CHAPTER 3

Preparation and Characterization

of the Catalysts

3.1. INTRODUCTION

[t is a well-known fact that oxides do not catalyze the Fischer-
Tropsch reaction, Because both reactants, hydrogen and carbon mon-
oxide, are reducing agents, at least a part of a catalyst which ini-
tially is in an oxide form, is reduced by the reaction mixture, In
most cases the reduction is performed by H2 before a mixture of hy-
drogen and carbon monoxide is passed over the catalyst. On the gther
hand by the reaction water and carbon dioxide are formed, which are
oxidizing compounds, During synthesis at a steady state the following
gquilibria are often reached /16/:

Mxoy +y H2 T xM+y H20 (3.1)
Mxoy +yC0 + xM+y CD2 (3.2)
M = metal.

Table 2.1, Equilibrium constants for the reduction of cobalt oxides.

In K
reducing agent hydrogen carbon monoxicde
T {K) 473 573 472 573
Cod 4.5 4.9 9.9 7.8
caq0, 46 41 68 56
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[he equilibrium constants for the reduction of cobalt oxides Co,0,
and Dol are given in table 3.1 /9/.

These high values show that the equilibria are very much on the
jghtehand side of the equations and thus oxide formation is not fa-
seured undor reactien conditions, However, as all thermodynamic val-
uew above are for bulk oxides and bulk metal, the possibility of the
aresence of surface oxides cannot be excluded on this basis.

The reduction conditions have a strong influence on the properties
ol cataiysts. Tn the old Fischer-Tropsch processes cobalt catalysts
were novimally reduced by hydrogen at temperatures up to 673 K. The
degree of reduction varfed then betwsen 40 and 90%; the maximum ac-
tivity was observed for €5-70% reduction, and it was noticed that
cumplete reduction was neither necessary nor desirable /14,16/,

In this chapter we pay attention to the activation of the cata-
lysts by hydrogen, carbon monoxide and mixtures of H, and CO. The ex-
periments were carried out both in the thermebatance and in the flow
rzactor. The preparation and some properties of the catalysts are
discussed as well,

3.7, PREPARATION OF THE CATALYSTS

Two types of coball catalysts are used in this study: supported
and unsupported. [he former ones are prepared by impregnation and
the latter ones by precipitation.

Cobalt oxtde on aluming

Alumina (Ketjen 0.06-1.5 E; particle size 0.3-0.5 mm) used as a
carrier is stabilized hy heating at 873 K for 9 ks, The impregnation
is performed by an aquenus solution of cobalt(Il) nitrate (1.9 m
Ta{NOg), o & HyDy Merck P.A,) at 303 K for 13 ks, The amount of the
solution is five times the total pore volume of the carrier. After
impregnation the catalyst is filtered off and dried at 393 K for 52
ks. The nitrates are decomposed in air at 573 K for 3.6 ks. The sur-
face area (BET) of the catalyst is 120 m2 g_1 and the cobalt content
megasured by atomic absorption is 6.3 wt %.

Cohalt oxides

Cabatt(I1,I11) oxide is prepared by precipitation from a 0.6 m
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cobalt{II) nitrate solution by concentrated ammonium hydroxide (25%
NHa, Merck P.A,) /77/, The suspension fs heated to 383 K. The blue
precipitate is filtered of f and washed five times with distilled wa-
ter. The catalyst is dried at 393 K for 58 ks and calcined at 723 K
for 3.6 ks. The catalyst is sieved to three fractions with sieves of
0.3-0.5 mm (this fraction is used in the flow reactor), 0,.2-0.3 mm
and 0.6-0,6 mm (used in the thermobalance},

Formation of Cog0, is confirmed by X-ray diffraction analysis
using Mn=filtered FeKG—radiation. The peaks agree with the diffrac-
tion file card for 60304 (ASTM 9-418), The average crystallite size
is calculated from the broadening of (311), (220) and (440) Tines by
the Scherrer equation /78/, and found to be 33 nm, It has been shown
that the calcination temperature strongly influences the crystallite
size of unsupported cobalt oxide, For cobalt oxide calcined at 758 K
a crystallite size of 34 nm was found /79/, which agrees well with
our results, Cobalt{I!) oxide is prepared by decomposing cobalt(II)
carbonate (C0C03, J.T. Baker) /80/. The decomposition is performed
under nitrogen at 673 K for 7 ks, Then the catalyst is calcined at
1273 K for 29 ks in air and after that directly dropped into liquid
nitrogen. The catalyst is sieved like 00304. A-ray diffraction analy-
sis confirms the presence of Co0 (ASTM 9-402) with an average crystal-
Tite size of 77 nm,

3.3, CRYSTAL STRUCTURE QF THE CATALYSTS

The properties of cobalt oxide on alumina catalysts have been in-
vestigated intensively mainly because combined with molybdenum oxide
they are used in the hydrodesulphurization of petroleum Teedstocks
/81/.

From magnetic susceptibility measurements a two-phase model for
cobalt oxide on Al O has heen pruposed /82/: a B-phase consisting of
Co304 and a é—phase, we]] dispersed Co ions on the alumina, The
relative proportions of these two phases depend critically on the
preparation procedure. Further 1t has been stated that only the @3-
phase can be reduced in hydrogen,

Richardson and Vernon /83/ concluded from their magnetic suscepti-
bility and X-ray diffraction measurements that cobalt oxides on Al,0

2+ 3+ 3+
can be represented by a spinel form Co Y yn (o, Lo (1-x)m

3
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3+

Al 04, where x can be calculated from the magnetic meoments

(1-y3n) ‘
uz = X (4.28)2 + (1-x)(1.51)2, m from the cobalt content, n from the
vaience requirements and the y and t vaTues follow from the spinel
structure, These authors /23/ alse showed that at low cobalt concentra-
tions cobalt exists only as Cna+ jons in tetrahedral sites of aluminma.
Ashley and Mitchall /84/ studied cobalt axide on A1203 systems in
different stages of the preparation, using magnetic susceptibility and
spectroscopic measurements. After drying at room temperature cobalt
5 in an octahedral oxygen environment and at 403 K it enters tetra-
hedral sites of alumina. At higher concentrations cobalt(II) is in-
corporated also in alumina pores and at 403 K remains there in octa-
hedral oxygen coordination. During the caleination in air only the
octahedral cobalt is partly oxidized to cobalt{III). By electron spin
resonance (ESR) and %-ray photo-electron spectroscopy {ESCA) these

2+
ions

yesults were fully confirmed /85,86/. Cobalt was found as Co
in a monolayer on alumina. When the concentration of cobalt was high-
ar than 3 wt %, 60304 became noticeable as a separate phase. With

6 wt 4 Co about 95% of the cobalt was in the form of C0304. The re-
duction by hydrogen modified the dispersion of cobalt because metal-
lic cobalt can wigrate over the surface of alumina /86/. In cobalt
oxide/SiOE catalysts cobalt was only found as oxide, 60304. For the
compound formation with silica higher calcination temperatures were
required than those used normaily /87/.

Cos0y {without carrier) has a cubic spinel structure with eight
molecules per unit lattice, a = 8.084 R. The jonic structure
Coz+[§03+]204 has been confirmed by magnetic /83/, NMR /88/ and Mdss-
bauer /89/ measurements. Cobalt(1l) iens are tetrahedrally surrounded
and cobalt{III) ions octahedrally surrounded.

A defect Co304, containing more oxygen is alsg known /83/. X-ray
diffraction of that compound remains the same as for C0304 and the
composition can be written as C0304 . nog.

By reducing Co,0, by hydrogen below 673 K a-cobalt with a hexago-
nal, close-packed lattice is formed. Above 673 K this transforms
into gecobalt with a face-centred cubic Tattice /80/. Above 1073 K
CUBOJ decompases to Col /90/ which has a face-centred cubic lattice
with four molecules per unit cell, a = 4.16 B, The composition of
thit oxide should in fact be described by the formula Col_KO showing
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a deficit in the metallic sublattice /91/. Also this oxide can be
reduced by hydrogen to cobalt metal /50/.

3.4, REDUCTION OF THE CATALYSTS
3.4.1. EXPERIMENTAL

Redugtion experiments are performed in the thermobalance, where
the weight of a catalyst can be followed as a function of time. Some
reduction experiments are also carried out in the flow reactor, where
a greater amount of a catalyst can be used, and where the outcoming
gas can be analyzed more accurately than in the thermobalance. This
is especially helpful in the case that the reduction is carried out
by carbon monoxide.

Unless otherwise stated the following experimental procedures are
followed,

The reduction of acbalt oxide on aluming

The catalyst (50-60 mg) is first flushed by nitrogen {the flow
3.8 cm3 5_1) at room temperature and atmospheric pressure for at
Teast 3.6 ks, After that it is heated under nitrogen to 673 K and
kept at that temperature until the weight is stabilized. About 20 ks
are neaded for the desorption of water from the alumina and for the
decomposition of residual nitrates (the catalyst is calcined at 573
K}. The reduction temperature is adjusted and then the gas flow,
with a known concentration of the reducing agent, is admitted, The
total flow is again 3.8 cm3 s_l. In order to avoid a rate limitation
due to film diffusion a highest possible gas flow is used. As incip=-
ient instabilities can be noticed at flows of about 5.4 cm3 s_1 we
have set the flow at 3.8 cn® s 1.

The reduction is continued until a constant weight is reached or
until a minimum weight is reached, This choice is made because some-
times upen reduction by carbon monoxide the weight starts to increase
at the end of the reduction,

The redustion of cobalt oxides (00304 gd Col)

These reduction experiments are performed similarly as those with
cobalt oxide on aluminaz except that before reduction the weight is
stabilized at 523 K, Within 4 ks the stable level is reached.
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Cobalt(I1,111) oxide is known to decompose according to the reac-
tion /90/

Coqly 3000 + 3 0y, (3.3)

At 673 K the equilibrium partial prassure of oxygen is as low as 2.6
% 107 va /9/. As it is unrealistic to assume that the concentration
of oxygan in the thermobalance approaches such a low value we believe
that the reaction (3.3) does not take place during the heating period.

The reduction vate is calculated from the weight loss, assuming
that there i3 no adsorption of products. For the reduction of unsup-
ported cobalt oxides by hydrogen this assumption is justified by the
fact that the total weight loss equals indeed the total ampunt of
oxyqaen in the unreduced sample, However, with the supported catalysts
the adsorption of water on alumina disturbs the measurements, This
point will be discussed in 3.4.2. The possibility of carbon formation
during the reduction by carboen monoxide cannot be excluded. Therefore
anly the imitial reduction rates are dealt with quantitatively for
these catalysts.

3.4,2, REDUCTION BY WYDROGEN

In order to be able to deal with the rates of the reduction quan-
Litatively, the experiments should be carried out under such condi-
tions that no diffusion limitations occur. Therefore first the possi-
bility of inter- and intra-particle diffusion limitation was studied.
We used cobalt(11,I11) oxide, Co,0g, in these studies.

The aceurrence of Film diffusion s checked by carrying out experi-
ments with various quantities of catalyst at a constant concentration
al hydrogen (XHZ = 0.44) at 524 K, In figure 3.1 the reduced fraction

(f) is nlotted as 8 function of time. In the beginning the gquantity
oF catalyst has no influence but at higher degrees of reduction the
vite per gram of catalyst is lower for a higher quantity of catalyst.
However, a complete reduction is reached at the same time in all
rases. This indicatez that with a higher quantity of the catalyst,
when the concentration of water during the reduction is higher, the
weight 10as does not agree anymore with the degree of reduction.

[
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Figure 3.1. The degree of reduction ag a furetion of time for various
quantities of catalyst.

Catalyst: Co T = 5584 K. xy,
E

304. = 0.4,

The occurrence of a pore diffusion limitation is checked by carry-
ing out reduction experiments with different sizes of catalyst parti-
cles. The amount of catalyst is 13.1-13.2 mg, the concentration of
hydrogen Xy = 0.44 and the temperature 524 K, The results are in

2

figure 3.2. I'f the pore diffusion played a role, the rate per gram
catalyst should have decreased with ingreasing particie diameter. But

as shown in figure 3.2 that 7s not the case.
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Figure 8.2. The degree of vedustion as o funation of tims for varicus
particle siszes.

Catalyst: Co,0,., T = 624 K.

59 = 0,44,

H2
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The maximum reduction rate is obtained at a degree of reduction of
about 60%. As it will be shown Tater in this section, at that stage

we deal with the reduction of Co0. Since the enthalpy of that reaction
i only 0.8 kd mal™ /9/ no temperature gradient is expected to be
formed.

The reduction experiments have to be performed in the thermobalance
under conditions where high rates (i.e. high concentrations of water)
are ayoided, The following conditions are chosen: 13 mg catalyst with
a particle size between 0.2 and 0.3 mm. Under these conditions no
inter- and intra-particle diffusion limitation is expected.

feduction of Co0,
o

The reduction of Co3O4 is carried out with various mole fractions
of hydrogen at 524 K and with a constant mole fraction of hydrogen
HoE 0.19, at various temperatures. The rates (calculated as oxygen

2
atams released per second per gram catalyst) as a function of the
degree of reduction are depicted in figures 3.3 and 3.4, At Tower

X
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at
g cabt s
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o

Woosmo 3 a0 SRR /b % 9 1m
f (%)
Hgure 3.3, The rate of redustion as a Funation of the degree of ve—
cuation for various mole fractions of hydragen.
Catalysts 00304. = GE4 K,

temperatures and with various partial pressures at 524 K the reduction

seems to proceed in two steps via an intermediate form at 20 to 30%
reduction which is first formed from C0304 and reacts further forming
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Figure 3,4, The rate of reduction as a functiom of the degree of re-
duation at varicus tempergtuyres,
Catalyst: 6'0304. xﬂg = 0.13,

cobalt metal. As mentioned garlier cobalt{II,III) oxide can decompose
to cobalt(II) oxide. If only this reaction occurs the degree of re-
duction is 25%. That would mean that first Co0 is formed from Co304.
We have checked that by stopping the reduction at increasing degrees
of reduction and analyzing these samples by X-ray diffraction, With
more than Z5% reduction only a-cobalt and cobalt(1I) oxide are found,
which supports the idea of a two-step mechanism.

Reduation of Co0

Because it seemed that the reduction proceeds via Col we decided
te study the reduction of this oxide as well. These experiments are
carried out with three different concentrations of hydrogen at 524 K
and at three different temperatures with a mole fraction of hydrogen

Xy = 0.44, The degree of reduction as a function of time is given in
?
figures 3.5 and 3.6, The curves are clearly sigmoidal which is typical

for an autocatalytic reaction. The reaction rates as a function of
the degree of reduction are depicted in figures 3.7 and 3.8,

The reduction of nickel oxide and copper oxide have been shown by
Pospisil /92/ and Pospisil and Taras /93/ respectively to behave
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Figure 3.6. The degree of redustion as o fumelion of time at various
temparaturas.

Catalyst: Col. &, = 0,44,
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simitarly, Reduction kinetics can be described by the modified equa-
tion of Prout and Tompkins. This was originally derived from the de-
composition of certain compounds /94/ where the rate is observed to

increase in the early stage and to decay at the end of the reaction.
This behaviour is interpreted as arising from the random formation
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of nuclei. followed by the growth of these nuclei. The decay of the
reaction rate begins when the outgrawn nuclai start to overlap, what
renders that the interface between gxide and metal decreases.

For cases where the maximum rate is reachad before 50% reduction
Bond /95/ derived the following equation for the relation between the
degree of reduction and the time:

1-2¢ +f 1-°7
SR

= (Kt ') (3.4)
1 -F i

log

where fo s the degree of reduction at maximum rate and ¢' and k' are
copstants, In figures 3.7 and 3.8 f appears to be 0.4, independent
of the mole fraction of hydrogen and the temperature, Thus aguation
(1.4) reads

0.2+ f .

log Tt kt + ¢ . {3.5)

In figures 3.9 and 3.10 the left-hand side of equation {3.5) is de-

bl -
0,1 7f f_/

log L2 2T A
9 _T“ f 0.2 s
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3 /ﬁ
A
04 ’,./ %
3
-0y // a0
. /V & 0.
0. . " . o (.08
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0,8 * , R . . .
—%i:—ﬁi a5 @ fumetion of tume for Darious mole frac—
]

Elons of hydrogan.

Plgure 4.0, log

Catalyst: Cod. = 84 K

picted as a function of time, It can be seen that the constant k de-
pends both on the mole fraction of hydrogen and oh the temperature.
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We assume that this dependence can he described in a form

_ -E/RT X
k = ko @ sz . (3.8)

From the slopes of the Times in figure 3.9 and 3,10 we calculate the
values of X and E; X = 0.7 and E = 74 kJ mol™ ", The same results are
obtained if the dependences ave calculated from the maximum rates.

From figures 3.9 and 3.10 it can be seen that the kinetic equation
described above does not fit the results in the beginning of the re-
duction. Therefore this induction period has to be dealt with sepa-
rately. A useful equatien can be derived as follows. The oxide struce
ture is taken as a system of oxygen layers, where each layer can re-
act independently, The reduction starts from certain lattice points
{defects or edges and corners of layers) and spreads with a linear
growth. Assuming that the rate is proportional to the border line
enclosing the unreacted oxygen, the rate of the reaction can be de-
scribed as /96/

do
- k 00 f(pHE) nr (3.7)
where n 75 the number of nuclei, k is the rate constant and 0o is the
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initial concentration of oxygen. The rate 1s assumed to be also a
function of the concentration of hydrogen.

1% we further assume that the linear rate of nucleus growth is con-
stant, i.8. that the radius increases Tinearly as a function of time,
we can write for the radius of a nucleus

r=ck fpy )t (3.8
) .
By substituting (3.8) in (3.7) we have

: 22 .
Sk f(pHZ)nt (3.9)

i.e. the rate increases lingarly as & function of time, In figures
4,11 and 3.12 the rates determined experimentally are plotted as a

“ i
-do L0
dt LIS . G8
()
4 cat 5 °
o
2 }/"F
s
! o T
o I
f...., -
1.5 1.0 L& 2.0 2.5

time (ks)
Figure 3.71. The rate of reduckion as a funation of time for various
mote [ractions of hydrogen.
Catalyst: (o0, I = (84 K

function of time, for experiments with various mole fractions of H,
and at varigus temperatures, vespectively, These curves have been
drawn for degrees of reduction Tower tham about 5%,

[f we assume that

2 22X ;
™oy )=c0p (3.10)
H, Ho
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the value ¥ = 0.7 15 calculated from the dependence on the partial
pressure of hydrogen, The activation energy calculated for k is found
to be 80 kJ mc]'l. Thus both the inductien and the acceleratory period
as described by equations (3.9) and (3.5} have the same dependence on
the partial pressure of hydrogen and on the temperature.

The reduction can be sometimes described by a "shrinking core
model”, as e.g. used for the reduction of cobalt(Il) oxide /97/. In
this model the degree of reduction depends on the time according to
the equation

1-(1-6Y3 - | (3.11)

It is clear that an increasing reaction rate as we found experimen-
tally is naever obtained with this model,

We now return to the reduction of 00304. The dependence of the ma-
ximum rates on the partial pressure of hydrogen and on the tempera-
ture has been calculated for both steps. For the first step the order
in hydrogen is 0,8 and the activation energy 652 kJ mol'l, as deter-
mined at 154 reduction. For the second step the values are 0.7 and
75 kJ moT-l respectively, at 60% reduction, The Tatter values are the
same as found for the reduction of cobalt(II} oxide, which again con-
firms our idea that the reduction of Caq0, proceeds via CoD,
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One might expect that at a high reduction rate insufficient time
is available for the recrystallization of the reduced Co304 lattice
into a Co0 lattice. This would mean that a number of the original re-
duction nuclei or reduction sites would stay available for the further
reduction of the compound that is stoichiometrically in the CoD state.
This could alse explain the changes in reduction rate as a function
of the temperature found by Batley et al. /98/. The assumpticn that
changes in kinetics occur is then not necessary.

Keduotion of cobalt ﬁmide/ﬂZEOB

Peduction of cobalt oxide on alumina has also been studied in the
thermobalance, However, no kinetic measurements of the reduction
could be performed. Since water is formed during the reduction and it
is readsorbed, even at 673 K, the weight changes do not represent the
correct degree of reductian, When the reduction is interrupted for
some time a subsequent weight decrease is recordad, caused by de-
sorption of water. This difficulty could be avoided by using higher
reduction tempgratures, but at higher temperature the total degree of
reduction decreases most Tikely as a conseguence of spinel formation,
Mso heating (e.q. to 723 K) pefore reduction diminishes the obtain-
able degree of reduction to 80% in the mentioned case. Ratmasamy et
al. /99/ reduced a cobalt on alumina catalyst at 763 K and they
reached about 75% reduction. Because of these difficulties only the
total degree of reduction has heen measured in this thesis, at var-
jous temperatures, using the mole fraction of hydrogen x, = 0.44.
The results are collected n table 3.2. z

Yeble 4.0, The mamimon degree of redustion f (%) ahtained at various

temparatures. Catalyst: Cobalt oxide/Al,0..
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This dependence of the degree of reduction on the temperature has
also been found by Dellimore and Rickett /100/. In the case of nickel
oxide it has been abserved that the reduction of a supported oxide is
more difficult than of the unsupported 7101/ because of interactions
between the oxide and the support. The strongest influence was no-
ticed with an alumina support. The dependence of the degree of reduc-
tion on the temperature {table 3.2) indicates an interaction of ox-
ides, which at higher temperature Teads to the formaticn of cobalt
aluminates, Under our standard experimental conditions the cobalt ox-
ide on alumina cataiyst i% reduced by hydrogen at 673 K; this seems
to be near the optimm reduction temperature (table 3.2).

3.4,3, REDUCTION BY CARBON MONOXIDE

Co

374

A typical conversion-time curve for the reduction of 00304 by
carbon monoxide s given in figure 3.13, Here the weight loss is

weight o
loss

mg
(a_EEE) 158

00

woow W w % e 7
time (ks)
Figues 3.13. The weight logs as ¢ function of bime.
Catalyet: Co04 &y = 0.4, T = 524 K.
given as a function of time at 524 K, In the beginning there is a
fast weight decrease until a degree of veduction of 22-23%, After
that pericd the weight decreases more slowly. This again indicates
that the reduction proceeds via the formation of Co. In this parti=
cular case the total weight loss after 65 ks when the weight is al-
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ready steady is 166 mg (g cat)'l. According to X-ray diffraction anal-
ysis cobalt carbide, cozc has been formed (ASTM 5-0708). This mea-
surement has been done after 18 ks with synthesis gas because direct-
ly after the reduction by carbon monoxide the catalyst is pyrophoric
and will be oxidized to cobalt{Il) oxide when exposed to air. If it
is assumed that the reduction goes to cobalt metal and thereafter
cobalt carbide is formed, the total weight Toss should be 191 mg (g
cat)_l, with & carbon content of 9,2%. The carban content after re-
duction is found to be 11.9%, which means that some extra carbon has
been formed. (The carbon content s calculated from the weight differ-
ences). Another possibility is that the catalyst has not totally re-
acted up to a staichiometric carbide. In order to check that possibi-
1ty we carried out some experiments also in the flow reactor with
0.50 g catalyst, In 58 ks 11.5 mmoi CO? is formed; the total reduc-
tion to Co ¢ corresponds to 11,7 mmal C02 In the CO production rate
a minimum 15 found after about 4 ks, When the total amount of carbon
dioxide formed until that point is calculated, we obtain exactly the
amount that is needed for the reduction of Co304 to CoQ. When these
results are combined with those obtained in the thermobalance we can
say that a small part of the catalyst is not in the form of carbide
but that scme free carbon is formed as well and a small quantity of
oxygen is still left, When the mixture of hydrogen and carbon monox-
ide (XHE = 0.2, %pp = 0,2) is passed over the catalyst after a steady

weight has been obtained no weight change is observed, Thus no fur=
ther reduction is obtained with synthesis gas,

We assume that no carbon deposition takes place during the first
minutes of the experiments, With this assumption the fraction reduced
is depicted as a function of time for that initial period in fiqure
3.14 and 3,15, for various mole fractions of carbon monoxide and var-
jous temperatures, respectively. In all cases the rate is constant
during the first minutes. The reduction rate of C0304 can be ex-
pressed in the form of equation (3.12) with a zero order in the oxy-
gen concentration on the surface:

_ _ -E/RT Y
T T k€ Pco - (3.12)
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The dependence on the partial pressure of carbon monoxide, Y. is 0.4

and the activation energy is 99 kJ mo1 L.
The latter part of this reduction process can
an overall reaction

2Co0 +4C0 ~ COEC + 3 C02

which is a combination of two reactions:

ol + CO + Co + CO,
and
2Co+2C0 ~ C02C + CO2

be best described by

(3.13)

(3.14)

{3.15)
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In order to estimate roughly the size of the observed effects we
shall use the following equation:

AN (1-1) +k, £ (3.16)
For the sake of simplicity the formation of free carbon is neglected
and the reduction rate is - for this purpose - taken proportional to
the amount of the unreacted o0, The first term on the right-hand

side of equation (3.18) shows the weight loss during the reduction

and the second term the weight increase from the formation of carbide.
During the experiment at 524 K the weight decreases and no weight in-
crease 15 observed, From equation (3.16) it can be concluded that if
ky is much bigger than k, the weight increase is observed only at an
almost complete reduction (kl/k2 = 100, f = 0.99). This means that

in this case the rate constant of bulk carbide formation is much
smaller than the reduction rate constant, If the rates of reduction
and carbide formation were of the same order of magnitude a weight
increase should be observed at earlier stages of reduction.

The rate of weight decrease is practically independent of the par-
tial pressure of carbon monoxide. AL higher temperatures the rate of
carbon depusition increases which can be seen from the fact that the
weight starts to increase (at 573 K already after 1.5 ks).

Call

CobaTt{II) oxide is reduced very slewly by carbon monoxide at 524
K. In 65 ks the total weight Toss is 3.8 mg (9 cat)_1 which corre-
sponds with a degree of reduction of 1.5% only,

Coball omide on alwwina

The reduction of the cobalt oxide on alumina catalyst by carbon
monoxide cannot be followed in the thermobalance. There 1% practical-
1y no change in weight. This means that the weight decrease caused
by the reduction is compensated by the adsorption of carbon monoxide
and the formation of carbonaceous species. For this reason the state
of the catalyst after the reduction iz determined in the flow reactor,
whare a bigger quantity of catalyst can be used, and the production
of carbon dioxide can be measured, The amount of carbon deposited is
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obtained subsequently from the methane produced by a hydrogen treat-
ment. The experiment is carried out in the Tollowing way:
i) reduction by CO (xqp = 0.25, xy, = 0,75) at 523 K for 60 ks
ii) cooling under CO to 373 K
1i1) flushing with He at 373 K
iv) heating under H2 to 523 K

The production of carbon dioxide during the redyction s 0.65 mmol
(g cat)'l; for the total reduction to cobalt metal 1.47 mmel CO, (g
cat)'1 s required, The formation of methane in the mentioned case is
0.053 mmal (g cat)'l. This carbon c¢an be in the form of carbide or of
surface carbon and situated on the cobalt and on the support (see
sections 3.5 and 5.2),

The obtained results show that only a part (33%) of the supported
oxide 15 reduged, Further there is a possibility that the surface of
cobalt is totally coverad with carbonaceous species,

3,4.4. REDUCTION OF C0304 BY MIXTURES OF HYDROGEN AND CARBON MONOXIDE

The reduction of 00304 ig studied at 524 K with mixtures of hydro-
gen and carbon monoxide containing a constant mole fraction of carbon
monoxide (xpq = 0,20) and varying mole fractions of hydrogen (xH =

2

0,1, 0.2, 0.5), In table 3.3 the total degree of reduction is given
for these three cases, We assume that the weight Toss equals the
oxygen 1oss. The weight gain due to C deposition is neglected.

Table 3.3. Total degree of reducticm f (%) as a fwietion of the gas
aonpentration, Catalyst: Coso . T = 881 K.

4
X X, £ %)
H2 (4]
. 0.2 75"
0.2 6.2 82
0.2 96

) maximum weight loss; after 42 ks the weight starts

to lncrease.
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tn none of these cases total reduction 13 reached, If the catalyst
were ronverted completely to cobalt carbide an apparent degree of re-
ductior of 71.9% would be found. According to X-ray diffraction anal-
ysis the catalyst obtained is a mixture of w-cobalt and cobalt(II)
oxide; no carbide is detected. Subsequent hydrogen treatment leads 1o
a weight lose which only in the case that the reduction was done by
the mixture with tz = 0.5 correspends to a reduction of 100%, This

proposes that some carbon was deposited as well during the reduction.
In the flow reactor the catalyst is flushed by hydrogen after 54
ks of the synthesis gas (xH = 0.2 and oo = 0.2). The total amount
2

of methane farmed is 0,76 mwol {g cat)”!, which corresponds with a
carbon content of 0,94,

3,5. ADSORPTION OF HYDROGEN AND CARBON MONOX 1DE

As a measure of the active surface of supported catalysts the a-
mount of adsarbed hydrogen or carbon monoxide at room temperature is
often used. The difficulty in using the adsorption of carbon monoxide
is that already at room temperaturs it can dissnciate /28/. The ad-
sorption of hydrogen is usually assumed to take place dissociatively.

After the reduction by hydrogen in situ the catalyst is evacuated
at the reduction temperature for 7.2 ks. The adsorption measurements
are carried out by admitting a hydrogen pressure of 1.8 kPa at the
peduction temperature and then cooling to room temperature, The ad-
corbed amount is calculated from the overall pressure decrease. The
resylts are given in table 3.4,

Fable 2.4, The amownt of adsevbed hydrogen at room tempapralture.

H.,
catalyst = -1
umel g ocat)
[84) a4
L‘cn/}\lqo_,_ \- 20
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The dispersion of cebalt on the supported catalyst is 3.4% when we
assume dissociative adsorption of hydrogen with one hydrogen atom ad-
sorbed per surface metal atom,

In the case of the Fischer-Tropsch synthesis determination of the
amount of carbon monoxide adsorbed is of interest, particularly under
the reaction conditions, Mowever, the adsorption measurements cannot
be carried out under reaction conditions because at reaction tempera-
ture carbon monoxide reacts on cobalt and forms carbon. Therefore we
carried out some adsorption experiments in the thermobalance at room
temperature with 2 mole fraction of carbon monoxide of 0.19. At first
the oxides are reduced by hydrogen: C0304 at 523 K and cobalt oxide/
Al,04 at 673 K and then cooled to room temperature under nitrogen. In
figure 3.16 the weight increase is plotted as a function of time for

100

adsorbed i
amount r,;ﬂ*”rﬂhﬁ__

7
(pmo1 CO) . Lo
Gt Do

50

P /

6.5 0,50 0.75
time (ks)

Figquve 3,16. The amownt of adsorbed ecarbon momowide at room tempera-
ture as a furction of time.

Co, for Co/A1203 and for A1203. With both catalysts the step in the
beginning 7s taken as a measure for the monolayer caverage of carbon
monoxide. This is 26 wmol (g cat)'1 for Co/A1,0, (this is the differ-
ence between the first steps of Co/A1203 and A1203) and 76 umol (g
Cu)_l for the unsupported cobalt.
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