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INTRODUCTION
A broad‘rénge of hyaroéafbons énd'bxygenated products can be
éynthesized gatélytiéally from C0 and HZ’ prbduced‘by the gasification of
coal., Since fhe'éarliest exampies”éf.éuéhvchanistry were répdfted by

FiSché: and Tropsch (1,2) inv1926, the nonselective generation of organic

'compouhdé via the'hydrogenatioﬁ of CO has become known as Fischer-Tropsch

synthgsis. ' In the intervening fifty-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 distfibution'of products formed. A brief review of the

mechanistic hypotheseS‘déveloped.ptior'to_1970 will be presented here to

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

conc;rning tﬁe eaflier studiésvéan be found in a number of reviéws (3-15)
publishéd previously;

" The earlieSt_ideas_concerniﬁg CO hydrogenation were propoéed‘by
Fischer and Tropsch in 1926.(2). Thgy ﬁypothesizéd that CO reacts with
the metal of the c#talyst to form a bulk carbide,which subsequently
undergoéé hydrdgenation to fbrm méthylene groups. Thése species were
assumed to pdlymérize ﬁo fprmvﬁydrocarbqn chains that ﬁﬁen desorb from
the'surfaéé as Safuraﬁed and unsaturéted ﬁYdroéarbbns. ‘A more dgtailed
stéteﬁent'of what camé“td be krown as the cafbide theory'waé later |
proposed By Cfaxfbrd‘énd Rideal (16—18).ufTﬁese authors sﬁggested théf
only surface carﬁides need be considered and tﬁat tﬁelmethylene groupé,
formed by hydrogenation ofAﬁhe carbide react’to‘produce adsorbed macro-
molecules. The formation of low molecular weight’plefiﬁs‘and paraffins

was assumed to occur via the hydrocracking”of these macromolecules.



" Both versions ofvthe éarbiae theory were subjected fo criticism
during ;he late ninéteen forties by Emmett et al. (19-21). Based on the
results of thermodynamic, 14C tracer, and syntheéis s;udies performed
with iron and cobalt catalysts, it was concluded that bulk phase carbide
participates in the synthesis to a negligibie extent. It was ﬁlso noted
that hydrogenation of surf&ce carbides,‘formed by precarbiding a catalyst
with‘CO, could‘aecount for only a small fraction (10-20Z) of the hydro- '
carbons forﬁed"during steady state synthesis. -Allowance was made,
however, for the possibility that chemisorbed carbon atoms might still
be considered as intermediates. |

Seyeral alternatives weré pfoposed to replaﬁe the early carbide -
theories, 'Eidﬁé (22) suggested tha; moleculariy adsorbed CO was
hydrogenated to form a hydroxycarbene or enol, M=CH(OH), whiqh then
underwent further hydrogenafion to produce\a methylene group. The
growth of hydrocarbon chains was envisioned to occur By ﬁolymerization
of these latter species. The formation of enol intermediates was also
» proposed by Storch et al. (3) but it was suggested that chéin growth
takes place by the condensatiqn'of enol groups with the céncurrent
elimination of water. Yet another mechanism for chain growth was
_proposéd by Pichler and Buffleb (23) and later by Sternberg and Wender
(24). In this instguce, molecuiar CO was poétulated to insert intg the
metal-carbon bond of’aﬂ adsorbed alkyl speciés. Bydrogeﬁation of the
resulting acyl group was assumed to-produce water and a new alkyl group
containing an additional methylene unit. Pichler et al. (9 ) proposed
that the chain is iniﬁiated by methyl gfoups fofmed by stepwise
hydrogenation of molecularly édsorbed CO.' Ponec (13), on the otheg hand,

suggested that the methyl groups might be formed by hydrogenation of surface

carbon atoms, created by the dissociation of CO.

£



The renewed interest in Fischer-Tropsch synthesis experiénéed
during the past decade has motivated a careful reexamination of the
previously proposed mechanisms and brought forward a number of new results.
The most'Significant_outcome of these recent investigations has been the
suggestion'th&t nonoxygenated, rather than oxygenated, intermediates play
a dominan; role in the synthésis of ﬁydrotarbons from CO and H2' Moreover,
results obtaiﬁed from the fields of surface égience, organometallic
chemistry, : and éatalysis strongly support the hypothesis that hydrocarbon
synthesis 1s initiated by the dissociation of CO and that the carbon atoms
thus produced are hydrogenated to form adsorbed methylene and methyl groups.
The‘lattervspeciés may be considereﬂ'as preéursors to methane as well as
éenters for hydrocarbon chain growth; a process which is postulated to
begin by.the insertion bfla methylene group into the metal-carbbnAbdnd of
a methyl group. The function of this review will be to summarize the
evidence leading to this view of Fischer-Tropsch synthesis and to
illustrate its implications for the synthesis of hydrocarbons. In

addition, brief discussions will be presented concerning the participation

of olefins in secondary reactions, which serve to alter the final

distribution of products, and the relationship of the mechanism of hydro-

carbon synthesis to that for the synthesis of oxygenated products.

ASSOCIATIVE AND DISSOCIATIVE CHEMfSORPTION OF CARBON MONOXIDE
Extensive evidence from UPS and IR studies indicates that with
few exceptions CO is bonded perpendicularly to the surface of transition
metals, through the carbon end of the moléﬁule (25-31). The metal—;arbon
bond may be formed with either a éingle qetal atom giving risé_to linear
bonding or ﬁay be shared between two or more metal atoms to pro&uce

bridge or multiple bonding. Theoretical calculations.support-the‘



configurations proposed on the bésis of experiﬁentai observations
. and indicate that the metal-carbon bond is comprised ofb
two components (32-34). The first #rises from aQ ov;rlap
of tﬁe occupied 50 orbital of CO and unoccupied metal orbitals, Th}s
results in the donation of electrons from the molecule to the metal. The
- second component of the metal—cafbon bond is formed by backdonation.of
electrons from occupied metalldrbitals to the unoccupied 2m* orbitals:
of CO. By contrast, the 40 and 1w orbitalsrare thought not to participaté
appreciably in bond formation with the surface (35,36). :Since the 50
orbital in gaseous o is essentiallyvnon—bonding with respect to the C;O
bond (36,37), the donation of elgctronélfrom this drbital is not expected
to affect stfongly the strehgthrof the C-0 bond in chemisorbed CO. The
2n* orbitals, on the other hand;are anti—bonding (37) with respect to the
C-0 bond and backdonation into these orbitals leads to a weakening of
the bond.v Thus, the nef effect of doﬁation and backdonation 1is the
formation of a M-C bond and the concurrent weakening of the C-0 bond.
Dissociative chemiso?ption qf CO is also known to occur on the
surface of many traﬁsition metals and most likely proceeds via the
molecularly adsorbed state. Figuré 1 identifies those metals on which
dissociative as opposed to assodiative adsorption is preferred at room
temperaturé. As may be seen, theAtendency for dissociative adsorption
increases moving from right to left across a roﬁ and upwards in each
group. Brodén et al. ( 26) have noted that.this trend parallels the
increase in the separétioﬁ between the 1n and 40 states of molécularly
adsorbed CO observed by UPS. Since the value of A(lm-40) 1is 2.75 eV
for gas phase CO and increases with elongation of the C-0 Bond, it 18
concluded that stretching of the C-O bond is a prerequisite for

dissociation. A similar conclusion may also be drawn from infrared



.obéervations, which shéw that the Vibrational frequency of the C-0

bond decféases proceeding from right to left across a row. Since the
vibrational frequency reflects‘thg force constant for vibration, and this
parameter can ip tqrn be related to the bond length and Sond order, it
can be demonstrated that aldecrease in the CO vibrational frequency
qoincides witQ_a-decrease in the bond order (38,39). |

_  whi1e metals to the right of the dividing line in Fig. 1 will

" adsorb Coréssociatively at room témperaturg, dissociative adsorptién can
occur at higher temperatures. The énerge;ics invoived in converﬁing from
the assqqiative to the dissociative state are illustrated in Fig. 2 for
" the cases of Ni and Ru (40). It is apparent that while the heats of
adsorption for molecularly adsorbed CO on Ni and Ru are comparablg, the
sum of the'bindipg energies for adsorbed carbon and oxygen atoms are not.
As a consequence of this faét, the dissociation of éssociatively adso;bed

CO is exothermic on Ni and endothermic on Ru,

‘ The structure of the transition state for CO dissociation is not
known but may be assumed to involve simultaneous 1pteraction§ of both
the carbon aﬁd bxfgén portions of.the molecule with two or more sites on
the catalyst.' A possible proﬁotype for such bqnding is found in the
structure of [Feé(CO)13H]- (41), where one of the carbonyl ligands is
bonded through both_the carbon and oxygenvafoms to two of the iron atoms
associated with the cluster frame wofk. Since the initiai bonding of
chemisdrbed CO is through the carbon end of the moiecﬁlg, interaction.of
the surface with ﬁhé oxygen end qf the molecule very likely proceeds
via vibrafionai defofmation of the M-C-0 bond angle} a process which

occurs more readily for multiply-bonded than linearly-bonded CO (42).
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The preferential dissociation of multiply bonded CO and the need forv‘

an ensemble of metal sites to effect dissociation. are further supported

by studies reported by'Ponec et al. (43, 44) on'Ni/Cu alloys. Over a
portion of the coméosition range these metals fofm miscible allbys in
which nickel is active for CO dissociation while copper is not. The
addition of coper to nickel reduces the concentrafion of,multiply-boﬁdéé CQ
and the extent of CO disproportionation,vbut does not significantly affect
the rate‘coefficiént for disproportionation. Sin¢e it is known that the
electronic properties of nickel vary 6n1y marginally bj alloying with o
copper (455, it was concluded that the main effect of copper additidn was
to dilute the active nickel in an iﬁactive.matrix of copper. Such dilution
diminishes the concéntration and size of the nickel\clusters present in
the a11b§ and hence the availaﬁility ofvensembies of nickel sites for

CO dissociation.

The activation energy for Cb dissociation on transition metals
has\not been measured experimentally, but theoretical estimates have Beeﬁ
reported (46,47). Based on CNDO calculations, Robertson and Wilmsen (468)
obtaine& a value of 27 kcal/mole for the dissqciation of a CO mdlecule

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

Miyazaki (47) has used the Bond Energy Bond Order model to estimate the

interaction energy between a CO molecule and each of the transition metals. . .

\

Values of the activation energy for dissociation from the molecular state
determined from the plots giﬁen by Miyazaki are indicated.in-Fig. 1. As
can be seén, the activation energy is’predicted‘to deérease as one

proceeds from right to left across a row paralleling the decreasing bond

order of the C-0 bond.



FORMATION AND REACTION OF
NONOXYGENATED INTERMEDIATES

The dissociative chemisorption of CO atve;eVatgd temperatures is
dsually accompanied by the release of oxygen in the form of'COZ. The
overall process is known as CO'dispfoﬁortionation and leads to the accumula-
tion of -carbon oﬁ the catalyst surface. Auger electron spectroscopy studies
conducted with nickel and ruthenium'suffaces (48-50) have shown that isolased |
carbon atoms deposited at témperatures below about 300°C e#hibit a fine
struéture'comparéble to-that.of metal carbides. 7This type of carbon has been
referred to asvcérbidié. Cﬁrbon deposition at ﬁigher temperatures, however,
is characterized as graphitic. Once dgposited, carbidic carbon can be

convertgd to the graphitic form by heating, but this transformation is

irreversible (51).

In a seminal-study Wentrcek et al. (52) observed that hydrogenation
of the carbon deposited by CO disproportionation readily produced methane,
Subéeﬁuent studies (43, 53-55) cqnfirmed tﬁis result and showed that higher
molecular weight hydrocarbqns can be formed in addition to methane. Auger
speétra taken‘of the surface of catalysts in the form of single crystals
and foils, reveal further that carbidic carbon reacts much more rapidly
than gréphitic carbon. While the det;ils of the hydrogeﬁatioﬁ process are
not fully understood, it_seems'reasonable to propose that the first stages
involve the formation qf CH, CHZ’ and Cﬂa'groups by the stepwise addition
of atomic hydrogen to single caxBon atoms. The existence of such species
as ligands in both mono- and poly-nuclear transition metal complexes is
well established (56) and the pfesence of CH, and possibly CH2 groups, on
a Ni (111) surface has béen reported recently (57,58).

The sterochemistry andreactivityof carbon atoms énd CHx(x=l—3) species
associa;ed Qith cluste:*complexes have been investigated in a few cases

(56). Since these structures can be viewed as models for the surface of

a transition metal, a brief summary of selected results will be presented.



Studies by ﬂuettetties et al. (56,59;60) sirongly suggest that the'
reactivity of carbidic carbon'atomsvincreéses as the coordination number
.of the carbon atom decreases. Ihus, the us-C.carbide atom in FeSC(CO)15

is non—reéctive up to 80°C where this cluster decomposes
(56). By contrast, oxidation of Fe4C(CO)§; with‘Ag+ in the presence of
H, yields HFea(CH)(CO)lz o indicating a direct ﬁydrogenation
of the cluster ua-c carbide carbon atom at 25°C (59,60). Structural
characterization of the methylidyne containiﬁg species shows that the CH
unit is bonded through both the C and H atomé; Moreover, NMR studies
indicate a fast exchange of hydrogen between the hydridic site and the
CH site.

The interrelationghips between CH, CHZ,‘and‘CH3 species have been
studied by Shapley et al. (61-63). Their work has shown that the
preparation of OSS(CO)IOCHa leads to an equilibriuﬁ mixture éontaining
the methyl species H(C§3)Os3(co)10 and the uz-methylene species
HZ(CH2)0s3(C0)10 (Fig. 6) and that a metbjlene structure H30$3(CO)§(CH)
can be produced upon extended heating of a nitrogen flushed solution of
the methyl ;nd methylene structures. The uz-bonding of the methylene
group, is characteristic of such ligﬁnds ana iévobserved
in systems involving Fe and Ru (64;65) as well, Attention is also drawn
to the asymmetric bridge-bonding of the methyl grdup; since it may be
representative of the transitioﬁ state st;ucture for methylene-methyl
interconversion. Finally, it is noted that the hydrogen atoﬁs associated
with the methyl and methylene groups are'labile and in rapid exchange
with the‘hydride ligands; # conclusion which i1s drawn from NMR studies
with partially deuterated analogs of H(CH3)O§3(CO)10 gnd HZ(CHZ)Os3(CO)1°.

(

e

o

¥



Identification of thé processes iﬁﬁolved in the formation of
hydrocarbons containing two or more carbon atoms is central to under-
standing the chemistry which controls the distribution of hydrocarbons
pfoduced by Fischer—Iropséh_synthesis. With this aim in mihd, recent
investigators have attempted to establish the extent to which surface
carbon and adsorbed CO participate in the formafion of Cz; hydrocarbons.
Studieé-by Rabo et al. (53) have shown that hydroge?ation of surface
carbon deposited on nickel, cobalt, and ruthenium catalysts via CO
disproportionation leads to the appearance of ethane, propane, and
butane, in addition toAmethane. The formation of hydrocarbons is very
raﬁid and quantitative consumption of the carbon can be achieved at room
temperafure. By contrast, chemisorbed CO was found to be totally un-
reactive at this temperature. Similar observations were reported by Low
and ﬁell (54)'fo; the formation of ethane over a rﬁtheniuﬁ catalyst.

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

under reaction conditions the surface of a ruthenium catalyst is largely

9.

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

of the metal. Passage of hydrogen over the catalyst following steady-

state reaction rapidly eliminated the chemisorbed CO and led to

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

addition to methane. The rates.of formation of these products initially
vere faster than those observed during steady-state reaction, and the
produgtion of hydrocarbons continued long after all of the chemisorbed

CO had disappeared from the catalyst surface. Based on these observations
it was concluded that molecularly adsdrbed CO is not involved in the chain

growth process.
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The role of surface carbon produced éver iron catalysts haé been
investigated by Bennett et al. (67,68). From their studies fhe authors
concluded that CO is adsorbed dissociatively and that the freshly formed
surface carbon is the most abundant surface intermediaté. It was noted
" that the surface carbon sér§es both as a precursor to the formation of.
Fezc [in addition to other forms of iron carbide (69)] asvweil as methane
and that the latter process is rate-limited by hydrogenation of the carbon
intermediate. Additional experiments sﬁowed that when a C234/H2 mixture
was passed over the catalyst following carburization in a CO/H2 mixture
the rate of Cﬂa, C3H8’ and CAHiO formation was much higher than that observed
during thg exposure of the catalyst to the CO/H2 mixture. Frém these results
ii was inferredlthat Cﬂx fragments produced from 0234 can #ctively participate

in the synthesis of C,, alkanes.

3+

The structure and reactivity of carbon deposited on iron surfaces
during CO hydrogenation-has.beén iﬁvéstigated further by Bonzel et al. (70-73).
Examination of the catalyst'Surface by Auger and k-ray photoelectron
spectrocopies following reaction revealed three typés of carbon: a CHx
phase; carbidic carbon; andvgraphitic carbon. The first two types of

carbon reacted readily with hydrogen to form methane and C | hydrocarbons,

2+
but the graphitic form of carbon was totally unreactive. It was also noted
that the rate of hydrogenation of CHx and carbidic carbon corresponded
‘very closely with the initial rate of methane formation from CO and HZ.
However, the appearance of graphitic carbon led'to a suppression of
methane synthesis.

Further evidence for the pargicipation of carbidic carbon in the

growth of hydrocarbon chains was obtained by Biloen et al. (55). 1In

these studies nickel, cobalt, and ruthenium catalysts were precovered
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with 13C atoms produced by the disproportionation of 13CO. The remaining

adsorbed‘l3CO and the catalysts were then exposed. to a mixture of 12CO
and HZ. As 1llustrated by the results for nickel shown in Table I,.
abundant production of 130H4 and ﬁydroéarbons containing several 13C
atoms were observed. It.was alsovfound that thé time‘needed to convert
13& atoms and adsorbed 12CO molecules to methane were nearly identical.
From these observations it was concluded that CO dissociétion is very
raﬁid And hence kinetically insighificant, that'CHx (x = 0-3) species
consti;ute'the most reactive C1 surface speclies, and that hydrocarbons
" and methane are formed from the same. building Blocks, i.e., CH_. |

The fact that surface carbon, produced via 60 disproportionation
or'steady—state.hydrogenation, will readily réactvwith hydrogen to produce
Cot hydroéarbons strongly suggests that carbon-carbon bonds are formed

through the reactions of either surface carbon atoms or CHx species.

The first of these possibilities seem§ unlikely since it has been
observed: that surface carbon once deposited will graduall& transform into
a less reactive form (e.g., graphitic) if allowed to age in an inert
environment (51,52;54). * This leads to the proposition that hydrécarbon
chain growth proceeds throﬁgh the polymerization of parfialiy hydrogenated
carbon spécies.

'The insertion of methylene segments into the metal-carbon bond
of adsorbed alky{ species provides a simple but yet plausiblé mechapism
for chain growth and hasvbeen proposed by Biloen et al. (15;55)° Precedent
for such a reaction pathwéy has been provided by studies conducted with
transition metal complexes. Yamamoto (74) obsérvéd that CH2 groups
could be inserted into the.metal-éarbon bonds of methyl and ethylnickel

complexes by reacting these complexes with CH2C12. It was also noted
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that the reaction of methylnickel complexes with CDZCIZIyielded CHZCDZ’

in parallel with earlier work (75) performed with'methyliron complexes.
The formation of this product was explainéd by p;oposing that a CD2 group
1nsgr§s into the M—CH3 bond and that the metal then abstracts'a B-hyergén
atom from the resuiting alkyl.épecies; The;inserﬁion of:méthylene groups
into metal-carbon bqnds has also been observedvin the ﬁork~of»Young and
Whitesides (76) with plétinocycloalkanes, |

Further evidence for the role of methylene groups in the chaiﬁ
growth process has recéntly.been presented bj Brady and Pétit 7).

It was noted that passage of é dilute stream of CHZN2 over dickel,
-palladium,. iron, cobalt, ruthenium, and copper cétalysts produced
predominantly ethylene aﬁd nitrogen. When hydrogen was mixed with the
CH2N2 mixture, the nature of the products changed markedly. Over nickel,
palladium, cobalt, iron, and ruthenium é mixture pf hydrocarbops was
produced as shown in Fig. 3. Detailed analyses of the products showed
that they consisted mainly of normal alkanes and monooléfins with a
distribution closely reéembiing that found during Fischer-Tropsch
synthesis over the same metals. It was further noted that an increase in
the hydrogen partial pressure produced a decrease in the chain leﬁgth.and
-0lefin content of the'products.v Over the'copper, the presehce of
hydrogen did not alter the product sﬁectrum and, hénce, mainly ethylene
was formed.

Brady and Petit (77)vipterpret their resqlts in the following
fashion. They propose that 1nvthé-absence'of hydrogen the CH2 groups
released by the decomposi;ion of CHZNZ'dimefize to fofm ethylene. When
hydrogen is present on the catalyst surface, then the CH2 groups can

undergo hydrogenation to produce methane. The CH3 groups formed as a
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precursor to methane are assumed to act as chain growth centers. Insertion

of a CH2 group into the metal-carbon bond of a CHj group produces an ethyl

- group, and continuation of this type of reaction can give rise to a

spectrum of adsorbed alkyl groups. Alkanes are produced by reaétion of
the alkyl groups with adsorbed hydrogen and‘olefins aie produéed.by
elimination of a B-hydrogen atom from theialkyl groups; In the absence
of.sufficient atomic hydrogenvoﬁ the catalyst surface, aé might occur 6n
copper, the CH2 groups rééombine to form ethylenebrather than a&ding
hyd;ogen to.form the CH3 groups needed to initiate chain growth. On
the othér hand, if too much atomic hydroggﬁ is available, the extent of
chain growth is suppressed. |

It is of some interest torcontrast the»;esﬁlts obtained by Brady
and;Péfit (77) with those oﬁtained earlief by Blyhplder aﬁd Emmett (78,79).
In tﬂeir studies Blyholder and Eﬁﬁett introduced a small amount of 14C;

2
cataiyét. When the ketene was labelled in the methylene position a large

labelled ketene to a CO and H, mixture fed over either an iron or cobalt

proportion of the ketene was incorporated into the hydrocarbon products

and the radioactivity per mole of préduct was approximately constant. On
the other hand, when the ketene was iabelléd at the carﬁoﬁyl‘pOSition a much
smaller fraction pf the radioactivitvaas incorporated into the p?oduéts

but the radioactivity of the products was directly proportional to the
number of carbon atoms in the molecule. ~From these observations,

Blyholder and Fmmett concluded that‘ketene undergoes dissociation on the
catalyst with the formatibn of a methylene radical, which initiates chain
growth, and carbon monoxide, which contributes to éhainvgrowth. This
interpretation can be made consistent with the mechanism of hydrocarbbn

formation proposed by Brady'and Petit (77) if one assumes, as shown in
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Fig. 4, that ketene decomposes to form predominately methyl rather than
methylene groups. . | | |
PARTICIPATION OF PRIMARY PRODUCTS IN SECONDARY REACTIONS

The discussion presented thus far has focused on thosé elementary
reactions believed‘to be responsiblé.for theAinitiation, propagation, and
termination of hydrocarbon chain growth. It should be noted that the
olefins formed via these primary processes may undergo secondary reaction§
which can significantly aiter the distfibution of hydrocarbon chain lengths.
Two processes are of interest here, the fi:ét being the initiation of new
chains and the second being the incorporation of olefins»ipto growing
~ chains.

The early work of Kummer and Emmett (80) and Hall et al. (81)
suggested that ethylene can éct_as a chain initiétor on the surface of
an iron catalyst. This conclusion was basedvon the observation that'the
addition of 14C-labelled ethyleﬁe to the synthesis gas feed led ﬁo a
' constant molar radioactivity of_the C3--C5 fractions. The same fesult
was obtained by Eidus et ai._(82) over. a cobalt ;atél&st. Their work
'sh6wed that 257 of the ethylene Waé.converted to higher hydrocarbons with
constant molar radioactivity and that tﬁe extent to which ethylene
p#rticipated as a chain initiator 1ncfeaséd in proportion to the amount
of ethylene in the gas phase. More recently, Schulz et al..£85) have
examined the secondary reactions of 1l'C-‘-lal:.elled ethylene, propylene,
1-butehe, and l-hexadecene over both iron and cobalﬁ catalysts. They
found that about 90X of the olefin fed reacted. A major portion of the
olefin was hydrogenéted to the aikane, but a-olefins were also incorporated

into growing chains, initiated new chains, or were cracked to methane.

Similar conclusions were drawn by Dwyer and Somorjai (&%) based on studies
. . Ie
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performed with an Fe (111) surface. Theif studies showed that. the

additioﬁ of ethylene or propylene significantly increased the formation

of higher molecular weight products. In the case‘of ethylene the total
amount of,C3-d5‘products formed was found to be approximately equal to

the conversion of etﬁylene to hydrocarbons, leading to the conclusion that
ethyléne incorporates intb thé growing hydrocarbon chain.  Thé incorporation

of olefins during hydrocarbon .synthesis over metals other than iron and

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

reaction has been observed over ruthenium (855.

The olefins present in tﬁe synthesis products may also ﬁndergo
isomerization and hydrogenation. At highvspace velocities and low
reaction tempef#tures a-olefins have beeh oBserved as the principal
products over iron and ruthénium catalysts (85,86). With increasing
temperature and decreasing séace velocity; the a-olefins undergo
hydrogenatioﬂ to form alkanes andAisomerizatiqn to form B—olefins;'
The proportion of branched olefihs and alkanes formed also depends on

the‘space velocity, leading‘to the conclusion that these products

result from secondary reactions.

DETECTION OF REACTION INTERMEDIATES

A number of attempts have been made to identify the intermédiafes
involved in'hydrocarbon synthesis by means of in situ infrared spectroscopy.
In a study carried out with a silica-sﬁﬁported iron catalystrBlyholder and -
Neff (87) reported that CH and OH bands observed when the catalyst‘was
heated in a stagnant mixture of CO and H, could be ascribed to H=C(OH)R
and MrQHZR spééies. The evidéﬁce fof the enolic species is not very strong
and has recently been questioned‘by King (88). Working with a silica-
supported iron catalyst, ;he.only spectral features he observed were those

for structures containing CH, and CH4 groups.
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Studies conducted with silica and alumina-supported ruthenium
catalysts have also failed to provide cléar evidencé for reaction inter-
mediates. Dalla Betta’ana Shelef (89)'wére able to detecg hydrocarbon
and formate species on-the surface of,an‘aluminé-supported catalyst.
However, isotopic substitution experiments, ig.which H2 waé replaced by
D2 in the reactant feed stream, led to the conclgsion that the observed
structures were inactive reaction products apparently adsorbed on the
alumina support. Similar conclusions were drawn by Ekerdt and Bell (66)
from sﬁudies conducted with a silica-supported ruthenium catalyst. 1In
this instance, onlylhydrocarboﬁ species were observed.‘ While these
structures did not undergo elimination or deuterium substitution under
reaction conditions, they could be removed from the catalyst by reduction
with lein the.absence of CO. vBased on these‘observations it was
concluded that the observed species are attached to the surface of
ruthenium but are inactive in thé formation of light hydrocarbon produch.
Séudies cénducted by King (88) have also confirmed this conclpsion.
However,‘King has suggested that the hydrdcarboﬁ species observed by
infr#red spectroscopy may be associated with:the formatiop of high
molecular weight liquids or waxes rather than light gases. Tamarﬁ (90),.
on the other hand, has recently\shown thgt the accumulated hydrocarﬁon
species can undergo hydrogenolysis and, as a result, hag suggested that
the observed specles may act as a reservoir for Cﬂx groups.. ] 5,

Inelastic electron tunneling spectroscopy'has been used by Kroeker
et al. (91) to look for hydrocarbon interpediates on the surface of an "

alumina-supported rhodium catalyst. The vibrational spectra obtained by

this means showed strong evidence for an etbylidene species and a second
130160 an 12C180

structure believed to be a formate ion. Studies with d

confirmed that the ethylidene structure was formed via CO hydrogenation

but the role of this structure as an intermediate was not established.
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A chemical technique for‘detecting surface intermediates has
recently beenvinvestigated by Bell et al. (92,93). The principal of the
approach, referred to as reactive scavenging of sﬁrface iﬂtermediates, ig
illustrafed in Fig. 5 and is based on reports that both alkylidene (94-96)
and alkyl ligand§ (97) can be eliminated from metal éomplexes by reaction
with.oiéfins. In practice a small amount (< 2%) of ethylene or cyclo-
hexene is added to the synthesis gas feed. The reaction products are
then coliected and analyzed by gas chromatography/mass épectrometry.
Ekerdt and Bell (92 observed that the addition of ethylene to the feed
during synthesis over a silica-supported ruthenium c;talyst enhanced the
formation of propylene. When cyclohexene was added to the feed, methyl-
and ethylcyclohéxene and ethyl-, propyl-, and butylcyclohexane were
detected. Significantly, the addition of cyclohexene produced only small
changes in the distribution of products obtained from CO hydrogenation.
Subsequent studies with cyclohexene addition conducted By Baker and Bell (93)
have shown that norcarane can be formed in addition to the alkyl
derivatives of cyclohexane and cyclohexene and that the concentrations
of these products are sensitive to the conditions under which synthesis
is carried out, as is illustrated in Table II.

The appearance of propylene when ethylene is used as the scavenging
agent and norcarane when cyclohexene is used provide very strong evidence
for the presence of methylene groups on the surface of the ruthenium
catalyst. The detection bf alkyl cyclohexenes and alkyl cyclohexanes
can be explained by the reaction of cyclohexene with either.alkyl or
alkylidene species (92). Moreover, the fact that the field of scavenged
products depends on the synthesis conditions supports the contention

that the olefin additives react with intermediates involved in the synthesis

of hydrocarbons. Further evidence supporting this conclusion has been



reported recently by Tamard (90). . In these studies a small amount of

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

‘supported ruthenium cétalyst. Scavenging of CH2 groups from the catalyst

surface was evidencedbby the detection of‘13c12c H6. The absence of any

2

propyleQé containing two or three 12C atoms indicates that the ethylene
did not act as a source of'CH2 groups.
PROPORSALS FOR A REACTION MECHANiSM AND DISCUSSION OF ITS IMPLICATiONS

The discussion presented 1n.the preceding ééctions suggest that the
synﬁhésis ofihydrocarbons from CO and HZ can be described by the reaction
network shown in Fig. 10. 1In thebfirst steps of this mechanism CO
chemisorbs molecularly and then dissociates to produée étOms of carbon
- and oxygen. The extent to which these processes are reversible is not
yet fully understood. However, temperature programmed desorption experi-
ments conducted with rufhenium (98) indicate that the recombination of
carbon and oxygen atoms and the desorption of CO are very rapid since
extensive scrambling of preadéorbed 13C160 and 120180 is observed at
teﬁpératures where hydrocarbon synthesis normally'occuré. Hydrogén
chemisorption is also taken to be reversible, based on experiments which
show that desorption is rapid at reacfion temperatures (99).

The oxygen released‘by CO dissociation 1is removed from the
caté;yst as either BZO or CO,. Which of these two products predominates
depends very much upon catalyst Eomposition; Thus; ﬁéo is the dominant
product oBserved using cobalt and.ruthenium catalysts, a mixture of nzo
and CO2 is obtained using an unpromoted iron cataiyst, and 002 is thg
dominant product found when iron and cob#lt catalysts are promoted with
.potassium (3). Details of the mechanistic steps involved in oxygen
removal under hydrocatbonusynthesis conditions are not well established

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

be considered.

18,
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As discussed previously iﬁ seems reésonable to suggést that the
synthesis of hydrocarbons is ihitiated'by'the stepwise hydrogenation of
single carbon atoms. The hethyne, methylene,.and'methyl groups produced
by this means are assumed to}be 1nvequilibrium based on the results of
studies with iron ahd osmium clusters'containing these species as ligands
(58,59,61). Hydrogen-deuterium substitution studies conducted with ruthenium
catalysts (100) also support this assumption and are discussed in detail
below. The methyl groups are §iewed'as precursors to both methane
formation and chaiﬁ growfh. The formér process occurs with the addition
of a hydrogen atom and the iatter with the insertion of a methylene group

into the M-C bond of the methyl group. Once started, chain growth can

continue by further addition of methylene units to the alkyl intermediates.

Termination of chain growth is postulated to occur via one of two processes -
hydrogen addition to form normal alkanes and B—eliminatidn of hydrogen to
form a-olefins. Thus, one may visualize the formation of C2+ hydrocarbons

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

monomer and the alkyl groupé are the active centers for chain growth.

The mechanism illustrated in Fig. 6 describes only the primary
process leading to hydrocarbons and neglects the formation of oxygenated
products. If the concentration of hydrocarbons in the gas phaée is
sufficiently high; then a number of secondary processes can occur.

Most significant would be tﬁe_addition of olefiﬁs to form longer chain
products and the hydrogenation of.olefins to'féfm alkanes. The formation
of oxygeﬁated species could be envisioned to occur via reactions such as
those shown in Fig. 7., 1In this instance direct hydrogenation of a'bo
molecule bonded through both its carbon and oxygen ends could lead to

the formation of methoxide species which might serve as a precursor to
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mefhanol. The inseftion of a CO ﬁolecule»into a metal-alkyl bond and
subseqﬁent addition of hydrogen could provide pathways for.thé formation
of aldehydes and higher alcohols. While the chemistry shown in.Fig, 11
is plausible and consistent, at least in part with reactions known to
occur with transition metal complexés (56,101), its substantiation with
respect to Fischer-Tropsch synthesis hgs not bgen‘explored in much detail.

In a series of recent studies, Kellner and Bell (102) have examined
the implication of the mechanisﬁ'outlined in Fig. 10 for the kinetics of
hydrocarbon synthésis over ruthenium. To obtain tractable rate expressionms,
a number of simplifying assumptions were introducéd. The first is taht
under reaction conditions the catal}st surface is neérly saturated by
chemisorbed CO. This assumption is supported by in situ infrared
obserVations.cgrried out at both low‘ahd high .pressure (66,88,89). The
second assumption is that water is the primary product through which oxygen
is removed from the catalyst.surface and that the formation of water.takes
place via an Eley-Rideal mechanism. While experimental evidence (3,66,102)
confirms the formatiqn of water as'the'primary‘oxygen containing species,
the mechanism of its formation has not begn established. The third
assumption is that all of the step; shown to be reyersibie are, in fact,
at equilibrium. The fourth, and final, assumption is that tﬁe probability
of chain propagation is independent of.chaiﬁ lengtﬁ. |

Two limiting forms can be derived for the kinetics of methane
synthesis, dependinglon whether methane or higher molecular wéight
hydrocarbons predominate among the products formed. In the first case,

the rate of methane formation is given by

1.5, |
Ve, kePn2 /Peoe , ' A

where

47
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K 12 2)

k = _3 1
e © &, (kgsNe"y)
and in the second case by
_ . J1.5,1.33 o
xcl . ke PH2 /PCO * - T 3
- 1/3
where .
‘ k,K K> K K K> (1-0) '
4273 567 _
e k kl
: P
The dependence of N, on the partial pressures of HZ and CO exhibited in

c
1 .
eqns. 1 and 3 can now be compared with those observed experimentally.

Correlation of methane formation rates obtained at pressures between 1 and
10 atm, temperatures between 175 and 275°C, and H2/00 ratios between 1 and

3 leads to an expfeésion of the form (101)

~ 1.35,.0.99 | o
No =k Py /1>Co » )
1 2
where
8 v =1
k = 7.5 x 10 exp(28,000/RT), s . (6)

e

While the content of methéne in the products over the indicated range of
conditions varies from 20 to 40 weight percent, the form of eqn. 5 is most

nearly like that given by eqn. 1.

Working with the same catalysts used to study the kinetics of
mgthane synthesis, Kellner.and Bell (100) investigated the effects of
substituting D2 for H2 in the synthesis mixture. é;trohg inverse 1isotope
effect of magnitude 1.4 to 1.5 was observed both at 1 and 10 atm for an
alumina-supported ruthenium catalyst. When silica was used as the support,

the effect was 1.1 at 10 atm and became negligible at 1 atm.
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Ihe origin of the isotope effect and its maghitude can be explained
on the basis of the méchanism of metﬁane formation proposed in Fig. 6.
The fact that some of the elementaryipfocesses ére é: equilibrium while
~ others are not means]thatvthe overall:isotope effect will consist of a
combination of equilibrium and kinetic isotope effects. Thié conclusion.
is further indicated by the strﬁcture of the effective rate éoefficient,
ke’ given by eithef eqn. 2 or 4. As discussed by kellner and Bell (106),
the equilibrium constants for the stepwise hydrogenation of sqrface
carbon to CH, species.are favored when D, rather than Hé is used, but
the equilibrium constant for D2 adsorption is smaller than that for ﬁz
adsorption at reaction temperature. By contrast, iate coefficients for
processes involving the addition of hydrogen are expected to.be larger
in the presence of H, than D,. In view of these considerations and thé
fqrm of eqns. 2 and 4, it is seen that the equilibriumrand kinetics isotope

effects counteract each other. The existence of a strong inverse isotope

effect over alumina-supported ruthenium indicates that the equilibrium.

component of the overall effect-ié dominant.’ However,_for the silica-
supported catalyst the balance between equiiibfium and kinetic isotope
effects is more nearly equal and hence the overall effect is smaller.

Rate expressions for the synthesis of hydrocarbons containing two
or more carbon atoms can also be derived from the propoéed mechanism (102),.
If it is assumed that the probability of chain propagation, a, is
independent of chain length, n, then the rate of formation of hydrocarbons

containing n atoms can be expressed as

$y
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N. =N +N S (7)
cn Cn Cn
_ 1 n-1 : '
= (ktoev + ktpeu)a eCH3 _ (8)
ktoev n-1 T
= (1 + F—e—)ﬁ ktpeHGCH : (9)

tp H 3

where kto and ktp are the rate coefficients for termination of chain growth
by formation of olefins and paraffins, ev is the fraction of the catalyst
surface which is vacant, and GH and BCH are the fractions of the surface

covered by H atoms and CH3 groups. The second term in the parentheses

of eqn. 9 can be written as

e
ktoev = kto (10)
k 172 1/2
tp H ktpK3 PHZ
: 1/2
= B/pH

2

Substitution of eqn. 10 and the expression given in eqn. 11 for the rate

of methane formation into eqn. 9

N, =k6 ' - Qy
C,  8HCHy | o

leads to a statement for the rate of synthesis of Hydrocarbons

'containing n atoms.

k
Ne = R @+ s/ey/ B (12)
n 8 2 1

From a comparison of eqn. 7 and eqn. 12 it may be concluded further that

the ratio olefins to paraffins can be expressed as



24,

, 1/2 , .
) o (13)

=9

 The dependenée.of the propagation probability, a, on the partial .

pressures of HZ and CO can also be deduced. The defining expression for

a is

, kpecnz ' . 1)
a = . R
| (kpeCHZ + ktoev + ktPBB)A ,

By introduction of the appropriate expressions for eCH » 6y, and ev, it
' 2

.can be demonstrated (101) that eqn. 14 can be rewritten as

o =1 +yig0a+ et D)

2

where Y is given by
k. . 1Y |

3 ' . (16)

: k k (l—a)KzK '

X 5 6

The form of eqn. 12 indicates that a plot of log (N /N ) versus
. n G
(n—l) should be linear with a slope of log a. Figure 8 illustrates three
such plots for data taken at 1 atm and 275°C°{102). It is apparent that

with the exception of the point for C2 hydrocarbdns, the data fall along

a straight line. The values of a determined from the slopes até 0.47,
0.51, and 0.56 for HZ/CO‘ratios.of 3, 2, and 1 correspondingly. The = ‘ 3
vobserved increase in a with 1ncfeasing'HZ/C0 ratio at a.fixed total

pressure is properly predicted by eqn. 16. Data taken at other temperatures

and pressures also fall along a straigﬁt 1ine when plotted as iog(Nc /Nc )

: , n 1
versus (n-1): the primary difference being that the values of a for data
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taken at higher pressures (e.g., 10 étm) #re less sensitive to changes in
temperature aﬁd HZICO ratfo than for data taken at 1 atm.

A test of the expreésion for the olefin to paraffin ratio eqn. 13,,
is shown‘in Fig. 9. The data plotted in this figure were taken at 225°c,
pressureQ.betwéen 1 and 10 #tm, and H2/CO ratiosbof 3 to 1. As may be seen,
the olefin té pafaffin ratios for Cé througﬁ C4 hydrocérbons are'ﬁro-
portioqal to.Pﬁg's,vas predicted by eqn. 13. A simiiar felatiénship was
also 6bserved foer5 through C10 hydrocarbon#. It is to bebnoted, however,
that iﬁ contrast‘with'thevassumptions'undeflying ;he derivatioﬁ of eqn. 13,
B is found to bé a function of n. This is seen both in Fig. 14 and even

more clearly in TabléIII.Ihe iﬁplicatibnvof this observation is that

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

carbon ‘atoms in the alkyl group.

CONCLUDING REMARKS

In the field of catalysis it is well recognized that it is
exfremely difficult to demonstrate the‘predomiﬁance of a singlevreactioq
meghanism to the exclusion of all éther alternativés, and as a result,
mechanistic.discu$Sions rarely lead to a definitivé identificatién of a
pérticular reaction pathway. From this perséective, wve must conclude that
thg discussion presented here does not constitute a proof of the
mechanism of hydrocarbon synthesis proposed in Fig. 10.bﬁt, rather, only
strong support for its validity. The intermediates invoked have been
shﬁwn tb exist as ligands in transition metal complexes and, in at

least one case, have been identified during reaction by the technique of

reactive scavenging. Likewise, precedents have been shown to exist for

essentially all of the elementary processes. Of additional significance
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is the fact that»the proposed mechanism leads in a rational fashion to
a series of expressions which prbﬁerly éhﬁractérize the kinetics of hydro-
carbon synthesis over ruthenium.

It ié anficipated that future:étudies.will helpmté achieve an ' | »
even more detailed picture of the reaétion mechanism; Sucﬁ.éfforts- |
should help to establish how the natufé of thg most.abundant surface
species changes with changes in catalySt composition ahd how catalyst
composition and/or reaction cOnditibns affect the idéntity of rate-
limiting steps. It will also be important to determine,ﬁofé ciearly
the role which secondary reactions,, involving olefins, play in shaping
the overall.product distributioh. Finally, development of a better under-
standing of tﬁe'processes leading to Oxygenatéd products should bezunder—
taken in order to elucidate what factors control the formafion of these

products instead of hydrocarbdns.
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Table 1
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Isotopic Composition of Methane and Higher Hydrocarbonsa(SS)

b

C,H

13 R ' : ;
Series Batch 6_ C CH4 _C2H6' CZH8 4810

® 1 0 1 2 o0 12 3P 0o 1 2 34

11 1 o0.62 44% 56 45 46 9 16 30 37 17°

2 0.50 42 58 48 39 13 32 34 27 7

4 0.32 76 24 61 29 10 61 26 13 -

5 024 8 18 75 25 - 63 26 11 -

5 1 0.3 38 62 49 30 21 31 27 28 14

2 0.27 5S4 46 51 30 19 55 26 14 6
20 2 0.20 75 25 60 23 17 61 25 14 - 28 28 21 13 -
3 0.13 8 14 78 22 - 73 21 . 6 - 48 26 24 - -

8 4 wtZ Ni/510,;

b Number of all C.H, molecules are

38

13C3H8 molecules.

€ 17 mo1z of_13c atoms per molecule.

Data given in mole percent.

T = 170°C; P = 1 bar; H,/CO molar ratio = 3.

By
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Table II

Effect of H_/CO Ratio in the Synthesis Gas
on the Distrigqtion of Scavenger Products®(92)

h}

S e
0O a0 O

3 3.6x107% 2.1 x10° 1.9 x 107
6 5.9 x 107 3.3 x 107 4.1 x 107
9 43 x107% 1.1 x 107 8.7 x 107

# 4 wtZ Ru/s10,; T = 225°C; P = 1 atm.
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Table III

' Dependence of B on n (101) - »

N>

-]
® .

8.7 .
1009 : - "
5.8
5.1
7.2
5.7
4.9
4.2
3.1

VW O N O V. & W N

-
o

21wz Ru/AL,0.5 T = 225°C; P = 10 atm.
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A section of the Periodic Table showing the room temperature
adsorption behavior of CO. M denotes molecular adsorption
and D dissociative adsorption on one surface, single crystal
or polycrystalline. The thick line defines the borderline
between molecular and dissociative adsorption at room
temperature. The numbers on the third line of each block
show the average value for the energy separation of the 4
and 1 UPS peaks, A(Irn-40). The numbers on the fourth line

~ of each block show the activation energy for dissociative

chemisorption of CO from the molecular state determined from
Bond Energy Bond Order calculations. The form of CO
adsorption at room temperature and values of A(lw-40) are

‘taken from ref. (26) and the values of the activation energy
for dissociation from ref. (49).

1 .
An energy level diagram for the molecular and dissociative
chemisorption of CO on nickel and ruthenium. '

Reactions of diazomethane on transition metal surfaces.

Redrawn from ref. (%g).

Proposed reaction pathways for the incorporation of fragments

" derived from l4C labelled ketene, during Fischer—Tropsch

synthesis.

A schematic illustration of reactive scavenging of surface
intermediates.

A proposed mechanism for hydrpcarbon-synthesis from CO and H2
‘over group VIII metals.

) Possible reaction sequences leading to the formation of

oxygenated products.

Plots of log(N /N ) versus (n-l) for different H /CO feed
ratios. _ n

—1/2 '
Plots of N =/N_- versus P for n = 2, 3, and 4.

€ ©a ‘ HZ.
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IVB ¥B YIB VIB VI VI YT

18

B
Sc | Ti V| Cr | Mn| Fel Co| Ni | Cu
— — - | - - |1 35| - | 3.08 -
- | 25| 1.7 ] 42| 33159 |23.4 [23.4 | -
Y | Zr | Nb [ Mo | Tc | Ru | Rh | Pd | Ag
— - - | D | - M - | M| -
— - - | 35| — | 3.5/ = | 290 -
— 0 O | 5.8120.9]43.4 |49.3 ({585 | -
La [ Hf | Ta | W | Re | Os | Ir | Pt | Au
- - - | pM] - - M| M —
— -] = 32| - | - | 2.75 2.60| -
- 0 0 O |159 |36.7 |41.8 1493 | -

Figure 1
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~ Raactive Scavenging of Surface Intermediates

,H2_+ CO R CHy + CoHpp + CpHapyp

| - Figure 5 -
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A. METHANOL

. s=C=0 +§
S=C=0--8' +H,
S—8=0-8' + H,
S—CH,—0—S' + Hg
CH3—0—S' + Hg

B —

§=C=0-8!

v H o :’v
S—C=0-§'
S—CH,—0—5' |
CHyz—0—S' + 2S
CHyOH + S' + S

 B. ALDEHYDES

, | R
- S—R+COy —> S—C=0

| R ) .
S—C=0 +H, — RCHO + 25

C. HIGHER ALCOHOLS

R 4
~ S—C=0+¢s"
R - o |
§—C=0---S' + H
S—CRH—0—S"+H,
RCH,—0—S' + H

Figure

s—_§=fo---s'
S—CRH—0—§'
RCH;=0—S'+ 25 -
'RCH,OH + :S'_+, S
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