CHAPTER 4

Activity and Selectivity of Cobalt Catalysts

4.1, INTRODUCTION

The influence of process variables on the activity and selectivity
of the Fischer-Tropsch synthesis has been the subject of many studies
during the years /14,16,20-23,102/. The following general conclusions
can be drawn from these studies:

i) an increase of the hydrogen-carbon monoxige ratio increases the
overall rate, decreases the formation of unsaturated hydrocar-
bons and decreases the rate of catalyst deactivation;

i1) an increase of the total pressure increases the overall conver-
sion and the formation of higher hydrocarbons (especially on
iron catalysts):

iii) at higher temperatures less higher products are formed than at
Tower temperatures, but the catalyst stability decreases by the
formation of inactive carbon (graphite or amorphous carbon);

iv) a high space velocity favours the formation of unsaturated com-
pounds.

For these observations no detailed explanations have been oroposed

yet. In this chapter the results will be reported of our studies with

unsupported and alumina supported cobalt catalysts in which the in-

Fluence af the concentrations of hydrogen and carbon menoxide and of

the temperature on the activity and the selectivity are investigated.

The activity of the catalysts is gemerally expressed per gram cata-

lyst and not as a turnover frequency. The latter is used only in the

comparison between the supported and the unsupported catalysts.

First, the standard reaction conditions are described below for
syperiments with both catalysts. These experiments are used as refer-
ence when the influence of changes in the reaction conditions is in-
vestigated.
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4.2, STANDARD EXPERIMENTS
4.2.1. COBALT ON ALUMINA

The standard experiment is carried out in the apparatus described
in section 2.2 under atmospheric pressure in the following way:
i) the catalyst is heated under halium to 673 K followed by
71) reduction by hydregen (1.3 cm3 (s ¢ cat)-l) at 673 K for 58 ks
and
ii1) reaction at 523 K with synthesis gas having the composition:

*, = 0.20, Xcg = 0,20 and Ko = 0.60; the total gas flow being

H
3
1,3 em™ (s g cat
In figure 4,1 the rates of formation of various products are shown
for the first few hours of the synthesis. In the beginning the rate
of carbon monoxide conversion into hydrocarbons decreases rather fast
with time, being 0,20 umol (g cat s)_l after 60 5 and 0,12 umol

{y cat s)'l after 1.2 ks. After 15 ks the rate i3 0,074 uymol (g cat

)L,

5) 7, corresponding to a turnover frequency of 2 ks—y
rate
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Figure 4.1. The rates of formation Figurs 4.2. The weight of the pro—
of vartous products ag a function duct frastien as o function of the

of time., Catalyat: Co/Algog. aavbon nwnber. Catglyst: Co/AZEOS,
xﬁp = ey B 0,20, = 583 K. xHZ T By = 0.80. 1 = 583 K.
Flow: 1.3 am® (s g eat)”%, Tlow: 1,3 an® (s g eat) .
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In figure 4.2 the weight fraction divided by the carbon number s
plotted as a function of the carbon number according to equation (2.6},
for three stages of the same experiment, If straight lines are drawn
with methane fitting the Flory-line but with the CZ' and Cawfractions
respectively below and above the 1ine, the values of o are 0.66, 0,68
and 0.67 after 1, 5 and 16 ks. This indicates that in spite of the
deactivation the product distribution remains constant.
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4,2.2. UNSURPORTED COBALT

(cz=/c2‘, c3=/c3' and C,/C,) are plotted as a

function of time in fi-
gure 4.3. In spite of the
fact that the overall pro-
duct distribution is prac-
tically constant with time,
an increase of both ole-
fin selectivities takes
place at the latter sta-
ges of the same run, The
olefin-paraffin ratio is
four times higher in the
C3-fraction than in the
Cz-fraction, being 2.2 in
the Ca—fraction and 0.5%
in the Cz-fraction after
15 ks, Tha rate of carbon
dioxide formation is 4 x
1073 umol (g cat s
after 15 ks,

)—1

The standard experiment is carried owt in the following way:
i) the catalyst is heated under hydrogen to 523 K, followed by
{s g uxide)'l) at 523 X for 18 ks

71} reduction by hydrogen (2.6 cm3

and

i1}

tz = 0.20, %~ = 0.20 and Xia

o’ (s g oxide)nl.
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reaction at 523 K with synthesis gas having the composition:

= 0.60; the total gas flow 3.3
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Flgure 4,4, The rates of formation Pigurs 4.6. Some eelectivities as

of various products gs & function a funetion of time. Catalyst: Co.

of time, Catglyst: Co. mH2 S 2, o®

z &

= Loy T 2.20. T = 528 K.

= 0.80. T = 525 K. Flow: 3.5 om®  Flow: 3.5 em’ (s g owide) ™ .
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In figure 4.4 the rates of for-
mation of various products are de-
picted as a function of time.
During the first hour the rate of
carbon monoxide conversion drops
to about one half of the value af-
ter 60 s; being 1.1 pmol (g cat
s)'l after 3.6 ks. After 15 ks the
rate is 0,93 umol (g cat s)_l,
corresponding to a turnover fre-
quency of 11 ks,
The product distribution is
given in figure 4.5, where the

Figure 4.5, The weight of the product
Fraction as a funstion of the aarbon
number. Catalyst: Co. wyg = Zpn

1

T = 535 K. Flow: 3.5 on® (8 g owide) .
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weight fractiom is plotted as a function of the carbon number {equa-
tion (2,6)). The Cz—fraction i% again under the Flory=line, but the
other fractions including methane show a good fit, The Flory constant,
a, 15 0.19 and it stays almast constant during the first hours, The
olefin selectivities and the CZ/CS ratio are given as a function of
time in figure 4.6, The olefin selectivities increase again with time
as found with the Co/A1203 catalyst, but the CZ/C3 ratio decreases,
which was not found with the Co/A1203 catalyst. The otefin-paraffin
ratio i& about ten times nigher in the C,-fraction than in the C,-
fraction, being 1.1 in the Cs—fraction and 0,09 in the 02~fraction
after 14 ks. The rate of carbon dioxide formation is 0.076 umoi

(s g cat)'l after 15 ks.

A4.2.3, DISCUSSION

In the first hours of the experiments both on the supported and on
the unsupported catalyst a very fast decrzase of the activity takes
place. During that period the parameter o for the unsupported cata-
lyst remains constant, being 0,19, whereas for the supported catalyst
o increases from 0,34 after 60 & to 0.68 after 1.2 ks, The catalysts
are reduced by hydrogen and are thus initially covered by hydrogen.
However, the high activity in the beginning cammot be ascribed to
this hydrogen, as a catalyst that is flushed first with helium shows
the same high initial activity and the same deactivation. This would
mean that on reduced catalysts carbonaceous species which are not
active in initiation are formed very fast, On the supported catalyst
the formation of these species modifies the surface in such a way
that the production of higher hydrocarbons becomes more favourable,
This change is not observed on the unsupported catalyst indicating
that the nature of the carbonaceous species is different on the two
catalysts. The experiments further jmply that some sites are more
liable to deactivation than others, as the deactivation more or less
stops after say one thivd of the sites has been deactivated.

Between 1 and 15 ks the overali product distribution is almost
stable, but the olefin-paraffin ratio increases with time an both ca-
talysts. This indicates that the olefinicity and the product distri-
pution are gqoverned by different mechanisms,
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A low value for the Cz-fraction is often found on cobalt catalysts
/14,103/. In the Czwfractinn ethylene is known to be a very reactive
compound that can be buiit in the hydrocarbon chains or cracked under
the conditions used in the Fischer-Tropsch synthesis /104/. Thus a
part of the Cz—fraction could disappear via side reactions resulting
in 2 lower yield for that fraction,

4,3, INFLUENCE OF THE HYDROGEN AND CARBON MONOXIDE CONCENTRATIONS

The influence of the concentration of hydrogen and carbon monoxide
is first studied in experiments in which after 7 ks the HZICO ratio
is increased from aone (xH = 0,20, Xeq = 0.20) to three (xH = (.60,

2 2

xeg = 0.20) and after 14 ks returned again to the initial value,
After 18 ks the rates are compared with those of the standard experi-
ment described in section 4.2.1. In table 4.1 the ratios of the

rates are given.

Table 4,1, Rates at various times compared to thoge after 7 ka,

H. /CC C [y c

¢ (ks) 2 Cl,_ 2.t EELE

(mel/mol) 1,7 ‘2,7 3,7
7 1 1.0 1.0 1.0
14 3 8.0 3.3 2.8
18 (1) 1 1.3 1.1 1.0
18 (2) 1 0.84 0.87 0_80

{1) between 7 and 14 ks with Xy = 0.60, ¥ep ™ 0.20

{2} the standard experiment 2
4 ks after the last change has been made the activity of the cata-

Tyst is still higher than before the hydrogen concentration is in-

creased, The observations can be explained in two ways:

1) after the change to the higher H,/C0 ratio the surface coverage
of hydrogen is maintained at a higher level, higher than initial-
1y, also when the HE/CD ratio is decreased again;

i1) during the period of high hydrogen concentration a part of the
deactivating and modifying carbonaceous species is hydrogenated
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and thus the nuymber of active sites is higher than in the case

where H,/C0 is kept Tow all the time,
Yi ( " ) The second explanation 15 more
i ‘g cat s likely because one would ex-
by pact the coverage of nydrogen
to respond to the changes in
the gas phase more quickly

than carbonaceous species.

We further study the in-
fluence of the hydrogen/carbon
- monoxide ratio after 14 ks,
i,e, at a moment when almost a
steady state is reached, Some
representative product distri-
putiong are plotted in figure
4,7 and the Flory constants
caleulated from the slopes of

the lines are given in table
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Figure 4.7. The waight of the product
fragation ag a function of the cprbon
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523 K. Flews 1.3 en® (s g aat) L.
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The constant « i3 clearly a function of the reactant concentrations:
an increasing mole fraction of hydrogen diminishes the probability for
chain growth and to a less extent an increasing mole fraction of car-
bon monoxide increases that probability. At a high mole fraction of
carbon monoxide methane remains below the Flory-line. The results
agree in general with the earlier studies on the Fischer-Tropsch syn-
thesis /147, in which it was found that a high mole fraction of car-
bon monexide favoured the formation of higher hydrocarbons, But a
product distribution with methane below the Flery-line has - as far

as we know - not been reported earlier.

concentration (mole %) concentration (mele %)

£ S0

40 40
30

o

10

carbon number carbon number
Figure 4.8. The relative mole eon— Pigure 4.9, The relative mols con—
centrationg as a funeticn of the  centrations as a function of the
carbon nuwmber. Catalyet: CO/AZEO3. carbon number. Catalyat: Co/Al
Bpg = 0.20. T = &23 K. & = 0,20, T = 583 K,

3 -1 By
Flow: 1.5 e (8 g cat) . Plow: 1.5 om® (o g eat) L,

203.

The product distributions as a velative mole concentration as a
function of the carbon number with the mole fractions of the reactants
as a parameter are also shown in figure 4.8 (constant mole fraction
of carbon monoxide, Xeg = 0.20) and in figure 4.5 (constant mole
fraction of hydrogen, 442 = 0,20). In both cases the concentration of
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methane is shown to be very strongly influenced by changes in the re-
actant concentrations, smaller changes are observed for other products,
The selectivities are collected in table 4.3 far various mole frac-

tions of the reactants.

vable 4.3, The seleotivities for various mole fractions of reuctants,

Catalyst: Co/Al,0.. 0 = 528 K. Flow: 1.8 o’

(g oat a7

x“_) %o, C, /C, Uy iy /oy
0.6 [V .08 0.8 089
0.2 0.2 0.6 2.3 0.84
0,2 0.6 b 14.5 o1

Reactant concentrations influence the selectivity for olefins very
strongly. It seems that the overall conversion and the olefin selec-
tivity are related. Therefore we plotted the olefin selectivities,

defined as an olefin percentage in a product fraction with the same
carbon number (c2=/c2 and C3=/03), as a function of the relative car-
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conversion of CO (%)
Pigure 4.10. 0lefin seleetivivies as a function
of the ponversion of carbon monovide.
Catalyst: Co/AL0,. 1= 828 K. Flow: 1.3 on’
(2 g cat)?,
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bon monoxide con-
version for sever-
al experiments
carried out with
various concentra-
tions of reactants
but with a constant
space velocity at
523 K (=ee figure
4,10), In spite of
the scatter a ten-
denty emerges
clearly: lTow con-
version Tevels fa-
vour the formation
of olefins.



The valug of the Flery constant o (rD/(rp+rt)) dapends on the
concentration of the reactants, We can forma]]y describe the rates of
propagation (rp} and termination (r.) as follows:

—
]

XY
T Th
o.i =k [657] PH,  Peo (8.1)
X, Y
i A Mt
AR () LT (4.2)

where k_ and kt are reaction rate coenstants and X and Y exponents of
the partial pressures of hydrogen and carbon monoxide, respectively,
3ince o changes as a function of these concentrations, the rates of
propagation and termination must depend differently on these concen-
trations, i.e, Xp # Xt, Yp # Yt‘ The parameter o decreases with in-
creasing partial pressure of hydrogen, which means that Xt > Xp’ i.e.
more hydrogen is invoived in the termination than in the propagation.
The deviation of methane from the Flory-line will he discussed in

chapter 6,
W When the mole fraction of hy-
- 9
i ‘g cat s drogen is increased the product
e distribution obtained with the
: . supported catalyst changes Tn the

direction of that of the unsupported
cobalt catalyst. With Xy = 0,60
2

the selectivity for methane is 0.57.

0.5
For an experiment, carried out with
a mole fraction of hydrogen of 0.90
0.1 (XCO = 0,10), the product distri-
0.0 butien after 18 ks is shown in
Plgure 4.11, The weight of the pro-
0011 duct fraclion as a funetion of Lhe
9,005 aovrbon number, Catalyat: CO/Algﬂq.
mh',, = 0.80, Trg = 0.10. T = His i,

“ - -
Flow: 1,5 om” (s g cat) .

1 2 3 4 5 § 1 3
carbon numbey



figure 4.11. The selectivity for methane is 0.83 with a Flory constant
0,2. For the unsupported catalyst in the standard experiment the se-
lectivity for methane i 0.92 with & = 0,19,

4,4. INFLUENCE OF THE TEMPERATURE
4,4.1. COBALT ON ALUMINA

During 18 ks in the be-
ginning of the standard ex=- 1
periments {(section 4,2) no
clear change in the value of o
o is found in spite of a
progressing deactivation, Te
study the relation becueen NN LRI
deactivation and product 0.1
distribution more closely we o
do some deactivation runs at b0

573 K with a fead of Ay =
2
0.20 and Xeg 0.20, After

21.6 ks the temperature ig
brought back to 523 K and
the product distribution at

0.00 4

0,005
this temperature is compared

with that of the standard
experiment {table 4.4; fi-
gure 4,12). _Lﬂ . L

The treatment of the ca- L % 4 5§ ¢ o8 8
talyst at 573 K influences carbon number
all selectivities strongly. Figure 4,18 Yhe weight of the product

The Flory constant dimi- Fraction as o funetion of the corbon

nishes, the selectivity for mawmber. Catalyst: Ca/Algos. X, T wa, =
. . e ’

methane increases although 020, T = 523 k. Flow: 1.3 o’

the rate of methane forma-

tion still falls below the Flery-line. The selectivity for olefins

increases and the minimum in the product distribution for the C,-

(s g cas) L

fraction disappears. If during the deactivation only the number of
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Table 4.4. (orparison of the dsactivated catalyst with the etandard

axpariment,
s s = = .20, ' = 583 K,
Catalyat; Cb/ngos. xﬁg Rpy = 0,200 1 = 58
3 -1
Flow: 1.3 cmd (e g eat) ~.
ACO
catalyst L ‘ o by C2=/02_ €478,
o cat 5
deactivated cat, 0.019 0.30 0.37 d.6 1,3
ztandard exp. 0.074 0.67 0,33 0.6 0.8

active aggv‘egatesw decreased, no change in the product distribution
should take place, Because such a change is observed, we conclude

that the nature of active aggregates has changed as well. A lower o
means that the probability for chain growth decreases {or the probabi-
lity for termination increases), This in itself could be aseribed to

a higher surface coverage of hydrogen. But as this would also mean a
Tower olefin selectivity (which is not observed) we exclude this ex-
planation.

A 1ikely reason for the deactivation is that carbonaceous species
are deposited on the surface. They do not only decrease the number of
active aggregates, but at the same time reduce the size of an aggre-
gate of adjacent metal atoms., That the chance for chain growth dimi-
nishes with deactivation then could indicate that a bigger aggregate
is needed for chain growth than for termination. This can be under-
stoed 1f the building unit that is imserted into a growing chain is
transported from the active centre where it is formed to the centre
where the growing chain is attached. IF now the mobility of the
building units is restricted by inactive species on the surface, the
chance of a building unit to meet a growing chain decreases.

w
by aggregates we mean a combination of ensembles: an ensemble is a
group of surface atoms necessary to let some reaction step oecur,
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4.4,2, UNSUPPORTED COBALT

The experiments are performed
betwaen 433 and 523 K with mole
fractions of hydrogen and carbon
monoxide of 0.20 both. In figure
4,13 the product distribution as
a relative mole concentration as

a function of the carbon number is
shown for 433, 463, 483 and 523 K,

The Tow concentration of the C,-
fraction for temperatures below
523 K is striking, In table 4.5
the data are collected; for com-
parison the results of the stand-
ard experiment of the Co/Al,04
catalyst are added.

At Tower temperatures more
higher products are formed, and
the selectivity for olefins in-
creases. At temperatures below
463 X the 02/03 ratio ig fairly
constant but vises at higher
temperatures and at 523 K the

concentration (mole %}

0
]

T (K}
LIV H
& hgi
s 63
v 433

a0

s

A‘“""-\-\.LER
_L . e e
1 ? [ 4 5 & 7 3
carbon number

Flgure 4,13, Uhe relative mole
concantration ag a function of bhe
earbon mnber. Catalyst: o,

‘ kS
= = 0,80, Flow: 3.% )
5, Tpp = 0. 0. Filow: 3.5 am
(s g oxide) .

minimum for the Cp—fraction disappears.
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Tabla 4.5, Influenge of the temperature on the product distribution

and selectivities.

: : =i
Catalyst: Co. Ty T Epn = 0,20, Flow: 5.8 am® (s g oxide) ~.
9
ACO
T (K) e 1 o o,/ c./C
g co s t 2 x 2 3
Co
433 0.04 0,66 0.46 1.25 0.50
448 0,19 0.58  0.52 0.74 0.43
463 0,22 0.52  0.61 0,40 0.44
183 0.29 0.33  0.76 0.23 0.71
523 0.52 0.1% 09,93 0,13 1.61
Co/Al,0, .
523 1.2 0.67  0.33 0.6 0.84
") 1 -1

Flow: 1.3 om™ (g cat #)

4,5, INFLUENCE OF VARIQUS CATALYST TREATMENTS
4,5.1. COBALT ON ALUMINA

We apply the following treatments to the cobalt on alumina cata-

Tyst:

i} reduction by hydrogen at 673 K for 58 ks (the standard catalyst);

i1} reduction by hydrogen at 673 K for 58 ks, thereafter treatment
with carbon monoxide at 523 K for 11 ks;

111) reduction by hydrogen at &73 K for 58 ks, thereafter treatment
with ethylene at 523 K for 18 ks;

iv} reduction by carbon monoxide at 523 K for 58 ks;

v) no prereduction but heating from room temperature to 523 K with-
in 3,6 ks under synthesis gas (xH2 = Xy = 0.20).

After the treatment synthesis gas (XH = 0,20, Xep = 0.20) is passed
2

over the catalysts at 523 K.

In figure 4.14 the overall reaction rate is shown as a function of
time after hydrogen reduction, {treatment i), after carbon monoxide
reduction, {iv), and after heating under the HZ/CO mixture, (v).
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400 (a‘%g%li) The stability of the
015 carbon monoxide reduced
. !6:%“&2 catalysts s much better
\_\_ﬁ_ P e ;. than that Of thE cata-
1.1 /""f e ’ lyst reduced only by
Tt e, hydrogen. In figure 4,15
e ———— the weight of various
o _P,fff’”f____ product fractions is
i plotted as a function
of the carbon number,
5.0 10,0 isn 2.0 The treatments with
timg (ks) ﬁl P
Figure 4.14, The rate of carbon 1 g cat s
monowlde conversion as a function I
aof Lime. Catalyst: Ca/ﬂlgﬂg. 0.5
xif;-, T T 0.20. T = 685 K » STANTARD | X6ERIMEN]
F'Z.éw: 7.3 a-m;f (s i c."(.trf:)_] & inHYmFi‘(E]L’ai‘.:!\-]'D
\*‘\\ - Cé R‘rm(‘rn
v UNREDLUCED
carbon monoxide and with ethy- 019
lene provide catalysts on which
the product distribution de- P \‘\\\i
viates more than in the stand- :
ard experiment from the Flory
distribution lina. This shows L
that the astumptions of the 0.0 o .,
Flory model are not more than "\\\:
approximations and that often %0051 .
other effects such as pref- ™
erential adsorption or crack-
ing and polymerization re-

actions will also play a
role.

The rates and the selechivi-
ties are collected in table 4.6,

58

T 2 % & 5 6 7 &
carbon number

Plgure 4.15. The weight of the pro-

duct fraction as a funstion of the
carbon number, Catalyst: Co/At, 0.

=X = = = huz i .
WH? S Ly = G.0. T = 583 K, Flow:

1.3 an® (o g eat)”.
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laple 4.0, Influgnce of the treatments on the product eompositiom,
Catalyst: C'O/A}ZEDB,. ng = T = 0.80. T = 523 K.

3 )
Flow: 1.3 em™ (& g eat) ~.
ACO
tressment _imol a S T T R o L 2o
oot 1 27 3/ 2/t
(i) (i 0.074 0.7 0.33 6.6 2.4 0.8
(1il (H /0] 0.044 0.7 0.39 1.0 6.3 1.z
(iii) (1!7/C2H4) 0.033 0.7 0.25 9.8 34 0.7
(iv) (2o 0.107 0.36 0.77 0.8 8.8 0.9
(v} (CO/H,) 0,052 0.40 n.72 3.7 11 1.0_J

The values of @ can be divided into two groups: one with « arcund
0.7 and another with ¢ about 0.4. Those belonging to the first one
are reduced by hydrogen. That the difference in o is really remark-
able is illustrated by the ratio

rate of formation for Cl

rate of formation for C5

For the treatments (i), (ii) and (i11) this ratio is about 5 and for
the two other treatments about 80.

Two points have to be discussed:
(1) the change in the ordinate intercept of the Flory-lines within a

group and

{ii) the change in the siope of the Flary-lines.
The fact that a group of parallel Flory-lines is found indicates that,
at least to a first approximation, all rates of production can be
assumed to change in the same proportion. This suggests that for such
a greup only the initiation rate changes while the rate constants for
the other elementary steps are not influenced.

For the carbon monoxide reduced catalyst it is noticed that com-
pared to the standard catalyst:
(i) the initiation rate is about 30% higher,
{i1} the probability of chain growth is drastically diminished and
(111) the stability is better.
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The rate of formation of methane has ingreased remarkahly, but it
still fits the Flory=Tine quite well. This rate increases sTightly
during the first hour of the experiment but thereafter stays constant.
This means that during the reduction by carbon monoxide a stable sur-
face structure is formed which is active in the initiation, but con-
sequences of this treatment decrease the chance that a growing chain
and a building unit meet each other, Instead the growing chains de-
sorb, if necessary after reaction with hydrogen,

If we, however, treat the hydrogen reduced catalyst with carbon
monowide we obtain a catalyst that has a much Tower activity (i.e.
initiation rate) and a much higher chain growth rate (i.e. higher a)
than the carbon monoxide reduced catalyst. Carbonaceous species de-
posited during the treatment with carbon monoxide performed after hy-
drogen reduction form inactive carbon areas on the surface, This
leads to a decrease in activity, but does not influence the probabili-
ty of the chain growth,

To study the carbon monoxide reduced catalyst in more details we
do some hydrogenation experiments with this catalyst. The catalyst is
treated by hydrogen (1.3 cm3 (5 ¢ cat)_l) in the following ways:

i) at 523 K for 7 ks;

i1y at 523 K for 86 ks;

i11) at 523 ¥ for 3.6 ks and at 598 K for 3.6 ks

iv) at 523 K for 3.6 ks, at 588 K for 5 ks and at 673 K for 6 ks.
The values of o determined after 18 ks under synthesis gas (xHZ =

0.720, Kep = 0.20) at 523 K are given in table 4.7, Only the high
temperature treatment brings the catalyst back to the properties of
the standard catalyst (hydrogen reduced), It is noticeable that hy-
drogen treatments at lower temperatures (523 K) increase the activity
without changing o« much, This enhanced activity is likely to be
caused by an increased cobalt surface available for the reaction (see
chapter 5),
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Table 4.7. Influence of various hydrogen tregtments on the gebipity
ad the papameter o for the earbon memoxide reduced cata—

lyst.
Catalyst: CO/AZPGS' gy S T
Y 2

Flow: 1.5 em” (s g cat)-z.

= 0,20, T = 533 K,

ACO
troatment pmel o
g tat &

untreated 0.11 0.36
(i} 0,13 0.44
{ii) .12 0.42
{iii) 0.13 0,45
{iv) G068 G.64
hydrogen roduced 0.07 0.67

Hydrogenation of athylene in abgence of OO
To characterize further the hydrogen reduced and the carbon monox-
ide reduced catalysts their activities for the hydrogenation of ethy-
lene are compared,
The experiments are carried out at 523 K with a gas mixture having
the composition XH2 = 0,20, XC2H4 = 0,20 and e = 0.60. The conver-

sion of ethylene after 7 ks is 68% for the hydrogen reduced catalyst
and 60% for the carbon monoxide reduced catalyst, In table 4.8 the
compesition of the product after 7 ks is given.

Table 4.8, Product composition in the hydrogenation of ethylene as

mole %, Catalyst: Co/Al_0.. = x. = 0,20, P § .
¥ /. ZZ 2 xyg xcgh, 583 K
3 -1 !
Flow: 1.3 em” (2 g cat) ".
o < ., o 2 < (=} o o
catalyst 1 2,par 2,0l 73 4 5 @ 7 ]
mole ¥
I-I2 recdugod 0.8 63.4 32.4 2.2 1.2 0,2 a.1 0.03 0,02
oo redduced 0.3 58B.6 40.2 0.5 0.5 0.02 U0.01 0,004 0.003
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carbon number
Pigure 4.18. The weight of the product
fraction as a funckien of the carbon
nwmber tn the hydrogenation of ethy—

= .,

lene. Catalyet: Co/Al 0.0 x
2 H P) [

2y

2
= ¢ a0, P = 583 K. Flow: 1.3 em”
(g g eab)dl.

tion is of the order of 0.4 571

Although the conversion of
ethylene is about the same
for the two catalysts a clear
difference is found in the
selectivities: on the cata-
lyst reduced by carbon mon-
axide much Tess higher pro-
ducts are formed. The pro-
duct distributions are shown
ip figure 4.16 for both cat-
alysts. When the product
distributions are plotted in
the coordinates of the Flory-
Schulz equation {2.6), curves
of & similar general charac-
ter are mainly shifted with
regard to each other., This
could indicate that the num-
ber of ensembles for chain
growth is diminished with

the carbon monoxide reduced
catalyst, but that their na-
ture remains the same, The
turnover fraguency of the
hydrogen reduced catalyst
for the ethylene hydrogena-

But the turnover frequency for the

3 -1

Fischer-Tropsch synthesis under the same conditions is 2 x 1077 5,

which is only one hundredth of the turnover frequency of the ethylene

hydrogenation. This shows that it is only for kinetic reasons that
ethylene is found in the product during the Fischer-Tropsch synthesis,

The main rezction in the hydrogenation of ethylene is the formation
of athane, but polymerization of Cl and C2 units takes place, too.

- "
€2H4(ads) —~ 2 Cq{ads)

Ta
(CaHg)n
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and

Cqlads) + C (ads) = Cn+1(ads) .

4.5.2, UNSUPPORTED COBALT

w'i(l-lg)
4 ‘glos

The same treatments are per-
formed with the unsupported cata-
lyst as with the supported, except
that the reduction by hydrogen is
carried out a2t 523 K for 18 ks,
in figure 4.17 the weight of the

product fractions is plotted as a 03 °
function of the carbon number and
the relevant data are collected o1 S
in table 4.9.

0.03
Pigure 4.17. Ihe wetght of the pro-
duet fraction g a funetion of the 0.0l 4
earbon number. Catalyst: Co, zy = )

0.005

2

Log = 0,20, T = 883 K, Flow: 3.5

o’ (s g oat) L.

{4.4)

= STANDARD EXPERIMENT
a [ PRETREATED

= (oH, PRETREATED

o cﬁ ﬁEDI.ICED

= \INREBUCED

g 7
carbon number

Table 4.9, Inflysnge of the tregtments on the product composition.

Catalyst: Co. wHZ T &y = Q.80 =

(e g oxid@)-I.

sS85 K. #Hlow: 3.5 cms

ACO
treatment Riten o ¢ c. /e, oL/ C,/C
g cat & L 2 ? 3 3 273
{i) (Hy) .93 0.19% 0.%2 .13 1.2 2.2
(ii) (Iiz/C!O) Q.25 0.41 0.79 2.8 17 1.0
(Lii) (Hz/czﬁqJ 0.05 0.56 0.73 6.3 11 1.6
(1v) {CQ) 0.74 0.2 0.94 0.0z 0.38 4.4
{v) (CO/H,) 1.2 0.31 0,88 0,28 3.5 1.7
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Two groups can be distinguished again: 1) a < 0.3 for the treat-
ments (i), (iv) and (v) and 2} o > 0.4 for (i1) and (iii}. Beth hy-
drogen reduction and carbon monoxide reduction give for this unsup-
ported catalyst a comparable activity and almost the same product
distribution. This could indicate that for these two catalysts the
surtace structure is the same, X-ray diffraction analysis shows that
the catalyst prepared by treatment (1) is a-cobalt and that prepared
by treatment (iv) is cobalt carbide, Co,C. Moyes and Roberts have
studied the adsorption of carbon monoxide on cobalt films with XP3S
{X-ray photo-electron spectroscopy) and UPS (ultra-violet photo-
electron spectroscopy) /29/. Above 450 K they could not detect any
molecularly adsorbed carbon monoxide, but instead a new surface was
formed which they interpreted to be a surface carbide, From these
data we concluge that the fermation of a carbidic structure on the
hydrogen reduced cobalt catalyst during the synthesis is probable.

Figure 4.18. Streture of w-aobalt (A) and cobalé carbide, Co (B},

In figure 4.18 the structures of a-cobalt and cobalt carbide,
Co,C, are presented. In the carbide the carbon is situated between
the cobalt layers, which causes a slight increase in the distances
hetween the cobalt atoms, but the structure of cobalt Tayers does not
change, Thus it is not toc surprising that on the o-Co with some sur-
face carbon and on Cuzc the product distribution does not differ much.
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The product distributions on the c¢atalyst reduced by carbon mon-
oxide and on the one treated by carbon monoxide after hydrogen reduc-
tion are different, as was the case for the supported catalysts. Sim-
ilar to the supported catalyst also here the carbon monoxide treat-
ment after the hydrogen reduction gives a catalyst with higher o and
Tower activity than the catalyst that is reduced by carbon monoxide.

4.6. OTHER COBALT CATALYSTS

In order to test how interaction between metal and carrier can in-
fluence the product distribution two mechanical mixtures of cobalt
oxide (60304} and alumina gre prepared. The first one (I} is prepared
by mixing the powdered components and thereafter subjected to high
pressure (5.2 MNmE). The second one (II) is prepared by grinding the
oxide and the support in liquid nitregen. This is done in order to
avoid any heat effects, which could Tead to compound formation between
cobalt and the support. The cobalt content of both the catalysts is
6 wt %. The reduction by hydrogen is, as normally, performed at 523 K.
The catalysts are tested at 523 X with synthesis gas of xH2 = 0,20,

Xeo = 0,20 and x o " 0.60, The results of these experiments are given
in table 4,10,

Table 4,10, Product composition on mechanical mimtures of zobalt
oxide and alumina.
By =@y T 0.80. T = 528 K Flow: 1.3 o’ (s g cat) "t

2
ACQ
catalyst ume L I " c,mre,T ol
T 0o 1 z 2 2773
I 1.07 0,21 0.86 0.4% 2.0
1I 1.08 0.28 .80 0.486 1.2
unsupported
catislystc # 0.92 0.1% n.492 0.09 2.2

' Flow: 3.5 c:m3 (s g cat)hl
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In both cases the rate of carbon monoxide conversion is 1.1 umol
{q Co s)_l‘ Compared with the standard experiment for the unsupported
catalyst the probability of chain growth has somewhat increased for
catalyst (II). This would indicete that the interaction between Co-
balt and alumina increases the probability of chain growth. A higher
valug of o requires a higher mobility of intermediates, which also
could go via the alumina support.

A high olefin-paraffin ratio for the mechanical mixtures might
mean that the intermediates are more loosely bound on these catalysts
than on the unsupparted catalyst, presumably because they can desork
in two steps of which the first one then would be a transfer to the
alumina,

4.7. DISCUSSION

On the basis of the results described in previous sections the
following two points are discussed:
i) the product distribution and the influence of various catalyst
treatments on that and
i1) the differences between the supported and the unsupported cata-
lyst,

Ad 1). The product distribution obeys in general the Flory model;
except the Cz—fraction and in some cases the Cl- or the C3~fractions.
The fact that the product distribution can be described by the
Flory-Schulz equation means that the chain growth proceeds via a re-
peated stepwise addition to the growing chain of a complex with only

one carbon atom. Moreover, it means that for each surface species,
independent of the number of carbon atoms that it contains, the ratig
of termination (i.e. desorption} rate to propagation (i.e, chain
growth) rate is constant. In other words, the product distribution
obtained with one particular catalyst can be described by one con-
stant o according to equation (2,6), In figure 4,19 the fraction of
various products in mole percent is shown as a function of «. From
this figure the waximum selectivity for C2 is found to be 26 mole ¥
{at @ = 0.5), which iz thus the maximum for catalysts that follow the
Flory model. The maximum selectivity in weight percent is found to be
30% at « = 0.33,
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In a number of cases (during
the deactivation between 1 and
15 ks and after a carbon monoxide
and an ethylene pretreatment of

concentration (mole %)
100

bcl
the hydrogen reduced supperted & ‘g
catalyst) it was noticed that the 8
Flory-Tine can change its ordi- 80

nate intercept without altering
its slope. This indicates that
certain changes of the catalyst
do not alter the ratio between
the termination and propagation
rates, but they only alter the _,J_a——ﬂ””"Jr‘ﬂ’ﬂ
rate of one of the initiation e s e .
steps, i1,e, one of the steps that o

up

20

Teads from gaseous carbon monox-
ide and hydrogen to an adsorbed
reactive intermediate. This fur-
ther shows that the initiation
rate need not be correlated to
the rates of propagation and termination.

To explain our observations we will use the concept that the total
activity is related to the number of active ensembles but that the
chain growth requires an aggregate of several active ensembles that
must be in touch when the building blocks manufactured at the en-

Figure d4.19. The relative mols
comcentration as 2 funetion of o
caleulated from the Flory distri-
bution.

sembles are put into growing chains, If the Flery-Tine is Jowered but
does not change its slope it means then that only the number of sur-
face aggregates is reduced, but not the properties of the {individual
active aqgregates, This further suggests that a reduction in activity,
which is accompanied by a constant product distribution, is not caused
by a random deactivation of active sites, but by a formation of whale
continuous areas that cohsist mainly or completely of deactivated
sites. On the other hand if the slope is increased but the total ac-
tivity is not much impaired (e.q, the supported catalyst after hy-
drogen reduction and after carbon monoxide reduction), one would ex=-
pect the aggregates themselves to be affected, e€.g. by a random ap-
pearance of deactivated sites on the surface. Such deactivation
hinders the interaction between the various active ensembles of a
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surface aggregate and diminishes the chance of chain growth and hence
reduces o. This would mean that the deactivation as a result of self-
poisoning and deactivation by carbon monoxide or ethylene pretreat-
ments, must be ascribed to the formation of continuous areas of de-
activated sites. This may be undevstood if one assumes that on a hy-
drogen reduced catalyst the formation of carbon is enhanced by the
presence of carbon on neighbouring sites. On the other hand the re-
duction by carbon monoxide (with or without hydrogen) would result in
the formation of randomly distributed inactive sites. The rather high
activity of these catalysts indicates that the number of active en-
cemblies in itself is rather high, But the low value of o suggests
that the interaction between these active ensembles 1s jmpaired. It
could be that the average size of aggregates has become too small to
provide for an optimal possibility of chain growth,

The methane production is generally in agreement with the Flory
equation, But on the deactivated catalyst or with low HZ/CO ratios it
remains below the Flory-line. In both cases the olefin-paraffin ratin
is increased compared to that of the standard experiment. This indi-
cates that the methane formation is related to the nydrogenation ac-
tivity of the catalyst, and would further mean that the termination
of the Cl—Fraction differs from the other terminations, i.e. that
more hydrogen is involved in that termination than in the others.

The instances where the methane production is higher than the Flory
model predicts are restricted to the unsupported catalyst and are
gathered in table 4.11,

Pable 4011, Catalyst pretrsatments leading to methang conaantrabion

abava that of the Flovy model.

’ - 3

Catulyst: (o, &, = 6., = 0200 1= 523 K. Flow: 3.5 om
H2 4]

(& g owcide)

o LOET L . = - .
crosa e b i LB /:.2 (.3 /L:s
ol pretroatnent 0,40 f.3 11

CO rocdueod 0.1 0,023 .38

Co/n, rodueed 0,31 .38 3.5
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From table 4,11 one can conclude that the methane formation is not
exclusively related to the hydrogenation ability. but that it is alse
influenced by the structure of the catalyst, This further supports
our idea that the chain growth needs an aggregate of active ensem-
bles. By the above mentioned treatments the methane production is
favoured.

Another aspect of the product distribution js the olefin-paraffin
ratio. The unsupported catalyst generally shows a lower clefinicity,
although the carbon monoxide treated catalyst is in this respect an
exception, Some relation is observed between the chance of chain
growth and the olefin-paraffin ratio: the higher & is, the more ole-
fins are formed. But no simple relation is found hetween the olefin-
icity and the probability of chain growth, In other words, there is
an antipathetic relation between the glefin formation and the rate of
termination, The olefin-paraffin ratio is thus controlled by another
step than that of propagation,

Ad i1). The difference in reactivity and selectivity between the
supported and the unsupported catalysts could be caused efther by the
crystallite size effect or by an interaction between the metal and
the support.

On the average the crystallite size of supported catalysts is
smaller than that of unsupported catalysts. In small crystals the co-
ordination of metal atoms on the surface can be essentially different
from the ideal faces of Targe crystals. According to Boudart /105/
effects of the crystaliite size on the catalytic properties can be
noticed when the diameter of crystals does not exceed 5 nm and is
within a narrow size range for all crystals.

The preparation of well-dispersed catalysts could lead to orien=
tations of crystal Taces which possess different activities. Various
crystal faces of cobalt have been abserved to behave indeed differ-
ently with regard to the adsorption of carbon monoxide /106,107/.
Cobalt (10I2) plane dissociates carbon monoxide at higher tempera-
tures and leads to the formation of a well-ordered carbon structure,
This structure is interpreted to be a plane of Co4C. However, the
plane Co (0001) does not apparently decompose carbom monoxide. In our
case the average crystallite size of the supported catalyst is of the
order of 25 nm. Thus the differences noticed between the supported
and the unsupported catalyst cannot be explained in erystallite size.
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During the reduction of the Co/Al,0, catalyst by hydrogan a strong
influence of the support was noticed (chapter 3); higher temperatures
were required and only a part eof the cobalt could be reduced, Another
possibility to explain the phenomena observed is by the presence of
C02+ igns. A part of cabalt on the supported catalyst is situated in
the lattice of alumina and this can change - in principle - the in-
trinsic behaviour of the cobalt metal atoms at the upper surface of
the supported metal. However, the mechanical mixture, for which such
a direct influence is not to be expected behaves already somewhat as
a supported catalyst, Therefore we ingline to suggest the following
explanation: a "spill-over" of growing chaing (C,-C.) from cobalt
to alumina is possible and by this "storage effect" alumina can in-
crease the probability of chain growth and at the same time decrease
the probability of termination. The same type of difference in the
product distribution of an unsupported and a supported catalyst has
heen found /108,109/4 e.g. nickel supported on alumina produced more
nigher hydrocarbons than bulk nickel /1087, Our explanation could
cover also these observations.



