CHAPTER 11

OVERYIEW QF THE FISCHER-TROPSCH SYNTHESIS

11~-1. Brief History of the Flscher—Tropsch Synthesls.

The formation of methane from hydrogenation of carbon
monoxide over reduced nickel and cobalt catalysts at
atmospheric pressure and temperatures between 200 and 300
°C was fIrst reported by Sabatier and Senderens In 1902
Csl. 1n 1921, Patart r§p0r+ed t+he production of methancl
from carbon monoxlde and ‘hydrogen [206]. Badische Anilin
and Soda Fabrlk patented thelr processes of hydrogenation
of carbon monoxlde under high pressure (100 +o 200
atmospheres) and temperatures of 300 to 400 °C on
alkalIzed oxldas of cobalt and osmlum In the preparation
of hydrocarbons and oxygenates in 1913 [6], and usling
zinc oxide for +he synthesls of methanol 1n 1823 [234].
Franz Flscher and Hans Tropsch then developed the Synthol
process In 1922 [206], In whilch +*he reaction between
carbon monoxlde and hydrogen occurred at lower pressures
ranglng from 100 to 150 atmospheres and at temperatures
of 400 +to 450 °C in the presence of an alkallzed ironm
turnings. This produced a mixture of mostly oxygenates,

such as alicohols, aldehydes, ketones, aclds and small



portions of saturated and unsaturated hydrocarbeons [206].

In a later experiment In 1925 [206], Fischer found
that as the reaction pressure was lowered +o about 7
gtmospheres, the distributlon of oxygenated and non-
oxygenated hydrocarbon products was reversed. In 1929,
Smith, Hawk and Golden at+ the U.S. Bureau of Mines
experimented with +the incorporation of ethylene In the
synthesis over a cobalt catalyst +that resuited in
significantly Increasing the vyleld of oxygenated
compounds which were tater Identified by Otto Roeien to
be primarily proplonal&ehyde [234]. The dlscovery of the
Zn0 and Cr203—based catalysts represented a decisive step
in the selective synthesls of alcohols from CO and HZ
C1e64]. These early results led +to numerous studles for
producling various products from synthesis gas containing
hydrogen and carbon monoxide. Three distlnct llnes were
developed: the synthesis of paraffinic and olefinic
hydrocarbon mixtures, the synthesls of low and high

alcohols and the synthesls of aldehydes [164].

-
The first commerclial plants utilizing Flscher-Tropseh

technology went on stream In Germany In 1936 [197].
Curing Worid War |II, a total of nlne plants were
operating In Germany based on 2 medlum pressure cobalt
catalyzed process [110]. At the peak of preoduction In

1943, the German plants were producing ca. 600,000
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+ons/yr of hydrocarbons conslisting of gasolline (46%) and
dlesel ol (23%) fractions [1971. After the war, *he
German plants were closed, buf research of Fischer-
Tropsch technology continued worldwide, especially in
Germany, Britain, and the Unlted States. The emphasis
was on more easlly accessible Tron catalysts and Improved

reasctor designs for better heat removal [z06].

In the early flifties, the great euphorla over cheap
petroleum from oil exploded in the fiiddle East, USA and
Europe, resulting not only In the shut down of coal
mines, but also In demorallizing the Interest In synthetic
fuels [110,176]. The only excep+lon was the start up of
a large commerclal Fischer=Tropsch plant In Sasolburg,
South Africa In 1955 belonging to the South Afrlcan Coal,
0il and Gas Corporation, later changed to South African
Synthetic 011, Ltd. (SAsoL) [75]. The plant (now called
SASOL 1) uses a Lurgi coal gaslfication process +to
produce the synthesls gas from coal and then the FIscher-
Tropsch synthesis |In both fixed-bed and clrculating
fluld=bed reactors to manufacture hydrocarbons which are

upgraded for gasoline and dlesel fuels £76].

Following the 1973 oll embargo, research activity on
the Fischer-Tropsch synthesls resurged [110,239]. A
great deal of work has been done on searching for better

catalysts such as ruthentum, molybdenum, tungsten and
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manganese of non-conventional Group Villt metals,
bimetallic allioys, navel promoters and suppeorters for the
catalysts [197]. One example o©f +the result of <the
intenslve Investigations was tThat 2 new competitive
process for converting methanol to an arcmatic gasoline
and C2 to C4 olefins wusing so-called shape-selective
catalyst (ZSMS) was developed by Mobil in 1976 [157].
The second SASOL plant came on stream Tn 1980 and a third
in 1984 [77]. Annual production capacity was estlimated
to be around 2 million +tons [140]. The worldwide
economic recessicon In 1982, however, sharply slowed down

all synthetic fuel ventures [8].
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11=2. Elscher=Tropsch Chemistry.

The classlcal FIscher~-Tropsch synthesls (FTS) has been
descrlbed as the reaction between hydrogen and carbon
monoxlide in the presence of Group Yill metals to produca
a varlety of allphatic hydroc;rbons and alcohols of
predominantly stralght carbon chalns In the range of 04
to €y [206]. An even more Inclusive description of
Fischer-Tropsch synthesls deflnes It +to be the following

reactions [6]:

(2n+1)H, + nCO = C H, ., + NH,0 (2.1)

(n+1)H2 + 2nCO = CnH2n+2 + nCO2 {2.2)
20H, + nCO = C H, +'nH,0 (2.3)
nH, + 2nCO = C H, + nCO, : (2.4)
2nH, + nC0 = C H, . OH + (n-1)H,0 (2'?)

(n+1)H, + (2n-1)C0 = C_H, . OH + (n-1)CO, (2.6)
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A modern view clalms that all the reactions 1In the
Fischer=Tropsch synthesls can be reduced to two types, as

below [185]:

2|-l2 +C0 = (-CHZ-) + HZO (2.7)
H, + 200 = ('CHZ') + COz (2.8)
HZO + C0O = Hz + COZ | (2.9)
HZO + 300 = (-CHZ-) + 2C02 ] {2.10)

The reaction type 2.7 is generally promoted by cobalt

catalysts while reaction type 2.8 Is affected by iron

catalysts. The v~ter-gas shift (reaction 2.9) allows for

adjusting +the SO/H2 ratio In the synthesis gas.
Systematic study ¢f the role of the water-gas shift
reactior In the Flscher=-Tropsch synthesis resuited In the
discovery of another type of hydrocarboen synthesis from
carbon monoxide and .steam In 1949 and was named the
-Kolbel-EngeIhard+ syntheslis, Jl.e., reaction +ype 2.10,
[&]. Other competing reactlons Include decomposition of

carbon monoxide (Boudouard reaction) [223]:
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200 = C + CD2 (2.11)
coke deposition:

Hy + Co=C+HO (2.12)

carblde formatlon:

xM+C=MC (2.13)

Reactlon of +he synthesls to produce methane and
oxidatlion of the catalyst =zlso may be involved [223].
Typlcal carbides are Faac, COZC and NI3C and +they are

unstable with respect to the metais and carbon?EGJ.

The dlssocciatlon energy of stable hydrogen molecule Is
431.4 kJ/uoI C110]. About 80 percent of +thlis bond
energy Is due to the rescnance of electrons béfween the
electronic orbits of +the two 3atoms, l.e., H:zH. A
contribution of about 5 percent Is due to the unstable
resonance between H+-:H and H-:H+ structures [206]. The

remalnlng 15 percent |Is attributed to complicated
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Interactions. Hydrogen Is soluble In most metals and the
solubillity Increases with temperature. There Is some
evidence that hydrogen atoms might be hydridlc when
bonded to a tramnsitlon metal [57]. The chemlisorption of
hydrogen on many metals can occur as low as =100 °C

C206].

Carbon and oxygen have 4 and & valance electrons (L
shells) respectively. The resonance among :C+ :§=- ,
:C::0: and :E:::E: cantributes roughly the same to the
normal state of the motecule [206].  The heat of
atomization of carbon monoxide Is 965.% kJ/mof £160]. 1In
+he presence of metals, carbon mponoxide reacts in a
numbar of ways. At low ?emperafureé, many met+als such as
cobalt, nlckel, Iron and copper tenaclously chemisorb
carbon monoxide. From room temperature +o about 200 °C,

carbonyls such as Fe(CO) NT(CO) and [Co(CO) , ]_ are

5 * q 4°-2

formed. These carbonyls are liqulds which boll below 50
°C and decompose at atmospherlc pressure at temperatures
below 150 °C [206]. At temperatures from 150 to 250 °C,
© carbon monoxide reacts with Iron, cobalt and nlckel to
form carbides such as Fe ,C, Co zc and Ni 5 C. At
?enpera?ﬁres between 250 and 350 °C, +these carblides
decompose to metal! and carbon or l!ower carbides. Above

300 °C, carbon monoxlde can decompose on these metals to

produce chlefly free carbon and carbon dloxide [206].
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The contributlion of a C-é bond +o a. double bond of
C=C in al;enes of average bond energy of 146 kcal/mol is
63 kcal/mot. The reactlion of +this weak bond with a
normal single bond +o produce a moltecule containing two
new single bonds Is generally a thermodynamically
favorable process, The most characterlistic way in which
ethylene reacts is by addltion +to Its double bond. For
example, hydrogen, 1In the presence of a catalyst, e.g.,
Ni or Cu, will add to 1+ yielding ethane. More commoniy,
the attacking reeagent Is an acfd, either a proton donor
or an electron acceptor. These aclds add rapldly across
the bondg of ethylene, éven in the absence éf any
catalyst. . Ethylene can be strongly adsorbed at 0 °C by
copper. Pure nickel is known to chemisorb ethylene so
strongly that the surface of nickel is po!soﬁed.
Ethylene Is only siightly bhyslcally adsorbed: by iron
[85,132].

18



Ji=3. IJhermodynamlcs.

The +thermodynamlcs of the hydrogenatlion of carbon
monoxide have been discussed by Smi+h [201] and Myddleton
L1631 for a relatively few compounds in t+he product. The
tirst comprehensive thermodynamlic study of the Flscher-
Tropsch synthesls was summarized In the bock by Storch et
at. C206] and la+ér revised In the serfes of revliews of
catalysls edited by Emmett [6]. Important concluslons
were drawn as fol lows: _

1. The synthesls of hydrocarbons from H and CO Is
strongly exothermle¢, evelving some 146 o 176 kJ per
mole of CQ converted under usual reactlion conditions
C1i0].

2, The formatlon of methane has the +the most
negative Glbbs free enargy change of any
corresponding hydrocarbons [7].

3. Reactlons produclng carbon dioxlde are more
Thermodynamically favorable  than corresponding
reactions producing water [206].

4. In +the range of temperature and pressure at
normal ranges, all types of hydrocarbons, except
acetylene, are thermodynamlcally possible [6].

3. Any amount of ethylene can be incorporated with
2 hydrogen=carbon monoxide mixture at all Fischer-

Tropsch temperatures [5].
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6. The production of alcohols, with the least
feasible methanol, from the hydrogenmation of carbon
monoxide under usual reactlon conditions is
thermodynamical ly possible [6].

7. Hydrogenation of carbon dioxlde +o produce
hydrocarbons and/or alcohols, excapt for acetylene
and methanol, Is possible thermodynamically under

most synthesis condltions [6].

Anderson et a2l. [7] recently have calculated the
equlitibrium converslons for a few simple s?réighf chaln
paraftfins, oleflins, acetone, aldehydes, carboxylic aclids
and alcohols and further concluded that the free energy
changes are usually adequa?a- for forming hydrocarbon and
simple -oxygena+e molecules with only a few exceptions

suck 2s acetylene and formaldehyde {rom the hydrogepaflqn

of carbon oxldes. For the production of speciflc

hydrocarbon molecules other +than methane, seleactive

catalysts are required.

The equillbrlum constants for the formation éf
hydrocarbons of varyling chaln Iengfh gslso depend on fha
length of the carbon chatn. Balow 400 °C, the forma*fon
of higher hydrocarbons Is morse favored +than the |lower
ones since the equitibrium constant Increases with the
carbon numbar [110]. For most reactions, the equlllbrlum

constants are greater than unity below 350 °C, but become
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thermodynam!ically unfavorable above 450 °C [s67]. A more
recent study of the thermodynamics of the Fischer-Tropsch
synthesl!s by Ahmad and WojJclechowskl took aromatics I[nto
account and concluded +that +the dlirect synthesls of
aromatlcs can be +hermodynamically favorable at

temperatures around 650 °K [2].

The study of the chemlical thermodynamlcs of the
Fischer-Tropsch synthesis has been Incompiete mainly due
to the compliex nature of the reactlen, since, for every
hydrocarbon molecule, there are many possible reactions.
Most studies are based on simpl Ified overall reactlon
stolchliometry for a parf%cular type of product.’ The
actual Fischer-Tropsch syntheslis Is governed by a large
number of parallel primary ~ reactions (e.g. formation of
hydrocarbons and alcohols), .secondary reactions (e.g.
Isomerfization) and side reactions (e.g. water-gas shlift
reaction, Boudouard reactlion and possible Kolbel-
Engelhardt reactlions), resulting In a system ‘oo comp |l ex
to perform a rlgorous equilibrium .composition study.
Nevertheless, +he Incomplete +thermodynamlic studles do
provide clues for appropriate operating condlitions for

desired products.
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ll=-4. Mechaplsm. .

The deflnl}lon of the mechanlsm for a simple reaction
Is +the path +that +the molecules follow 1In goling #rom
reactant to product. For a complex reaction system, It
becomes a network of paths and the emphasis Is shifted to
an explanation of the observed rate rather <tThan The
identiflcatlion of a possible path. SInce 1926, many
efforts have Seen made to fdentlfy the mechanism in the
deslire +o understand how catalyst composition and
reaction conditions govern the the products formed. Many
revliew artliclies about +the mechanism of +the Fischer=
Tropsch reactlons c¢an be found In recent |iterature
£18,19,22,23,161,183] ln:addlfion t+o the book by Anderson
[6.8,206]. According to Rofer-DePoorter, only flve

complete mechanlsms have bean postulated Ct183]. These

ara: (1) Fischer/Tropsch mechantsm [6,206], (2>
Storch/Golumbic¢c/Anderson mechanlsm " [6,166,206], {3
Pichler/Schulz mechanlsm [173,193], (4) Henricl-

Olive/0l 1ve mechanism [107], and (5) Ponec mechanlsm
C174,175,220]. All of the flva mechanisms overlap +o

some extent.
11-4.1. Elscher/Tropsch Mechanlsm.

Fischer and Tropsch hypotheslized that CO reacts with
t+he meta! of the catalyst to form & bulk <¢arbide which

then evolves methylene groups upon reaction with hydrogen
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[(s6,206]. The methylene groups then polymerize +to form
the products. This mechanism was later detalfled by
Craxford and Rideal [62]. However, these authors
suggested that only surface carbides " are fnvolved In the
reaction. Part of the Justlfication for carbldes as ‘the
Intermediates was that metal carblides react wlth acldic
aquecus solutions +to glive simllar products to the ones
from Fischer-Tropsch syntheslis. Both verslons of the
carbide theory were subjected to criticism [8]. Recent
findings that hydrogenation of metal carbides yields only
methane have cast doubts on +the carbide mechanism
[95,177]. The anelysis of tracer experiments 1n which

metal carbide layers contalning 14

C reacts with synthesls
gas led to +the conclusion that +tThe carbide mechanism
could account for only a minor role In +he formation of
products C139]. Allowance was made, however, for the

possibility of chemisorbed carbon atoms as Intermedlates.

The major shortcoming of the carbide mechanism Is that
i+ does not explain the tformatlion of oxygenated products.
A variant of +the carbide mechanism proposed +that
methy!ldyne groups, rather than methylene groups, are the
primary carbon~carbon bond formers [127]. Recent
evidence on surface ITntermedliates glves new [ikellhood tTo
some of the reactlons proposed In the carbide mechanlsm,
particularly the recombination of hydrocarbon

Intermed!ates +to form carbon bonds [39,40]. The
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el ementary steps proce=d as follows:

Initiation

0
¢
Co + M~ & (2.14)
0
c c ,
A + CO - & + coz (2.15)
0
c c .
A + Hy » & + H,0 (2.16)
C CH2
IL + H2 - rll (2.17)
Propagation
CH, R
cH, St én éH
P 3+l T | 2
ch, CH, CH 2 cH CH
I + l - ‘ - 1 > L. -bl (2.18)
M L L] M M
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Branching

R R

I |

?Hz ?-CH3

CH CH CH

'[1 +M2*'!12 (2.19)
Termination

R

|

i

CH

# + H, ~ RCH2CH3 (2.20)

R

y

| 2

CH

| > RCH=CH, (2.21)

ﬂ -

R

é CH

| 3 CHy

CH2 :

'll + H, + RCHCH, (2.22)



11-4,2. Storch/Goluymblc/Anderson Mechanism.

This mechanism accounted for the formatlon of
oxygenated products by maklIng a hydroxycarbene
Intermedlate, M=CHOH, responsible for carbon=-carbon bond
formation [61]. !+ was also postulated +hat the
condensatlan of Two M=CHOH groups fol lowed by
hydrogenation is the carbon-carbon bond~formirng step
[166,206]. Condensation of more hydrogenated specles,
M-CHC(R)OH, wlth M=CHOH gave methyl branching [6,206].
Simllar mechanlsms were proposed by Edius [79]1, and Nijs

and Jacobs [167].

The dlfficulty In Justiflcatlion of this mechanlism Is
that the hyaroxycarbene specles M=C(R)OH has never been
observed. In addition, no condensation reactlons
resembl Ing those of reactions shown In the mechanism have
been observed In organometalllc compounds. Biyholder et
al. studled the Interactlion of alcchols on Fe, Co and NI
by Infrared spectroscopy and found no encllic specles
[26-311. A hydroxycarbene may be an Iﬁfermedlafa In the
reductions of CO to methane and acyls to alkyls. The

mechanlsm can be summarized as follows:
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Initiation

(2.23)

Propagation

\J
<t
o
o~
S
T
m O
= 1
O —0—x|
o
ro4
.—\
T
=
'
o —x|
1
o —x|
1
T
o
o™
t =
'
=
o
1
u—=x|
1
T
+
T
o
'
o —x|
]
T

(2.25)

(2.286)

t
o —0U—x|

(z.27)



Termination

2 > RCHZCHZDH

-+ RCH=CH2

(2.28)

(2.29)

(2.30)
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11=4.3. Plichler/Schulz Mechanism.

Pichler and Schulz have presenfeq a detalled version
of invoklng C-C bond formatlon by the CO-Insertion Into
an alkyli-metal bond analogous to those reactlions In
homogenous organometalllc chemistry which takes chain
growth into account [173,193]. Hydrocarbon radliczals are
consldered as the Intermedliates. Methy!l branches are
produced In several dIlfferent ways, Tncluding +he
incorporation of propylens, migratlion of a methyl
radlcal, and mligration o¢f the point of attachment of a
hydrocarbon radical to +the metal via a T7~bonded
Intermedlate. In the production of oxygenated molecules,
the oxygen In the flnal growth step Is not ¢)iminated.

_ The proposed mechanlsm proceeds 3s follows:
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Initiation

H +C0 H-c=0 *H
+ | -

M

|=—

H
2 H—é-OH
"

30

{(2.31)

(2.32)

(2.33)
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11=-4.4. Henrici-Ollve/Ollve Mechanlsm.

Henricl-0flve and Oilve have proposed another reaction
scheme based aon Indlviduail steps well established In the
homogeneous catalysls |i1terature [107]. Such Individual
steps are coordinaticon of CO and clefins, oxidative
addit+ion and reducflvp el iminatlon, Insertion, as well as
f=H transfer. The Insertlion of coordinated CO Into a

metal alkyl bond present at the same transitlon metal

center. is one of tThe kay reactlons In homogeneous'

catalyslis. Oxldative addltion of Hz feads to +thae
intermedtate (I1) which can undergo +two alternative
reactlions, giving either the alcohol by reductive

elimination, or the alkyl group by HZO el Imination.

The alkyl-metal compound can elther add CO and thus

contribute to the chaln propagation or, by B-H transfer,

give an a=olefin and a2 metal hydride which consflfufes_

+he kinetlic chain. The B~H abstractlion can tzke place as
soon as a B=-H becomes avallable, and can 2lso Jead to the
production of c-~aleflins as the primary products of the

"FIschar=Tropsch synthesis. 1In the Plchler/Schulz scheme,

it was assumed that the Intermedlate formaldehyde and

higher aldehydes are u-bonded +to two nelghboring metals.
This type of complex bonding has been observed thus far
for a ziconlum complex only, where the formaldehyde

complexes of higher transition metals show u=bondling +o
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only one metal center.

No hydroxymethyl

Tntermedlate is

formulated. Mcreover, the formatlon of the product of

g-glefins was assumed to Take place by @ rearrangement of

the carbene ligand which

The propagation step in the propesed

as follows:

Propagation

+ H, ~ CH

Hy

lacks organometellic

- H
OH + |
M

cH

372

support.

mechanism proceeds

(2.35)

(2.36)

(2.37)

(2.38)
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11-4.5. Ponec Mechanlsm.

Ponac and hls co-workers have postulated a hybrid
mechanism In which CO Is dissociated on the surface to
give up carbon atoms followed by hydrogenation to form
CHx species that can react with adsorbed undissoclated co
by alkyl migration to form carbon~carbon bonds, and then
with hydrogenation of the resuiting acy! Intermediates

to form alkyls [174,175,220]:

M

H
K, + M-M ~ 2| (2.39)
M

c o0

CO + M-M + | + | (2.40)
M M

c H  CH,

| + x] =] 7+ xM (2.41)

M N® M

CH, +CO +H,

| * + =% RCH,CHg (2.42)
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The network character of elementary reaction steps in
+he Fischer-Tropsch syntheslis makes It dIfflicult o

separate one path from anocther, because many paths have

commen intermediates. Eviidence from simpiified
conditions of low pressures and slingle crystal metzl
surfaces have been incorporated into the mechanlsm

Insofar as it represents elementary reactions. Thls kind

of evidence 1s most avallable for +the adsorption of Hj

and CUO and for the formation of 002 and HZO' The
adsorption steps are generally supported by evidence from

surface sclience and complex chemlisiry conslderations.

The product-forming rezctions are +the most poorly
supported section of the entire mechanlsm and almost all
+he evidence comes from complex chemlstry. The product-
forming reactions are also the most difficult to study
because pofh the forward and reverse reactlions on
surfaces are compllcated by the presence of the other
Intermediates of +the synthesis. Much more information
must be collected before a definitive mechanlsm for the

Fischer-Tropsch synthesis can be put forth.
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dl=5. Klnefics.

The complexlity of the Fischer=Tropsch reaction coup!led
with a large number of varlables has made 1t rather
diffleult +to formulate a general sequation for +the
overall kinetlcs. Most rate equations obtalned are based

on speclfic catalysts undar deflned condltlons.

Anderson and his coworkers [6] at U.S. Bureau of Mines
wera zble to fit thelr experimantal data of kinetic study
of the Flscher-Tropsch synfhasfs on a Co-ThOz-kIeselguhr
at atmospherlc pressure to the concentration of growlng
chain based on +the model of desorption of growling chain

In the form of

“bpﬁzpco
n = > (2.43)
1+ bPHZPco

where a Is the product of effective surface area times
+he rate of desorption, b Is the equliibrium constant for
the formatlon of the chain, pHZ Is the partlial pressure
" of hydrogen and pC6 Is the partlal pressure of carbon

monoxide.

In his kinetlic experiment on 2 Co—ThOZ'MQO-kleselguhr

catalyst with Hzlco ratlo = 2 at atmospherlic pressure,
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Brotz proposed the followlng reactlion rate expresslon

£eo]:

k'pﬁz T
A= (2.48)

Peg

Yang et al. [241] studled +the hydrogenation of carbon
monoxide over Co-Cu-A[203 catalyst and found <+that a
simple rate equatlion first order in hydreogen and Inverse
square-root order Ip carbon monoxide adequately fitted

t+heir data:

(2.45)

The kinetics of the Flscher-Tropsch synthesis over a
cobalt/alumina catalyst was also studled by Rautavuoma
and van der Baan [178,179]. They proposed a model in
which the Inltlatlen proceeds via carbon dissociation and
formation of a CHz-surface Intermediate in which the
formatlion of <This Tntermedlate Is the rate determining

step:
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fa'5’1-12" Pco

= (2.46)

3
(1+ '@2’%2 + KegPeo)

The chain growth was thought to proceed via the additlon

of the same CHz-groups +o the growing chalns.

Methanatlon Is thought to be the simplest form of the
synthesls and has been subjected to kinetlec studies In
+he anticlipation that it can provide some sort of clue to
the explanation of the synthesis [221,222]. Recent study

of methanatlion over Co/Al,05 by Agrawal et al. [1] has

resulted In the following rate expresslons for different

regimes of pseudo-steady state:

ke ”HZ 7
= (2.47)

2
(1 + Kegpeg!

The kinetics of the Fischer-Tropsch reactieons are only
slightly better known than the thermodynamics. However,
a general valid rate equation for +the FTS carn not be

written,. Each type of catalyst and each (indlividual
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process varlation contributes +to a wunique variety of
kinetics that, in general, cannot be extrapclated or
interpolated. Although mass Tranﬁfer plays an obvious
role ITn the Fischer=Tropsch synthesls kinetics, +the rcole
appears to be restricted to pore diffuslion fo a rather
shal low depth. Mass transfer Through adhering
hydrocarbon film Is claimed not to be a rate-limiting

feature.

Desplte great differences between the numerical data
available, the consensus I[s5 that the Fischer-Tropsch
reactlions are about first order and the reactlon rate Is
amazlngly low as compared with that of other reactions in
the fleld of heterogeneous catalyslis. Most Investigators

are now aware that the:number of actlve slites cannct be

equallzed +to the number of surface metal atoms, as
determined by selectlve chemisorption of CO, H2 of 02.
The reasons are manlfold. Yates et al. have shown that

more than one CO can be coordlinated to a surface metal
atom [246]; +he same may be true for hydride !lgands.
Hydregen splllover has suggested +that hydrogen can
migrate to the support. Furthermore, there is Increasing
evidence that oniy metal atoms at speclally exposed sltTes
{steps, kinks) are catalytlically actlve, namely, s+trong
met+al-support Interaction or s+ruc+ure-sensl?lvl+y may

exIst for some catalysts.
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