k3
(3)  Cf + x HY — CH* (RDS)

K
(4)  0r+y ke —= HOT— H0

At the steady state ry T Ty <0 the rate of reaction is

. %
ry = kg 8 Oy (6.31)
1/2 %+1
» (Kc pco) x/2 ( L o
-3 z H 7 Z\ /¢
k pHE 2 1+ {1 +k DHZ )(KC Pcofk pHZ )

where k = ko/k, and 2 = x - y. As a function of the partial pressure
of carbon monoxide the equation reads, with x = 2:

r, = k \/ECO (6'32)
3T e Vg

which has the same dependence on p., &s equation (6,30).

Thus our experimental results can be explained by the following
model:

i) the dissociation of carbon monoxide is rapid (i.e. the surface
coverage of mo]e&u]ar]y adsorbed €0 is small compared to the
surface coverage of surface carbon)i

ii) the rate determining step is the hydrogenation of surface carbon;

iii) the adsorbed oxygen is removed as water.

These results agree with some recently published data in which it
has been shown that at least the formation of methane proceeds via

the dissociation of carbon meonoxide /30-35/.

6.5,3. CHAIN GROWTH
In principle there are two types of mechanisms for chain growth:

1) the unit added in chain growth (building unit) is formed via the
same steps as the surface complex which starts to grow;
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i7) the building unit is not formed via these steps.

Based on the conclusions in the previous section we say that from the
mechanisms discussed in chapter 1 the insertion of a CHx—compTex be-
Tongs to the first group and the insertion of carbon monoxide and the
dehydrocondensation of an alcohol complex to the second group, In the
following the two groups are discussed separately.

In chapter 4 the product distribution was shown to follow the
Flory distribution medel. It was pointed gut that the fit of the pro-
duct distribution to the Flory curve is independent of the detailed
mechanism for chain grewth. The Flory constant, o, is noticed to be
a weak function of the partial pressures of hydrogen and carben mon-
oxide. But the relation between o and the partial pressures will be
presumably different for different mechanisms. This allows us to dis-
tinguish between chain growth mechanisms via the insertion of carbon
monoxide and via the insertion of a Cl—complex. The dehydrocondensa-
tion is not considered further because rno evidence of the existence
of an alcohol-type complex was found. Moreover the chain growth me-
chanism proposed by Anderson /16/ can he described by the same kinet-
ic expressions as the mechanism of the Eﬁ*] insertion,

Chain growth wia 0 insertiom
The parameter « for the insertion of carbon monoxide can be re-
presented as

" - Peo eH ‘I ] (6.33)
ks B 0H [Ciﬂ ke By E [c;]
which can be transformed into

hd

1-a_ % %
— E——EEB , where x = X) " Xo. (6.34)
e

By substituting the surface coverages of hydrogen and carbon monoxide
we obtain an equation that gives the dependence of o on the partial
pressure of carbon monoxide at a constant pressure of hydregen. Three
cases can be distinguished:
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1) if % » 2 (and assuming a low coverage of H2) eguation (6.34) can
be written in the form

1
=T
&3 —
('(T“'T"‘-u pco) = A+ B pgy + CVpgy (6.35)

A, B, C > 0.

& . : .
caleulated from the experimental results is given as a
TT=37'Eﬁ§§ p g ‘

function of the partial pressure of carbon monoxide in table 6,7,

Table &.7. 7?:3%-Emm as a function of Prpge
[#0]

Pry (KFa) 10 20 30 40 S0 60

%

(h=u) Poy

This shows that the left-hand side of equation (6.35) decreases
when the partial pressure of carbon manoxide increases. As however
the right-hand side of equation (6.35) is an increasing function of
the partial pressure of carbon monoxide, because all the constants A,
B and C are positive, this model is umapplicable,

2) if x = 1, the right-hand side of equation (6,35} should be con-
stant. This also does not correspond to the experimental results.
3) if x = 0, the equation (8.35) gets a form

(1-a) p
% = A B g+ OV B (.35)

When x = 0 the same amount of hydrogen 15 used in the rate determining
steps of the chain growth and of the termination, This situation is
checked by calculating the dependence of o on the partial pressure of
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carbon monoxide for X = 0, 1, 2. These calculations are discussed
in the next section, which deals with wodels. Anyhow, we can mention
already here that in all cases the calculated order for o in carbon
monoxide is higher (0.3} than found experimentally (0.1-0.2).

Chatn growth via ©, inseviion

1
The paramater o for the chain growth via the insertion of a Cl—

complex is

] & B [657] (6.37)
X . "
ko 07 4] * ke oy 6]

The surface coverage of a Cl-comp1ex Fl*] is the real root of the
following equation:

2
k k. 8% rooee kg o8t
a3 L, x a2 L "H A - dnit., "t R
;] fE [c]" + T, 1 -7 -
p
(rin{t, = rate of initiation) (6.38)

which is obtained from the steady-state assumption that d [Clﬂ /dt
= 0. Because of the complex dependence of o on surface coverages and
through those on partial pressures, this mechanism is also checked
with the calculatiens presented in section 6.5.4.

6.5.4. REACTION MODELS

In section 6,5.2 it sometimes appeared impossible to describe o as
a function of the partial pressures using simple mathematical equa-
tions. Therefore we decided to analyze the whole product distribution
instead of o. To this end we develop two models: one for chain growth
by carbon monoxide insertion and another for chain growth by Cl-
complex insertion., Both models allow the product distribution to be
caleculated as a function of the partial pressures, The following as-
sumptions are used:
i)  the initiation takes place via the hydrogenation of dissociati-

vely adsorbed carbon monoxides
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ii) &1l the chain growth steps have the same mechanism and the same
reaction rate constant:

i1} the termination mechanism is the same for the C2 and higher hy-
drocarbons;

iv) there is no product readsorption.

The reaction scheme is:

kg kp kp
0 4 X HY —= [cl-{] — [ — fe5] — (6,39)
bk bk bk
& Gy Cy
Modala with 00 insertion
The following rates are used:
%
NN o
initiation kO ec SH
2
chain growth kp [?iﬂ Beo eH
. s S z
termination of C; kl [Cl] By

termination of Cy .. Cpp Ky Fi*] eHxl
where [Ciﬂ is the surface coverage of the complex with i carbon at-
oms ,

In the previous section we could reject the mechanisms in which
X] * X9 i.e, where more hydrogen was involved in the terminatien
than in the chain growth, Therefore we discuss here only the cases
Xy £ Xgs i.e, where the same or a higher amount of hydrogen is in-
volved in the chain growth than in the termination.

In the appendix the detailed equations of the surface coverages
are given. The constants in the rate expressions have been adjusted
to obtain the best fit of the experimental data for a mole fraction
of hydrogen of 0,20 and of carbon monoxide of 0.20. With this set of
constants we calculated the product distribution and the reaction
orders for other partial pressures. The following values of the xi's
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have been used: Ky 7 Zy Xy = Xg = 0, 1, 2 and z = Xy Or %y o+ 1. It
was found that the d1fferent values of Xy do not change the product
distribution. The product distributions are plotted in figure 6.15
for x; = Zand z = 3. The calculated orders are in the appendix,

table 1,

L imi

ol by F oy ¥ wn My /Mg it
RLEN 8.0 .8 LY I P
Q.20 ¢ 0.0 (%8 AN N ol
AL R

Lo

Ml

rate [a.u.}
rate (a.u.}

carbon number carben number
Plgurs 6,15, Caloulated product Figure 6,16, Caloulared product
distributions. Model: chain growth dietributions. Modsl: chain grovth

wig (1) inseriion. via CHx insertion.

The orders in hydrogen agree reasonably well with these found ex-
perimentally for the CO/A]203 catalyst (tables 6.1 and 6.2), also for
individual products. To obtain these correct orders for all products
we need to assume z = x; + 1. This model fails however in the pre-
diction of the right orders for carbon monoxide. E.g. the predicted
order of o in carbon monoxide is 0.36 while experimentally an order
of about 0.1 is found. This can be ¢learly seen in the difference be-
tween the orders in carbon monoxide for twe consecutive hydrocarbons.

If Xp ® My, i.e, more hydrogen is involved in the chain growth
than in the termination the orders of o both in hydrogen and in car-
bon monoxide are pasitive, This would mean that a higher partial
pressure of beth reactants increases the formation of higher hydro-
carbons. This is in contradiction with the experimental results.
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pdale with ¢ —complex inaertion
The rates ysed are:

A
initiation kg Oc By 0
chain growth ky E:]A] [cl*]
N “ ' ra
termination of C; k [Clﬂ 8y

termination of C5 .0 Cpg Ky [Fiﬂ aHx
Again the detailed equations for the calculation of the surface cover-
ages are given in the appendix.

The best Fit to the experimental data is obtained with values of
X, = 2, x = 1and z = 2, The results are represented in figure 6,16
and in the appendix, table Z.

Variations in the partial pressures of hydrogen and carbon monox-
ide change the product distribution slightly, just as found @xperi-
mentally. The orders, alsp those caleulated on different levels of
"constant pressure” change in correspondence with those found experi-
mentally, Also according to this model the termination of methane ki-
netically needs one hydrogen atom more than the other terminations.
Consequently at a high partial pressure of carbon monoxide the amount
of methane becomes less than that of the Cz-fraction.

e wnisupperied aatalyst

The results of the unsupported catalysts are also fitted inte the
reaction models described above,

For the model with CO insertion the best correspondence is ob-
tained with the values x, = 3 and Xp = Np = Z 2 1, while the best re-
sults for the model with Cl—comp1ex insertion are obtained with the
values Ky = X = 2= 2, The caleulated orders are given in the appen-
dix,

In both models the same amount of hydrogen has to be used for all
the terminations, The orders should be compared with the experimental-
ly found orders (table 5.3). It can be noticed that if the chain
growth proceeds via €O insertion, at one "constant Tevel" of the
partial pressures the orders agree quite wall with the experimental
values. But when the "constant level" is varied the changes take place
in the wrong directions: the orders both in hydrogen and in carbon
monoxide increase with increasing "constant levels" of the partial
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pressures. If the chain growth goes via a Cl~comp1ex, the orders in
hydreogen decrease too fast at a “constant level”™ of the partial pres-
surg of carbon monoxide. Increasing the level of the partial prassure
of carbon monexide decreases the orders in hydrogen as found experi-
mentally. The orders in carbon mongxide first increase and then de-
crease. Thus none of the models describes the results obtained with
the unsupported catalyst completely. One point should be added: in
the studies of the hydrogenation of ethylene /133/ it was noticed that
oh the unsupported catalyst about 60% of ethyTene was cracked to me-
thane at a Tow concentration of ethylene, That means that also other
reactions than those included in our models of the Fischer-Tropsch
synthesis occur an this catalyst.

The following conglusions can be drawn from the reaction models:
i) it iz not likely that chain growth takes place via CO insertion;
ii) on the Co/A1203 catalyst in the termination of methane one hydro-

gen atom more i% involved than in the cther terminations.

6.5,5, OLEFIN-PARAFFIN RATIQ
Basically there are two possibilities for the formation of paraf-
fing:
1) parallel with the formation of olefins (i.e, both are formed from
the same surface complex):
olefins
— [iiw]_.. {6.,40)
paraffins
2) consecutively from glefins:
— [iik] — {6.41)
olefins — paraffins

For the first case the rates of olefin and of paraffin formation
can be written in the forms:
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= « M
T"oh-:-*F,i - ko1ef,1 Ei ] By
v = k 6" 8%, ¥y <x
paraf,i = “paraf,i [i ] HY _

The ratio of olefins to paraffing is thus

Tolef,i _ k, o,
rparaf.i
vV Ky Py v
_— A (6.42)
b+ Keg P +VK‘H2pH2

(i.e. a negative order in hydrogen),

As an example we calculate the orders in hydrogen for the eihylene-
ethane ratio at the different levels of carbon monoxide on. the Co/
A1203 catelyst, The results are in table 6.4 1n section 6,2,3,

The orders in hydrogen increase with increasing partial pressure
of carbon monoxide, According to formula (6,42) the order should re-
main constant (if 1 + KCO Peg * VfE;;E;;) or decrease with increasing

partial pressure of carbon monoxide but never increase, as observed
experimentally.

A stronger argument against the exclusively parallei formation of
olefins and paraffins is the fact that experimentally the olefin-
paraffin ratio decreases with the residence time whereas with parallel
reactions no influence of the residence time would be expected,

For the second case the rates of olefin and paraffin formation can
be written as:

= y— X
"olef,i koief,i Fi*] ot kparaf,i [co]ef,i] ® (6.43)

and

_ %
Tharaf,i ~ kparaf,i [co]ef,i] % (6.44)
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At high olefin-paraffin ratios the second term on the right-hand side
of equation (6.43) can be neglected. Then the olefin concentration
depends linearly on the residence time, That would further mean that
the olefin-paraffin rate ratio can be expressed by equation (6,45):

Tolef,i _

= . {6.45)
paraf,i

-
Al

where T is the residence time. Egquation (6.45) is egual to

"paraf,i _
Tolef,i

k. T (6.46)

i.e, a Tinear relation between the paraffin-¢lefin ratio and the re-
$idence time.

If paraffins are also formed via a parallel reaction, equation
(6.46) becomes

r -
paraf,i _ k. v+ k

- (6.47)
alef.i ! L

where k. and k, are
Ll 1 0.1757

constants which de- o T
pend on the reaction 01004 ,,a’”“
rate constants and
the surface cover- o ] - -
ages of reaction

intermediates and

rparaf,ifru1ef,i
Y

0,050 e L
of hydrogen, In fi- -
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paraffins are mainly formed in a consecutive reaction, but that some
formation in a parallel reaction is possible and is somewhal more
likely for ethane than for propane.
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CHAPTER 7

Final Discussion

In this chapter we shall summarize our conclusions on the mecha-
nism of the Fischer-Tropsch synthesis. They will be based on the re-
sults deseribed in the preceding chapters and on the relevant liter-
ature.

7.1. INITIATION

For the Tow turnover frequencies, also found in this study, var-
ipus explanations can be suggested:

i) a low intrinsic activity of sites,
ii) a small number of active sites and
iii) side reactions.

The overall rate of the Fischer-Tropsch synthesis is only one hun-
dredth of the rate of the ethylene hydrogenation under the same con-
ditions, This difference cannot be explained by an essential differ-
ence in the goverages of ethylene and of carbon monoxide, because of
the similarity of the adsorption heats, Since we excluded the disso-
ciation of carbon monoxide as a rate determining step, the difference
mentioned above can be explained by a difference in reactivity of the
adsorbed intermediates towards hydrogen, i.e. the reactivity of CxHy_
species is much higher than that of carbon from dissociated carbon
mongxide, But in chapter & we calculated that only a small fraction
of the catalyst surface is active during the Fischer-Tropsch synthe-
sis. This indicates that the Tow turnover frequencies calculated are
also caused by a small number of active sites and not only by & Tow
intrinsic activity of the active sites as proposed by Dautzenberg
et al. /134/. Their conclusions were based on experiments on a ruthe-
nium catalyst, This further implies that the amounts of adsorbed hy-

drogen are not a correct measure for the number of active (1.e., work-
ing) sites,
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The kinetic results could be described by the model in which the
rate determining step is the hydrogenation of carbon from the disso-
ciatively adsorbed carbon monoxide, A first order in hydrogen for the
tatal conversion of carbon mongxide supports this mechaniam, In sev-
eral studies it has been shown that on transition metals the adsoro-
tion of carbon monoxide takes place dissociatively at temperatures
normally used for the Fischer-Tropsch synthesis /27-29/. Further somg
recently published results about the reactivity of surface carbon
shaw that surface carbon is an active intermediate in methanation
/30-35/ and also in the formation of higher hydrocarbons /36/.

The initiation consists thus of three stages:

1) the adsorption of hydrogen and carbon monoxide;

2) the formation of surface carbon from the adsorbed CC;

3) the hydrogenation of surface carbon.

There are two possibilities for the second stage:

a) 2 CO(ads) - Cfads) + €Oy (7.1)
a0

B CO(ads) - C(ads) + 0(ads) {7.2)
rCOH“COE

In the first case carbon dioxide is formed as a primary oxygen con-

taining compound. This means that water is then formed via the water-

gas shift reaction

H2 + C02 + HED + C0 (7.3)

The equilibrium constant for reaction (7.3) is of the order of 0.01
at 523 K /16/, This means that with equal concentrations of hydrogen
and carbon monoxide the concentration of water should be much less
than that of carbon dioxide, if water is formed according (7.3). On
the supported cobalt catalyst the guantity of produced carbon dioxide
was around 5% of the total conversion of carbon monoxide to hydro=-
carbons. A Tow formation of carbon dioxide on cobalt catalysts has
been found in several cases /16/, Also on an iron catalyst Dry et al.
/1197 found a higher production of water than of carbon digxide under
the conditions in which the Boudouard reaction could be neqlected,
For none of these catalysts a correlation was found between the for-
mation of methane and that of carbon dioxide. Thus the averal!
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reaction equation given by Sachtler et al. /35/ for cobalt films at
Tow pressures of CO,

2C0+2H, - CH +CO, (7.4)
is only relevant for the conditiogns of their experiments,

The removal of oxygen from the surface depends on its reactivity
towards hydrogen and carbon monoxide and the pressures of these com-
ponents, The reduction of cobalt oxides by hydrogen and by carbon
mongxide are much faster reactions than the Fischer-Tropsch reaction,
which indicates that no oxide formation occurs during the synthesis
under our conditions. The situation is totally different for iron
catalysts where alse the thermodynamics of the reduction of oxides is
Tess favourable than for cobalt oxides. And indeed, during the syn-
thesis on iron catalysts oxide formation is observed /19/.

In chapter & we concluded that the Fischer~Tropsch reaction on
cobalt catalysts proceeds via an oxygen free complex. During the
years several authors have suggested that an oxygen containing com-
plex, especially an alcohol-type complex, is an intermediate in the
Fischer-Tropsch synthesis, Blyholder and Neff /135/ studied the co-
adsorption of hydrogen and carbon monoxide on a silica supported iron
catalyst by infra-red spectroscopy at 293 K and at 453 K. The in-
creased intensity of the O-H stretching band at 453 K was interpreted
a5 evidence for an alcoholic surface compiex, Later on the authors
interprated the band at 6.4 and 6,96 u as surface carboxylate /136/.
But because of the stability of these compounds they were assumed not
to take part in the reaction, The formaticn of methane was pbserved
as well at 453 K. That would mean that also water was formed. Thus
the increase of the 0-H band could be caused by an intermediate in
water formation instead of by an alcoholic intermediate. On a silica
supported nickel catalyst no interaction of hydrogen and carbon mon=
oxide was observed during the adscrption of their mixtures /137/.
Further Blyholder et al, /136/ have shown that oxygen containing
complexes are formed in the coadsorption of ethylene and carbon mon-
oxide on various transition metals. The species resemble surface
carhoxylates and are stable up to 423-473 K. But the presence of
oxygen containing complexes in their studies need not mean that these
also take part in the Fischer-Tropsch synthesis, Moreover Heal et al.
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/1137 studied the coadsorption of hydrogen and carbon monoxide on
silica supported cobalt, and they did not detect any intermediate
complex between 398 K and 488 K. Sastri et al. /138-139/ found the
ratio of adsorbed hydrogen to adsorbed carbon monexide from their
mixtures to be 1:1 on cobalt/thorium oxide catalysts between 273 K
and 368 K. That was interpreted as an indicatton for the formation of
an alcoholic complex. The same interpretation has been suggested by
K81bel et al. /140/, However such ratio of adsorped hydrogen to ad-
sorbed carbon monoxide can be also explainad by the formation of CH-

and CH-groups.

koibel and Tillmetz /141-142/ have calculated, using the extended
Mickel theory, that on iron and cobalt a stable complex of alcoholic
type may be possible, but that on nickel a complex of the methylene
type is more Tikely. On the other hand Goddard et al. /143/ have
calculated that on nickel both a chemisorbed formyl radical and a
chemisorbed Ca—species (without hydrogen) may be catalytically active
intermediates, As there is ample evidence that the Fischer-Tropsch
reaction pathways are kinetically determined and not thermodynamical-
1y, the value of this type of stability calculations 1s rather doubt-
ful.

From the discussion above we can conclude that the existence of an
oxygen containing complex on cobalt and on iron has not been proven
convincingly., The situation is more difficult for ruthenium and the
dissociation of carbon monoxide has been an open gquestion for a long
time, But the results of $ingh and Grenga /144/ show that carbon mon-
oxide decomposes on ruthenium at 823 K. Moreover Rabo et al. /33/

did not find any essential difference between nickel, cobalt and
ruthenium in the way these metals adsorb carbon monoxide at various
temperatures, The reactivity of cavbonaceous species formed from the
decomposition of carbon monoxide is also similar. The resuits of
Goodman gt al, /145/ show that on ruthenium the formation of methane
js faster from farmaldehyde than from the synthesis gas. They con-
cluded that an active intermediate can be derived from formaldehyde.
But whether that intermediate contains oxygen has not been demon-
strated.

The mechanism of the Fischer-Tropsch synthesis with carbon as an
intermediate has already been proposed by Fischer and Tropsch. Ander-
son has presented a number of arguments against that model /15/, But
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as pointed out by Ponec /63/ the evidences were based on experiments
with bulk carbides and bulk carbon and the behaviour of surface car-
bon can be different, In our study it was found that the rate of
carbonization is much lower than that of the Fischer-Tropsch reaction.
In the presence of hydrogen ne carbon formation was found at all on
the unsupported catalyst. This shows that bulk carbon or carbide for-
mation need not be related to the Fischer-Tropsch reaction,

Mechanisms where the hydrogenation of surface carbon is the rate
determining step can explain the first grder in hydrogen and the
slightly negative crder in carbon monoxide calculated in chapter 6,
One would expect that a mechanism with hydrogen invelved in the rate
determining step would lead to a kinetic isotope effect, i,e, the
reaction rate would be influenced by substituting hydrogen with deu-
terium, But Dalla Betta and Shelef /1467 did not find any rate changes
on nickel, ruthenium and platinum catalysts, Therefore they concluded
that the rate determining step probably is the dissociation of carbon
monoxide without any hydrogen involved in that step. The calculations
in chapter & showed that with that type of mechanism the observed
reaction order in hydrogen cannot be obtained. Biloen gt al. /37/
have explained the absence of an isotope effect by assuming that a
carbon to metal distance is the transition state featuring in the
rate determining step, That would mean that the positive orders are
obtained due to a competition between the formation of an active
intermediate, CHx‘ and inactive carbon from surface carbon, and
additionally due to a competition between chain growth and termina-
tion, We are inclined to aseribe the absence of the kinetic isotope
effect to a compensating effect between an increased surface cover-
age and a decreased rate constant when hydrogen is replaced by deu-
terium.

7.2, CHAIN GROWTH

Our results can be explained guantitatively by a model with chain
growth via the insertion of a CH -complex. The chain growth via an
alcoholic complex would Tead essentially to the same kinetic equa-
tions as via an oxygen free complex. But hecause we concluded that
the initiation preceeds via dissociatively adsorbed carbon monoxide
and not via an alcoholic complex we alsc exclude alcoholic complexes
in the chain growih.
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The machanism of the chain growth via polymerization of CHZ-gTOuDS
was proposed already by Fischer and Tropsch /24/. The resuits of
Blyholder and Emmett /147-148/ from experiments in which Tabelled
ketengs were added to synthesis gas showed that the CHZ—group of
ketene was more reactive than the CO-group of ketene. Both groups
could take part in the chain growth. On iron and on cobalt catalysts
more CHz—groups were built into the hydrocarbons than CO-groups. Also
rasults of reactions with ketene by Toyoshima /149/ on an iron cata-
lyst indicate that the CHZ-group is involved in the chain growth re=
action. The elegant experiments of Biloen gt al. /37/ on a nickel
catalyst prove convincingly that the chain growth can proceed via
CHx-groups, probably via CHE-groups+ Te this we can add our resuits
of the ethylene hydrogenation which showed that chain growth via a
CHx-Comp1ex is possible, Therefore we state: Chain growth via a
CHx—group is possible under the conditions of the Fischer-Tropsch
synthesis. And on cobalt catalysts at a pressure of 100 kPa that me-
chanism is very probable.

When the chain growth proceeds via a CHx—comp1ex the question is
still open about the value of x,

Dne method to investigate the nature of adsorbed intermediates is
to carry out exchange reactions in which the exchange of hydrogen
atoms with deuterium takes place /150/. Tompson et al. /151/ studied
the reaction of deuterium with hydrocarbons over a cobalt/thorium
oxide catalyst at 455 K. They concluded that the most stable radicals
formad from methane were CH3 and C and from ethane CZH4 and C, The
methyl radical was the most stable group, but it seems unlikely to us
that this group acts as a building unit becawse dehydrogenation re-
actions would be required, even for the formation of paraffins,

The chain growth via & CH-group would Tead to highly unsaturated
products and wouid require substantial subsequent hydrogenation, even
for the formation of olefins. Hence a CH,-group is the most Tikely
unit,

In the 1iquid phase CH,-groups formed by photolysis of ketene can
insert into a carbon-hydrogen bond but not into & carbon-carbon bond,
forming unsaturated hydrocarbons /152/, Further the results of
Yamamoto /153/ and Young and Whitesides /154/ show that the insertion
of the carbene into a metal-carbon bond is possible.
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Many studies have been carried out to demonstrate that olefins and
alcohols can initiate the chain growth, Emmett et al. /155-158/ have
shown in series of experiments the influence of the addition of radio-
active alcohols, aldehydes and olefins to synthesis gas. A1l of these
compounds can only initiate the chain growth, but especially methanal
and formaldehyde, which would be the most relevant species, react
more slawly than the higher alcohols. Further it was found that ole-
fin selectivities increase by addition of alcohols /155/. This would
mean that a part of glefing is formed directly from alcohols via
dehydration, But as mentioned in the previous section there is Tittle
evidence that these compounds exist under mormal operation in notice-
able quantities.

Another mechanism for the chain growth, the insertion of carbon
monoxide, has been proposed by Pichler and Schulz /19/. The recent
results of van Barneveld and Ponec /38/ have been interpreted by that
mechanism. The idea is based mainly on the well-known property of
transition metals to form carbonyls, but no real experimental evidence
has bheen offered. The probability of chain growth increases with an
increasing concentration of carbon monoxide.

In the absence of carbon monoxide methane is fermed from carbon-
aceous species on the surface (chapter 3). These results can be used
to support the chain growth mechanism by the carbon monoxide inser-
tion, But another explanation s equally possible: whern carbon men-
oxide is present, the hydrogen suwface coverage is low. Without car-
bon monoxide a higher hydrogen surface coverage causes the formation
of methane, which has a higher order in hydrogen and has a higher
rate constant than the other products. 50 we can say that carbon mon-
oxide is needed to protect the Cj-intermediates against the reaction
with hydregen, which would accelerate the termination as CH4 and de-
crease the prebability of chain growth, as less CHx—species would be
available for insertion.

To =upport the mechanism of the insertion of carbon monoxide ana-
logies have been suggested between the mechanism of hydroformylation
and of the Fischer-Tropsch synthesis /159/. In both cases carbon mon-
oxide insertion could take place. But in the hydroformylation carboen
monoxide insertion leads to the formation of compounds with only one
carbon atom more than the original molecule and insertion does not
Tead to further chain growth. Such a reaction could be aperative in
the Fischer-Tropsch synthesis, when alcohols are formed.
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7.3, TERMINATION

The termimation reaction has not been studied as much as the other
two reaction parts, initiation and propagation. It is generally as-
sumed that the termination is & hydrogenation reaction follewed by
desorption, or only a desorption step /16,63/.

We came to the same conclusion in chapter 5 with the experiments
in which the synthesis gas was changed into hydrogen. But it should
he pointed out that then meinly paraffins were formed. The Tow orders
for olefins in hydrogen and in some cases the positive orders in car-
bon monoxide (chapter &) suggest that for the ftermination of olefins
na hydrogen is needed i.e. the termination is only the desorption of
the intermediates. If the chain growth proceeds via CHE—grnups, the
polymerized form (CHp). has the same formula as olefins.

Further it was noticed that the terminations for methane and 2 Cz—
fraction differ from the other terminations. A high order in hydrogen
for methane formation indicates that more hydrogen is involved in
that termination than in the other terminations. Qur reaction models
support that mechanism. The difference in the termination of the Cz-
fraction can be explained by a strong adsorption of a Cz—intermediate
which therefore is assisted by hydrogen for the desorption step and
thus leads to a lower olefin-paraffin ratio in that fraction than e.g.
in the Cs-fraction.

The dependence of the olefin-paraffin ratio on the residence time
indicates that an important part of the paraffins is formed by a
consecutive hydrogenation reaction from primary formed olefins. As
the initiation is a hydrogenation step, the combination of Tow acti-
yity and high olefin selectivity c¢an be understood.

For a high production of the Tow olefins we should have a very
active catalyst, so that short residence times can be used. One way
to increase the ogverall conversion is to increase the temperature.
But as shown in chapter 5 at higher femperafures the carbon deposi-
tion increases considerably, which causes deactivation of the cata-
lysts. Hence the olefin selective catalysts have to be resistant
agatnst the formation of carbon at higher temperatures but maintain
a high activity. Further the chain growth activity should be low i.e.
with a lTow value of «. For the normal Fischer-Tropsch catalysts a Tow
x leads to a high selectivity for methane, But as it has been shown
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that the termination of the Cl—Fractiun differs from the other termi-
nation reactions and that the initiation activity and preduct distri-
bution need not be correlated (chapter 4), it is feasible to inhibit
the methane formation without losing the initiation activity or in-
creasing the prebability of chain growth. Some promising results in
that direction have already been obtained /1607,
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