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D i e s e l  and je t  f u e l s  a r e  s t r a t e g i c  f u e l s  c r i t i c a l  t o  our  t r a n s p o r t a t i o n  indus- 
t r y  and n a t i o n a l  defense .  These f u e l s  r e q u i r e  a l i p h a t i c  hydrocarbon components, 
s u b s t a n t i a l l y  of a s t r a i g h t - c h a i n  n a t u r e .  Such f u e l s  are not r e a d i l y  a v a i l a b l e  from 
c o a l  by d i r e c t  l i q u e f a c t i o n  processes .  The Fischer-Tropsch (F-T) s y n t h e s i s ,  an i n -  
d i r e c t  p rocess ,  normally produces p r i n c i p a l l y  l i n e a r  p a r a f f i n s  and is p a r t i c u l a r l y  
s u i t a b l e  f o r  the  p r e p a r a t i o n  of t h e s e  f u e l s .  

Petroleum s u p p l i e s  a r e  expected t o  become i n c r e a s i n g l y  less a v a i l a b l e  and more 
expensive.  The economic s t r e n g t h  and s e c u r i t y  of t h e  n a t i o n  would be w e l l  se rved  by 
having a v a i l a b l e  a c l e a n ,  mul t ipurpose  a l t e r n a t e  f e e d s t o c k  f o r  use as a source  of  
f u t u r e  raw m a t e r i a l s  and f u e l s .  Carbon monoxide and s y n t h e s i s  gas q u a l i f y  as such 
key materials. These are e a s i l y  produced on a commercial s c a l e  from many d i f f e r e n t  
sources  of carbon i n c l u d i n g  c o a l ,  n a t u r a l  gas ,  biomass, s h a l e  o i l ,  and t a r  sands.  
The r e s u l t i n g  s y n t h e s i s  gas  is a l r e a d y  an important  f e e d s t o c k  f o r  t h e  product ion  of  
major  chemical i n t e r m e d i a t e s  such a s  ammonia and methanol. It a l s o  f i n d s  use i n  t h e  
s y n t h e s i s  of  e s t e r s ,  formaldehyde, h igher  a ldehydes and a l c o h o l s ,  MTBE, a c e t i c  and 
o t h e r  carboxyl ic  a c i d s .  F u t u r e  processes  f o r  the  product ion  of l i g h t  o l e f i n s ,  gly- 
c o l s ,  v i n y l  a c e t a t e ,  chloromethanes and polymers r e p r e s e n t  e x c i t i n g  new uses  f o r  
s y n t h e s i s  gas .  The Nobil  methanol- to-gasol ine process  and r e l a t e d  r e a c t i o n s  demon- 
s t r a t e  more s p e c i f i c a l l y  t h e  enormous p o t e n t i a l  o f  t h i s  i n t e r m e d i a t e ( 1 ) .  

We b e l i e v e  t h a t  because of t h e  v e r s a t i l i t y  of s y n t h e s i s  gas ,  wi th  regard  t o  
both  i t s  downstream u t i l i t y  and t h e  v a r i e t y  o f  m a t e r i a l s  from which i t  may be pre- 
pared,  it would be t h e  i d e a l  f e e d s t o c k  f o r  f u e l s  product ion .  Therefore ,  another  
a t t r i b u t e  of the  F-T s y n t h e s i s  i s  i t s  a b i l i t y  t o  f i t  i n t o  an i n t e g r a t e d  chemical  and 
f u e l s  s c e n a r i o ,  c e n t e r e d  around s y n t h e s i s  gas .  

Although a number of v a r i a t i o n s  have been examined over  t h e  last  ha l f -century ,  
t h e  F-T process  e x h i b i t s  s e v e r a l  problems r e l a t e d  t o  a c t i v i t y ,  s e l e c t i v i t y ,  and heat  
t r a n s f e r ,  which are i n t e r r e l a t e d .  For example, i n  f i x e d  bed r e a c t o r s ,  t h e  removal 
of process  hea t  (cor responding  t o  roughly 20% of t h e  combustion va lue  of the  synthe- 
sis gas)  is a major problem. C a t a l y s t  a c t i v i t y  could be increased  by r a i s i n g  the  
tempera ture ,  but t h i s  on ly  e x a c e r b a t e s  and i s  u l t i m a t e l y  l i m i t e d  by the  h e a t  removal 
problem. Pressures  may be increased  t o  i n c r e a s e  a c t i v i t y ,  bu t  normally a substan-  
t i a l  decrease  i n  s e l e c t i v i t y  r e s u l t s (  2 ) .  Improved methods of h e a t  removal a re  
c r u c i a l  t o  process  improvement. 

F-T S l u r r y  R e a c t o r s  

As a means of improving t h e  o p e r a t i o n  of F-T processes ,  p a r t i c u l a r l y  with re- 
gard to  hea t  c o n t r o l  S l u r r y  r e a c t o r  systems have been ga in ing  increased  i n t e r e s t .  
Such systems were examined dur ing  World War I1 i n  Germany, but  have only  gained 
worldwide acceptanace through the  work of Kolbe l (3) .  The concept  of the  s l u r r y  F-T 
r e a c t o r  has been examined by a number of workers(4-8). General  agreement appears  to  
e x i s t  among the  i n v e s t i g a t o r s  on c e r t a i n  advantages of the  s l u r r y  system. These 
i n c l u d e  : 

1. Super ior  tempera ture  c o n t r o l .  
2 .  Simple r e a c t o r  des ign .  
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3. C a t a l y s t  ( u s u a l l y  between 1 and 40 microns i n  s i z e )  is e a s i l y  
added t o  o r  removed from t h e  r e a c t o r  without  shutdown. 

4 .  Product  f l e x i b i l i t y  and s e l e c t i v i t y  i s  s u p e r i o r  t o  o t h e r  
r e a c t o r  systems.  

5. There are no e r o s i o n  problems.  

K o l b e l ' s  work i n c l u d e s  t h e  f o l l o w i n g  a t t i t i o n a l  c la ims:  

1. Feed g a s  r a t i o s  as low as 0.7 can  be used wi thout  s i g n i f i c a n t  

2 .  S i n g l e  pass  syngas c o n v e r s i o n s  as h i g h  as 95% a r e  a t t a i n a b l e .  
3. Gasol ine  y i e l d s  i n  e x c e s s  of those  p r e d i c t e d  by a Schulz-Flory d i s -  

t r i b u t i o n  are a t t a i n a b l e .  
4 .  Methane y i e l d s  are lower.  

The s l u r r y  r e a c t o r  system has  captured  t h e  i n t e r e s t  of some l a r g e  corpora- 
t i o n s .  UOP, wi th  suppor t  from t h e  U . S .  Department of Energy, c a r r i e d  out  an engi- 
n e e r i n g  e v a l u a t i o n  of f o u r  F-T r e a c t o r  systems and found t h e  s l u r r y  system a c l e a r  
l e a d e r  with r e g a r d  t o  both c a p i t a l  and o p e r a t i n g  c o s t s ( 9 ) .  However, i t  is important 
t o  n o t e  t h a t  t h e  d a t a  used i n  modeling t h e s e  r e a c t o r  systems has  l a r g e l y  been those 
of Kolbel ,  employing i r o n  c a t a l y s t s .  In f a c t ,  f o r  t h e  s l u r r y  F-T r e a c t o r  system, 
v i r t u a l l y  no d a t a  on non-iron c a t a l y s t s  are a v a i l a b l e .  

f r e e  carbon format ion .  

The Design of t h e  C a t a l y s t  

In g e n e r a l ,  c a t a l y s t  d e s i g n  i s  a t r i a l  and e r r o r  process  and not amenable t o  
s c i e n t i f i c  a n a l y s i s  but  t h e  o x i d e  mechanism(lO), der ived  from e m p i r i c a l  observa t ions  
and thermodynamics c a l c u l a t i o n s ,  s u g g e s t s  s e v e r a l  p o s s i b i l i t i e s  f o r  t h e  des ign  of a 
new F-T c a t a l y s t .  T r a n s l a t i n g  t h e  mechanism i n  terms of adsorbed i n t e r m e d i a t e s  and 
s u r f a c e  r e a c t i o n s  d e f i n e s  c e r t a i n  c a t a l y s t  requi rements .  .The metal  system s e l e c t e d  
should  have a high oxygen bond s t r e n g t h  f o r  a longer  s u r f a c e  l i f e t i m e  of t h e  key 
r e a c t i o n  i n t e r m e d i a t e ,  bu t  o x i d a t i o n  of the  c a t a l y s t  s u r f a c e  w i l l  decrease  a c t i v i t y  
so t h e  formed metal-oxygen bonds should be e a s i l y  reduced under r e a c t i o n  condi t ions .  

Although t h e s e  fundamental  p r o p e r t i e s  on ly  address  chemical composi t ion,  t h i s  
is c e r t a i n l y  t h e  beginning of s c i e n t i f i c  c a t a l y s t  development. Futher  improvements 
may be achieved by d e l v i n g  deeper  i n t o  t h e  mechanism ana c o n s i d e r i n g  d e s i r e d  chemi- 
sorbed complexes, but  t r a n s l a t i n g  t h e  r e a c t i o n  sequence t o  t h e  c a t a l y s t  s u r f a c e  
would be d i f f i c u l t .  Conceivably,  c a t a l y s t  s u r f a c e  p r o p e r t i e s  may be very d i f f e r e n t  
from t h e  bulk,  but  a s i m p l i s t i c  approach based on c o r r e l a t i n g  a c t i v i t y  with bulk 
p r o p e r t i e s  is easy  t o  apply.  

For  example, t h e  h igh  a c t i v i t y  of  a ruthenium c a t a l y s t  can be expla ined  by its 
unique  phys ica l  p r o p e r t i e s .  Ruthenium has  a high oxygen bond s t r e n g t h ,  but  t h e  
formed oxide is r e a d i l y  reduced.  T h e r e f o r e ,  ruthenium has t h e  proper  i n t e r a c t i n g  
requi rements  of an a c t i v e  F-T c a t a l y s t .  Our g o a l  was t o  use t h i s  combinat ion of 
p r o p e r t i e s  t o  d e s i g n  a new, h i g h l y  a c t i v e  system, a m a t e r i a l  which could be thought 
o f  as a ruthenium m i m i c .  This  new system was c o n s t r u c t e d  around c o b a l t ,  s i n c e  the  
most a c t i v e  non-noble meta l  c a t a l y s t s  known t o  t h i s  p o i n t  were cobal t -based.  

AS shown in Table 1, c o b a l t  has  a reasonably  high metal  oxygen bond s t r e n g t h ,  
bu t  u n f o r t u n a t e l y  t h e  formed metal-oxygen bond is very s t rong .  Therefore ,  c o b a l t  
must be promoted wi th  a material which will assist c o b a l t  ox ide  reduct ion .  The 
s e l e c t i o n  of t h i s  material t o  f i n e  tune  and improve t h e  performance of c o b a l t  is the  
c r i t i c a l  f e a t u r e  of t h e  new c a t a l y s t  system. We chose pal ladium and plat inum be- 
cause  t h e s e  m e t a l s  are w e l l  known hydrogenat ion  c a t a l y s t s  and had been shown in our 
l a b o r a t o r i e s  and by o t h e r s  t o  promote v a r i o u s  meta l  ox ide  r e d u c t i o n s .  But ,  plat inum 
and pa l lad ium can form s o l i d  s o l u t i o n s  wi th  c o b a l t  and t h e  a l l o y i n g  of two 
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a c t i v e  meta ls  with each o t h e r  does not  impart  t h e  c a t a l y t i c  behavior  expected from 
averaging  the  p r o p e r t i e s  of t h e  pure meta ls .  So we knew which c a t a l y s t  system 
should be prepared but  how t o  prepare  i t  became impor tan t .  

~ ~~ ~~~~ 

TABLE 1 
Thermodynamic Data Used f o r  C a t a l y s t  S e l e c t i o n  

Ru-0 

co-0 

D(M-0) Hf(M-0 1 

115 f 15 28 

aa 5 57 

The Nature  of t h e  C a t a l y s t s  

’, We have found t h a t  c o b a l t  carbonyl  r e a c t s ,  under t h e  proper  c o n d i t i o n s ,  wi th  
c e r t a i n  m a t e r i a l s  ( p a r t i c u l a r y  alumina)  used as heterogeneous c a t a l y s t  s u p p o r t s ,  re- 
s u l t i n g  i n  t h e  d e p o s i t i o n  of  c o b a l t  metal .  The r e s u l t i n g  Co/Al2O3 c a t a l y s t  d i s p l a y s  
q u i t e  good a c t i v i t y  f o r  t h e  F-T r e a c t i o n .  This  r e s u l t  is p a r t i c u l a r l y  i n t r i g u i n g  
c o n s i d e r i n g  e a r l i e r  r e p o r t s  t h a t  suggested t h a t  alumina is a poor suppor t  f o r  c o b a l t  
c a t a l y s t s ( l 1 ) .  

The a p p l i c a t i o n  of t h i s  c a t a l y s t  p r e p a r a t i o n  technique  l e d  t o  t h e  development 
of  a h i g h l y  a c t i v e  s e r i e s  of F-T c a t a l y s t s .  These c a t a l y s t s  o f f e r  the  promise of 
be ing  s u p e r i o r  t o  o r d i n a r y  c a t l y s t s  f o r  hydrocarbon s y n t h e s i s  wi th  regard t o  rate,  
o p e r a t i n g  c o n d i t i o n s ,  and q u i t e  p o s s i b l y ,  product  s e l e c t i v i t y  and longevi ty .  The 
products  of these  c a t a l y s t s  appear  t o  be i d e a l l y  s u i t e d  f o r  use as d i e s e l  and jet  
f u e l s .  Once formed, the  c a t a l y s t s  d i s p l a y  remarkable s t a b i l i t y  toward a i r .  Fur- 
thermore,  t h i s  method of c a t a l y s t  formula t ion  appears  t o  be unique i n  F-T chemis t ry ,  
y e t  is simple and r e p r o d u c i b l e .  These c a t a l y s t s  a r e  r e f e r r e d  t o  by t h e  g e n e r i c  term 
SOSS. 

Although a number of composi t ions have been t e s t e d ,  on ly  c o b a l t  wi th  plat inum 
and c o b a l t  with pal ladium may be made by t h i s  method of  p r e p a r a t i o n  and have been 
found t o  be e f f e c t i v e  f o r  hydrocarbon s y n t h e s i s .  These c a t a l y s t s  are suppor ted ;  
c a t a l y s t s  with alumina,  s i l i c a ,  o r  k i e s e l g u h r  suppor ts  l e a d  t o  comparable r e s u l t s .  
The s u r f a c e  a r e a  of t h e  suppor t  p l a y s  a r e l a t i v e l y  minor r o l e  i n  the  a c t i v i t y  of 
t h e s e  systems. This  seems reasonable  i n  l i g h t  of t h e i r  high loadings .  In f a c t ,  
p re l iminary  r e s l u t s  sugges t  t h a t  the  number of a c t i v e  si tes and t h e  s u r f a c e  a r e a  of 
t h e  meta l  are remarkably low (about  45 m2/g) f o r  a c t i v e  c a t a l y s t s ;  o p t i m i z a t i o n  of 
a c t i v i t y  with r e s p e c t  t o  s u r f a c e  a r e a  is expected t o  l e a d  t o  s i g n i f i c a n t  improve- 
ments in c a t a l y s t  a c t i v i t y .  

The SOSS c a t a l y s t s  a r e  heterogeneous,  and a l l  r e s u l t s  i n d i c a t e  t h a t  they  remain 
so dur ing  the  course  of t h e  r e a c t i o n .  The n a t u r e  of t h e  homogeneous and heteroge-  
neous components is thought  t o  a f f e c t  t h e  formation of t h e  composite heterogeneous 
SOSS c a t a l y s t s .  The SOSS c a t a l y s t s  a r e  magnet ic ;  t h i s  p r o p e r t y  has  been used i n  
c l e a n i n g  our  r e a c t o r s  a f t e r  runs ,  and may be commercial ly  u s e f u l  i n  c a t a l y s t s  en- 
t ra inment  and recovery.  

1 

As mentioned above, c o b a l t  carbonyl  has  been found t o  i n t e r a c t  with alumina 
under  r e a c t i o n  c o n d i t i o n s ,  but  some i n t r i g u i n g  r e s u l t s  have been obta ined  i n  t h i s  
a r e a .  E a r l y  experiments  have shown t h a t  pal ladium or  p la t inum s e r v e s  a s  a nuclea-  
t i o n  s i t e  f o r  a s p e c i f i c a l l y  s t r u c t u r e d  form of c o b a l t ;  once formed, t h i s  c r y s t a l  
s t r u c t u r e  may be r e t a i n e d ,  except  perhaps a t  very h igh  tempera tures  a t  which t h i s  
p a r t i c u l a r  s t r u c t u r e  is des t royed  and c a t a l y s t  a c t i v i t y  is l o s t .  
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E l u c i d a t i o n  of t h e  unusual  m e t a l l u r g i c a l  f e a t u r e s  of the SOSS c a t a l y s t s  has 
been undertaken.  Examination of a SOSS c a t a l y s t  by e l e c t r o n  microscopy i n d i c a t e s  
t h a t  t h e  p a r t i c l e s  are l a r g e r  and l e s s  f r i a b l e  than  those  of t h e  5% Pd/A1203 used i n  
t h e i r  p r e p a r a t i o n .  EDS d a t a  i n d i c a t e s  t h a t  bo th  meta ls  a r e  present  i n  the c a t a l y s t ,  
confirming our  b e l i e f  t h a t  t h e  he te rogeneous  component (Pd/Al203) i n t e r a c t s  with the 
homogeneous component (Co2(CO)8), c o n v e r t i n g  t h e  l a t t e r  t o  t h e  corresponding metal. 

Powder x-ray d i f f r a c t i o n  d a t a  s u g g e s t s  t h a t  t h e  c a t a l y s t  c o n s i s t s  of a t h i n  
l a y e r  of pal ladium or p la t inum d e p o s i t e d  on t h e  s u p p o r t ,  followed by a much th icker  
l a y e r  of c o b a l t .  The u s u a l  f o r m u l a t i o n  of t h e  c a t a l y s t  i s  2 %  pal ladium or  platinum 
and about 50% c o b a l t ,  w i t h  t h e  remainder  be ing  s u p p o r t .  This  a n a l y s i s  appears  t o  be 
c o n s i s t e n t  wi th  t h e  method of p r e p a r a t i o n  and seems t o  i n d i c a t e  t h a t  t h e  metals  a r e  
n o t  present  a s  a s o l i d  s o l u t i o n .  Furthermore,  t h e  c o b a l t  is p r e s e n t  i n  t h e  face- 
centered-cubic  o r i e n t a t i o n ,  as 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 .  This  f e a t u r e  appears  
t o  be important  t o  t h e  a c t i v i t y  of t h i s  c a t a l y s t .  Addi t iona l  c h a r a c t e r i z a t i o n  is  
underway. 

Reac tor  C o n f i g u r a t i o n  and O p e r a t i n g  Condi t ions  

Most exper iments  wi th  t h e  SOSS s e r i e s  c a t a l y s t s  have been conducted i n  a batch 
s l u r r y  r e a c t o r .  The r e a c t o r  sys tem c o s i s t s  of  a 300 mL Autoclave Engineers  Magne- 
Drive r e a c t o r  equipped wi th  l i q u i d  and gas  sampling va lves .  The h e a t e r  i s  c o n t r o l l -  
ed by a proportLoning tempera ture  c o n t r o l l e r  employing a thermocouple. Fine cont ro l  
of  t h e  temperature  i s  achieved  by means of a l t e r n a t i n g  hea t ing  and cool ing  cyc les  i n  
t h e  v i c i n i t y  of t h e  s e t  p o i n t .  Cool ing is c o n t r o l l e d  by the  f low of compressed a i r  
through a so lenoid-ac tua ted ,  i n t e r n a l ,  s p i r a l  c o o l i n g  c o i l .  Temperature can be 
r e a d i l y  c o n t r o l l e d  t o  w i t h i n  2OC. O r d i n a r i l y ,  100 mL of  s l u r r y  s o l v e n t  i s  used, 
a l l o w i n g  200 mL of g a s  space .  The system is normally purged wi th  s y n t h e s i s  gas be- 
f o r e  f i n a l  charg ing .  The SOSS c a t a l y s t ,  once formed, i s  a i r  s t a b l e .  

Although very s imple ,  t h i s  r e a c t o r  system a l lows  f o r  convenient  sc reening  of 
c a t a l y s t  f o r m u l a t i o n s ,  wi th  a c t i v i t y  be lng  c o r r e l a t e d  wi th  t h e  observed pressure  
drop  under i s o t h e r m a l  and i s o c h o r i c  c o n d i t i o n s .  Normally the c a t a l y s t  is prepared 
i n  s i t u ,  under syngas o r  hydrogen p r e s s u r e ,  from C02(CO)a and e i t h e r  supported p l a t -  
inum o r  pal ladium components, i n  a n  a p p r o p r i a t e  s o l v e n t .  T h i s  l e a d s  t o  the  forma- 
t i o n  of the heterogeneous SOSS c a t a l y s t  convenient ly  i n  t h e  s l u r r i e d  s t a t e .  A l l  
ev idence ,  i n c l u d i n g  i n f r a r e d  s p e c t r o p h o t o m e t r i c  d a t a ,  c o l o r i m e t r i c  d a t a ,  chemical 
degrada t ion ,  and magnet ic  s u s c e p t i b i l i t y  of the  sampled l i q u i d  phase, i n d i c a t e  t h a t  
v i r t u a l l y  a l l  of t h e  s o l u b l e  c o b a l t  i s  l o s t  from s o l u t i o n .  The i n t e r a c t i o n  of the  
s o l u b l e  and i n s o l u b l e  components o c c u r s  whi le  t h e  r e a c t o r  is warming and is known t o  
occur  below 120°C. 

The type of s o l v e n t  p l a y s  o n l y  a minor r o l e  i n  c a t a l y s t  format ion ,  a c t i v i t y ,  
and s e l e c t i v i t y ;  cyclohexane,  t e t r a h y d r o f u r a n ,  d e c a l i n ,  and xylene have been found 
t o  l e a d  to  a lmost  i d e n t i c a l  r e s u l t s .  Once formed, the  c a t a l y s t  has  good i n t e g r i t y ,  
showing l i t t l e  i f  any tendency f o r  d i s s o c l a t i o n  t o  carbonyl  s p e c i e s  under our reac-  
t i o n  c o n d i t i o n s .  

A wide v a r i e t y  of r e a c t i o n  c o n d i t i o n s  may be used. The c a t a l y s t s  have been 
used i n  the tempera ture  range of  15O9C t o  25OoC, al though one formula t ion  c o n t a i n i n g  
P t ,  d i s p l a y s  good a c t i v i t i e s  a t  t e m p e r a t u r e s  a s  low a s  7 O o C .  The wide range of 
usable  temperatures  and the  a b i l i t y  to  achieve  reasonable  a c t i v i t y  a t  such low temp- 
e r a t u r e s  a re  n o t a b l e  f e a t u r e s  of t h e  SOSS c a t a l y s t s .  Of course i n c r e a s i n g  tempera- 
t u r e s  leads  t o  s i g n i f i c a n t  improvement i n  c a t a l y s t  a c t i v i t y .  S l u r r y  loadings  have 
heen examined i n  a r e l a t i v e l y  l i m i t e d  range ( 1  t o  7 g of SOSS c a t a l y s t  i n  100 mL of 
s o l v e n t )  with approximate cor respondence  i n  t h e  r a t e  of syngas consumption. 
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The c a t a l y s t s  a r e  a l s o  e f f e c t i v e  wi th  a range of syngas r a t i o s  and p r e s s u r e s .  The 
systems d i s p l a y  good and reasonably  uniform a c t i v i t y  wi th  i n i t i a l  charges  of  500 t o  
1500 p s i ,  a l though they a r e  e f f e c t i v e  at: much lower p r e s s u r e s ;  n O ~ a l l y ,  r e a c t i o n s  
d e c r e a s e  i n  a c t i v i t y  only  s h w l y  u n t i l  t h e  p a r t i a l  p r e s s u r e  of e i t h e r  the  H2 o r  CO 
component drops below about  70 p s i .  The consumption r a t i o  is always n e a r  2 :1  H2:CO, 
c l o s e l y  obeying t h e  e q u a t i o n  CO + 2H2 -(CHz),,- + H20, and most r e a c t i o n s  have been 
c a r r i e d  o u t  with syngas of t h i s  r a t i o .  The use of 1:l syngas l e a d s  t o  comparable 
r e s u l t s  (wi th  a s l i g h t  i n c r e a s e  i n  lower o l e f i n s )  but  r e t a r d a t i o n  i n  a c t i v i t y  occurs  
sooner  due to  d e p l e t i o n  of t h e  Hp component. Even d i l u t e  feeds t reams of syngas 
(2H2:1CO:3N2) a r e  e f f e c t i v e .  Such v e r s a t i l i t y  i n  syngas s u p p l i e s  is another  a t t r i -  
b u t e  of  t h e  SOSS system. L i t t l e  COP is found i n  the  f i n a l  g a s ,  and copious  amounts 
of water a r e  found i n  t h e  s l u r r y  phase when xylene and cyclohexane a r e  used as sol-  
vents .  The bui ldup of water does not  appear  t o  promote c a t a l y s t  d e a c t i v a t i o n .  More 
r e c e n t  modi f ica t ion  of t h e  SOSS c a t a l y s t s  have allowed fo r  a s i g n f i c a n t  d e c r e a s e  i n  
t h e  consumption r a t i o .  

, 

The c a t a l y s t  may be pre-formed, s t o r e d  i n  a i r ,  and l a t e r  added t o  s o l v e n t  and 
used d i r e c t l y  i n  hydrocarbon s y s t h e s i s  without  t h e  need f o r  a d i s c r e t e  a c t i v a t i o n  
s t e p .  This  i s  i n  marked c o n t r a s t  t o  convent iona l  F-T c a t a l y s t s ,  which normally re- 
q u i r e  a ted tous ,  time-consuming r e d u c t i o n  s t e p ,  the  p r e c i s i o n  of which has  a pro- 
nounced bear ing  on the  c a t a l y t i c  p r o p e r t i e s .  In a p a r t i c u l a r  case, a sample of t h e  
damp SOSS c a t a l y s t  was exposed t o  a i r  f o r  2 hours ,  a f t e r  which t i m e  s o l v e n t  was 
added and the  r e a c t o r  was charged wi th  s y n t h e s i s  gas;  a t  200°C t h e  c a t a l y s t  had t h e  
same a c t i v i t y  as b e f o r e  a tmospher ic  exposure.  In o t h e r  cases, t h e  c a t a l y s t  d r i e d  a t  
12OOC i n  a i r  and s t o r e d  i n  s toppered  v i a l s  f o r  weeks e x h i b i t e d  v i r t u a l l y  i d e n t i c a l  
a c t i v i t y  f o r  hydrocarbon s y n t h e s i s .  The s t a b i l i t y  of t h e  SOSS c a t a l y s t s  i n  air is a 
d i s t i n c t l y  favorable  a t t r i b u t e .  

The SOSS c a t a l y s t s  are normally used i n  a d i l u t e  s l u r r y .  No problem w i t h  hea t  
t r a n s f e r  has  a r i s e n ;  t h i s  could be a n t i c i p a t e d  because of t h e  l a r g e  mass of hea t -  
d i s s i p a t i n g  s o l v e n t  p r e s e n t .  However, i n  c o n s t r a s t  t o  c l a i m s  sometimes a t t r i b u t e d  
t o  t h e  s l u r r y  r e a c t o r ,  t h e  SOSS system d i s p l a y s  near ly  c o n s t a n t  consumption r a t i o s  
and appears  to a f f o r d  o n l y  minor v a r i a t i o n s  i n  product  n a t u r e  and d i s t r i b u t i o n  w i t h  
hydrogen p a r t i a l  p r e s s u r e .  

The A c t i v i t y  of SOSS C a t a l y s t s  

Severa l  s tandard  F-T sys tems have been compared wi th  the  SOSS systems under our 
r e a c t i o n  c o n d i t i o n s  (Table  2). These d a t a  show the  remarkable  a c t i v i t y  of t h e  SOSS 
c a t a l y s t s .  Also n o t a b l e  is t h e  o b s e r v a t i o n  t h a t  d e c r e a s i n g  t h e  c o b a l t  loading  
( e n t r i e s  2 and 3 ,  Table  2 )  l e a d s  t o  a lower o v e r a l l  a c t i v i t y  f o r  t h e  SOSS c a t a l y s t ,  
bu t  normal iza t ion  t o  metal l o a d i n g  g i v e s  a somewhat b e t t e r  a c t i v i t y ,  wi th  reasonably  
comparable s e l e c t i v i t y .  N e i t h e r  Co/Al2O3 o r  Pd/A1203 approaches t h e  high a c t i v i t y  
observed with t h e  SOSS system. Furthermore,  n e i t h e r  t h e  Co:Th02:kieselguhr nor the 
Fe:Cu c a t a l y s t s  approach e i t h e r  t h e  h igh  a c t i v i t y  o r  t h e  s e l e c t i v i t y  f o r  l i n e a r  a l i -  
p h a t i c  hydrocarbons found wi th  the  SOSS c a t a l y s t s .  ! 

The 5% Ru/A1203 c a t a l y s t  a f f o r d s  very good a c t i v i t y  i n  p a r t  due to  i t s  high 
metal d i s p e r s i o n .  However, on a c a t a l y s t  weight b a s i s  u s i n g  2.2g of c a t a l y s t ,  
SOSS7A-2C-1-87 a f f o r d e d  55% syngas consumption over  20 min, whi le  the  Ru/A1203 
c a t a l y s t  a f forded  48% o v e r  25 min. The SOSS c a t a l y s t s  prepared t o  d a t e  have poor 
s u r f a c e  a r e a s  and metal d i s p e r s i o n s ;  i f  a c t i v i t y  and s e l e c t i v i t y  can  be maintained 
w h i l e  decreas ing  meta l  l o a d i n g ,  some s t a r t l i n g  improvements may be made. 
Furthermore,  we have found t h a t  very  s i g n i f i c a n t  amounts (about  20%) of the  metal i n  
t h e  5% Ru/A1203 c a t a l y s t  go i n t o  s o l u t i o n  i n  t h e  form of homogeneous ruthenium 
c a r b o n y l s ,  whereas no s o l u b i l i t y  loss of the  SOSS c a t a l y s t s  is observed.  
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TABLE 2 

COMPARISON OF SEVERAL CATALYST SYSTEMS I N  CYCLOHEXANE SLURRYa 
__ 

A c t i v i t y  Consumption 
C a t a l y s t  g prod/ (kg  m e t a l i h r )  R a t  i o  Products  

. - 
SOSS-7a-2C-1-87 3000 2.2 p r i n c i p a l l y  l i n e a r  
prepared from l g  5% 2.0b p a r a f f i n s  
Pt/A120? and 3.4g 
C O ~ ( C O ) ~ ,  i n  s i t u  r 
(2.2g of c a t a l y s t  
c o n t a i n i n g  1.2 g metal) 

S0SS-7A-2B-I1-59 
prepared  from l g  5% Pd 
on 80-100 mesh A1203 
and 3.4g C02(C0)8, i n  
- s i t u  (2.2g c a t a l y s t -  
c o n t a i n i n g  1.2g metal) 

SOSS-2A-2B-I ' 6 1 
prepared  from l g  5% Pd 
on 80-100 mesh A1203 
and  1 . 1 3 g  Co2(C0)8, & 
- s i t u  (1.4g c a t a l y s t  
c o n t a i n i n g  0.4g meta l )  

Co on A l 2 O 3 ,  prepared 
from l g  80-100 mesh 
A1203 and 3.4g Co2(CO)8 
(2.2g c a t a l y s t  c o n t a i n i n g  
1.2g meta l )  

5% Pd on 80-100 mesh A1203 
( l g  of c a t a l y s t  c o n t a i n i n g  
0.05g metal)  

860  

1080 

270 

0 

100Co:18Th02:100 Kiese lguhr  71 
(7.5g of K2CO3 p r e c i p i t a t e d  
c a t a l y s t ,  reduced a t  40OoC 
w i t h  H 2 ,  c o n t a i n i n g  1.3g Co) 

4Fe:lCu (3g of p r e c i p i t a t e d  180 
c a t a l y s t ,  reduced a t  40OoC 
w i t h  H2, c o n t a i n i n g  1.3g Fe)  

2 .o 
1.9b 

3.2 

3.2 

p r i n c i p a l l y  l i n e a r  
p a r a f f i n s  

p r i n c i p a l l y  hydro- 
carbons  wi th  small  
small amounts of 
a l c o  ho 1s 

hydrocarbons and 
a l c o h o l s  

no hydrocarbons o r  
a l c o h o l s  d e t e c t e d  

2.3 hydrocarbons,  r i c h  
i n  lower molecular  
weight  oxygenates  

1.8 hydrocarbons r i c h  
i n  o l e f i n s  

5% Ru/A1203 (2.2g c a t a l y s t ,  21000 2 . 1  p r i n c i p a l l y  l i n e a r  
c o n t a i n i n g  0 . l l g  meta1)c p a r a f f i n s ,  r i c h  in 

high  molecular  
weight  waxes 

aGeneral  Condi t ions :  

bConsumption r a t i o ,  e x c l u s i v e  of methane formation.  
CForms homogeneous metal c a r b o n y l s  under  r e a c t i o n  c o n d i t i o n s .  

100  mL cyc lohexane ,  300 mL AE r e a c t o r  charged w i t h  800 p s i  
H2 and 400 p s i  CO w i t h  r e a c t i o n  c a r r i e d  o u t  a t  225OC (18 m i n  t o  tempera ture) .  
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SOSS Products  

A t  t h e  end of a run ,  t h e  r e a c t o r  is cooled and t h e  gas  phase is analyzed by 
thermal  c o n d u c t i v i t y  g a s  chromatography f o r  H2, CO, C02, CH4, C2H4, C2H6, C3H6, 
C3H8, C4H10, and C5H12. By not ing  t h e  p r e s s u r e  drop d u r i n g  t h e  r e a c t i o n ,  t h e  above 
r e s u l t s  a l low c a l c u l a t i o n  of consumption r a t i o ,  f r a c t i o n  of l i q u i d  phase products ,  
e t c .  O r d i n a r i l y ,  t h e  consumption r a t i o  approaches 2 : l .  Methane is t h e  predominant 
gas-phase product .  Usual ly  o n l y  smal l  c o n c e n t r a t i o n s  of o t h e r  gases  and hydrocar-  
bons are d e t e c t e d ,  and they i n c l u d e  only  t r a c e s  of u n s a t u r a t e s  and l i t t l e  CO2. The 
n a t u r e  of t h e  l i q u i d  products  is determined by tempera ture-programed gas  chromato- 
g r a p h i c  a n a l y s i s .  The p r i n c i p a l  products  ob ta ined  wi th  the  SOSS c a t a l y s t s  are C 1  t o  
>c40 p a r a f f i n s ;  only smal l  amounts of lower a l c o h o l s  have been d e t e c t e d .  Although 
complete  product  c h a r a c t e r i z a t i o n  has  n o t  been c a r r i e d  o u t ,  it appears  t h a t  the  
l i q u i d  products  c o n t a i n  l i t t l e  o r  no a r o m a t i c s ,  u n s a t u r a t e s ,  oxygenates  or branched 
products  and have an average  cha in  l e n g t h  of  about  18. It t h u s  appears  t h a t  t h e  
products  could f i n d  use a s  d i e s e l  o r  j e t  f u e l s .  
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