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INTRODUCTION 

A broad range of hydrocarbons and oxygenated products can be 

synthesized catalytically from CO and R2, produced by the gasification of 

coal. Since the earliest examples of such chemistry were reported by 

Fischer and Tropsch (I,2) in 1926, the nonselective generation of organic 

compounds via the hydrogenation of CO has become k.~own as Yischer-Tropsch 

synthesis. In the intervening f: ity-four years many efforts have been 

made to identify the mechanism by which reactants are converted to 

products. These studies have been motivated in large measure by the 

desire to understand how catalyst composition and reaction conditions 

govern the distribution of products formed. A brief review of the 

mechanistic hypotheses developed prior to 1970 will be presented here to 

serve as background for a discussion of more recent ideas. Details 

concerning the earlier studies can be found in a number of reviews (3-15) 

published previously. 

The earliest ideas concerning CO hydrogenation were proposed by 

Fischer and Tropsch in 1926 (2). They hypothesized that CO reacts with 

the metal of the catalyst to form a bulk carbide, which subsequently 

undergoes hydroEenatlon to form methylene groups. These species were 

assumed to polymerize to form hydrocarbon chains that then desorb from 

the surface as saturated and unsaturated hydrocarbons. A more detailed 

statement of what came to be known as the carbide theory was later 

proposed by Craxford and Rideal (16-18). These authors suggested that 

only surface carbides need be considered and that the methylene groups, 

formed by hydrogenation of the carbide react to produce adsorbed macro- 

molecules. The formation of low molecular weight olefins and paraffins 

was assumed to occur via the hydrocrackln 8 of these macromolecules. 

I. 
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Both  v e r s i o n s  o f  t h e  c a r b i d e  t h e o r y  were  s u b j e c t e d  t o  c r i t i c i s m  
d 

during the late nineteen forties by Emmett et el. (19-21). Based on the 

results of thermodynamic, 14C tracer, and synthesls studies performed 

w l t ~  i r o n  and c o b a l t  c a t a l y s ~ s ,  i t  was  c o n c l u d e d  t h a t  b u l k  p h a s e  c a r b i d e  

participates in the synthesis to a negliEible extent. Xt was also noted 

that hydrogenation of surface carbides, formed by precarbld~nE a catalyst 

with CO, could account for only a small fraction (1O-20Z) of the hydro- 

carbons formed during steady state synthesis. Allowance was made, 

however, for the possibility that chem£sorbed carbon atoms might still 

he considered as intermediates. 

Several alternatives were proposed to replace the early carbide 

theories. Eidus (22) suggested that molecularly adsorbed CO was 

hydrogenated to form a hydroxycarBene or enol, MuCH(OH), which then 

underwent further hydrogenation co produce a methylene group. The 

8rowth of hydrocarbon chains was ~.~.uisloned to occur by polymerization 

of chase latter species. The formation of enol intermediates was also 

proposed by SCorch et al. (3) but it was suggested that chain ErOwth 

takes D.1.ace by the condensation of euol groups ~rlth the concurrent 

ellmlnatlon of water. Ye~. another mechanism for chain growth was 

proposed by Pichler and Buffleh (23) and later By Sternberg and Wender 

(24). In this instance, molecular CO was postulated to insert luto the 

metal-carbon bond of an adsorbed al~yl species. Hydrosenatlon of the 

;esultin g acyl Eroup was assumed to produce water and a new alkyl group 

contalnlnE an additlonal methylene unit. Pichler e~ .1. (9) proposed 

that the chain is Inltlated by methyl groups formed by stepwlse 

hydrogenation of molecularly adsorbed CO. Ponec (1.3), ca the other hand, 

s~s~ed that ~h~-b~yi-Ex-6~p-s-m~gh~ -Be Torme-d by hydrogenatiou of surface_ 

carbon atoms, created by the dissoelation of CA). 
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The renewed ~nterest ~n Fischer-Tropsch synthesis experienced 

during the past decade has motlvated a careful reexamination of the 

previously propcsed mechanisms and brought forward a number of new results. 

The most signiflcant outcome of these recent ~nvest~Eatlons has been the 

suggestion that nonoxygenated, rather than oxygenated, intermediates play 

a dominant role in the synuhesis of hydrocarboms from CO and ~2" Moreover, 

results obtained from the fields of surface science, orEanometallic 

chemistry, and catalysls strongly support the hypothesis that hydrocarbon 

synthesls is Inltlated by the dissociation of CO and that the carbon atoms 

thus produced are hydrogenated to form adsorbed methylene and methyl groups. 

The latter species may be considered as precursors to methane as well as 

centers for hydrocarbon chain growth; a process which is postulated to 

begin by the insertion of a methylene group into the metal-carbon bond of 

a methyl ErOUp. The function of ~his review will be to summarize the 

evidence leading to this ~lew of ~ischer-Tropsch synthesis and to 

illustrate its impl;cations for the synthesis of hydrocarbons. In 

addltlon, 5rlef discL'sslons w~ll be presented concernlnE the par~icIpatlon 

of olef~ns in secondary reactions, which serve to alter the final 

di~zribut~on of products, and the relatlonship of the mechanism of hydro- 

carbon synthesis to tha~ for the synthesis of o~genated products. 

ASSOCiATiVE AND DISSOCIATIVE ~EHISORPTION OF CAI~ON HONOXIDE 

E x t e n s i v e  ~ v l d e n c e  fxom UPS and IR s t u d i e s  i n d i c a t e s  t h a t  w i t h  

few except~_ons CO i s  bonded p e r p e n d i c u l a r l y  t o  t h e  s u r f a c e  o f  t r a n s i t $ o n  

m e t a l s ,  t h r o u g h  t h e  c a r b o n  end o f  t h e  m o l e c u l e  ( 2 5 - 3 1 ) .  The m e t a l - c a r b o n  

bend may be  f o x ~ e d  w l t h  e i t h e r  a s l u d l e  m e t a l  a tom g i v i n g  r i s e  t o  l i n e a r  

Bondln  E o r  may be  s . ~ r e d  - between-~-or-mo~e---m~al-at~-to p z e d u c e  

bridge or mult~.ple bonding. Theoretical calculations support the 
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confisurations proposed on the bas~s of experimental observations 

and indicate that the ~etal-carbon Bond is comprised of 

two componeuts (32-34). The first arises from ~u overlap 

of the occupied 5o orbital of CO and unoccupied metal orbltals. This 

results in the donation of electrons from the molecule to the metal. The 

second component ~f the metal-carbon Bond Is formed by backdonation of 
o 

electrons from occupied metal orbitals to the unoccupled 2~* orbltals 

of CO. By contrast, the 4o ~nd lw orbita!s are thought not to participate 

appreciably i~ bond formatlon with the surface (35,36). Since the 5o 

orbital in Easeous CO is essentially non-bondln& with respect to the C-O 

bond (36,37), the donation of electrons from this orbital is not expected 

to affect strongly the strength of the C-O bond in chem~sorbed CO. The 

2w* orbital~ on the other han~ are antl-bondln g (37) with respect to the 

C-O bond and backdonation into these orbitals leads to a weakening of 

the bond. Thus, the net effect of donatlon and backdonatlon is the 

formation o~ a M-C bond and the concurrent weakenin E of the C-O bond. 

Dissociative chemlsorptlon of CO is also known to occur on the 

surface of many transition metals and mosu llkely proceeds via the 

m o l e c u l a r l y  a d s o r b e d  s t a t e .  F i g u r e  1 i d e n t i f i e s  t h o s e  m e t a l s  on which  

d i s s o c i a t i v e  a s  o p p o s e d  t o  a s s o c i a t i v e  a d s o r p t i o n  i s  p r e f e r r e d  a t  room 

temperature. As may be seen, the tendency for dlssocSatlve adsorption 

increases monte from rlght to left across a row and upwards in each 

Eroup. Brod~n et al. (26) have noted that thls trend parallels the 

increase in the separation Between the lw and ~ states of molecularly 

adsorbed CO observed by UPS. Since the value of A(lw-&~) is 2.75 eV 

for Eas phase CO and increases with elonEatlon of the C-O bond, it ~s 

concluded that stretchinE of the C-O Bond is a prerequisite for 

dissociation. A similar conclusion ~ay also be drawn from infrared 
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o b s e r v a t i o n s p  which  sh6w t h a t  t he  V l b r a t i o n a l  f r e q u e n c y  of  t h e  c-O 

bond decreases proceeding from right to left across a row. Since the 

~ibratlonal frequency reflects the force constant for vlbratlon~ and this 

parameuer can in turn be relane~ to the bond length and bond order, it 

can be demonstrated that a decrease in the CO vibrational frequency 

co~-ncides with a decrease in the bond order (38,39). 

While metals to the right of the dividing line in Fig. 1 will 

adsorb CO associstlvely at room temperature, dissociative adsorption can 

occur at higher temperatures. The energetics involved in convertlnE from 

the associative to the dissociative state are illustrated in Fig. 2 for 

the cases of Ni and Ru (40). It is apparent that while the hears of 

adsorption for molecularly adsorbed CO on Ni and Ru are comparable, the 

sum of the binding energies for adsorbed carbon and oxygen atoms are not. 

As a consequence of this factp the dissociation of associatlvely adsorbed 

C0 is exothermic on Ni and endothermlc on Ru. 

r 

The structure of the transition state for CO dissociation is nor 

known but may be assumed to involve simultaneous ~nteractions of both 

the carbon and oxygen portions of the moiecule with two or more s~tes on 

the catalyst. A possible prototype for such bondin E is found in the 

(41>, .here o.e carbonyl llgends structure GZ 

bonded through both the carbon and oxygen atoms to two of the iron atoms 

associated with the cluster frame work. Since the ~nitlal Bonding of 

chemlsorhed CO is through-the carbon end of the molecule, interaction of 

the surface with the oxygen en~ of the molecule very likely proceeds 

via Vibrational deformatlon of the M-C-O bond angle; a process which 

occurs more readily for multSply-bonded than llnea:!y-bo,ded CO (42). 
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The p r e f e r e n t i a l  d i s s o c i a t i o n  o f  m u l t i p l y  bonded CO and t he  need f o r  

an ensemble of metal sites t o  effect dissociation, are further supported 

by studies reported By Ponec en el. (43, 44) on NI/Cu alloys. Over a 

portion of the composition range these metals form miscible alloys in 

which nickel is active for CO dissociation while copper is not. The 

addition of toper to nickel reduces the concentration of multiply bonded CO 
q 

and the extent of CO disproportlonatlon, but does not siEniflcantly affect 

the rate coeff~clent for dlsp~oportlonation. Since it is known that the 

electronic properties of nickel vary only marEinally by alloyln E ~rlth 

copper (45), it ~as concluded that the main effect of copper addition was 

to dilute the actlve nickel in an Inactive mat-r~x of copper. Such dilution 

dlm~nlshes the concentratlon and size of the nickel clusters present ~ul 

the alloy and hence ~he availability of ensembles of nickel si~es for 

CO d issoc tac ion .  

The actlvatlon enerEy for CO dissociation on transition metals 

has not been measured experlmenrally, bur theoretical estlmates have been 

reported:'(46,47). Based on CNDO calculaCions, Robertsoa and W£1msen (4~) 

obtained a value of 27 kcal/mole for the dlssoclatlon of a CO molecule 

initially attached in a Vertical position to two Ni atoms. More recently, 

Miyazakl (4'7) has used the Bond Energy. Bond Order model to estimate the 

interaction energy Between a CO molecule and each of t h e  transition metals.. 

Values of the activation energy for dissociation from the moleculaT state 

determined from t h e  plots given by M~yazakl are i, dlcated in ~ig. i. As 

can Be seen, the activation energy is predlcte~ to decrease as one 

proceeds from right -~o left across a ro~ paral ellng the decreasing bond 

order of the C-O bond.  
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FORMATION AND P~EACTION OF 
NONOX~GE~ATED LNTERNEDIATES 

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

u s u a l l y  a c c o m p a n i e d  by t h e  r e l e a s e  o f  oxygen  i n  t h e  f o r m  o f  CO 2 .  .~he 

o v e r a l l  p r o c e s s  i s  known a s  CO d i s p r o p o r t i o u a t i o n  and  l e a d s  t o  t h e  a c c u m u l a -  

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

c o n d u c t e d  w i t h  n i c k e l  and  ~ t h e u i ~ u n  s u r f a c e s  (~8-50)  b a ~ e  shown t h a t  i s o l a t e d  

c a r b o n  a t o m s  d e p o s i t e d  a t  t e m p e r a t u r e s  B e l o v  a b o u t  300=C e x h l b l t  a f i n e  

s t r u c t u r e  comparabZe t o  t h a t  o f  m e t a l  c a r b i d e s .  1~$s  t y p e  o f  c a r b o n  has  b e e n  

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

i s  c h a r a c c e r l z e d  a s  E r a p h l t i c .  Once d e p o s l t e d ,  c a r b l d l c  c a r b o n  can  b e  

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

~ - r e v e r s i h l e  ( 5 1 ) ,  

i n  a s e m i n a l  s t u d y  %~entrcek e t  a l .  (52) o b s e r v e d  t h a t  h y d : o g e n a t i o n  

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

S u b s e q u e n t  s t u d S e s  (&3, 53 -55)  c o o f l r m e d  t h i s  r e s u l t  and  sho~ed  t h a t  h i g h e r  

~ o l e c u l a r  w e i E h t  h y d r o c a r b o n s  can  be  fo rmed  in  a d d i t i o n  t o  m e t h a n e .  Auger  

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

a nd  fo~L1s, reveal further t h a t  c a r b i d l c  c a r b o n  reacts much more r a p i d l y  

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

n o t  ~ 1 1 y  u n d e r s t o o d ,  £ t  see~s r e a s o n a b l e  t o  p r o p o s e  t h a t  t h e  first s t a E e s  

• u v o l ~ e  t h e  f o r m a t l o u  o f  CH, CH2, and  CH 3 S t o u p s  By t h e  s t e p ~ s e  a d d i t i o n  

of  a t o m i c  h y d r o E e n  t o  s ~ . u ~ e  c a r b o n  a t o m s .  The e x i s t e n c e  o£ s u c h  s p e c i e s  

as l l g a n d s  i n  b o t h  mono-  and  p o l y - n u c l e a r  t r a n s i t i o n  m e t a l  comp lexes  i s  

w e l l  e s t a b l i s h e d  (~6) and  t h e  p r e s e n c e  o£ CH, and  p o s s l b l : "  CH 2 g r o u p s ,  on  

a Ni (III) surface has been reported recently (57,58). 

~he sterochem~stry and reactivity of carbon atoms and CHx(X=l-3) species 

associated w~th cluster complexes have been investigated ~n a few cases 

(56). Since these structures can he viewed as =odels £or the surface of 

a trans~tlon metal, a brief smmnar~ of selected results w~ll be presented. 
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Studies by Huettertles et al. (56~59,60)strongly suggest that  the 

reactlvlt 7 of ca:b£d£c carbon atoms increases as the coord~aation number 

of the carbon atom decreases, .  Thus, the Leh-C cabbY.de atom in Fe5C(CO)15 

is non-reactive up to 8O°C where this cluster decomposes 

(s6).  co,tr st, of ?edc¢co) ; in the pre enc, of 

a 2 yields ]~ed(CS)(CO)lz ind£cat~g a d~ect  hydrogenation 

of  the cZustex ]Jd-C carbide carbon atom a t  25@C ($9,60)° SL-~uc~r~l 

characterlzat~on of the methylldyne conta~Ling species shows that the CH 

un i t  :[~ bonded through Both the C and H atoms. ~oreover, NMR studies 

indlcate a fast exchanEe of hydrogen between the hydrldlc site an,] the 

Ot s i t e .  

The Inte~elatloushlps between CH, (212, and CH 3 species have been 

seudled by Shapley et al. (61-63). 11nelx work has shown that the 

p r e p a r a t i o n  of  0s3(CO)zoCH4 leads  to  an  e q u i l i b r i u m  m:[xture c o n t s / n i u g  

the  methy l  s p e c i e s  H(CH~)Os3(CO)10 an~ t h e  ~2-methylene  spee:Les 

H2(CH2)Os3(CO)zo (:Fig. 6) and that  a methylene s t ructure H3Os3(CO)9(C5) 

can be produced upon extended hea t inE  of  a n i t r o g e n  f l u s h e d  s o l u t i o n  of  

the methyl and methylene structures. The ~2-bond~ng of the methylene 

Ercup, Is characterlstl¢ of such llgands area is observed 

in systems involving Ye and Ru (64,65) as well. Attentlon is also drawn 

to the as~.-trlc brldge-bondlng of the =ethyl group, since it may be 

representative of the transltlon state structure for methylene-~ethyl 

t u t e r c o n v e r s $ o n .  F i n a l l y ,  i t  i s  noted  t h a t  t h e  hydrogen atoms a s s o c i a t e d  

trlth ~he methyl and methylene groups are labile and in rap~ exchange 

with the hydride llgands; a coneluslon ~hlch is drawn from NMR studies 

with p a r t i a l l y  aeuterated analogs o f  H(~3)Os3(CO)Io and H2{CH2)Os3(CO)_IO0 



I d e n t ~ _ ~ i c a t t o n  o f  t h e  p r o c e s s e s  i n v o l v e d  i n  t h e  f o r m a t i o n  o f  

h y d r o c a r b o n s  c o n t a i n ~ n g  two o r  more c a r b o n  atoms i s  c e n t r a l  t o  u n d e r -  

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

p roduced  by  F i s c h e x - T r o p s c h  s y n t h e s i s .  ~ i t ' n  t h i s  aim in  mind ,  r e c e n t  

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

c a r b o n  and a d s o r b e d  CO p a r t i c i p a t e  i n  t h e  f o . - ~ a t l o n  o f  C2+ h y d r o c a r b o n s .  

S t u d i ~  by Rabo e t  a l .  (53) have  shown t h a t  h y d r o g e n a t i o n  o f  s u r f a c e  

c a r b o n  d e p o s i t e d  on n ~ c k e l ,  c o b a l t ,  and r u t h e n l u m  c a t a l y s t s  v i a  CO 

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

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

r a p i d  and q u a n t i t a t i v e  consumpt ion  o f  ~he c a r b o n  can be a c h i e v e d  a t  room 

t e m p e r a t u r e .  By c o n t r a s t ,  chemlso rbed  CO was found  t o  I ~  to ta l ly  u n -  

reactive at this temperature. Similar observations were reported by Low 

and Bell (54) for the formation of ethane over a ruuhenlum catalyst. 

In studies conducted by Ekerdt and Bell (66) it was shown that 

under reaction conditions the surface of a rutheni~ catalyst is largely 

covered by CO and maintains a carbon reservoir of up to several monolayers 

of the metal. PassaEe of hydrogen o v e r  the catalyst following steady- 

state reaction rapidly eliminated the chemlsorbed CO and led to 

hydrogenatlon of the stored carbon. Ethane and propane were formed in 

addition to methane. The rates of formation of these products initially 

were faster than those observed during steady-state reactlon, and the 

production of hydrocarbons continued lon E after all of the chen~sorbed 

CO had disappeared from "-he catalyst surface. Based on these observations 

it was concluded that molecularly adsorbed CO is not involved in the chain 

growth process. 

. 
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The r o l e  o f  s u r f a c e  carbon produced over  I ron  c a t a l y s t s  has been 

investigated by Bennett et al. (b7,bS). ~rom nhelr studies the authors 

concluded that CO is adsorbed dlssoclatively and that the freshly formed 

surface carbon is the most abundant surface ~ntermedlate. Xt was no~.ed 

that the surface car~on serves 5oth as a precursor to the formation of 

Fe2C [in addltlon to other forms of iron carbide (59)] as well as methane 

and chat the latter process is rate-llmlted by hydrogenatlon of the carbon 

intermedlate. Additional experiments showed that when a C2H4/H 2 mixture 

was passed over the catalyst follow~ng carburlzatlon ina CO/~ mixture 

t h e  r a t e  o f  CH4, C3H8, and C 4 ~  0 format ion  was much h i g h e r  than t h a t  observed 

during the exposure of the catalyst to the CO/H 2 mlxture. From these results 

it was inferred that C~ x fraEments produced from C2H 4 can actlv~ly participate 

in the synthesis of C3+ alkanes. 

The s t r u c t u r e  and reacCiv~ty  o f  carbon d e p o s i t e d  on ITOn s u r f a c e s  

du r ing  CO hydrogenation-.has .been ~TvesCisated ~urcher  by Bonzel e t  e l .  (70-73) .  

F -xa~na t ion  of  t he  c a t a l y s t  s u r f a c e  by Auger and x - ray  p h o t o e l e c t r o n  

s p e c c r o c o p i e s  f o l l m r l n g  r e a c t i o n  r e v e a l e d  t h r e e  types  o f  carbon: e CH 
m 

phase ;  c a r b i d i c  carbon;  and 8 r a p h i c i c  carbon. The f i r s t  two types  of  

carbon r e a c t e d  r e a d i l y  wl th  hydrogen to form mel:hane and C2+ hydrocarbons,  

but the graphitlc form of carbon was totally unreactlve. It was also noted 

that the rate of hydrogeuatlon of CH x and carbldic carbon corresponded 

very closely ~rlth the initial rate of methane formation from CO and H 2. 

However, the appearance of Eraph~tlc carbon led to a suppresslon of 

methane synthesls. 

F u r t h e r  ev idence  f o r  the  p a r t l c i p a t ~ o n  of  carb~aic  carbon ~n the 

growth of hydrocarbon chains was obtalne~ by Biloen et al. (55). In 

these scudles nlckel, cobalt, and ruthenium c a t a l y s t s  were precovered 
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with 13C atoms produced by the disproportlonation of 13CO. The remaining 

adsorbed 13C0 and the catalysts were then exposed to a mixture of 12C0 

and H2. As ~llustrated By the results for nickel shown in Table ~p 

abundant production of 13CH 4 and hydrocarbons containing 13 c several 

atoms were observeS. It was also found that the tlme needed to convert 

13C atoms and adsorbed 12C0 molecules to methane were nearly identlcal. 

From these observations it was concluded that CO dissociation is very 

rapid and hence klnetically insignificant, that CH x (x = 0-3) species 

constitute the most reactive C 1 surface specles~ and that hydrocarbons 

and methane are formed from the same building blocks, i.e., CH x. 

The fact that surface carbon, produced via CO disproportionatlon 

or steady-state hydrogenatlon, w~ll readily react w~th hydroEen to produce 

C2+ hydrocarbons stronEly suEEests that carbon-carbon bonds are formed 

throuEh the reactions of e~ther surface carbon atoms or CH x species. 

The flrsr of these possibilities seems unlikely slnce it has been 

observed that surface carbon once deposited will 8radually transform into 

a lazs reactive form (e.E., 8raphltic) if allowed to age in an inert 

environment ~51,52,54). Th~s leads to the proposition that hydrocarbon 

chain Erowth proceeds throuEh the Polymerization of partially hydrogenated 

carbon species. 

The insertion of methylene segments into the metal-carbon bond 

of adsorbed alkyl species provldes a slmple but yet 91ausihle mechanism 

for chain growth and has Bean proposed by Biloen et el. (15,55). Precedent 

for such a reaction pathway has Been provided by studies conducted with 

transition metal complexes. Yamamoto (74) observed that CH 2 Eroups 

could Be inserted into the metal-carbon 5onds of methyl and ethylnickel 

complexes by reacting these complexes wlth CH2Cl 2. it was also noted 
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that the ~eactlon of methyln/ckel complexes w~th CD2CI 2 ylelded CH2CD 2, 

in parallel w/oh earlier work (75) perfo~ed wlnh methyliron complexes. 

The formaClon of this product was explalne~ by proposln E that a CD 2 group 

inserts iu~o the H-CH 3 bond a n d  that the metal then abstracts a S-hydrogen 

atom from the resulting alkyl species. The insertion of methylene groups 

into metal-carSon bonds has also been observed in the work of Young and 

~?nitesides (76) with platlnocycloalkanes. 

Further evidence for the role of methylene groups in the chain 

gTowrh process has recently been presented by Brady and Penit (77). 

It was noted that passage of a dilute stream of CH2N 2 over nickel, 

palladium, iron, cobalt, ruthenium, and copper catalysts produced 

predominantly ethylene and nitrogen. ~hen hydrogen was mixed with the 

CH2N 2 ~dxture, the nature of the products changed markedly. Over nickel, 

palladium, cobalt, iron, and z-u~henlum a m~xture of hydrocarbons was 

produced as shown in Fig. 3 Deta~ied analyses of the producns showed 

that they consisted mainly of normal alkanes and monoolefins wlth a 
i 

dlstrihutlon closely resembl~j~g that found during Fischer-Tropsch 

synthesls over the same metals. It was further noted that an increase in 

the hydrogen partial pressure produced a decrease in the chain length and 

olefi~ content of the products. Over the copper, the presence of 

hydrogen did no~ al~er the product spectrum dud, hence, mainly ethylene 

was f o r m e d .  

Brady and Petlt (77) interpret their results in the following 

fashion. They propose that in the absence of hydrogen the CH 2 groups 

released by the decomposgtlon of CR2N 2 dlmerlze to form ethylene. When 

hydrogen is presen£ on the caEalyst surface, then the CH2_grou_ps =c~ 

undergo hydrogenation to produce methane. The CH 3 groups formed as a 
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precurso r  uo methane are  assumed t o  ac t  as cha in  growth c - - t i e r s .  I n s e r t i o n  

o f  a CH 2 ~ o u p  i n t o  the met= l -carbon bond o f  a ~ 3  group produces an e t h y l  

g r o u p ,  and c o n t i n u a t i o n  o f  t h l s  t y p e  o f  r e a c t i o n  can g i v e  r i s e  t o  a 

s p e c t r u m  o f  a d s o r b e d  a l k y l  E r o u p s .  Alkanes  a r e  p roduced  by r e a c t i o n  o f  

t h e  a l k y l  S toups  w i t h  a d s o r b e d  h y d r o g e n  and o l e f l n s  a r e  p roduced  by 

e l i m i n a t i o n  o f  a B-hydrogen  a t o m  f rom t h e  a l k y l  groups~. Tn t h e  a b s e n c e  

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

c o p p e r ,  t h e  CB 2 Eroups r e c o m b i n e  t o  fo rm e t h y l e n e  r a t h e r  t h a n  addlnE 

h y d r o g e n  t o  fo rm t h e  CH 3 g r o u p s  n e e d e d  t o  i n l t ~ a t e  c h a i n  growth. On 

t h e  o t h e r  h a n d ,  i f  t o o  much a t o m i c  hydroEen  i s  a v a i l a b l e ,  t h e  e x t e n t  o f  

c h a i n  gro~l:h ~s s u p p r e s s e d .  

Tt Is of sore o _ interest to contrast the results obtained by Brady 

and Petit (77) ~rlth those obtained earlier by Blyholder and Emmect (78,79). 

In Uhelr studi~s Blyholder and Emmett introduced a small amount of 14C- 

labelled ketene to a O0 and H 2 mixture fed over elther an iron or cobalt 

catalyst. When the ketene was labelled In the methylene position a latER 

proportion of the ketene was incorporated into the hydrocarbon products 

and the radloacEivlty per mole of product was approxlmately constant. On 

the other hand, when the ketene was labelled at the carBonyl posetion a much 

smaller fractlon of the rada, oactlvlty was incorporated into t~e products 

but  the radloacti~Ity of the products was directly proportloual to t~e 

number of carbon atoms in the molecule. ~rom tBese oBservatlons, 

Blyholder and Emmett concluded that ketene undergoes dlssoclat~on on the 

catalyst with the formatlcn of a methylene radlcal, which Inltlates chaln 

g r o w t h ,  and c a r b o n  monox ide ,  w h l c h  c o n t r i b u t e s  t o  c h a i n  Erowch.  Th~s 

Interpretation can be made cons~stent..~h_~he..mechanism_of_hyd~arb~n 

formation proposed by Brady and ~etlt (~) ~f one assumes, as shown in 
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F i g .  4, t h a t  k e t e n e  decomposes  t o  form p r e d o m f n a t e l y  methyl r a t h e r  t h a n  

m e t h y l e n e  g r o u p s .  

PARTICY_?ATION OF PR~La~ PRODUCTS TN SECONDARY REACTIONS 

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

r e a c t i o n s  b e l i e v e d  t o  be r e s p o n s i b l e  f o r  t h e  i ~ t t i a t i o n ,  p r o p a g a t i o n ,  and 

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

o l e ~ i u s  fo rmed  v i a  t h e s e  p r i m a r y  p r o c e s s e s  may undergo  s e c o n d a r y  r e a c t i o n s  

which  can s i g n i f i c a n t l y  a l t e r  t he  d i s t r i b u t i o n  o f  h y d r o c a r b o n  c h a i n  l e n g t h s .  

Two p r o c e s s e s  a r e  o f  i n t e r e s t  h e r e ,  t h e  f i r s t  b e i n g  t h e  i n i t i a t i o n  o f  nmw 

c h a i n s  and t h e  s econd  b e i n g  t h e  ~ n c o r p o r a t i o n  o f  o l e f i n s  i n t o  g rowing  

c h a i n s .  

The e a r l y  work o f  Kummer and Eannett  (80) and H a l l  e t  a l .  (81) 

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

an i r o n  c a t a l y s t .  Th i s  c o n c l u s i o n  was b a s e d  on t h e  o b s e r v a t i o n  t h a t  t he  

a d d i t i o n  o f  1 4 C - l a b e l l e d  e t h y l e n e  t o  t h e  s y n t h e s l s  gas  f e e d  l e d  t o  a 

cons tan t  molar  r a d i o a c t i v l C T  o f  the C3-C 5 f r a c t i o n s .  The same r e s u l t  

was o b t a i n e d  by E~-dus e t  a l .  (82) o v e r  a c o b a l t  c a t a l y s t . .  T h e l r ' w o r k  

showed t h a t  25 :  o f  t h e  e t h y l e n e  was c o n v e r t e d  t o  h i g h e r  h y d r o c a r b o n s  w l t h  

constant molar radloactlvlty and that the extent to which ethylene 

partlcipated as a chaln lultlator increased in proportion to the amount 

of ethylene In the gas phase. More recently, Schulz et al.. (8S) have 

examined the secondary reactions of 14C-laBelled ethylene, propylene, 

l-butene, and l-hexadece~e over bo~h iron and cobalt catalysts. They 

found that about 90Z of the olefin ~ed reacted. A major port$on of the 

olefln was hydrogenated to the alkane, but U-olefins were also incorporated 

into growing chains, Inltiated new chalns, or were cracked to methane. 

Similar conclus±ons were drawn by Dwyer and SomorJal (8~) based on studies 
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performed ~Inh an Fe (111) surface. Their studies showed that the 

addition of ethylene or propylene significantly increased the for~atlon 

of hither molecular weight products. In the case of ethylene the ~.otal 

amount of C3-C 5 products formed was found to he approximately equal to 

the conversion of ethylene t o  hydrocarbons, leading tO the conclusion that 

ethylene i~corporates Into the growing hydrocarbon chain. The incorporation 

of oleflns during hydrocarbon .sy,thesls over metals other than iron and 

cobalt has not been investigated in detail "but some evidence for this 

reaction has been observed over ruthenium (85). 

The olefins present in the synthesis products may also underEo 

Isomerlzation and hydrogenation. At high space velocities and low 

reaction temperatures ~-olefins h a v e  been observed as the principal 

products over iron and ruthenium catalysts (85,86). With increaslng 

temperature and decreasing space veloclry, the u-oleflns undergo 

hydrogenation Co form a l k a n e s  and isomerlzatlon t o  form S-olef~ns. 

The proportion of hranche~ olefins and alk~nes formed also depends on 

the space velocity, leading to the conclusion that these preducrs 

result from secondary reactions. 

DETECTION OF REACTION INTERMEDIATES 

A number of attempts have been made to identlfy the inteTmediates 

involved in hydrocarbon synthesis by means of "in situ infrared spectroscopy. 

In a study carried out wAth a s~/Ica-supported iron catalyst Blyholder and 

Neff (87) reported that C~ and OH bands observed when the catalyst was 

heated in a stagnant mixture of CO and H 2 could be ascrlbed to M=C(OH)R 

and ~..CR2R species. The evidence for the enolic species is not very strong 

and has recently been questloned by King (88). Worklns_wlth a_sillca- 

supported iron catalyst, the only spectral features he observed were those 

for s~ructures c ' o n t a i n i n  E CH 2 and CH 3 groups. 
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S t u d i e s  c o n d u c t e d  w i t h  s i l i c a  and a l u m i n a - s u p p o r t e d  r u t h e n i u m  

c a t a l y s t s  .have a l s o  f a i l e d  t o  provHde c l e a r  e v i d e n c e  f o r  r e a c t i o n  i n t e r -  

m e d i a t e ~ .  D a l ! a  B e t t a  and S h e l e f  (89) were  a b l e  -to d e t e c t  h y d r o c a r b o n  

and f o ~  _e s p e c i e s  on  t h e  s u r f a c e  o f  an a l u m l n a - s u p p o r t e d  c a t a l y s t .  

However,  i s o t o p i c  s u b s t i t u t i o n  e x p e r ~ n e n t s ,  i n  wh ich  H 2 was r e p l a c e d  by  

D 2 in the reactant feed stream, led to the conclusion that the observed 

structures were inactive reaction products apparently adsorbed on the 

alumina support. Similar conclusHons were drawn by Ekerdt and Bell (66) 

from studHes conducted with a silica-supported ruthenium catalyst. In 

this instance, only hydrocarbon species were observed. Wh~le these 

structures did not undergo elimination or deuterium substitution under 

reaction conditions, they could be removed from the catalyst By reduction 

with H 2 in the absence of CO. Based on these observatHons it was 

concluded that the observed specHes are attached to the surface of 

ruthenium but are inactive in the formation of l~ght hydrocarbon products. 

Studies conducted By E/hE (88) have also confirmed this concluslon. 

However, King has suggested that the hydrocarbon species observed by 

infrared spectroscopy may be associated with the formation of hHgh 

molecular weiEht liquids or waxes rather than light Eases. Tamaru (90), 

on the other hand, has recently shown that the accumulated hydrocarbon 

species can undergo hydrogenolysis and, as a result, has suggested that 

the observed species may act as a reservoir for CH x groups. 

Inelastic electron tu~m~ spectroscopy has been used by Kroeker 

et al. (9-~) to look for hydrocarbon intermediates on the surface of an 

a]umlna-supported rhodium catalyst. The v~bratlonal spectra obtained by 

thls means showed strong evido-ce for an ethylldene species and a second 

structure bel~eved to be a formate ion. Studies with 13~60 and 12C180 

c o n f i r m e d  tb~t t h e  e t h y l i d e n e  s t r u c t u r e  was formed v i a  CO h y d r o g e n a t i o n  

but the role of th~s structure as an Intermedlate was not establ±shed. 
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A chemical technique for detecting .~urface intermediates has 

recently been InvestiEated by Bell et el. (92,93). The principal of the 

approach, referred to as reactive scavenging of surface intermediates, is 

illustrated in F! g. 5 and is based on reports that both alkylldene (94-96) 

and alkyl llgands (97) can be eliminated from metal complexes by reaction 

with oleflns. In practice a small amount (< 2:) of ethylene or cyclu- 

hexene is added t o  the synthesis gas feed. The reaction products are 

then collected and analyzed by gas chromatography/mass spectrometry. 

Ekerdt and Bell (9~ observed that the addition of ethylene to the feed 

durin E synthesis over a sillca-supported ruthenium catalyst enhanced the 

formztion of propylene. When cyclohexene was added to the feed, methyl- 

and ethylcyclohexene and ethyl-, propyl-, and 5utylcyclohexane were 

detected. Significantly, the addition of cyclohaxene produced only small 

chanEes in the distribution of products obtained from CO hydrosenation. 

Subsequent s~-udles with cyclohexene add/Lion conducted by Baker and Bell (93) 

have shown that norcarane can Be f o r m e d  :Lu addition to the alkyl 

derivatives of cyclohexane and cyclohexene and that the concentrations 

of these products are sensitive to the donditlon~ under which synthesis 

is carried out, as is illustrated in Table If. 

The --ppearance of propylene when ethylene is used as the sca~enginE 

agent and norcarane when cyclohe_xene is used provide very stron8 evidence 

for the presence of methylene Eroups on the surface of the ruthenium 

catalyst. The detection of alkyl cyclohexenes and alkyl cyclohexanes 

can be explained by the reaction of cyclohexene with either alkyl or 

alkylidene specles (92). Moreover, the fact that the yield of scavenged 

products depends on the synthesis conditions supports the contention 

that the olefln additives react with intermediates involved in the synthesis  

of hydrocarbons. Further evidence supportinE this conclusion has been 
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reported recently by T~maru (90). In these studies a small anount of 

ethylene was added to a mixture of 13CO and ~ passed over a silica- 

supported ruthenium catalyst. Scavenging of CR 2 Eroups from the catalyst 

surface was evidenced by the detection of 13CIZC2R 6.-- The absence of any 

Propylene connalning two or three 12C atoms indicates that the ethylene 

did not ace as a source of CH 2 Eroups. 

PROPORSALS ~OR A REA~ION MECHANISM AND DISCUSSION OF ITS IMPLXCATIONS 

The discussion presented in the preceding sections suggest that the 
. 

synthesis of hydrocarbons from CO and R 2 can be described by the reaction 

netwo_-~ shown in Fig. I0. In the first steps of this mechanism CO 

chem~s~rbs molecularly and then dissociates to produce atoms of carbon 

and oxygen. The extent to which these processes are reversible is not 

yet fully understood. However, temperature programmed desorptlon experl- 

ments conducted wlth ruthenium (98) indicate that the recombination of 

carbon and oxygen atoms and the deso~tlon of CO are very rapid since 

extensive scramblln E of preadsorbed 13C160 and 12C180 is observed at 

temperatures where hydrocarbon synthesis normally occurs. Hydrogen 

chem~sorptlon is also taken to be reversible, based on experiments which 

show that desorptlon is rapid at reaction temperatures (99). 

The oxygen released by CO dissociation is removed from the 

catalyst ~s either H20 or CO 2. Which of these two products predumlnates 

depends ~ery ~nuch upon catalyst composltion. Thus, R20 is the dominant 

product observed using cobalt and rutbenlum catalystsp a mixture of H20 

and CO 2 is obtained using an unpromoted ~ron catalyst, and CO 2 ~s the 

dom4-nant product found when iron and cobalt catalysts are promoted with 

potassi,-- (S). Details of the mechanlst~c steps involved ~n oxygen 

removal under hydrocarbon synthesls conditlons are not well established 

and hence both Eley-Rideal and Langmuir-Hinshelwood type processes should 

he  c o n s i d e r e d .  
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As d i s c u s s e d  p r e v i o u s l y  i t  s eems  r e a s o n a b l e  t o  s u g g e s t  t h a t  t h e  

synthesis of hydrocarbons is ~Itlated by the step~ise hydrogenation of 

single carbon atoms. The methyne, methylene, and methyl groups produced 

by thls means are assumed to be in equilibrium based on the results of 

studies with iron and osmium clusters containing these species as llganas 

(58,59,61). Hydrogen-deuterlum substitution s~udles conducted wlth ruthenium 

catalysts (i00)also support this assumption and are discussed in detail 

below. The methyl ErOupS are vlewed as precursors to both methane 

formanlon and chain growth. The former process occurs wlth the addition 

of a hydrogen atom and the latter with the insertion of a methylene group 

into the M-C bond of the methyl group. Once started, chain Erow~h can 

contlnue by further addition of methylene units to the alkTl Intermedlates. 

Termination of chain growth is postulated to occuz via one of two processes - 

hydrogen addition to form normal alkanes and ~-el~niuatlon of hydrogen to 

form u-oleflns. Thus, one may visualize the formatlon of C2+ hydrocarbons 

as a polymerization process in which the methylene groups act as the 

monomer and the alkyl groups are the actlve centers for chain Eros~h. 

The mechanism illustrated in ~iE. 6 describes only the primary 

process leading to hydrocarhons and neglects the formation of oxygenated 

product~. If the conceutratlon of h~rocarhDns in the gas pBase Is 

sufficlently h~gh , tBen a number of' secondary processes can Occu.T.. 

Most slga/flcant would be the addltlon of oleflns to form longer chain 

proaucts and the hydrogenation of oleflns to form alkanes. The formation 

of oxygenated species could be envlsloned ro occur via reactlons such as 

those shown in F~E. 7. In th~s instance direct hydrogenation of a CO 

molecule bonde~ through both ~ts carbon and oxyEen ends could Zead to 

the formation of ~ethoxlde species which might serve as a precursor to 
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=e thamo l .  The t n s e r t f o n  o£ a CO molecu le  i n t o  a m e t a l - a l k y l  bond and 

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

o f  a l d e h y d e s  and h i g h e r  a l c o h o l s .  ~ n i l e  t h e  c h e m l s t : y  shown i n  F i g .  11 

i s  p l a u s i b l e  and c o n s i s t e n t ,  a t  least in p a r e  v l t h  r e a c t i o n s  known t o  

o c c u r  w i t h  t r a n s i t i o n  m e t a l  c o m p l e x e s  (56,101), l e s  s u b s t a n t i a t i o n  w i t h  

r e s p e c t  t o  F 1 s c h e r - T z o p s c h  s y n t h e s i s  h a s  n o t  been  e3 fp lo red  i n  much d e t a i l .  

I n  a s e r i e s  o f  r e c e n t  s t u d i e s ,  K e l l n e r  and  B e l l  (102)  h a v e  examined  

t h e  i m p l i c a t i o n  o f  t h e  m e c h a n i s ~  o u t l i n e d  i n  F i g .  l 0  f o r  t h e  k i n e t i c s  o£  

h y d r o c a r b o n  s y n t h e s i s  o v e r  r u t h e n 1 ~ .  To o b t a i n  t r a c t a b l e  r a t e  e x p r e s s i o n s ,  

a nu~be¢  o£ s~2npl~Ey£ug a s s u m p t i o n s  v e x e  L~- t r o d u c e d .  The  2 1 r s t  I s  t a h t  

u n d e r  x e a c t i o n  c o n d i t i o n s  t h e  c a t a l y s t  s u r £ a c e  i s  n e a r l y  s a t u r a t e d  by 

c h e m ~ s o r b e d  CO. ThXs a s s u m p t i o n  i s  s u p p o r t e d  by i n  s l t u  ~ r a r e d  

o b s e r v a t i o n s  c a r r i e d  o u t  a t  b o t h  low and h ~ h  p r e s s u r e  ( 6 6 , 8 8 , 8 9 ) .  The 

s e c o n d  a s s , ~ p t i o n  i s  t h a t  wa t e~  i s  t h e  prJJnary p r o d u c t  t h r o u g h  ~ h i c b  o x y g e n  

I s  r emoved  £rom t h e  c a t a l y s t  s u r f a c e  and t h a t  t h e  £ o r m a t l o n  o£  ware: _akes  

p l a c e  v i a  a n  E l e y - R i d e a l  m e c h a n i s m .  ~ h l l e  expe rSJnen ta l  e v l d e n c e  ( 3 , 6 6 , 1 0 2 )  

con£1z~s  t h e  £ormat ton  o£ w a t e r  a s  the  p r i m a r y  oxygen  c o n t a l n l n g  s p e c l e s ,  

the mechanism o£ its £ormation has not been  established. The ~-hird 

a s s u m p t i o n  ~s t h a t  =11 o£ t h e  s e e p s  shown t o  be  r e v e r s i b l e  a r e ,  l u  f a c t ,  

a t  e q u i l l b r £ ~ .  The £ o u c t h ,  a n d  £ $ n a l ,  a s s u ~ p t l o n  i s  t h a t  t h e  p r o b a b l l l C y  

o£ c h a i n  p r o p a s a t i o n  i s  : t n d e p e n d e n t  o f  c h a i n  length. 

Two l £ w i e ~ n g  £orms  c a n  b e  d e r i v e d  Go: ehe  k £ u e t l c s  o£ m e t h a n e  

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

h y d r o c a r b o n s  p r e d o m i n a t e  among t h e  p r o d u c e s  £ormed,  I n  t h e  f l r s t  c a s e ,  

t h e  r a t e  o f  ~ e t h a n e  £ o r m a e l o n  i s  g i v e n  by 

(13 

w h e r e  
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= K3 ( :4kSKSz:6 )Z/" 

and i n  the second  c a s e  by 

(2) 

1.5. 1.33 
NC 1 " ke  I~H 2 / P c o  • 

113 

(3) 

~'ne dependo-m-ce of N~ on c.,e parclal pressures of H 2 and CO exhibited in 

eqns. 1 and 3 can now be compared w~th those oSserved exl)erimenrally. 

Correlatlon of methane formation rates obcalnedat pressures h e ~ e e n  1 and 

10 a~n, temperatures between 175 and 275°C, and H2/C0 raclos beL~aeen 1 and 

3 leads no an expression of the form (101) 

where 

= _1.35._0.99 
' 'co ' O) 

108 -i k e - 7 . 5  x e x p ( 2 8 , 0 0 0 / R T ) ,  s . (6 )  

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

c o n d i t i o n s  v a r i e s  f rom 20 Co 40 w e i g h t  p e r c e n t ,  t h e  form o f  eqn.  5 i s  mos t  

nearly llke thac g i v e n  by eqn. I. 

Working ~ I t h  t h e  same c a t a l y s t s  u s e d  t o  s t u d y  t h e  k i n e t i c s  o f  

me thane  s y n t h e s i s ,  K e l l n e r  and B e l l  ( i 0 0 )  l u v e s c I E a t e d  t h e  e f f e c t s  o f  

e 
s u b s t l c u t l n g  D 2 f o r  H 2 i n  t h e  s y n t h e s 4 s  m i x t u r e .  A s t r o n g  i n v e r s e  ~ so to p e  

e f f e c t  o f  ~mgnicude 1 . 4  t o  1 . 5  was o b s e r v e d  b o t h  a t  1 and 10 arm f o r  an  

a lumlna - suppo r Ce d  r u t h e n i u m  c a t a l y s t .  When s l l ~ c a  v a s  u s e d  a s  t h e  s u p p o r t ,  

t h e  e f f e c t  was 1 .1  a t  I 0  arm and  became n e g l i g i b l e  aC 1 aCm. 
. . 
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The o r i E i n  o f  t h e  i s o t o p e  e ~ f e c t  and ~ t s  m a s n i t u d e  can be  e x p l a i n e d  

on the basis of the mechanism of methane formation proposed in Fi E. 6. 

The fact that some of the elementary processes are at equilibrium uhile 

others are not means that the overall fsotope effete will consist of a 

combination of equilibrium and k/netic isoEope effects. This conclusion 

is further indicated By the s t r u c t u r e  of the effective rate coefficient, 

k e, given by either eqn. 2 or 4. As discussed by Kellner and Bell (i00)~ 

the equilibrium constants for the stepwlse hydrogenation of surface 

carbon to CH 3 species ~re favored when D 2 rather than H 2 is used, but 

the equilibrium constant for D 2 adsorption is smaller than that for H 2 

adsorption at reaction temperature. By contrzsn, rate coeffic/ents for 

processes involving the addition of hydrogen are expected to 5e larger 

in the presence of ~ than D 2. In view of these conslderatlons and the 

form of eqns. 2 and 4, it is seen that the equilibrium and kinetics isotope 

effects counteract each other. The e~Istence of a strong inverse ~sotope 

effect over alumina-supported rutBen'.'um indicates that the equillbrium 

component of the overall effect is dominant. However, for the silica- 

supported catalyst the balance Between equilibrium and kinetic isotope 

effects is =ore nearly equal and hence the overall e~fect is smaller. 

Rate expressions for the synthesis of hydrocarbons contalni~ E two 

or more carbon atoms can also Be derived frum the proposed mechanlsm (102). 

If ~t is assumed that the proSabillty of chain propaEatlon, u, Is 

independent of chain length, n, then the rate of formation of hydrocarbons 

contalnlng n atoms can be expressed as 
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(7) 

= (~ toe  + k pee)~n-Z e c ~  

ktoSv. ~n-i 

i:p J:t 

(8) 

(9)  

where  k t o  and k t p  a r e  t h e  z a t e  c o e £ f i c i e n t s  f o r  t e ~ n a t i o n  o f  cha$n  growth  

by formation of oleflns and parafflns~ 8 v is the fraction of the catalyst 

~r~ace which ~S vacant, and 8Hand 8CH 3 ate t h e  fractions of the surface 

covered by H at~nsand CH 3 groups. The second ~ermln the parentheses 

of eqn. 9 can be wrltten as 

k t o S v  k t o  

~p~ 
(Z0) 

- 112 
-- I~/PH2 

S u b s ~ i t u t i o n  o f  eqn .  10 and t h e  e x p r e s s i o n  g i v e n  i n  eqn .  11 f o r  t h e  r a t e  

o f  methane  f o r m a t i o n  i n t o  eqn .  9 

~cz- kseseca 3 (zz) 

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

c o n t a i n i n  E n a t o m s .  

- ~ (1 + e/P 
NCn " 'k8 1 

(12) 

~rom a compa r i son  o f  e q n .  7 and eqn.  12 t ~  may be  conclu<led  f u r t h e r  t h a t  

t h e  r a t i o  o l e f i n s  t o  p a r a f f i n s  can  be  e x p r e s s e d  a s  
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%- 
n .,. 112 

n 

(z3) 

Yne dependence of the propagatlonprobabillty , a, on the partial 

pressures of H2 and CO can  a l s o  be  deduced .  The d e f l n l n g  e x p r e s s i o n  f o r  

kp6CH2 
= + k , : o %  + %p%> (14j 

By introductlou of the appropriate expresslons for 8CH2~ B H, and ev, ~r 

can be demonstrated (I01) that eqn. 14 can be re~T~tten as 

=[ ' ,+  ,.,,-z,~..,~- 67 (1 + ~z,~-5)] -z 
(zs) 

where 7 ls given by 

(16) 

The fo rm o f  eqn.  12 i n d i c a t e s  t h a t  a p l o t  o f  l o g  (~C_INc) v e r s u s  

(n-l) should be linear with z slope of log Q. Figure 8 ~llustrates three 

such plots for data taken ~t 1 arm and 275°C'~L02). It is apparent that 

wlth the exception o~ the .~o.~.--'z: for C 2 hydrocar~ns, the data-fall alon E 

a stra£ght llne. The values of a determined ~rom the slopes are 0.47, 

0.51, and 0.56 for H2/CO ratios of 3, 2, and 1 correspondlnEly. The 

observed increase in u with £nc~easlng H2/C0 ratio at a f~xed total 

pressure ~-s properly predicted by eqn. 16. Data taken at other temperatures 

and pressures also fall alone a straSght llne when plotted as log(N. /N̂ .I) ~ ~ 

v e r s u s  ( n - l ) :  t h e  p r i m a r y  d ~ f f e r e n c e  b e i n g  t h a t  t h e  v a l u e s  o f  = f o r  d a t a  
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taken at higher pressures (e.g., 10 arm) are less sensitive co changes in 

temperature and H2/CO ratio than for data taken a~ 1 arm. 

A ~_est of the expression for the olefln to paraffin :atlo eqn. 13,, 

is shown in Fig. 9. The data plotted in this figure were taken at 225°C, 

pressures be~een 1 and I0 arm, and H2/CO ratios of 3 to i. As may Be seen, 

the olefln to paraffin ratios for C 2 uhrou~h C 4 hydrocarbons are pro- 

_-0.5 p o r t l o n a l  t o  ~H, , a s  p r e d i c t e d  by equ .  13.  A s i m i l a r  r e l a t i o n s h i p  was 

also observed for C 5 through Clo hydrocarbons. Xt is to be noted, h~ever, 

that in contrast w~th the assumptions underlying the derlvatlon of eqn. 13, 

is found to Be a function of n. Th~s is seen both in F~E. 14 and even 

more clearly in TaBle III. The implication of ~hls o b s e r v a t i o n  ~s tha~ 

the ratio of the termination rate coefficients depends on the number of 

carbon auoms in the alkyl group. 

CONCLUDING REHARKS 

I n  t h e  f ~ e l d  o f  c a t a l y s i s  i t  i s  wel l  r e c o g n i z e d  t h a t  i t  i s  

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

mechanism t o  t h e  e x c l u s i o n  o f  a l l  o t h e r  a l t e r n a t i v e s ,  and a s  a r e s u l t ,  

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

p a r u i c u l a r  r e a c t i o n  pa thway .  Yrom t h i s  p e r s p e c t i v e ,  we must  c o n c l u d e  t h a t  

t h e  d iscuss ion p r e s e n t e d  here d o e s  n o t  const i t 'u te  a p r o o f  o f  t h e  

mechanis~ o f  hydrocarbon synthes is  proposed i n  Fl@. 10 But ,  r a the r ,  on ly  

s t rong support  f o r  i t s  v a l i d i t y ,  The in termediates invoked have beeu 

shown to e x i s t  as l igands i n  t r a n s i t i o n  metal  complexes and, i n  a t  

l eas t  one case, have been idenc~-~ied dur ing react. ion by the technique o f  

reac t i ve  scavenging. I~ke~s¢,_  precede_n_ts_~eve._~e.en_~h_.own..to_._e.~.i._st_~or 

essentially all of the elementary processes. Of additional slgniflcance 
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Is the face that the proposed mechanism leads in a ratlonal fashion to 

a series of expresslcns which properly characterlze the kinetics of hydro- 

carbon synthesis over ruthenium. 

It is ~tlcipated that future studies will help to achieve an 

even more detailed picture of the reaction mechanlsm. Such efforts 

should help to establish how the nature of the most ahundant surface 

species chanEe~ with chanEes in catalyst composition and how catalyst 

composition and/or reaction conditions affect the identity o£ rate- 

llmlti~ E steps. I t  will a l s o  be i ~po r tan t  to  d e ~ e r m f n e  more clearly 

the role which secondary reactions, Involv~ oleflns, play in shapluE 

the overall product dlstrlbutlon. Finally, development o£ a better under- 

standin E of the processes leadin E to oxyEenated products should he under- 

taken in order to elucidate what factors control the formation of these 

producr.~ instead of hydrocarbons. 

A C K N 0 ~  
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Table 1 

Isotopic Composlrlon of Methane and H18herHydrocarbonsa(55) 

Ser ies Batch 813C CH 4 C2H 6 C258 b 

ob 1 o 1 2 o 1 2  3 b 

c4";o 

0 1 2 3 4 

11 1 
2 
4 
5 

0.62 44d 56 45 46 9 16 30 37 17 c 
0.50 42 58 48 39 13 32 34 27 7 
0.32 76 24 61 29 10 61 26 13 - 
0.24 82 18 75 2 5  - 63 26 11 - 

5 1 0.36 
2 0.27 

20 2 0.20 
3 0.13 

38 62 49 30 21 31 27 28 14 
54 46 51 30 19 55 26 14 6 

75 25 60 23 17 61 25 14 - 
86 14 78 22 - 73 21 6 - 

28 28 21 13 - 
48 26 24 - - 

a 4 wtZ N t /S t02 ;  T = 170°C; P = 1 ba r ;  H2/CO molar  r a t l o  = 3.  

b Number of all C3H 8 molecules aze 13C3H8molecules. 

c 17 moiZ of 13C atoms per molecule. 

d 
Data given insole percent. 
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F~fecc o f  H~/CO 1~c¢o i n  ~he S y n t h e s i s  Cas 
on t h e  D i s t r i ~ u t i o n  of  Scavenger  Productsa(92)  

C> __(Z._ ~ _~~' 
0 O O 

3 3 . 6  x 10 - 4  2 . 1  x 10 - 5  1 . 9  x 10 - 5  

6 5 . 9  x 10 - 4  3 . 3  = 10 - 5  4 . 1  x 10 - 5  

9 4 . 3  x 10 - 4  1 . 1  x 10 - 4  8 . 7  x 10 - 5  

a 4 wcZ Ru /$102 ;  T = 225=C; P - 1 al:m. 



Table III 

a 
Dependence of S on n (101). 

3~ 

. S. 

2 8.7 

3 10.9  

4 5.8 

5 5.1 

6 7 .2  

7 5.7 

8 4.g 

9 4.2  

lO 3.1 

a 1 wtZ RuJA1203; T = 225°C; P = I0 arm. 



FIGURE CAPTIONS B5 

Fig. I 

F i g .  2 

:Fig. 3 

Fig. 5 

l~.g. 6. 

Fig.  7. 

A section of the Perlodic Table showing the room temperature 
adsorption Behavlor of CO. M denotes molecular adsorptlon 
and D dlssoclative adsorption on one surface, single cryscal 
or polycrystalllue. The thick llne defines the bord~rllne 
between molecular and dlssociatlve adsorption at room 
temperature. The numbers on the thlrd llne of each block 
show the average value for the energy separation of the 4 
and 1 I~S peaks, A(lw-~3). The numbers on the fourth llne 
of each block show the activatlon energy for dlssoclati~e 
chemlsorptlon of CO from the molecular state determined from 
Bond Energy 3ood Order calculations. The form of CO 
adsorption at room temperature and values of A(lw-~) are 
taken from ref. (26) and the values of the activation enerEy 
for dlssoclatioo from ref. ~. 

An energy level diagram for the molecular and dlssoclatlva 
cbem~sorptlon of CO on nlckel and ruthauiu=. 

Reactions of d S a z o m e t h a n e  on  t r a n s i t i o n  metal surfaces. 
Redrawn from ref. ~. 

Proposed reaction pathways for the incorporation of fragments 
derived from 14C labelled ketene, during Fischer-Tropsch 
synthesls. 

A schematic illustration of reactive scavenEinE of surface 
Innermediates. 

• o 

A p r o p o s e d  m e c h a n i s m  f o r  h y d r o c a r b o n  sy~ thes~ : s  f r o m  CO and H 2 
o v e r  g roup  V I I I  m e ~ a l s .  

P o s s i b l e  r e a c t i o n  s e q u e n c e s  l e a d i u g  t o  t h e  f o r ~ a t i o n  o f  
o x y g e n a t e d  p r o d u c t s .  

] r~ .  8 ;  ~lo ts  of  log(Ncn/lq ) vezsus (~-1) f o r  d~ fezen t  ~12/co £e~t 
r a t i os .  C1 

:Fig. 9o :Plots of  " ~ / N ~  v e z s u s  - ~ / 2  f o r  n -  2, 3, a~l 4. 
~ 2  
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I. C O + S  CO s 

2. CO s + S ~- C s + 0 s 

3 0  ~ 
H 2 +  2S = = 2H s 

4a. 0 s + H 2(or 2H s) - = H20 + 2S 

4b. 0 s+ CO (or CO s) ;- CO 2 + 2S 

5. C s + H s .,,----~ CH s + S 

6. CH s + H s = " CH2s + S 

7. CH2s + H s. = 
% 

~ ~ "  CH3s + S 

8. CH3s + H s =- CH 4 + S 

9. CH3s + CH2s = CH3CHEs + S 

i0 .  CH3CH2s + CH2 s = CHsCH2CH2s + S 

I I .  CH3CH 2 + S 
S 

CH2CH 2 + H s 

~2. CH3CHEs + H s ;- CH3CH3 + 2S 

Figure 6 



A. M E T H A N O L  

S = C - - O  + S ~ ~ S = C = O . - - S  ~ 

S = C = O . - - S  ' + H s ~ S - - ~ = O - - - S '  
H 

S - - C = O . . . S ~  + H s < 

S- -CH2- -O- -S  ~ + H s : 

C H 3 - - O - - S  ~ + H s 

"- S CH2--O S ~ 

> £~H5--0--S I + 2S 

CHsOH + S ~ + S 

42 

B. A L D E H Y D E S  

S R R  + CO s 

S - - C = O  + H s 

R 
- - - ~  S - - C = O  

> RCHO + 2S 

C. HIGHER ALCOHOLS 
g 

R SI • R .. Si S - - C - - O  + ~ S - - C = O  - 
R 

S - - C = O . . . S  ~ + H s ~ S--CRH O- -S  n 

CRH 0 S ' + H  s S 

RCH2- -O- -S  t + H s :- 

RCH2--O--S ~ + 2S  

= RCH20H + S t + S 

Z:~8u~e 7 
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