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INTRODUCTION 

The goal of improving the efficiency and product selectivity in the conversion 
of synthesis gas (CO + Hp) to liquid hydrocarbons has resulted in efforts to develop 
bifunctional catalysts which combine a transition metal Fischer-Tropsch component 
with a zeolite support. This combination utilizes the carbon monoxide reduction and 
carbon chain propagation functions o f  the metal as well as the shape selectivity and 
dispersive effects of the zeolite. During the 1970's, workers at Mobil introduced 
the new synt$etic zeolite ZSM-5 which possesses a unique channel structure. In its 
acid form H -ZSM-5 is capable of isomerizing hydrocarbons and converting reactive 
species to alkylbenzenes in the gasoline range. The combination of metal oxides 
with ZSM-5 and the impregnation o f  metal salts into ZSM-5 have resulted in catalysts 
which produce gasoline range hydrocarbons containing a high percentage o f  aromatics 
from synthesis gas (1-4). Metal particle size and metal-support interaction also 
affect product selectivity. It has been argued (5) that the former, in particular, 
is an important factor in controlling the molecular weight distribution of hydro- 
carbon products from synthesis gas conversion. 

During the past decade, there has been considerable interest in the development 
of supported metal catalysts by the incorporation of metal carbonyls (6.7). It has 
been demonstrated that this approach, depending on the method of preparation, is a 
means of rendering the metal component in the form of highly dispersed, small 
particles on oxide and zeolite supports (8). It thus provides an alternative to 
conventional aqueous impregnation of metal salts which usually results in the 
formation o f  large metal particles and low dispersion. Furthermore, the method o f  
preparation of zeolite-supported metal catalysts affects the interaction o f  the 
metal with the BrSnsted acid sites of the zeolite. It has been demonstrated (9,lO) 
that the introduction of transition metals by aqueous methods leads to ion-exchange 
between metal ions and protons and results in a partial depletion of the catalyti- 
cally active BrSnsted acid sites. It also seems reasonable to suspect that physical 
blockage o f  the zeolite channels causes an apparent loss of acidity after calcina- 
tion or reduction if the metal species initially penetrates the zeolite channels. 

The present goal of the research effort is to develop supported metal catalysts 
which are both efficient for synthesis gas conversion and selective for the produc- 
tion of aromatic and branched aliphatic hydrocarbons in the gasoline range. If the 
metal component can be introduced onto the zeolite particle without extensive 
penetration of the channel structure and subsequent ion-exchange at the Bransted 
acid sites, an efficient bifunctional catalyst should be produced. Such a catalyst 
would convert reactive intermediates and high molecular weight hydrocarbons produced 
by the metal component directly on the particle. This would eliminate the necessity 
for physical transfer of the organic products from the metal site to the zeolite 
site that is necessary in a mixed metal-zeolite system. Additionally, the products 
of synthesis gas conversion may be different by using a bifunctional catalyst from 
those obtained with the mixed system. In order to achieve this goal, we have 
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prepared b i f u n c t i o n a l  ZSM-5 supported Fe and Ru i n  which the  c a t a l y t i c  func t ions  o f  
the  metal and the  suppor t  a r e  re ta ined.  Th is  was accomplished by us ing  an ex t rac-  
t i o n  method repor ted  e a r l i e r  (8)  w i t h  Fe3(CO),, and R u ~ ( C O ) ~ ~  as the  source o f  t h e  
metals. I t  was a n t i c i p a t e d  t h a t  t h i s  method would l ead  i n i t i a l l y  t o  a h igh  degree 
o f  d i s p e r s i o n  o f  t h e  metal  and t h a t  t he  metal would be r e s t r i c t e d  t o  t h e  ex te rna l  
sur face  o f  the  z e o l i t e .  I t  was a l so  a n t i c i p a t e d  t h a t  changes i n  the  metal p a r t i c l e  
s i z e  cou ld  be induced by subsequent pre-treatment,  e.g. ca l c ina t i on .  We repor t  here 
eva lua t ion  o f  some Fe/ZSM-5 and Ru/ZSM-5 c a t a l y s t s  f o r  t h e i r  a c t i v i t y  and product 
s e l e c t i v i t y  i n  the  conversion o f  syn thes is  gas, and draw conclusions concerning 
c a t a l y s t  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s .  

EXPERIMENTAL 

ZSM-5 (Si02/A120, = 32) was rece ived i n  the  NH,' form and was ca lc ined under 
vacuum a t  400°C f o r  3 h t o  ob ta in  the  a c i d  form. Ru/ZSM-5 and Fe/ZSM-5 m a t e r i a l s  
were prepared by an e x t r a c t i o n  technique (8 )  us ing  Ru3(CO)lp (Strem Chemical) and 
Fe,(CO),, (A l fa ,  Ventron D i v i s i o n )  w i t h  cyclohexane as the  so lvent .  A l l  o f  t h e  
ca ta l ys ts  discussed i n  t h i s  r e p o r t  have metal  load ings  o f  approximately 3% by  
weight.  Por t ions  o f  t he  as-prepared (AP) c a t a l y s t s  were ca lc ined i n  a i r  a t  4OOOC 
(H-400) i n  order  t o  induce an increase i n  t h e  p a r t i c l e  s i z e  o f  the  metal component. 

The ma te r ia l s  have been charac ter ized  by i n f r a r e d  spectroscopy ( I R ) ,  X-ray 
powder d i  f f r a c t o m e t r y  (XRPD) , X-ray photoe lec t ron  spectroscopy (XPS), i o n  sca t te r i ng  
spectrometry (ISS), Mossbauer spectroscopy ( f o r  Fe), and py r id ine  chemisorpt ion 
s tud ies .  

For c a t a l y t i c  eva lua t ion ,  t he  c a t a l y s t s  were dispersed i n  s i l i c a  (200-300 
mesh), and reduced under f l ow ing  H, a t  20.4 atm. Fe c a t a l y s t s  were reduced a t  450°C 
f o r  20 h whereas Ru c a t a l y s t s  were reduced a t  400°C f o r  12-15 h. Fo l low ing  reduc- 
t i o n ,  Fe ca ta l ys ts  underwent a c a r b i d i n g  s tep  i n  f l ow ing  synthesis gas (H2/C0 = 1) 
a t  6.8 atm and 250°C f o r  20 h. Eva lua t ion  was c a r r i e d  ou t  by us ing  a fixed-bed, 
cont inuous flow mic roreac tor .  The reac t i on  cond i t ions  cons is ted  o f  a pressure o f  
20.4 atm of syn thes is  gas (H,/CO = 1) and r e a c t o r  temperatures o f  280°C and 300OC. 
For s tud ies  designed t o  determine the  e f f e c t s  o f  space ve loc i t y ,  t he  f l o w  r a t e  was 
adjusted so t h a t  t h e  WHSV was es tab l i shed a t  990, 2085, and 3135 cc/g.h. I n  
s tud ies  which d i d  n o t  i n v o l v e  space v e l o c i t y  comparisons, t he  WHSV was se t  to  2090 
cc/g.h. Each e v a l u a t i o n  a t  a given s e t  of cond i t ions  was allowed t o  proceed f o r  a 
p e r i o d  of 48 h d u r i n g  which the  l i q u i d  products were c o l l e c t e d  i n  an ice-cooled t r a p  
which fol lowed a heated t r a p  (180°C) f o r  t h e  c o l l e c t i o n  o f  h igh molecular weight 
products. The gaseous e f f l u e n t  was analyzed by us ing  a gas chromatograph which i s  
an i n t e g r a l  p a r t  o f  t h e  reac to r  system. The l i q u i d  product was separated i n t o  o i l  
and aqueous f rac t ions ;  the ana lys is  o f  t h e  o i l  was accomplished p r i m a r i l y  by a 
q u a n t i t a t i v e  i n f ra red  method descr ibed e a r l i e r  (11).  Add i t i ona l  suppor t ing  i n f o r -  
mat ion such as the  carbon number d i s t r i b u t i o n  and t h e  degree of p a r a f f i n  branching 
were obtained by c a p i l l a r y  GC and 'H NMR spectroscopy respec t ive ly .  

RESULTS AND DISCUSSION 

Charac ter iza t ion  

The r e s u l t s  o f  c h a r a c t e r i z a t i o n  s tud ies  have been repor ted  e a r l i e r  (12); 
however, because o u r  o b j e c t i v e  i s  t o  enable c o r r e l a t i o n s  between the  n a t u r e  o f  t he  
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c a t a l y s t s  and the r e s u l t s  o f  c a t a l y t i c  eva lua t i on  t o  be drawn, some conclusions are 
presented here. 

I n  XRPD s tud ies  o f  both Fe/ZSM-5/AP and Ru/ZSM-~/AP, no evidence f o r  t he  pres-  
ence o f  t he  metal component was detected. h i s  suggests t h a t  the meta ls  are h i g h l y  
d ispersed w i t h  a p a r t i c l e  s i z e  o f  ~ 5 0  and/or t h a t  t he  meta l  species a re  
non-c rys ta l l i ne .  Ca lc ina t i on  o f  the AP m a t e r i a l s  induces the  formation of b u l k  
a-Fe203 and RuOz, which have been detected by  XRPD. Depth p r o f i l e  s tud ies  of bo th  
Fe/ZSM-5/AP and Ru/ZSM-~/AP, by ISS, reveal  a r a t h e r  l a r g e  i n i t i a l  M / S i  r a t i o  which 
r a p i d l y  decreases w i t h  spu t te r i ng .  We have i n t e r p r e t e d  t h i s  observat ion t o  i n d i c a t e  
t h a t  the metal component i s  r e s t r i c t e d  t o  the  e x t e r n a l  sur face o f  t he  z e o l i t e  
p a r t i c l e s  (by v i r t u e  o f  t he  r e l a t i v e  s i zes  of the metal c l u s t e r s  and the diameter o f  
t he  ZSM-5 channels) and i s  h i g h l y  dispersed, perhaps monodispersed a t  l ow  loadings,  
on t h a t  surface. The ISS depth p r o f i l e s  of c a l c i n e d  ma te r ia l s  c o n s i s t  of smal l  
i n i t i a l  M / S i  r a t i o s  which increase s l i g h t l y  w i t h  s p u t t e r i n g  t ime and suggest the 
formation o f  l a r g e  metal ox ide p a r t i c l e s .  XPS s tud ies  of Fe/ZSM-5/AP and Ru/ZSM-5/AP 
reveal  t he  presence o f  metal oxides, b u t  are i nconc lus i ve  regard ing the  exact  na tu re  
of the species. Calc ined ma te r ia l s  c l e a r l y  con ta in  the  metals i n  the  form of Fez03 
and Ru02, and the  t rends observed w i t h  s p u t t e r i n g  o f  AP and c a l c i n e d  samples 
p a r a l l e l  those observed i n  ISS studies.  I n f ra red  s tud ies  o f  chemisorbed p y r i d i n e  
were conducted as a probe t o  determine whether channel blockage and/or chemical 
i n t e r a c t i o n  between the metal and Br6nsted a c i d  s i t e s  i n  the z e o l i t e  channels had 
occurred as a r e s u l t  of metal l oad ing  o r  subsequent c a l c i n a t i o n  o r  reduct ion.  No 
i n d i c a t i o n  o f  such i n t e r a c t i o n s  was observed. 

We have concluded from the  r e s u l t s  o f  c h a r a c t e r i z a t i o n  o f  Fe/ZSM-5 and Ru/ZSM-5 
ma te r ia l s  t h a t  both con ta in  the  metal component i n  a h i g h l y  d ispersed s t a t e  on the 
ex te rna l  sur face o f  t he  z e o l i t e  p a r t i c l e s .  Ca lc ina t i on ,  and t o  a l esse r  e x t e n t  
reduct ion,  both induce the format ion o f  l a rge  p a r t i c l e s  of t h e  ox ides o r  metals 
which remain excluded from the  z e o l i t e  channels. The r e s t r i c t i o n  o f  t h e  meta l  t o  
t h e  ex te rna l  sur face o f  t he  o f  t h e  ZSM-5 p a r t i c l e s  should r e s u l t  i n  the r e t e n t i o n  o f  
Bronsted a c i d i t y  and pe rm i t  access o f  reac tan ts  t o  the i n t e r i o r  o f  t he  z e o l i t e .  

C a t a l y t i c  Evaluat ion 

Fe/ZSM-5/AP, Ru/ZSM-S/AP and Ru/ZSM-5/H-400 c a t a l y s t s  have been evaluated f o r  
t h e i r  e f f i c i e n c y  and s e l e c t i v i t y  i n  synthes is  gas conversion. The th ree  c a t a l y s t s  
discussed here have been compared i n  o rde r  t o  i n v e s t i g a t e  e f f e c t s  o f  t h e  choice o f  
t r a n s i t i o n  metal and t h e  e f f e c t s  which r e s u l t  from c a l c i n a t i o n  o f  t he  Ru/ZSM-5 
c a t a l y s t  p r i o r  t o  evaluat ion.  Furthermore, the e f fec t  of va ry ing  the  space v e l o c i t y  
a t  d i f f e r e n t  temperatures f o r  Fe/ZSM-5/AP and Ru/ZSM-5/AP was examined. 

Comparison o f  t he  data i n  Tables 1 and 2 revea ls  a number o f  s i m i l a r i t i e s  
regard ing the e f f e c t s  of space v e l o c i t y  and temperature on the  two ca ta l ys ts .  For 
both as-prepared c a t a l y s t s ,  t h e  percentages o f  H2 and CO convers ion genera l l y  
decrease a t  h igher  space v e l o c i t i e s  w h i l e  i nc reas ing  a t  h ighe r  temperature. The two 
c a t a l y s t s  e x h i b i t  a decreasing a c t i v i t y  f o r  the water  gas s h i f t  r e a c t i o n  a t  h ighe r  
space v e l o c i t y  and an i nc reas ing  a c t i v i t y  f o r  t h e  s h i f t  r e a c t i o n  a t  h ighe r  tempera- 
tu re .  Analys is  o f  t he  l i q u i d  products  by a q u a n t i t a t i v e  I R  technique reveals  an 
enhanced s e l e c t i v i t y  f o r  aromatic hydrocarbons coupled w i t h  an apparent consumption 
o f  o l e f i n s  and oxygenated species a t  h ighe r  temperature and lower space v e l o c i t y .  
The e f f i c i enc ies  o f  synthes is  gas conversion, the s h i f t  reac t i on ,  and t h e  conversion 
o f  Fischer-Tropsch products and in termediates by the  a c i d i c  and shape s e l e c t i v e  
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zeol i te  a re  known to be influenced by temperature and the residence time of the 
reactants and products i n  the catalyst  bed. In th i s  respect, the trends mentioned 
above are n o t  surprising. 

Of greater in te res t  i s  the e f fec t  of the choice of metal on the overall behav- 
io r  of the catalysts.  Inspection of Tables 1 and 2 reveals a number of differences 
in the efficiencies and product s e l ec t iv i t i e s .  These serve t o  dist inguish the two 
catalysts on the basis of the metal component in sp i te  of the presence of the ZSM-5 
which i s  certainly a factor i n  controlling the nature of the product d i s t r ibu t ion  
a n d  may a l so  exert  a n  influence on the properties of the metals. For example, the 
Ru/ZSM-5/AP catalyst  showed higher ac t iv i ty  t h a n  Fe/ZSM-5/AP for  synthesis gas 
conversion. This observation i s  consistent with the resu l t s  reported1 by Vannice 
(13) who demonstrated t h a t  Ru has the greatest  specific ac t iv i ty  among Group VI11 
metals f o r  the conversion of CO/H2 mixtures to  hydrocarbons. Furthermore, Ru i s  
well known t o  be the most selective of the Group VI11 metals fo r  higher molecular 
weight hydrocarbons, and th i s  i s  also evident in the present study when the re la t ive  
quantit ies of C5+  hydrocarbons are compared. This same se lec t iv i ty ,  on the p a r t  of 
Ru, fo r  species of higher carbon number may a l so  account fo r  the smaller aromatic 
content of the o i l  from Ru/ZSM-5/AP compared t o  t h a t  from Fe/ZSM-5/AP. The higher 
molecular weight products a re  more l ike ly  t o  be cracked and isomerized by the 
zeol i te  whereas l igh ter  products such as  C3 and C4 olefins are more favorable for  
conversion to  aromatics. If th i s  i s  the case, then the greater se lec t iv i ty  of Fe 
f o r  l igh ter  hydrocarbons could explain the greater aromaticity of the o i l  product 
from Fe/ZSM-5/AP. Consistent w i t h  t h i s  explanation i s  the fac t  t h a t  the normalized 
r a t io  of methyl t o  methylene hydrogen i n  the a l ipha t ic  fraction, obtained from 'H 
NMR spectra, i s  large and is  indicative of a significant degree of branching. This 
suggestion i s  n o t  meant t o  preclude other factors which may influence the l iquid 
product distribution. For example, we have considered the poss ib i l i ty  t h a t  Fe might 
be more favorable fo r  the formation of the correct chemical species (olefins a n d  
alcohols) fo r  conversion t o  alkylbenzenes. 

I t  should also be noted tha t  the o i l  product from Ru/ZSM-5/AP contains a 
substantially larger fraction of o le f ins  and oxygenates t h a n  t h a t  from Fe/ZSM-5/AP. 
A t  f i r s t  glance th i s  would appear t o  refute the statement above concerning correct 
chemical species for aromatization. However, i t  must be mentioned t h a t  the olefins 
detected i n  a l l  of these o i l s  are trans a n d  branched u olefins which, unlike normal 
u olefins,  are not considered t o  beprimary products-of synthesis gas conversion. 
The presence of these species may resu l t  from the ac t iv i ty  of the zeol i te .  The 
oxygenated fraction consists of aldehydes and acids b u t  no alcohols. Kellner and  
Bell (14) have reported tha t  acetaldehyde was the only oxygenate produced over a 
Ru/Si02 catalyst .  

Finally, i t  i s  apparent that  the Fe ca ta lys t  i s  more active fo r  the  water gas 
s h i f t  reaction than the Ru catalyst .  T h i s  i s  i n  agreement w i t h  the f a c t  t ha t  the 
shif t  reaction i s  f a s t e r  over Fe t h a n  over Ru,  Co o r  Ni (15). 

Comparison of the resu l t s  of evaluation of the Ru/ZSM-5/AP and the  Ru/ZSM-5- 
/H-400 catalysts reveals some striking differences i n  ac t iv i ty  and product selec- 
t i v i ty .  I t  should be mentioned, before further discussion, tha t  while the ac t iv i ty  
and se lec t iv i ty  of the AP ca ta lys t  were s tab le  for  the 48 h duration of each 
evaluation period, the H-400 catalyst  exhibited significant deactivation over the 
f irst  24 h a t  280'C. Consequently i t  i s  unreasonable t o  t r e a t  the resu l t s  of the 
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H-400 eva lua t ion  as i f  they were representa t ive  of a behavior which p e r s i s t e d  f o r  48 
h; nevertheless,  some general  comparisons of t he  two c a t a l y s t s  can be made. 

A t  280°C and a space v e l o c i t y  o f  2090 cc/g.h the  percentage conversion o f  CO 
and H, was much lower over the  H-400 c a t a l y s t  than over t h e  AP ca ta l ys t .  Further-  
more, the s e l e c t i v i t y  f o r  h igher  molecular weight hydrocarbons i s  g r e a t e r  w i t h  the  
H-400 ca ta l ys t .  Both o f  these observat ions may be r e l a t e d  t o  a metal p a r t i c l e  s i ze  
e f f e c t  as a r e s u l t  o f  p r i o r  ca l c ina t i on .  The l i q u i d  hydrocarbon product,  l i k e  t h a t  
produced over t h e  AP c a t a l y s t ,  contained subs tan t i a l  aromat ic and branched a1 i p h a t i c  
f rac t ions .  

CONCLUSIONS 

B i func t i ona l  c a t a l y s t s  c o n s i s t i n g  o f  Fe and Ru supported on ZSM-5 have been 
prepared by an e x t r a c t i o n  technique us ing  metal  c l u s t e r  carbonyls.  As an t ic ipa ted ,  
these precursors of t h e  supported metal  component were excluded from the  ZSM-5 
channels which have a diameter s i g n i f i c a n t l y  smal le r  than t h a t  of the  metal  c lus-  
t e rs .  Evidence f o r  t h i s  r e s t r i c t i o n  was obtained from s tud ies  o f  t he  ca ta l ys ts  by 
ISS, XPS and p y r i d i n e  chemisorpt ion.  These s tud ies  revea led  t h a t  t he  metal was 
present as h i g h l y  d ispersed metal p a r t i c l e s  on t h e  ex te rna l  surface o f  the  ZSM-5 
p a r t i c l e s  and t h a t  o b s t r u c t i o n  of t he  z e o l i t e  channels and ex tens ive  i n t e r a c t i o n  
w i t h  Bronsted a c i d  s i t e s  d i d  no t  occur. As a r e s u l t ,  these m a t e r i a l s  were found t o  
be e f f i c i e n t  b i f unc t i ona l  c a t a l y s t s  f o r  syn thes is  gas conversion. The metal compo- 
nent  produces hydrocarbon and oxygenated products and intermediates which are  
fu r the r  converted by  the  z e o l i t e  t o  mix tu res  c o n t a i n i n g  subs tan t i a l  f rac t i ons  of 
aromatic and branched hydrocarbons. 

Ca lc ina t i on  o f  a Ru/ZSM-5 c a t a l y s t  p r i o r  t o  e v a l u a t i o n  r e s u l t s  i n  an increase 
i n  the  average metal p a r t i c l e  s ize .  When evaluated, t h i s  c a t a l y s t  e x h i b i t s  less  
a c t i v i t y ,  bu t  g r e a t e r  s e l e c t i v i t y  f o r  h i g h e r  molecular weight products when compared 
t o  the  as-prepared c a t a l y s t .  However, r a p i d  d e a c t i v a t i o n  o f  the  c a l c i n e d  c a t a l y s t  
occurred. Although t h e  reason f o r  t h i s  i s  n o t  c l e a r  a t  t he  t ime o f  w r i t i n g ,  t h i s  
behavior i s  being i n v e s t i g a t e d .  

The product d i s t r i b u t i o n s  obtained by syn thes is  gas conversion over the  above 
b i func t i ona l  c a t a l y s t s  w i l l  be compared w i t h  those obtained from c a t a l y s t s  cons is t -  
i n g  of t he  metal  component dispersed on a convent ional  ox ide  support as we l l  as from 
these ca ta l ys ts  p h y s i c a l l y  mixed w i t h  ZSM-5. Cor re la t ions  concerning the  nature o f  
t he  ca ta l ys ts  and d i f fe rences  observed among the  var ious  product d i s t r i b u t i o n s  w i l l  
be drawn, and mechan is t i c  cons idera t ions  w i l l  be presented. 
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