t h e  N i O  p a r t i c l e s  r e d u c e d  w i t h  A 1 E t 3  o r  n i c k e l  
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910 PITTMAN, LEWIS, AND HABIB 

TABLE 4 

Hydrogenation of 1-Pentene Catalyzed by Soluble NiO- 
Complexes Versus Nickel Octoate a 

Catalyst Temp H 2  Pressure Time n-Pentane 2-Pentene 
OC Psig hr. % % (a/ trans ) 

Nickel 

NiO-particlesb 
NiO-particlesb 
Nickel octoate 

NiO-part icles 

Nickel octoate 
NiO-par t icles 

oc toa t eb 

11 ,I 

I ,  9 ,  

100 
98 
160 
100 

11 

I, 

I 1  

60 
7 2  

450 
450 
475 
200 

I ,  

I ,  

110 
110 

3 0 0 
16 0 0 

110 100 
0.5 66 8/26 

12.0 100 0 

12 100 0 
.33 52 6/21 

.25 24 57/17 

.25 51 4019 

a Reactions run in cyclohexane (151111) using 1-pentene (2.0m1, 
18.2 mmol), nickel species (0.98 mmol), and AlEt3 (3.6mmol) 
unless noted otherwise. 
No hlEt3 added. 

octoate/A1Et3 (Al/Ni=3.5). Using 1.0mmol o f  Ni, the hydro- 
genations were complete after l0hrs. at 120' and 1lOpsi. 

Nickel octoateln-Buti and nickel octoate/n-BuLi/phenol systems 

were also active but n-BuLi or n-BuLi/phenol was unable to 

activate the NiO core p3rticles. Unlike cis-polybutadiene, 

neither the NiO particle nor nickel octoate systems were able 
t o  catalyze the hydrogenation o f  polyisoprene. 

L NiO Complex or 
Ni Octoate 
A1Et3  .L 

M 
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METAL OXIDE CATALYSTS 911 

P r e p a r a t i o n  a n d  Use o f  S u p p o r t e d  H e t e r o g e n e o u s  C a t a l y s t s  
f r o m  " S o l u b l e "  Meta l  O x i d e  C o m p l e x e s  

S u p p o r t e d  m e t a l  o x i d e  c a t a l y s t s  a r e  u s u a l l y  p r e p a r e d  

by  i m p r e g n a t i n g  s u p p o r t  m a t e r i a l s  ( A l z O 3 ,  S i O 2 ,  K i e s e l g u h r  

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

d r y i n g  a n d  o x i d a t i o n  ( w i t h  O 2  a t  4 0 0 - 8 0 0 ° )  

R e d u c t i o n  w i t h  h y d r o g e n  (200-500°), o r  w i t h  m e t a l  h y d r i d e s ,  

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

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

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

F i g u r e  5 .  One m i g h t  b e  a b l e  t o  t a i l o r  t h e  p a r t i c l e  s i z e  

o f  t h e  s u p p o r t e d  m e t a l  o x i d e  ( o r  m e t a l )  b y  v a r y i n g ' t h e  s i z e  

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

e q u i l i b r i a  ( i l l u s t r a t e d  i n  F i g u r e  4 ) .  

t o  t h e  o x i d e .  

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

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

s o l v e n t ,  o x i d a t i o n  w i t h  O 2  a t  400-700°  g a v e  t h e  s u p p o r t e d  

m e t a l  o x i d e ,  R e d u c t i o n  w i t h  H 2 ,  N a B H 4  o r  A 1 E t 3  g a v e  t h e  

USE OF "SOLUBLE METAL OXIDE CORES" 
TO PREPARE HETEAEGENEOUS CATALYSTS 

SUPPORTED 
METAL OXIDE 

L . .  

SUPPORTED METAL 

FIG. 5. 
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PITTMAN, LEWIS, AND HABIB 912 

supported metal. Supuorted oxides (COO. N i O ,  Te203, and 

CoO-Pe203) were prepared on alumina and kieselguhr. After 

reduction with A1Et3 all these systems were very active 

hydrogenation catalysts for aromatic systems. These are 

described in the next chapter in more detail. 

Hydrogenation of Aldehydes to Alcohols 

in the hydrogenation o f  aliphatic and aromatic aldehydes to 

alcohols. These reactions were patterned after those des- 

cribed in US Patent 3,803,055 which used a silica-supported 

catalyst prepared by the classic salt impregnation tech- 
niques. Silica (8-12mesh, 300m2/g, pore volume = lcc/g) 

was treated with aqueous N.aOH to bring its pH to 8 . 2 .  After 

washing and drying (120 '  fn vacuo and 5 0 0 ' ,  hhrs., under 

nitrogen flow), the silica was treated with pentane solutions 
of both the soluble NiO (Ni/acid = 33, 122A diameter) and 

CuO (Cu/acid - 19, 2801 diameter in CCl4) and chromium 

octoate, followed by drying in vacumn. The resulting solid 

was heated € O K  2 hrs. at 500' in oxygen to give a supported 
metal oxide catalyst analyzing for 8%Cu, 2.7%Ni and 0.4XCr. 

The oxide catalyst was reduced by heating in a hydrogen 

atmosphere at 200' (lhr.) and 300' (1.5hr.) 

A reduced Si02-Ni-Cu-Cr- catalyst was prepared and used 

H, + N 3 -0" 
CHo S i02-Ni-Cu-Cr 

L 160°,200psi 

Butanal was readily hydrogenated to butanol at 1 6 0 '  

and 2OOpsi using this supported catalyst. The reaccion 

was completed in 20hrs. and the catalyst was recycled 

several times without loss o f  activity. Under the same 
conditions benzaldehyde was reduced to benzylalcohol at 

about one half the rate of butanal. Cyclohexanecarboxa- 

ldehyde, contaminated with 15% of cyclohexane carboxylic 

acid, was reduced to cyclohexylcarbinol at a rate com- 

parable to the benzaldehyde reductions. 
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METAL OXIDE CATALYSTS 913 

Demethylation of 1-Methylnaphthalene 

cribed in the experimental section) were prepared by 

deposition of soluble NiO particles on A1203 followed 

by oxidation (02, 400') and reaction with NaBH4. They 

were active jn the demethylation o f  1-methylnaphthalene 
at 320' and 14OOpsi. Not only did demethylation occur, 

but hydrogenation of the naphthalene ring system occurred 
i n  competition with demethylation. Product distributions 

as a function of time showed that the hydrogenation was 

independent of demethylation and that naphthalene produced 
by demethylation was sequentially reduced to cis and trans 
decalin. The A1203-Ni catalyst was substantially m o r e  

active than Al203-NiO. 

The alumina-supported Ni and NiO catalysts (des- 

CH -, 
H2, 320°, 1 4 O O p s i  

_______) 
A1203-Ni 

batch, 17hr. 

2% m 7 4 %  

,c"3 

- 11%' 

CONCLUSIONS 

Metal oxide particles with surfaces containing bound 

carboxylates have been prepared by reacting metal oxides 
(or metals) with a deficiency o f  carboxylic acids. The 
outer amorphous layer renders these metal oxides soluble 

in hydrocarbon solvents, Aggregation equilibria were dis- 
covered and aggregation is promoted by polar solvents. 

These particles serve as catalysts in "homogeneous 

reactions'' where catalysis actually takes place at the 
solution-particle interface. The unique feature here 

is that a liquid-solid interface is the site of catalysis, 
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914 PITTMAN, LEWIS, AND HABIB 

y e t  t h e  s o l i d  is " s o l u b l i z e d "  i n  t h e  l i q u i d  t o  g i v e  a 

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

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

c a t a l v s i s .  

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

u s e  o f  h y d r o c a r b o n  s o l v e n t s .  I n  e x o t h e r m i c  r e a c t i o n s ,  t h e  s o l -  
v e n t  may b e  u s e d  t o  c a r r y  h e a t  away f r o m  t h e  p a r t i c l e s '  s u r f a c e s  
a n d  " h o t - s p o t s ' '  s h o u l d  n o t  become  a p r o b l e m .  R e a c t i o n s  t h a t  a r e  

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

is a l s o  m a t c h e d  w i t h  t h e  p a r t i c l e s '  c a r b o x y l i c  a c i d  d i s t r i b u t i o n  

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

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

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

s i z e  d i s t r i b u t i o n s  c a n  b e  i s o l a t e d .  T h e s e  m i R h t  b e  u s e d  t o  p r e p a r e  
s u p p o r t e d  (1 ie te rop .eneod.s )  met i l l  o x i d e  c a t a l v s t s  w i t h  d e f i n e d  m e t a l  

o x i d e  p a r t i c l e  s i z e s .  
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