CHAPTER 6

Kinetics

6.1, INTRODUCTION

The kinetics of the Fischer-Tropsch synthesis has been the sybject
of a number of experimental studies during last years /23,119,123/.
The results are usually described by "power laws" and no attempts
have been made to correlate the kinetic data with possible mechanisms.
Only in the case of methanation such an attempt has been made, byt
here no generally accepted conclusions have been reached either,

To draw conclusions about the mechanism only from the kinetic re-
sults is difficult for several reasons:

1) simplifications of full equations are often needed in order to
avoid too complex mathematical expressions:

2} the kinetic behaviour i3 often governed by one rate determining
step, rendering that only that part of the overall mechanism is
reflected by the kinetic data;

3} various mechanisms (models) can be described by the same kinetic
equation.

In spite of these shortcomings kinetic data can be used either to

disprave models or to support them, although they seldom will prove

a medel.

In this chapter we try to draw conclusions concerning the mecha-
nism ¢f the Fischer-Tropsch reaction from our kinetic data.

The two catalysts, Co/A1203 and Co, are studied. As described in
chapter 4 the product distributions of these catalysts were totally
different at 523 K. Thus the first question we try to answer is
whether the reaction goes via a similar mechanism on both catalysts,
The results of both CD/A1203 and unsupported cobalt catalysts are
used in the discussicn below on the dnitiation step. Howsver, on the
unsupported cobalt catalyst the formation of higher products is too
small at 483 K to be used for kinetic studies of the mechanism of the
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chain growth; only the results from the supperted catalyst are valu-
able in this respect,

Az a first step the overall reaction rate and the rates of various
products are described in the form of power laws. We realize that by
discussing the rates in the form of power laws inaccuracies are fntro-
duced. However we take this risk because the power Taw equations are
unambiguous and have an immediate experimental basis, Moreover the
various orders obtained can be compared with each other and with the
values found in literature.

Based on the caleculations in section 2,2,3 we concluded that our
experiments were carried out under conditions where neither mass nor
heat transfer limitations are expected. But it must be mentioned
that those calculations were based on the assumption that the concen-
tration of the products is negligible, However, in the flushing ex-
periments (section 5.3) we found that on the surface of the supported
catalyst there are hydrocarbons retained in amounts sufficient for
more than five times the monolayer coverage. This in principle could
hinder the diffusion of the reactants. The activation energies cal-
cuilated in section 6.4 are of the order of 100 kJ mol'l, which indi-
cates that there is 1ittle influence of film diffusion. The activa-
tion energies of reactions with film diffusion as rate controiling

step are generally smaller than 10 kJ mo1_1.

6.2, REACTION ORDERS
6.2.1. EXPERIMENTAL

The relations between the reaction rates and the partial pressures
of hydrogen and carbon monoxide were obtained from the series of ex-
periments in which the partial pressure of one component was kept
constant at one of the three levels 10, 20 or 40 kPa, while that of
the other was varied between 10 and 80 kPa, The total flow of the
synthesis gas was 1.3 cm3 (5 g <:at)'1 for the Co/A]203 catalyst and
3.5 an® (s g cat)™! for the Co catalyst. When we later on discuss
the influence of this level on the order in the other component we
will indicate this as the influence of a variation of the “constant
Tevel", In order to avoid changes in the state of the catalysts in
the course of the experiments the catalysts were at first stabilized
in the following way:
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Co7Al,050 after reduction at 673 K the synthesis gas (xH = 0,20,
- 2

g = 0.20) was passed over the catalyst for 18 ks at 573 K
and thereafter for 72 ks at 523 K;

Lo : after reduction at 523 K the synthesis gas was passed over
the catalyst for 58 ks at 483 K,

To be sure that indeed no changes occurred the points measured
first were always repeated at the end of a series. Within the experi-
mental error no difference could be noticed between these two sets of
data. The measurements were performed with the CO/A1203 catalyst at
523 K and with the unsupported cobalt catalyst at 483 K, The stabil-
ity of these catalysts is always better at lower temperatures, There-
fore it is favourable to carry out experiments at as low a temperature
as possible for a measurable conversion, Another reason to use low
temperatures is that under those conditions conversion is low, and
thus the reactor works like a pseudodifferential reactor. But on the
pther hand lTower temperatures favour the formation of higher hydre-
carbons which could form a Jayer on the surface of the catalyst and
thus cause diffusion Timitations. For the cobalt on alumina catalyst
the temperature was therefore chosen in such a way that a sensible
compromise between these two requirements is reached, This appeared
to be 523 K, The unsupported cobalt catalyst was studied at a Jower
temperature (483 K) because at 523 K no steady-state operation ap-
peared fo be possible. As the product stream contained here mainly
methane no hindrance by higher products was expected with the cata-
Tyst.

6.2,2, OVERALL ORDERS
The total reaction rate, s is represented in the form

Xy YT
T4 P, oo (6.1)
where kT 1% the rate comstant and XT and YT are the orders in hydro-
gen and in carbon monoxide respectively. When the partial pressure
of carbon monoxide is constant, formula (6.1) can be transformed into

the form:
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log ry = Tog ky' + X; Tog sz (6.2)

and similarly for a constant partial pressure of hydrogen

log vy = Tog ke + Yy Tog pap . (6.3)

w

_1)
-]'}

x g cat s umol
*x g cat s ymol

i

b

L

£ o \
E =" K T
= 2 —_— ., T 6
-3 B 3
4,0 4.5 5.0 4.4 4.5 5.0
-1 -1

1og(pH2 Pa ™) log{pyy Pa
Flgure 6.1. Regation rate ag a Flguve 6.2, Reaction rate as &

Funation of the partial pressure  function of the partial prezsuse
af He Catalyst: G'O/AZ203. of CO. Catalyst: C'D/AZPOS.

PGO = g0 kPa. T = 583 K. pHg = 20 kPa. T = 523 K,

In figures 6.1 and 6.3 the rates are drawn as a function of the
partial pressure of hydrogen and in figures 6.2 and 6.4 as a functi
of the partial pressure of carbon monoxide. In these figures the
“constant level" {i.e. the pressure of the other component) is 20
kPa. In table 6,1 the calculated orders are presented for each of
the three "constant levels" for the Co/mzo3 and the Co catalyst,
The rates are calculated both as carbon monoxide converted inte hy-
drocarbons (4C0) and as moles hydrocarbons formed (Cq}.

on
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The orders in hydrogen are positive and the orders in carbon mon-
oxide negative in all cases. Further one can notice that there are no
great differences between the orders calculated for the two rates
{moles CO converted and moles hydrocarbons formed).

The influence of the value of the "canstant Tevel” on the order in
the other compement is very smail for the cobalt on alumina catalyst.
For the cobalt catalyst the influence is noticeable: all orders des
crease with increasing "constant level™.

In figure 6,5 the total rate is

f -
plotted as a function of the par- InRCE
tial pressures of hydrogen and v
+
carbon monoxide for the hydrogen it
reduced catalyst without any de- =
activation, Also in this case a = ¥ o From Wi
. ) £ . Py, w20k
first order in hydrogen and a (=) z
ghtl jve arder i bon 7
slightly negative or in carl o . .,
monoxide are found, —
=
The orders found are generally 0 - w
in agreement with the results re-
g i i PH (Pco) (kPa)
ported in literature on the
Fischer-Tropsch synthesis: a Figuva §.8, The total reastion
first order in hydrogen and a rate as a fuiction of the parbial

slightly negative or zero order pressures of Hy and C0

in carbon monoxide /23,119/. Only Catalyst: Co/AZEOS. T = 533 K.

at low comcentrations of carbon

monoxide (< 1%) a positive order in carbon monoxide has been obtained
/120,121/. Yang et al. 7103/ found the reaction order to be 1 in H2
and ~0.5 in CO with a Co—Cu/A1203 catalyst at 523 K.

6.2.3, DRDERS OF VARIOUS PRODUCTS
We have calculated also the orders for the various hydrocarbons,
€0, and water according ta the equations {6.2) and (6.3). The results

are represented graphically in figures 6.1-6.4 and tabulated in table
6,2 for the Co/A1203 catalyst and in table 6.3 for the Co catalyst.
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Again clearly positive orders in hydrogen and slightly negative or
positive or zevo orders in carbon monoxide are found for the differ-
ent fractions of hydrocarbons, The accuracy of the orders given in
tables 6.2 and 6.3 i¢ on the averace 0.1. Some tendencies canh be no-
Viced when the orders at different "constant levels", or as a func-

Lion of the number of carbon atoms are compared. On the Co/A1203
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catalyst the increasing "constant level" of the partial pressures in-
creases the orders both in H2 and in CO. On the Co catalyst all the
orders decrease by increasing the "constant Tevel” of both partial
pressures.

The orders of carbon dioxide are positive both in hydrogen and in
carbon monoxide. The orders of water are not reliable; on Co/Al,0,
because of the adsorption of water on the support, and on the un-
supported catalyst the production of water was too Tow to be measured
aceurately.

When we compare our results with those found in liferature we see
that the orders of methane agree quite well with the orders reported
by Vannice /122/ for a Co/A1203 catalyst at 548 K: ¥ = 1.2 and Y =
-0.5. (That is actually somewhat surprising because in his experin=
ments the samples were taken after 20 winutes which according to our
experiments falls still in the period of fast deactivation). The
orders in carbon menoxide for the different hydrocarbons have also
been calculated by Zein el Deen et al, /123/. Tha comparison with ouy
results 1s difficult, because they assumed that the rates of all the
products are proportional to the partial pressure of hydrogen, i.e,

a first order in hydrogen. But this is not the case according to our
results. Their assumption could also explain a positive order of
ethane and a negative order of ethylene in carbon monoxide, which
they found, but which contradicts the generally guoted observation
that increasing the partial pressure of carbon monoxide increases the
selectivity for olefins,

The relation between the olefin-paraffin ratios and the partial
pressures are also described formally by power laws, The results are
collected in table 6.4,

The partial pressures have a stronger influence on the ethylene-
ethane ratio than on the propylene-propane ratio. Increasing "con-
stant level" increases both the orders in hydrogen and in carbon mon-
oxide, The orders obtained with the unsupported catalyst are not very
accurate, but they are presented to show that the results are quali-
tatively the same with both catalysts.
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Table 6.4, Ovdevs of olefin-paraffin ratics.

order in hydeogen order in carkbon monoxide
CD/AlQO:S
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— e S
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6.3, INFLUENCE OF THE RESIDENCE TIME

Experiments with the residence time as parameter were carried out
at 523 K with 1 gram of the stabilized Co/A1203 catalyst, The syn-

thesis gas flow was varied between 0.7 and 2.8 cm

3

5L, The partial

pressures of hydrogen and carbon monoxide were both 20 kPa in the
first series and 60 kPa and 20 kPa respectively in the second series.
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These results will be C, /Cp

il PHZCkPA)J’Pm(kPA)

discussed in connec- — Gty e 20/20
) . , v 80/
tion with the dis- a s W/
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nation, section 6.5.5, “
The Flery constant

n decreases with the

residence time for 0.4
the Tow H2/CG ratio _L

{1:1), but is constant 0.5 1.0 1.5

for the higher H,/C0 1 (g cat ks N]"l)

ratio (3:1). Some Flgupre 6.7. 02'/62 end @ as a funetion
correlation between of the vestdance time. Catalyst: Co/AlgO
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vity and ¢ is found,
This might suggest that under the conditions for which a higher se-
lectivity for olefins is obtained, also higher products are formed.

6.4, APPARENT ACTIVATION ENERGIES

The influence of the temperature on the formation of various pro-
ducts was investigated for the stabilized supported and the unsupported
catalysts, With the supported catalyst experiments were performed at
493 K, 508 K and 523 ¥ and with the umsupported catalyst at 433 ¥,

448 K and 463 K, The HZ/CO ratio was either 1:1 (sz = 20 kPa, Peo =

20 kPa) or 3:1 (pH = &0 kPa, Peo = 20 kPa). The Arrhenius plots are
2

shown in figures 6.8 and 6,9 respectively for the supported and the
unsupported catalysts with a H2/CD ratio of 1:1. From these graphs
it follows that the Arrhenius relation is better followed for the
unsupported catalyst than for the cobalt on alumina catalyst. The
apparent activation energies calculated from the slopes of the Tines
are collected in table 6.5, The accuracy in the activation energies
is between 5 and 10 kJ mcﬂ’1 for the supported catalyst and between
2 and 5 kd mol ™ for the unsupported catalyst.
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catalyst Cof/Al 0y Cn
U, /CO 1/1 3/1 1/1 /10
produot B (kT (merl )_l)
Ry 16 108 96 116
O 11 121 110 125
Cl 114 132 1253 130
o, 11z 118 107 1268
Uy 142 143 124 56
., 100 55 69
¢, 11 99 110 18
oy P60 130 166 214
CB_ 1415 78 104 114
Oy 10% 95 92 130
Cr 112 g2 58 134
[ La0 45 74 IRk}
tq 70 44 0l 86
. 111 118 15 74




At higher temperatures the apparent activation enargies on the
unsupported catalysts are clearly lower, being between 483 K and 503
K 77 kd mol™! for the overall conversion, 31 kd mol™! for methane and
55 kJ mal * for ethane.

A veasonable agreement of the results is obtained for the two con-
ditions and the two catalysts. The main features of the data are that
the apparent energies of activation zlowly decrease with increasing
chain length. The apparent energies of activation for total G, and
total C3 are lower than those for C2 and C3 paraffins and higher than
those for the corresponding olefins, This is in agreement with the
model that all or a great part of the paraffins are produced in a
consecutive reaction from olefins.

The activation energies for supported cobalt catalysts reported in
1iterature vary between 40 kJ mo1_1 /25/ and 120 kJ mo1'1 /124/. The
most recent results on Co/A1203 catalysts are 100 kJ mol_1 for the
overall reaction /103/ and 113 kJ mol™* for methane /122/. The dif-
ference between the activation energy of the overall reaction and of
the formation of methame has been observed also on a ruthenium cata-
lyst by Dalla Betta et al. /125/. For the formation of methane on a
cobalt foi} Palmer and Vroom /126/ calculated an activation energy of
71 kd mol™ ",

6.5. DISCUSSION
£,5,1, THE QVERALL ORDERS OF REACTION

The negative orders in carbon monoxide for the Fischer-Tropsch
synthesis are often explained by the strong adsorption of carbon mon-
oxide competing with hydrogen for the same sites,

It is assumed usually that the surface is almost totally covered
by carbon menoxide /119,126,127/. The fact that the heat of adserp-
tion of carbon monoxide is higher than that ¢f hydrogen is used as an
argument. However, it can be shown {see pelow) that a negative order
in carbon monoxide can be obtained already at not too high a coverage
of carbon monoxide:; the only comdition is that the surface coverage
of hydrogen is smaller than that of carbon monoxide. We will illus-
trate this for the formation of methana on the unsupported catalyst,
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According to recently published results /30-34/ the formation of
methane can be best described by the reactions

(4-x) H+
Cr + x HY —= CH, — CH, (8.5)

i,e. a reaction between a surface carbon atom, from dissociatively
adsorbed carbon monoxide, and adsorbed hydrogen. The rate of the
methana formation is thus

(6.5)

where BE and e; are the fractions of the getfve surface covered by
carbon and hydrogen vespectively.

We assume that the surface fraction of hydrogen is small compared
to the fraction of empty sites. The surface coverage of hydrogen is
then

By = v KH2 pH2 {1 - Bcarbon’ (6.7)
where Ocarbon = DCO + OC’ i,e, the sum of the surface coverages by

molecularly and dissociatively adsorbed carbon mongxide, Further the

quantity of dissnciatively adsorbed carbon monoxide (e* can be shown

)
to be Tinearly proportional to the surface coverage ofcmolecu1ar1y
adsorbed carbon monoxide (020). The presence of adsorbed oxygen is
of no importance, provided that the rate of hydrogenation of the oxy-
gen is higher than that given in equation (6.6}. The rate equation
(6.6) can therefore be transformed into

C o At ot X
"= k1 8carbon (1 ecarbon) . (6.8}

In figure 6.10 this rate is given as a function of the surface cover-

age of carbenaceous species, 0 for different values of x, It

carbeon?
can he seen that the coverage needed for a decreasing rate depends on
% {a possible interpretation is that x is the number of hydrogen

atoms in a rate determining step). The requived surface fractions for
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a zero order in carbon monoxide are
0,5, 0.33 and 0.26 for x = 1, 2 and
3 respectively. These values are
far from an "almost total" cover- 3 \2 1
age. It should be noted that these
frastiones remain the same irres-
pective of tha total number of
sites available for reaction (i.e.
sites for the precursors of the
rate determining step plus the 05 1.0
active empty sites), Pcarbon

In section 5.3 we observed that Figure 8,10, The reaction rate as

1.0

=
in

rate {a.u.)

the amount of surface species a funotion of the surface cover-
which was in total flushed off by age of sarbonacecus species.
hydrogen from the unsupported I.x=1. 2, £=2 i x= L
catalyst after synthesis, corre-

sponded to more than 95% of the monolayer coverage. These species are
a) the precursors of the rate determining step i.e. adsorbed carbon
monoxide and surface carbon and b) all other (in the synthesis in-
active) carbon containing surface intermediates. The fraction of the
total surface covered by the former species is denoted as ea and that
by the Tatter as s If we agsume that all the carbonaceous species
are distributed as a monolayer (compare with figure 5.8) we can write

g, + 8, = 0.95 (6.9)

Based on the calculations above the surface coverage ea for a zero
order reaction for x = 2 at a first approximation is

6y = 0.33 (1 - 8) (6.10)

By solving equations (6.9) and (6.10) for B, we arrive at the value
of 8, = 0.02. This would mean that during the reaction only a small
fraction of the catalyst surface is active, It further suggesis that
the low turnover freguencies found for the Fischer-Tropsch synthesis
could be caused by a low number of sites active for the rate determi-
ning step.
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Orelers of individual products

In chapter 4 it was noticed that the product distribution is a
funetion of the partial pressures of hydrogen and carbon monoxide,
That was explained by the fact that o, the probability of chain growth,
iz related to the propagation and termination rates, When o is ex-
pressed in the form:

% ¥
_ [v3 [+
B DHE Peo v (6.11)

it can be shown that the values Xm and Yﬂ equal the differences of
the orders for the various products. The rate of termination can be
written as

X, ¥
. _ t t
et ke [57] PH,  Pco (6.12)

We also assume that the surface coverage of the Cl ~complex can be

expressed in a form

(47 = &y Ph, Poo . (6.13)
Because
x| = i-1 *
£ -7 ] (8.14)
the rate of termination becomes

Xq#{i-1}% +X Yor{i=1)Y +Y
. 1 w b 1 a t
et kt Py g (6.15)

or

(6.16)
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Yo=Yy (- 1) Y Y (6.17)

which can be written as

aX; = X and AY, = Y

[+ 1 o

Table £.6, Tha dependence of o owm the pariicel pressuyrss.
Catalyat: Co/AZEOs. T = 583 K.

Fon (kPa) 10 20 40
L =0.09 -0.04 =0.01
Py (kba) 10 20 40
2
v 0.2 0.1 0.2

In table 6.6 the values of Xu and Ya are given for the CD/A1203
catalyst on the various levels of the partial pressures. A slightly
negative xOl and a positive Ya are obtained. It must be noted that if
o wera independent of the partial pressures, the raie determining
steps of propagation and of termination would both be propertional to
the same function of the partial pressures. Further it would mean
that the orders of all the product fractions would be equal, For the
Co/A1203 catalyst the orders for methane are an exception in the se-
ries of orders, being higher in hydrogen and lower in carbon monoxide
than for the others, This indicates that more hydrogen is involved in
the formation of methane than in the formation of other products.
This can be understood since methane can terminate only as paraffin.
We will come back to this point in section 6.5.4.

6.5.2. INITIATION

The Fischer-Tropsch reaction proceeds via the adsorption of hy-
drogen and carbon monoxide, Under the conditions used for the syn-
thesis hydrogen is adsorbed dissociatively /118/. For the adsorption
of carbon monoxide there are two possibilities: molecular adsorption
and dissociative adsorption. Usimg the kinetic data it is possible
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to distinguish between these two forms of carbon monoxide adsorption.
First we simplify the process by the following assumptions:

- the total reaction rate is determined by one rate determining step.
A1) the steps (if any) before that rate determining step are in
equilibrium;

- the surface fraction available for the reaction remains constant,
i.e. there is no continuing deactivation;

- the surface coverage of hydrogen is considerably smaller than that
of carbon monoxide.

There are several possibilities for the rate determining step (RDS),
some of which have already been mentioned in the Titerature:

(1Y the adsorption of hydrogen /128/

HE + 2% o 2 H*
(i1} the adsorption of carbon monoxide
CO + % o (0w or CO + 2* =+ (O~
(i711) the formaticn of an oxygen containing complex /129/
CO* +n H* - COHn* + n*
{iv} the hydrogenation of a surface complex /64,130,131/
COHn* + x H* - Cl* + H20 + X
(v)  the dissociation of carbon monoxide /126/
a) CO» + » =+ (¢ & 0%
by 2 CO* + C* + = + CO2
c) CO* + 2 H =+ C* + 2+ + H20
(vi) the hydrogenation of surface carbon
C# 4 % Hv o CHXW N

Ad (1). The adsorption of hydrogen as RDS.

The rate of the reaction with the adsorption of hydrogen as the
rate determining step can be expressed by the equation

i 2
r=k sz 8a (6.18}

where 6, 1s the surface fraction of empty sites. Eguation (6.18} ¢an
be rewritten, assuming Langmuir adsorption equilibrium and a surface
coverage of hydrogen that is small compared to the fraction of empty
sites:
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1
re ko, T RG] (6.19)

F(pCU) is a function of the partial pressure of carbon menoxide which
depends on the form of the adsorbed carbon monoxide. According to the
Langmuir adsorption isotherms f(p.) i3 KeoPeo for the molecularly
adsorbed carbon monoxide and 2\/E§g325'for the dissociatively adsorbed
carbon monoxide; KCO is the equilibrium constant for the CO adsorp-
tion. With these functions it is impossible to obtain a pesitive order
in carbon monaxide from equation (6,19). However at low concentra-
tions of carbon monoxide a positive order in carbon monoxide has been
found /120/. Thus equation (6.19), i.e. the adsorption of hydrogen
as the rate determining step, does not explain all the available re-
sults,
Ad (ii), The adsorption of carbon monoxide as RDS,

In analogy to the previous case the rate of reaction is

X

1
roekpon 8% = (6.20)
o “e Q + ’E;FEQEJ .
Z

It is assumed that the surface coverage of CO is small, KH is the
2

equilibrium constant for the hydrogen adserption, x is either 1 or Z
depending on whether carbon monexide is adsorbed on one or two sites.
In both cases the rate is of first order in carbon monoxide, This
contradicts the negative orders often found for carbon monoxide. Thus
we can conclude that to obtain the orders in hydrogen and carbon mon-
oxide found experimentally, a competitive adsorption of these reac-
tants has to be considered.
Ad (1i1) and (iv). The formation and the hydrogenation of an oxygen
containing complex as RDS.

In these cases we have to deal ssparately with the adsorption of
carbon monoxide on one site and on two sites,
The one site adsorption of CO.
From the third and fourth model we arrive at the same mathematical
expression as a function of the partial pressure of carbon monoxide,
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if in the fourth model the surface complex from adsorbed hydrogen and
carbon monoxide is the most abundant surface species /132/.

By using the Langmuir model for the surface coverage of CO and

assuming that fy 0 we have for case (1i1)

oy =K1

(1+ K pgg)

The overall arder in H2 was found to be arpund 1 (table &6.1), so the
most likely value for n (and for x} is 2. With this value equation

{6.21) can he linearized as

r

A + B p = (—'“‘")
4]

173
Peo
_,,-'_
functicen of the par-

as a

(6.21)

16.22)

tial pressure of
carbon monoxide 98
sigwn in figures
6.11 and 6.12, in P 1
Lo\
6.11 for the Co/ I
A1203 catalyst,

r

160
the rate calculated
as total CO con-
version (ry ,) and , , . X i
in 6,12 for the un- 0.05 n.1e 015 .20 0,75
supported cobalt VEED (iPa)
catalyst, the rate Pigure 8,11, Cheeking af the models for twi-
as a number of mo- Liation. Catalyst: CO/AZ,OS. pr = E0 kPa.
lecules hydrocar- T = 527 K @

bons formed (rT,l)‘

It can be seen that the linear relation predicted by eguation (6.22)

is not obtained. Further we observed no essential difference in the
behaviour of the two catalysts.
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Mgure 8,15, Cheeking of the modsls for initiation.
Catalyst: Co. py = 80 kPa, T = 483 K.
2

&

The twe atte gdserpiion of CO.
The surface coverage of carbon monoxide can be obtained from the
equilibrium Xen Peo 092 = By and has the form

_ 2 KepPeg 1 - VHKegPegtl

2 Ko P go

8

o (6.23)

Again the surface coverage of H2 is neglected.
The rate of reaction, if the complex formatign is the rate de-
termining step, is

1 n 8 n
r= k' By 8y = k8 (1 Opp) (6.24)

at a constant partial pressure of hydrogen. Using the value n = 2 the
dependence of the rate on BCO (1 - BCO)2 should then be a straight
line going through the origin, if the model is correct, BCO {1 - SCO
ig calcuiated for different values of KCO and the rate is drawn as a
function of eCU {1 - BCO)Z in figure 6,13 for the Co/A1203 catalyst
and in figure 6.14 for the unsupported catalyst. In both cases the

)2
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rates are calculated as

W kg total CO comversion. A
—n.mM : ) )
= N g Tinear relation is not
; .
o : 1” obtained with the Co/
) e
o - A1203 catalyst, because
O Ry experimentally almost a
- zero ordey in carbon
£ monoxide 1s found. The
| I— X
] fit is much better with
S the other catalyst. ¥e
agsume that the same
0.0%% o100 0.125 0150y a chanism is function=
Yoo (l'eCD) ing on both catalysts

Plgure §.13. A model of two site adeorption
of 00, Catalyst: Cb/AZQG¥. By = 20 kPa.
27 B

o=

KER IS

Also in this case the
models (111) and {iv) have
the same dependence on the
partial pressure of carbon
monoxide at a constant
partial pressure of hydro-
gen, if the surface com-
plex is the most abundant
syrface species, Thus they
can be rejected on the
same base as above.

Ad (v}, The dissociation
of carbon monoxide as RDS.

For the dissociation of
carbon monoxide as the
rate determining step the
following scheme can be
written:
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o+ * - GO*
a) Co% +* = O+ O¥
) 2 Co* w O+ e (0,
g) CO% + 2 Hx = C* + 2% + Hy0

The corresponding rate equations are (when the Langmuir adsorption
gquilibrium s assumed for the surface coveérage of CO and the surface
coverage of H, is neglected):

Koo P
b=k 8. 8 =kl G0 (6.25)
a co “e
{1+ Kep Peo!
2
Keg P
B - ¢o Peo
Y‘.D =k SCO =k -I-;m (5.26)
and
Ky Py Ken P
H, PH, “co Pco
- 2 _ 2 "7
ro =k 0gg By = K . (6.27)

e 3
(1 + Ky peg)

Acearding to equation (6.25) the order in carbon monoxide is be-
tween =1 and +1 and according to (6.26) between ( and +2. The experi-
mental values are within the first range. But it can easily be no-
ticed that no positive order in hydrogen can be obtained, Only when
the concentration of hydrogen is much higher than that of carbon mon-
oxide a zero order in hydrogen would follow /130/. Equation (6.27)
results in a positive order in H2 and a negative order in CQ as found
experimentally. But this possibility can be neglected on the same
basis as equation (6,21) which in fact is equal te (6,27) forn = 2.
Ad (vi). The hydrogenation of surface carbon as RDS,

The rate equation for the case when the hydrogenation of surface
carpon is the rate determining step is

x/2
sz Vo

Tex
(1+ Keg By * Kv/Rep)

X
re ko8 8y =k (6.28)
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The surface coverages are calculated by assuming Langmuir adsorption
isotherms and reglecting Oye % is the number of hydrogen atoms which
take part in the RD5. If x = 2 (first order in HZ is then obtained)

and the dissociatively adserbed carbon monoxide is the most abundant

surface species, the rate equation is

Py v,
Hz\/ o

r= ke (6.29}
(1 + kVpgg)

which in a linear form i3

(6.30)

VE— 1/3
A+ BVDeq = ('1;22) .

The right-hand side of equation {&.30) is depicted as a function
of Vg in figures 6.11 and 6.12 for the two catalysts. From the fi-
gures 6.1 and 6,12 it can be seen that in all cases a better fit is
obtained with equation (6.30) (dissociatively adsorbed carbon monox-
ide) than with equation (6.22) (molecularly adsorbed carbon monoxide).
To chack also tha possibility that the molecularly adsorbed carbon

v@r 1/3
monoxide is the most abundant surface species we plotted —FEQ
as a function of Pege figure 6.11. This does not lead to a linear
relation either,

Because of the good Fit of equation (6.30) a more detailed study
of that will be made. At a first approximation we arrived at eguation
{6.30) by assuming that the surface coverages of carbon and oxygen
from dissociatively adsorbed ¢arbon monoxide are equal. The constant
K equals then to 2 VKCOKC' But as seen in chapter 3 the reduction
rate of cobalt oxides by hydrogen is several orders of magnitude
higher than the rate of the Fischer-Tropsch synthesis (chapter 4).
Hence the removal of adsorbed oxygen is expected to be fast. So the

following scheme is written down:

+

(1) Hplg) + 2 3 ZH

(2)  CO(g) + 2+ Cr + 0%

+4
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