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I S AL L E
{to my father)

"The fear of the Lord is the beginning of wisdom;
a good understanding have all those who practise it".
from Psalm 110 (RSV)
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CHAPTER 1

Introduetion

1.1. COAL CONVERSION
Since the so called energy crisis of 1973 interest in coal as a
possible souree of energy and as a raw material increased markedly.
One reason for that increased interest is that the reserves of coal
are estimated to be at least three times larger than the oil reserves
/1/ and that they are geographically distributed less uneven than oil.
Coal chemistry dates back to about 1800 when the first research
was carried out on the oxidation of coal. The systematic studies on
the hydragenation and extraction of coal started in the latter half
of the last century /2,3,4/. All basic coal conversion processes aim
at transforming coal into fuels that give less problems in utilization
or that can be more easily transported. For these reasans high-sulphur
coals are desulphurized, high ash coals are demineralized and coal is
converted into liquid and gaseaus products. A great amount of research
work has been devoted to coal conversion and numerous processes have
been developed during the years /5,6/. But in spite of all these
efforts products from coal cannot yet compete with the products based
on oil. However, as the prices of crude oils increase much faster than
that of coal the break-even point for some products is expected to be
rather near.
The processes for liquids and gases from coal can be divided into
four groups /7,8/:
1) Pyrolysis,
in which the volatile or complex organic compounds are separated
and decomposed thermally;
2) Solvation (solvent extraction)
By use of a hydragen donor solvent (e.g. tetraline anthracene oil)
coal is .digested to yield a slurry which after filtratien can
further be hydrogenated to liquid fuels;
1

3) Direct hydrogenation with reactions
liquids
catalytic
....-""
coal + H2 __,..
-......_
destructive

/

.........

methane

4) Indirect synthesis from a mixture of hydrogen and carbon monoxide

coa 1 + H2o

1iquids

-

catalyst

-

synthes is gas
(H 2 + CO)

gases

The chemistry of the direct and indirect hydrogenation of coal to
hydrocarbons is characterized as follows:
direct hydrogenation:
AH 298 (kJ) /9/
C + H2o
CO + H20
2 c + 2 H2

-+

+
->-

CO + H2
co 2 + H2
2 -CH 2-

3 C + 2 H20 .... CO 2 + 2 -CH 2-

-

-

118.8
41.2
55.4

+

22.2

+

(1.1)

indirect hydrogenation:
liH298 (kJ)
3 C + 3 H20
CO + H20
2 CO + 4 H2
3 C + 2 H2o

+
-+

+

+

3 CO + 3 H2
co 2 + H2
2 -CH 2- + 2 H20

+

co 2 +

+

2 -cH 2-

356.4
41.2
- 293.1

-

( 1. 2)

22.1

In the first case much less heat is involved than in the latter case.
The direct hydrogenation produces mainly branched and naphthenic
hydrocarbons. which can be used very well as fuel; however. they are
2

nat attractive as cracking feedstocks. The product from the indirect
hydragenation consists mainly of straight chain hydrocarbons and olefins, which can be used as feedstocks for the chemical industry.
This thesis deals with the indirect conversion of coal to hydrocarbons, the so called Fischer-Tropsch synthesis. Therefore in the
following sections a short survey of that process is given.
1.2. THE

FISCHER~TROPSCH

SYNTHESIS

The conversion of synthesis gas - a mixture of hydragen and carbon
monoxide from coal gasification - to hydrocarbons

2n H2 + n CO

-

catalyst
( 1. 3)

is called the Fischer-Tropsch synthesis after Frans Fischer and Hans
Tropsch who discovered this process in 1925 /10/. Befare that, in
1902, Sabatier managed to produce methane from synthesis gas using a
nickel catalyst /10/.
At the end of the thirties the development had already advanced so
far that nine plants had been erected in Germany. In all the processes
cabalt catalysts were used at atmospheric or medium (0.6-1 MPa) pressures. About 50% of the output was a gasoline fraction. During the
second world war various iron catalysts were tested. But after the war
the low cost of oil made these plants economically unattractive and
they were all closed. Some plants were built also in the U.S.A.,
France and Japan but at this moment the only commercial plants are in
South Africa, where the economie situation is totally different from
that in the rest of the world. The current output of gasoline is
1.7 x 10 5 ton per year and of petrochemieals 0.8 x 10 5 ton per year
/5/, but because of enlargements the production of gasoline is expected to increase to 1.5 x 106 ton per year befare 1982 /11-13/.
Several detailed reviews have been published on the developments
of the Fischer-Tropsch catalysts, on the influence of process variables and on various processes applied and we refer to those for further general information /10,14-23/.

3.

1. 3. MECHANISMS PROPOSED FOR THE FISCHER-TROPSCH SYNTHESIS

The mechanisms that have been suggested for this reaction can all
be divided tnto three steps: initiation, propagation (i.e. chain
growth) and termination. The initiation step includes the adsorption
of reactants and the formation of surface intermediates containing
one carbon atom. The propagation step consists of the formation of
surface intermediates with more than one carbon atom from the building
blocks of one carbon atom. The termination step is the formation of
hydrocarbons either via direct desorption or via hydragenation and
subsequent desorption of the intermediates.
The first mechanism, the so called carbide mechanism, has been proposed by Fischer /24/. According to that carbon monoxide dissociates
and forms carbides, which are hydrogenated to CH 2-groups. The chain
growth proceeds via polymerization of these CH 2-groups. Craxford and
Rideal /25/ presented that mechanism in the following form:
Co + CO + Co-CO
Co-CO + CO + CoC + C0 2

( 1. 4)

or
Co-CO + H2
CoC + H2 +

+

CoC + H 0
2
Co-CH 2- + higher hydrocarbons

Many arguments were put forth against this mechanism /14,16/ and
therefore it was neglected for several years.
In its place a mechanism proposed by Storch et al. /14/ has been
widely used /23/. It was supported especially by Anderson /16/ and
Kölbel /17/. Essential in that mechanism is the formation of an
alcohol-type complex as an intermediate, the chain growth taking place
via the dehydrocondensation of these complexes. The following reactions are suggested:
initiation:
CO(ads) + 2 H(ads)

4

+

CHOH(ads)

chain growth:
RCOH{ads) + CHOH(ads)

+2H(ads)
+

RCH 2CHOH(ads) + H20

(1.5)

tennination:
RCH 2COH( ads) -. RCH 2CHO
2H(ads)""RCH2cH20H

+H(ads)
+

olefins

+

paraffins

Pichler has proposed a mechanism where the first intermediate is a
carbonyl-type complex and the propagation proceeds via the insertion
of carbon monoxide to the growing chain /19/. In a simplified form
the mechanism can be described as follows /26/:
initiation:
the formation of a carbonyl HM(CO)x; M= metal
chain growth:
RM(CO)x + CO(ads)

4

RCOM{CO)x

(1.6)

tennination:

For several years the discussions considered mainly the latter two
mechanisms, that of the alcohol complex and that of the carbonyl complex. Recent studies however have shown that the adsorption of carbon
monoxide on transition metals is dissociative /27-29/. Also it has
been demonstrated that surface carbon is an active intermediate in
the methanation reaction /30-35/. Basedon the results from experiments with nickel-capper alloys van Barneveld and Ponec /36/ proposed the following mechanism:
initiation:

5

CO(ads} + C(ads) + O(ads)
C(ads) + x H(ads} + CHx(ads)

(1.7)

chain growth:
CHx(ads) + CO(ads) +
CHxCO(ads) + m H(ads)

CHXCO(ads)
CHxCHm_ 2(ads) + H20

+

termination:

The chain g<rowth step of this mechanism is more based on speculations
than on experimental evidence.
Shortly afterwards Biloen et al. /37/ presented experimental results on a nickel catalyst that indicate that the chain growth proceeds via CHx entities:
CmHy + CHx

+

(1.8)

Cm+lHx+y

x= 0 ••. 3, probably x= 2 and y

= 2m

+1

ConaZusions:

In the light of recent results it can be concluded that the initiation step of the Fischer-Tropsch synthesis proceeds via a dissociatively adsorbed carbon monoxide. The conclusion about the chain
growth is less clear. But the chain growth via an intermediate without any oxygen e.g. via CHx-groups is at least possible on a nickel
catalyst.
1.4. THE PRESENT STATE OF THE ART
ProbZems of the Fiseher-Tropsch synthesis

In spite of the large volume of research carried out on the
Fischer-Tropsch synthesis several aspects of the process are still
open for discussion:
i) The reason for the turnover frequencies of the Fischer-Tropsch
synthesis to be much lower than found in most other heterogeneaus
catalytic processes.
6

ii)

Is an increase of selectivity possible? The product distribution
can viz. be directed to methane, higher hydrocarbons or oxygen
containing compounds by varying reaction conditions, catalysts
and processes, but in all cases a variety of products is formed.
iii) Practically always catalysts are deactivated during the operatien
by the formation of carbonaceous species. Can this be prevented?
iv) At this moment there is no generally accepted mechanism or a
kinetic model. As the three previous points are all closely related to the netwerk of reactions that constitute the reaction
mechanism, a better understanding of the route by which the
synthesis proceeds would undoubtedly help in solving the other
problems.
Perspeotives for the J?isaher-Tropsoh synthesis

Several calculations have shown that the only way to improve the
economy of the Fischer-Tropsch synthesis is to improve the selectivity towards valuable products e.g. low olefins, naphtha fraction (C 5c12 hydrocarbons) or unsaturated and saturated hydrocarbons in range
c10 -c 20 /38/. Light olefins could be used as raw materials for the
chemical industry, the. naphtha fraction· as a erading feedstock and
the c10 -c20 fraction as a raw material for detergents. But it has
also been shown that for the economie situation as of 1974, the selectivity for low olefins should be higher than 50% before the process would be economie /39/. On the conventional cobalt and iron catalysts this has never been achieved.
Several studies have been started, especially in Germany with the
aim to develop catalysts for low olefin production. Several patents
which claim a selective ethylene production have already been published twenty years ago /40-46/ but as far as we know no one has been
able to reproduce these results. During the last years new patents
have been published according to which catalysts based on iron or
manganese are suitable for the low olefin production /47-50/. But the
results published in the open literature are not convincing. In figure 1.1 the product distributions recalculated from the publications
of Kitzelmann et al. /51/ and Kölbel et al /52/ are shown as a
function of the carbon number. In both cases the normal product distributions with a relativèly low c2-fraction are obtained and not the
high olefin containing products as claimed in the patents.
7
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Pigure 1.1. The weight of productsas a function of the carbon number,
A. Kitzelmann et al. /51/ B. KéJZbel et al. /52/.

Gasoline production via the Fischer-Tropsch route is generally nat
able to compete economically with gasoline from oil /53/, although
every year a great number of new patents for this process or for new
catalysts for this process are published. A more promising route from
synthesis gas to gasoline may be the process via methanol. This process, developed by Mobil Oil Corp., uses a shape selective zeolite
ZSM-5 to convert methanol very selectively to c5-c 10 hydrocarbons
with a high concentration of aromatics /54/. Recently some results
have been published according to which gasoline production of the
Fischer-Tropsch synthesis can be remarkably increased by combining
the conventional iron catalysts with ZSM-5 zeolite /55-56/.
Next to conventional heterogeneaus catalysts some homogeneaus catalysts like iridium carbonyls have been reported also to convert synthesis gas to alkanes /57,58/.
Oxygen containing compounds are not used in the same quantities as
gasoline or low olefins but on the other hand they can be rather
valuable. Same alcohols, aldehydes and acids are formed as a by-product in the hydracarbon synthesis, especially on iron catalysts. But
attempts have also been made to direct the synthesis specifically to
the formation of oxygen containing compounds. There are patents that
claim the possibility of making polyhydric alcohols e.g. ethylene

8

glycol directly from a mixture of hydragen and carbon monoxide on
rhodium carbonyl catalysts under the pressure of 300 MPa /59-62/.
Besides the impravement of the selectivity, also the mechanism of
the Fischer-Tropsch synthesis has been the object of several studies.
One of the aims is to explain why some metals are active in the process and some others are not. The adsorption of hydragen is quite sirnilar on several metals /63/ but differences have been found in the
adsorption.of carbon monoxide. Attempts have been made to correlate
these differences with the catalytic activity in the Fischer-Tropsch
synthesis. It has been noticed that metals which chemisorb carbon
monoxide in the bridged form (like Ni) are better catalysts for hydrogenation to methane than metals (like Cu and Pt) which chemisorb
carbon monoxide in linear form /20/. On the other hand Vannice /64/
has found a correlation between the methanation activity and the heat
of adsorption of carbon monoxide. The heat of adsorption gives a relative measure of the bond-strength of the metal-carbon bond of the
carbon monoxide surface species.
In the light of recent results the activity and also the selectivity depends on the ability of the catalyst to dissociate carbon monoxide /33,65/. The metals which do nat dissociate carbon monoxide
have a lower activity and farm more oxygen containing products (Pd).
than the metals which dissociate CO (Ni, Fe, Co, Ru).
Metals like molybdenum and tungsten which have been observed to
dissociate carbon monoxide /66,67/ are found to be ineffective catalysts for the Fischer-Tropsch synthesis. This has been explained by
too streng an adsorption of carbon monoxide on these metals /68/. But
Kelley et al. /69/ have shown that the activity of tungsten in methanation is higher than that of nickel at low temperatures. These authors suggested that the low activity in earlierstudies may be due
to difficulties in preparing catalysts in a completely reduced and
clean form.
1.5. THE AIM AND OUTLINE OF THIS THESIS
In spite of numerous studies of the Fischer-Tropsch synthesis several questions are still unanswered as illustrated in the previous
sections. On the other hand the importance of coal chemistry in future became clear at the beginning of this decade. These were the
main reasans for the research in this thesis.
9

The main aim has been to gain more insight in the mechanism and
the kinetics of the synthesis, especially in the formation of various
hydrocarbons. as well paraffins as olefins. This knowledge could be
helpful in solving the selectivity problems which are very closely
connected to the economy of the process.
For this study cobalt catalysts were chosen. Nickel catalysts are
known to produce mainly methane and ruthenium catalysts saturated
products. The product distribution of iron catalysts is very complex
because except hydrocarbons also oxygen containing compounds are
formed. Iron is also less resistant against carbon monoxide and water
of which the former reacts with metal forming carbides and coke, and
the latter can oxidize the metal. Thus cobalt catalysts were the most
suitable for our purposes. Both supported and unsupported catalysts
are used.
In chapter 2 various reactor systems used in this study are described. The definition of the turnover frequency, rate and selectivity are also given in that chapter.
Preparation of the two cabalt catalysts is presented in chapter 3.
In the characterization of the catalysts reduction and adsorption
experiments are used. The reduction of the unsupported catalyst by
hydrogen and by carbon monoxide is analyzed by means of various kinetic models.
In chapter 4 attention is paid to the various aspects of the
Fi scher-Tropsch process. The i nfl uence of the concentrat i on of the
reactants, temperature and various catalyst treatments is investigated.
Basedon these results a qualitative reaction model is proposed and
the differences between the supported and the unsupported catalysts
are discussed.
Based on the conclusions of chapter 4 that the formation of carbonaceous species plays an important role during the synthesis, the
carbonization of the catalysts is studied in the thermobalance and in
the flow reactor. This as well as the formation of various carbon
containing surface species is discussed in chapter 5.
Kinetic studies carried out with stabilized catalysts, are described in chapter 6. Kinetic roodels are proposed for all the three
steps of the reaction: initiation, propagation and termination.
Finallyin chapter 7 a mechanism for the Fischer-Tropsch synthesis
based on the results obtained is given. The mechanism of the various
steps is discussed in the light of the literature.
10

CHAPTER 2
Apparatus and Analysis

2.1. INTRODUCTION
When hydragenation of carbon monoxide is investigated, several
factors have to be taken into consideration.
i)
The reaction is rather exothermic; the reaction enthalpy for
methanation is 220 kJ mol- 1 at 523 K and for the formation of
the other hydrocarbons it is of the order of 140-185 kJ {mol C)- 1
/16/. In order to avoid overheating of the catalyst conversion
must be kept low.
ii) Higher hydrocarbons may be formed during the operation. These
can forma liquid layer on the catalyst surface which can hinder
the diffusion of reactants and products to and from the surface.
iii) During the first few hours of an experiment deactivation of the
catalyst occurs.
In order to maintain isothermal operation and to exclude mass
transfer for interterenee we choose the reaction conditions in such
a way that the CO conversion is below 3% and the rate of heat production remains below 0.1 W. During the kinetic experiments these are
always fulfilled. and the partial pressures of the various hydrocarbons formed are always very much below the saturation pressure at
the reaction conditions.
In order to cope with the deactivation the measurements are either
carried out after a few hours when most of the deactivation has taken
place already or with catalysts that only have a residual but constant activity.

2.2. THE REACTION SYSTEM

11

2,2.1. FLOW SCHEME AND REACTOR
The reactor system used for studying the reaction kinetics and the
activity and selectivity of the catalysts is shown in figure 2.1.

te

co
1. COLU"tlS f!LU:D Wlfll B.T,S, CATALYST
AND MOLECULAR SJEVE
2. COWMN FILLED 'mH SILICAGEL
3. VAN DYKE MIXER
4. 4 - WAY VALVE
5. REACTOR TUBE
6. FURNACE

7, GLC 1 WITH F.I.D.
8. GLC 2 WlTH F.I.D.
9. GLC 3 WITH KATH.AROMETER
10, co2 MON l TOR

S1,s 2 8 W.AY BECKER GAS SAMPLING VALVES
S3 4 - WAY DISC GAS SI\MPLING VALVE

Figure 2.1. Reactor system

The gases, hydragen {Hoekloos, purity > 99.9%) and carbon monoxide
{Matheson, C.P., > 99.5%), and helium (Hoekloos, > 99.995%) are separately purified by passing them over a reduced capper catalyst (BASF
R3-11 catalyst,. B.T.S. catalyst) at 423 Kandover a molecular sieve
5A (Union carbide) at room temperature. The reactor is made of glass
with an inside diameter of 6 mm. The reactor is surrounded by an oven
which is electrically heated. The temperature is regulated and controlled within 2 K by a Eurotherm thyristor controller and a chromelalumel thermocouple.
From the product gas samples are taken either with 8-way valves or
with a disc valve /70/ and analyzed by three gas chromatographs.
Finally the product stream is led through a co 2 monitor.

12

2.2.2. ANALYSIS
On the first gas chromatograph, a Pye series 104 FID gas chromatograph (GLC 1. figure 2.1) the analysis of hydrocarbons from c4 to c8
is achieved at 333 K with a squalane (5%) on chromosorb W-AW DMCS
column of 2 m. In figure 2.2 a representative example of the separa-

Cz
c3
CqHlO

C5H12

J'
.

100

2~0

~··~

300

4~0

500

time (s)
FigUPe 2.2.

Ch~matog~am

of

p~oduat aepa~ation

with a aqualane

aolumn.

tion with this column is given. On the second gas chromatograph - of
the same type as the first one - c1 to c4 hydrocarbons are analyzed
at 298 K with a combination of two columns: a 1.5 m phenylisocyanate
on Poracil-C column and a 0.5 m n-octane on Poracil-C column. All
columns are made of stainless steel, with an internal diameter of
2 mm. Figure 2.3 shows a typical chromatogram.
Nitrogen is used as carrier gas in both gas chromatographs. The
quantitative determination of the concentrations of hydrocarbons is
done by camparing the peak area of the compound with that of the
propylene formed. This peak is calibrated by the peak area of propylene in the gas mixture of a precisely known composition. The calibration factors are calculated according to Kaiser /71/.
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Figure 2.3. Chromatagram of produet aeparation with a phenyZisoayanate and a n-oatane aoZumn.

Two parallel columns are used in the third gas chromatograph equipped with a katharemeter detector. Tpe samples are injected alternatingly to each column. One of the columns is a 2 m molecular sieve
SA column and is used to separate hydragen and carbon monoxide. This
column is activated by heating under the carrier gas at 520 K for
60 ks. The other column is a 3 m Porapak Q column made of glass, with
an internal diameter of 2 mm and is used to separate carbon dioxide
and water. Both columns are operated at 333 K. and helium is used as
carrier gas.
The quantitative analyses of all gases are obtained by calibrating
the analyzing system with gas mixtures of well known concentrations.
Formation of carbon dioxide is often too small to be determined quantitatively by a katharometer. Therefore a C0 2 monitor (Unor C0 2
14

monitor, Maihak) is added after the gas chromatographs. This apparatus
detects carbon dioxide by means of infra-red absorption. The detection
limit is about 1 ppm.
2.2.3. CHARACTERIZATION OF THE FLOW REACTOR

.

If a flow reactor can be considered as an ideal plug flow reactor
operating under isothermal conditions several simplifications can be
made in the kinetic equations. According to Anderson /72/ axial diffusion can be neglected if the ratio of the catalyst bed length to
the partiele diameter exceeds 30-100 and the ratio of the catalyst
bed diameter to the partiele diameter exceeds 6-10. In our experiments these conditions are generally satisfied. According to the
methods described by Satterfield and Sherwood /73/, Hougen /74/ and
Yoshida et al. /75/ we find that the difference between the concentration in bulk gas phase (cg) and on catalyst surface (es) is much
smaller than the bulk gas phase concentration: (c -cs)/c 5 is about
9
10- 2• The temperature difference between the gas phase and the catalyst surface is less than 0.1 K. These estimated values mean that no
film diffusion or heat transfer limitations are expec'ted. An extra
support for this conclusion is found in section 6.4 where the apparent activation energies are calculated. The overall activation energy
is of the order of 100 kJ mol- 1• Reactions with a film diffusion limitation usually have activation energies lower than 10 kJ mol- 1• The
influence of pore diffusion i.e. the diffusion inside the catalyst
particles is estimated by calculating the effectiveness factor n.
for which we find n ~ 0.99 /73/.
2.3. THE THERMOBALANCE
The reduction experiments {chapter 3) and the carbonizations of
the catalysts (chapter 5) are performed in a thermobalance, Dupont
950 thermogravimetrie analyzer, with a Dupont 990 thermal analyzer
regulation unit. The sensitivity of the system is about 2 vg absolute.
A schematic diagram of the balance with its flow system is shown
in figure 2.4. The sample chamber is a Pyrex glass tube, 21 mm i.d .•
which is heated by an electric furnace. A glass envelope encloses the
15

1. COLUMN FlllEIJ WITH B.T.S. CATALYST

2, COWMN FILLED WITH MOLECULAR SI EVE
3. VAN DYKE MIXER
4. 4 - WAY VALVE
5, VENT! LATION
6. GLASS TUBE

Figure 2.4.

7. FURNACE
8. SAMPLE BOAT
9.
10.
11.
12.

THERMOCOUPLE
BALANCE HOUSING
PHOTO VOLTAIC CELLS
COUNTER WEIGHT PAN

The~baZanoe.

control end of the balance. This part is continuously purged with
nitrogen (0.4 cm 3 s- 1). The temperature is regulated within 0.2 K
and measured with a thermocouple (chromel-alumel), placed just above
the sample boat. The sample boat is made of quartz glass and is suspended from the arm of the balance.
Carbon monoxide and nitrogen used as an inert diluent are purified
separately by passing them over a reduced capper catalyst and a molecular sieve 5A as described in section 2.2.1. Hydragen for the reduction experiments is dried by a liquid nitrogen cold trap. After mixing of the reactants the gas stream is admitted to the balance via a
4-way valve.
2.4. THE ADSORPTION APPARATUS
The hydragen adsorption measurements are performed in an apparatus
made of Pyrex glass and consisting of four parts: vacuum pumps. gas
bulbs for storing the gases to be adsorbed, a system for measuring
adsorbed amounts and a sample holder (see figure 2.5), Two vacuum
16
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P2 MANOMETER FOR ROUGH PRESSURE INDICATION

6, LEYBOLD HERAEUS TWO STAGE
ROTARY VACUUM PUMP

Figure 2.5. Adsorption apparatus.

pumps are used in series: a two-stage rotary pump and an oil diffusion pump (both Leybold-Heraeus) with which a pressure of 0.1 mPa is
reached. The pressure in the system is measured by a McLeod manometer
(Pl). The maximum pressure which can be measured is 2.6 kPa.
A quantity of catalyst, about 2 g, is in the sample holder which
can be heated by an electric oven. The temperature is measured by a
chromel-alumel thermocouple which is placed in a canal in the middle
of the sample holder.

2.5. DEFINITIONS
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2.5.1. RATES
We use the following symbols for various rates:
the rate of formation of hydrocarbons with i carbon atoms; mol
( g ca t s) -l
the ra te of format i on of paraffi ns with i carbon atoms; mo 1
(g cat s) -l
the rate of formation of olefins with i carbon atoms; mol (g
cat s)...: 1
For the overall rate of hydracarbon formation, rT' we use two expressions:
1)

rT ,l =

.r Ci = CT mol (g cat sf 1

( 2.1)

1

i.e. the rateis proportional to the number of molecules formed
per unit of time.
2)

rT , 2

=

_r i Ci

=

ê>CO mol (g cat s)-l

(2.2)

1

i.e. the rateis proportional to the number of carbon monoxide molecules converted to hydrocarbons per unit of time.
Equation (2.1) is preferred if the rate determining step occurs only
once per molecule e.g. only in the initiation step for each molecule
formed. Equation {2.2) is preferred if the rate determining step
occurs for each carbon atom included in the hydrocarbons produced.
The overall rate can be used as a measure of the initiatien activity
as will be shown in chapter 4.
In camparing the activities of the supported and the unsupported
catalyst the turnover frequencies (TOF) are used, i.e. the overall
rate is calculated per active site on the catalyst. The amount of
adsorbed hydragen atoms at room temperature is taken as a measure for
the number of active sites.
2.5.2. PRODUCT OISTRIBUTION ANO SELECTlVITIES
The Fischer-Tropsch synthesis can be approximated by the following
simplified scheme:
18

r

p,2

~

~

(2.3)

The product distribution is often described by a Flory-Schulz distribution /76/, for which it is assumed that the probability of chain
growth (a) and the probability of termination (1-a) are the same for
every growing step; i.e.

a =

r

.

p ,1

(2.4)

r p. 1. + rt • 1.

rp,i

the rate of the chain growth of the surface complex with i
carbon atoms
rt,i = the rate of the termination of the surface complex with i carbon atoms.
The weight of products containing i carbon atoms can then be expressed by the form
wi

= iw0 (1-a) 2 ai -1

(2.5)

which can be transformed into

log

w~

( 1 ~a) ) +i
2

=

log (w 0

log a

(2.6)

where w0 is the weight of molecules formed.
The Flory-Schulz distribution in which the weight fraction mi is
given as a function of the number of carbon atoms is /76/
mi

= (1 n a )

2 . i
la

(2. 7)

which, of course, is independent of the weight of molecules. Equation
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(2.7) is aften used to describe the product distribution of polymerization. Both equation (2.6) and (2.7) give the same linear relation
between the logarithm of the weight fraction and the carbon number. We
presentour results according to equation (2.6): the logarithm of the
weight of the products containing i carbon atoms divided by the number
of carbon atoms (i) as a function of the number of carbon atoms. The
lines obtained are called "Flory-lines". The probability of the chain
growth is calculated from the slope of the line. The product distribution is sametimes also calculated according to equation (2.7) and
the probability, ~. is then calculated both from the slope and from
the ordinate intercept.
For a more detailed characterization of the reaction product the
following quantities are used:
i) The selectivity of olefins is defined as
Ci =IC;-

i i)

i.e. the ratio of the rate of alefin formation to the rate of
paraffin formation in a product fraction with i carbon atoms per
molecule. This ratio is calculated for the c2- and c3-fractions.
For these two fractions accurate analysis is possible, because
only one alefin and one paraffin are formed.
It is noticed that the formation of the c2-fraction usually does
not obey the Flory distribution. Therefore the ratio

i.e. the ratio of the rate of formation of the total c2-fraction
to the rate of formation of the c3-fraction is calculated as
well.
iii) The selectivity of methane, ~ 1 • is defined as follows:

i.e. the ratio of the rate of the methane formation to the
overall hydracarbon formation rate.
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CHAPTER 3
Preparation and Characterization
of the Catalysts

3.1. INTROOUCTION
It is a well-known fact that oxides do not catalyze the FischerTropsch reaction. Because both reactants, hydrogen and carbon monoxide, are reducing agents, at least a part of a catalyst which initially is in an oxide form, is reduced by the reaction mixture. In
most cases the reduction is performed by H2 before a mixture of hydrogen and carbon monoxide is passed over the catalyst. On the other
hand by the reaction water and carbon dioxide are formed, which are
oxidizing compounds. During synthesis at a steady state the following
equilibria are often reached /16/:
( 3.1)

(3.2)
M= metal.
Tab Z.e 3. 1. Equilibrium aonstants for the reduation of aobaz.t oxides.
ln K
reducing agent
T (K)

4.5

coo
co 3 o

hydragen
473

4

46

573
4.9
41

carbon monoxide
473
9.9
68

573
7.9
56
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!he equilibrium constants for the reduction of cabalt oxides Co 3o4
anct CoO are given in table 3.1 /9/.
These high values show that the equilibria are very much on the
,,; ght-hand si de of the equati ons and thus oxide format i on is not faJotwed under reaction conditions. However, as all thermadynamie values above are for bulk oxides and bulk metal, the possibility of the
presence of surface oxides cannot be excluded on this basis.
The reduction conditions have a strong influence on the properties
of catalysts. In the old Fischer-Tropsch processes cobalt catalysts
were ncrmally reduced by hydragen at temperatures up to 573 K. The
degree of reduction varied then between 40 and 90%; the maximum activity was observed for 65-70% reduction, and it was noticed that
completereduction 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 H2 and CO. The experiments were carried out both in the thermobalance and in the flow
reactor. The preparation and some properties of the catalysts are
discussed as well.
3.2. PREPARATION OF THE CATALYSTS
Two types of cobalt catalysts are used in this study: supported
and unsupported. The farmer ones are prepared by impregnation and
the latter ones by precipitation.
Cobatt oxide on aZumina

Alumina (Ketjen 0.06-1.5 E; partiele size 0.3-0.5 mm) used as a
carrier is stabilized by heating at 873 K for 9 ks. The impregnation
is performed by an aqueous salution of cobalt(II) nitrate {1.9 m
Co(N0 3) 2 • 6 H20; Merck P.A.) at 303 K for 13 ks. The amount of the
salution is five times the total pore volume of the carrier. After
impregnation the catalyst is filtered off and dried at 393 K for 58
ks. The nitrates are decomposed in air at 573 K for 3.6 ks. The surface area (BET) of the catalyst is 120 m2 g-l and the cobalt content
measured by atomie absorption is 6.3 wt %.
Cabalt oxides

Cobalt(II,III) oxide is pt·epared by precipitation from a 0.5 m
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cobalt(II) nitrate solution by concentrated ammonium hydroxide (25%
NH 3, Merck P.A.) /77/. The suspension is heated to 383 K. The blue
precipitate is filte.red off and washed five times with distilled water. 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 0.5-0.6 mrn (used in the thermobalance).
Formation of co 3o4 is confirmed by X-ray diffraction analysis
using Mn-filtered FeKa-radiation. The peaks agree with the diffraction file card for Co 3o4 (ASTM 9-418). The average crystallite size
is calculated from the broadening of (311), (220) and (440) lines 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 nrn was found /79/, which agrees well with
our results. Cobalt(II) oxide is prepared by decomposing cobalt(II)
carbonate (Coco 3 , 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 Co 3o4• X-ray diffraction analysis confirms the presence of CoO (ASTM 9-402) with an average crystallite size of 77 nm.
3.3. CRYSTAL STRUCTURE OF THE CATALYSTS
The properties of cobalt oxide on alumina catalysts have been investigated ·intensively mainly because combined with molybdenum oxide
they are used in the hydrodesulphurization of petroleum feedstocks
/81/.
From magnetic susceptibility measurements a two-phase model for
cobalt oxide on Al 2o3 has been proposed /82/: a e-phase consisting of
co 3o4 and a o-phase, well-dispersed Co 2+ ions on the alumina. The
relative proportions of these two phases depend critically on the
preparatien procedure. Further it has been stated that only the Sphase can be reduced in hydrogen.
Richardson and Vernon /83/ concluded from their magnetic susceptibility and X-ray diffraction measurements that cobalt oxides on Al 2o3
2
3
can be represented by a spinel form Co +xm Al +yn (ct Co 3+( 1-x)m
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Al 3+(l-y)n)

~

2

o4 ,

where x can be calculated from the magnetic moments

=x (4.28) 2 + (1-x)(1.61) 2 , m from the cobalt content, n from the

valenee requirements and the y and t values follow from the spinel
structure. These authors 183/ also showed that at low cobalt concentrations cobalt exists only as co 2+ ions in tetrahedral sites of alumina.
Ashley and Mitchell 1841 studied cobalt oxide on Al 2o3 systems in
different stages of the preparation, using magnetic susceptibility and
spectroscopie measurements. After drying at room temperature cabalt
is in an octahedral oxygen environment and at 403 K it enters tetrahedral sites of alumina. At higher concentrations cobalt(II) is incorporated also in alumina pores and at 403 K remains there in octahedral oxygen coordination. During the calcination in air only the
octahedral cobalt is partly oxidized to cobalt(III). By electron spin
resonance (ESR) and X-ray photo-electron spectroscopy (ESCA) these
resu lts we re fu 11 y confi rmed I 85 ,86 I. Co ba 1t was found as Co 2+ i ons
in a monolayer on alumina. When the concentration of cabalt was higher than 3 wt %, Co 3o4 became noticeable as a separate phase. With
6 wt % Co about 95% of the cabalt was in the form of Co 3o4 . The reduction by hydragen modified the dispersion of cabalt because metallic cabalt can migrate over the surface of alumina 186/. In cabalt
oxideiSi02 catalysts cobalt was only found as oxide, Co 3o4 • For the
compound formation with silica higher calcination temperatures were
required than those used normally 1871.
Co 3o4 (without carrier) has a cubic spinel structure with eight
molecules per unit lattice, a = 8.084 ~. The ionic structure
co 2 +~o 3+] 2 o 4 has been confirmed by magnetic /83/, NMR /881 and Mössbauer 1891 measurements. Cobalt(II) ions are tetrahedrally surrounded
and cobalt{III) ions octahedrally surrounded.
A defect Co 3o4 , containing more oxygen is also known /891. X-ray
diffraction of that compound remains the same as for Co 3o4 and the
composition can be written as Co 3o4 •' no 2 .
By reducing co 3o4 by hydragen below 673 K a-cobalt with a hexagonal, close-packed latticeis formed. Above 673 K this transfarms
intoB-cobalt with a face-centred cubic lattice 1901. Above 1023 K
Co 3o4 decomposes to CoO /90/ which has a face-centred cubic lattice
with four molecules per unit cell, a= 4.16 ~. The composition of
this oxide should in fact be described by the formula co 1_xo showing
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a deficit in the metallic sublattice /91/. Also this oxide can be
reduced by hydrogen to cobalt metal /90/.
3.4. REDUCTION OF THE CATALYSTS
3.4.1. EXPERIMENTAL
Reduction 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

~eduation

of aobalt oxide on alumina

The catalyst (50-60 mg) is first flushed by nitrogen (the flow
3.8 cm 3 s- 1) at room temperature and atmospheric pressure for at
least 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 needed 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 cm 3 s- 1• In order to avoid a rate limitation
due to film diffusion a highest possible gas flow is used. As incipient instahilities can be noticed at flows of about 5.4 cm 3 s- 1 we
have set the flow at 3.8 cm 3 s- 1.
The reduction is continued until a constant weight is reached or
until a minimum weight is reached. This choice is made because sametimes upon reduction by carbon monoxide the weight starts to increase
at the end of the reduction.
The

~eduation

of aobalt oxides (Co 3o4 and CoO)

These reduction experiments are performed similarly as those with
cobalt oxide on alumina except that before reduction the weight is
stabilized at 523 K. Within 4 ks the stable level is reached.
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Cobalt{II,III) oxide is known to decompose according to the reaction /90/
(3. 3)

At 673 K the equilibrium partial pressure of oxygen is as low as 2.6
x 10-6 Pa /9/. As it is unrealistic to assume that the concentratien
of oxygen 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 rateis calculated from the weight loss, assuming
that there is no adsorption of products. For the reduction of unsupported cobalt oxides by hydragen this assumption is justified by the
fact that the total weight loss equals indeed the total amount of
oxygen 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 carbon monoxide cannot be excluded. Therefore
only the initial reduction rates are dealt with quantitatively for
these catalysts.
3.4.2. REDUCTION BY HYDROGEN
In order to be able to deal with the rates of the reduction quantitatively, the experiments should be carried out under such conditions that no diffusion limitations occur. Therefore first the possibility of inter- and intra-partiele diffusion limitation was studied.
He used cobalt(II,III) oxide, co 3o4 , in these studies.
The occurrence of film diffusion is checked by carrying out experiments with various quantities of catalyst at a constant concentratien
of hydragen (xH = 0.44) at 524 K. In figure 3.1 the reduced fraction
2

(f) is plotted as a function of time. In the beginning the quantity

catalyst has no influence but at higher degrees of reduction the
rdte per gram of catalyst is lower for a higher quantity of catalyst.
However, a complete reduction is reached at the same time in all
cases. This indicates that with a higher quantity of the catalyst,
v1hen the concentrati on of water duri ng the reducti on is higher, the
·>~ei ght 1oss does not agree anymore wi th the degree of reduction.
of
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2

The occurrence of a pore diffusion limitation is checked by carrying out reduction experiments with different sizes of catalyst particles. The amount of catalyst is 13.1-13.2 mg. the concentration of
hydragen xH = 0.44 and the temperature 524 K. The results are in
2

figure 3.2. If the pore diffusion played a role. the rate per gram
catalyst should have decreased with increasing partiele diameter. But
as shown in figure 3.2 that is not the case.
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The maximum reduction rate is obtained at a degree of reduction of
about 60%. As it will be shown later in this section, at that stage
we deal with the reduction of CoO. Since the enthalpy of that reaction
is only 0.8 kJ mol- 1 /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 avoided. The following conditions are chosen: 13 mg catalyst with
a partiele size between 0.2 and 0.3 mm. Under these conditions no
inter- and intra-partiele diffusion limitation is expected.
Reduation of Co 3o
4

The reduction of co 3o4 is carried out with various male fractions
of hydragen at 524 K and with a constant male fraction of hydragen
xH = 0.19, at various temperatures. The rates (calculated as oxygen
2

atoms released per second per gram catalyst) as a function of the
degree of reduction are depicted in figures 3.3 and 3.4. At lower
-dO
dt
( ).lat )
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Figure 3.3. The rate of reduction as a function of the degree of reduation for various moZe fraations of hydrogen.
CataZyst: Co 3o • T 524 K.
4

=

temperatures and with various partial pressures at 524 K the reduction
seems to praeeed in two steps via an intermediate form at 20 to 30%
reduction which is first formed from Co 3o4 and reacts further forming
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cobalt metal. As mentioned earlier cobalt(II,III} oxide can decompose
to cobalt(II} oxide. If only this reaction occurs the degree of reduction is 25%. That would mean that first CoO is formed from Co 3o4.
We have checked that by stopping the reduction at increasing degrees
of reduction and analyzing these samples by X-ray diffraction. With
more than 25% reduction only a-cobalt and cobalt(II) oxide are found,
which supports the idea of a two-step mechanism.
Reduction of CoO
Because it seemed that the reduction proceeds via CoO we decided

to study the reduction
carried out with three
and at three different
xH = 0.44. The degree

of this oxide as well, These experiments are
different concentrations of hydrogen at 524 K
temperatures with a mole fraction of hydrogen
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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similarly. Reduction kinetics can be described by the modified equation of Prout and Tompkins. This was originally derived from the decomposition 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
31

of nuclei, followed by the growth of these nuclei. The decay of the
reaction rate begins when the outgrown nuclei start to overlap, what
renders that the interface between oxide and metal decreases.
For cases where the maximum rate is reached before 50% reduction
Bond /95/ derived the following equation for the relation between the
degree of reduction and the time:
1-2f +f

m
log----

1 - f

1 - f

r;;;-m (k't + c')

(3.4)

where fm is the degree of reduction at maximum rate and c' and k' are
constants. In figures 3.7 and 3.8 fm appears to be 0.4, independent
of the mole fraction of hydragen and the temperature. Thus equation
(3.4) reads
log 0.2 + f
1- f

kt + c •

( 3. 5)

In figures 3.9 and 3.10 the left-hand side of equation (3.5} is de0.0

1og 0.2 + f
1 - f

I

-0.1
-0.2
-0.3

-0.4
-0.5

./

-0,6
-0.7

..
.

XHz

0,411

0.20
0.08

time (ks)
0 2
Figure 3.9. log ]
as a funetion of time for various mole fraotions of hydrogen.
Catalyst: CoO, T = 524 K.

_+t'

picted as a function of time, It can be seen that the constant k depends both on the mole fraction of hydragen and on the temperature.
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We assurne that this dependenee can be described in a form
k

= k e-E/RT
o

p X
H
2

(3.6)

From the slopes of the lines in figure 3,9 and 3,10 we calculate the
values of X and E; X= 0.7 and E = 74 kJ mol- 1• The same results are
obtained if the dependences are 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 reduction. Therefore this induction period has to be dealt with separately. A useful equation can be derived as follows. The oxide structure is taken as a system of oxygen layers. where each layer can react 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 described as /96/
dO
- OI

=k

00

f{pH ) n r

( 3. 7)

2

where nis the number of nuclei, k is the rate constant and 00 is the
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initial concentration of oxygen. The rate is assumed to be also a
function of the concentration of hydrogen.
If we further assume that the linear rate of nucleus growth is constant, i.e. that the radius increases linearly as a tunetion of time,
we can write for the radius of a nucleus
r

=

(3.8)

c k f(pH ) t
2

By substituting (3.8) in (3o7) we have
(3.9)

i.e. the rate increases linearly as a function of time. In figures
3.11 and 3.12 the rates determined experimentally areplottedas a
x~
•
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Figure 5.11, The rate of reduation as a function of time foP various
male fractions of hydrogen.
Catalyst: CoO. T = 524 K.

function of time, for experiments with various mole fractions of H2
and at various temperatures, respectively. These curves have been
drawn for degrees of reduction lower than about 5%.
If we assume that
(3.10)
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the value X= 0,7 is calculated from the dependenee on the partial
pressure of hydrogen. The activation energy calculated for k is found
to be 80 kJ mol- 1• Thus both_the induction and the acceleratory period
as described by equations (3,9} and (3.5) have the same dependenee on
the partial pressure of hydragen and on the temperature.
The reduction can be sametimes described by a "shrinking core
model", as e.g. used for the reduction of cobalt{II} oxide /97/. In
this model the degree of reduction depends on the time according to
the equation
1 - (1 - f} 113

= kt

(3.11)

It is clear that an increasing reaction rate as we found experimentally is never obtained with this model.
We now return to the reduction of Co 3o4 • The dependenee of the maximum rates on the partial pressure of hydrogen and on the temperature has been calculated for both steps. For the first step the order
in hydrogen is 0.8 and the activatien energy 52 kJ mol- 1 , as determined at 15% reduction. For the second step the values are 0.7 and
75 kJ mol-l respectively, at 60% reduction. The latter values are the
same as found for the reduction of cobalt(II) oxide, which again confirms our idea that the reduction of Co 3o4 proceeds via CoO.
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One might expect that at a high reduction rate insufficient ·time
is available for the recrystallization of the reduced Co 3o4 lattice
into a CoO lattice. This would mean that a number of the original reduction nuclei or reduction sites would stay available for the further
reduction of the compound that is stoichiometrically in the CoO state.
This could also explain the changes in reduction rate as a function
of the temperature found by Batley et al. /98/. The assumption that
changes in kinetics occur is then not necessary.
Reduction of cobaZt oxide/AZ 2o
3

Reduction 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 reduction. When the reduction is interrupted for
some time a subsequent weight decrease is recorded, caused by desorption of water. This difficulty could be avoided by using higher
reduction temperatures, but at higher temperature the total degree of
reduction decreasas most likely as a consequence of spinel formation.
Also heating (e.g. to 723 K) before reduction diminishes the obtainable degree of reduction to 80% in the mentioned case. Ratmasamy et
!l· /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 been measured in this thesis, at various temperatures, using the mole fraction of hydrogen xH = 0.44.
2
The results are collected-tn table 3.2.
TabZe 3.2, The maximum degree of reduction f (%) obtained at various
temperatures. CataZyst: CobaZt oxide/At 2o •
3
T

(K)

523

50

573

60

673

93

763

75

* /99/
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(%)

*

This dependenee of the degree of reduction on the temperature has
also been found by Dollimore and Rickett /100/. In the case of nickel
oxide it has been observed that the reduction of a supported oxide is
more difficult than of the unsupported /101/ because of interactions
between the oxide and the support. The strongest influence was noticed with an alumina support. The dependenee of the degree of reduction on the temperature (table 3.2) indicates an interaction of oxides. which at higher temperature leads to the formation of cobalt
aluminates. Under our standard experimental conditions the cobalt oxide on alumina catalyst is reduced by hydrogen at 673 K; this seems
to be near the optimum reduction temperature (table 3.2).
3.4.3, REDUCTION BY CARBON MONOXIDE
co

o

3 4

A typical conversion-time curve for the reduction of Co 3o4 by
carbon monoxide is given in figure 3.13. Here the weight loss is

weight
loss
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Figure 3.13. The UJeight loss as a funation of time.
Catalyst: co 3o4•

xco

=0.44. 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 reduction of 22-23%. After
that period the weight decreases more slowly. This again indicates
that the reduction proceeds via the formation of CoD. In this particular case the total weight loss after 65 ks when the weight is al-

~7

ready steady is 166 mg (g .cat)- 1• According to X-ray diffraction analysis cobalt carbide, co 2c, has been formed {ASTM 5-0708). This measurernent has been done after 18 ks with synthesis gas because directly after the reduction by carbon monoxide the catalyst is pyrophoric
and will be oxidized to cobalt(II) 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 loss should be 191 mg (g
cat)- 1 , with a carbon content of 9.2%. The carbon content after reducti on is found to be 11.9%, which means that some extra carbon has
been formed. (The carbon content is calculated from the weight differences). Another possibility is that the catalyst has not totally reacted up to a stoichiometrie carbide. In order to check that possibility we carried out some experiments also in the flow reactor with
0.50 g catalyst. In 58 ks 11.5 mmol co 2 is formed; the total reduction to Co 2c corresponds to 11.7 mmol co 2• In the C0 2 production rate
a minimum is 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 Co 3o4 to CoO. 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 some free carbon is formed as well and a small quantity of
oxygen is still left. When the mixture of hydrogen and carbon monoxide (xH = 0.2, xCO = 0.2) is passed over the catalyst after a steady
2

weight has been obtained no weight change is observed. Thus no further 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 figure
3.14 and 3.15, for various mole fractions of carbon monoxide and various temperatures, respectively. In all cases the rate is constant
during the first minutes. The reduction rate of Co 3o4 can be expressed in the form of equation {3.12) with a zero order in the oxygen concentration on the surface:
(3.12)
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The dependenee on the partia1 pressure of carbon monoxide, Y, is 0.4
and the activation energy is 99 kJ mol- 1•
The latter part of this reduction process can be best described by
an overall reaction

(3.13)
which is a combination of two reactions:

coo
and

+

co

+

Co

+

co 2

(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:
dw
ar
=

-

k 1 (1 - f) + k2 f

2

(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 CoO. The first term on the right-hand
side of equation (3.16) 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 increase is observed. From equation (3.16) it can be concluded that if
k1 is much bigger than k2 the weight increase is observed only at an
almast complete reduction (k 1tk 2 = 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 formàtion 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 partial pressure of carbon monoxide. At higher temperatures the rate of
carbon deposition increases which can be seen from the fact that the
weight starts to increase (at 573 Kalready after 1.5 ks).
CoO

Cobalt(II) oxide is reduced very slowly by carbon monoxide at 524
K. In 65 ks the total weight loss is 3,8 mg (g cat)- 1 which corresponds with a degree of reduction of 1.5% only.
Cobalt oxide on alumina

The reduction of the cabalt oxide on alumina catalyst by carbon
monoxide cannot be followed in the thermobalance. There is practically 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 is determined in the flow reactor,
where 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 hydragen treatment. The experiment is carried out in the following way:
i) reduction by CO (xco = 0.25, xHe = 0.75) at 523 K for 60 ks
ii) cooling under CO to 373 K
iii) flushing with He at 373 K
iv) heating under H2 to 523 K
The production of carbon dioxide during the reduction is 0.65 mmol
(g cat)- 1; for the total reduction to cobalt metal 1.47 mmol co 2 (g
cat)- 1 is required. The formation of methane in the mentioned case is
0.053 mmol (g cat)- 1• This carbon can 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 is reduced. Further there is a possibility that the surface of
cabalt is totally covered with carbonaceous species.
3.4.4. REDUCTION OF Co 3o4 BY MIXTURES OF HYDROGEN AND CARBON MONOXIDE
The reduction of Co 3o4 is studied at 524 K with mixtures of hydragen and carbon monoxide containing a constant mole fraction of carbon
monoxide (xco = 0.20) and varying mole fractions of hydragen (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 loss equals the
oxygen loss. The weight gain due to C deposition is neglected.
Tabte 3.3. Totat degree of reduation f (%) as a funation of the gas
aonaentration. Catalyst: Co o • T
524 K.
3 4

I

*)

XH2

x co

f

(%)

0.1

0.2

75*)

0.2

0.2

82

0.5

0.2

96

maximum weight loss; after 43 ks the weight starts
to increase.
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In none of these cases _total reduction is reached. If the catalyst
were converted completely to cobalt carbide an apparent degree of reduction of 71.9% would be found. According to X-ray diffraction analysis the catalyst obtained is a mixture of a-cobalt and cobalt(II)
oxide; no carbide is detected. Subsequent hydragen treatment leads to
a weight loss which only in the case that the reduction was done by
the mixture with xH = 0.5 corresponds to a reduction of 100%. This
2

proposes that some carbon was deposited as well during the reduction.
In the flow reactor the catalyst is flushed by hydragen after 54
ks of the synthesis gas (xH = 0.2 and xco = 0.2). The total amount
2
of methane formed is 0,76 mmol (g cat)- 1 • which corresponds with a
carbon content of 0.9%.

3.5. ADSORPTION OF HYDROGEN AND CARBON MONOXIDE
As a measure of the active surface of supported catalysts the amount of adsorbed hydragen or carbon monoxide at room temperature is
aften used. The difficulty in using the adsorption of carbon monoxide
is that already at room temperature it can dissociate /28/. The adsorption of hydragen is usually assumed to take place dissociatively.
After the reduction by hydragen in situ the catalyst is evacuated
at the reduction temperature for 7.2 ks. The adsorption measurements
are carried out by admitting a hydragen pressure of 1.8 kPa at the
reduction temperature and then cooling to room temperature. The adsorbed amount is calculated from the overall pressure decrease. The
results are given in table 3.4.
TabZe 3.4. The amount of adsorbed hydragen at room temperature,

catalyst
~1mol

(g

!---···
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Co

44

Co/Al o
2 3

20

The dispersion of cabalt on the supported catalyst is 3.4% when we
assume dissociative adsorption of hydragen with one hydragen atom adsorbed 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. However, the adsarption measurements cannot
be carried out under reaction canditions because at reaction temperature carbon monoxide reacts on cabalt and forms carbon. Therefore we
carried out some adsorption experiments in the thermobalance at room
temperature with a mole fraction of carbon monoxide of 0.19, At first
the oxides are reduced by hydrogen: Co 3o4 at 523 K and cobalt oxide/
Al 2o3 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
amount
(llmol co)
g cat

75

50

25

0.25

0.50

0.75

time (ks)
Figure 3,16. The amount ofadeorbed aarbon monoxide at room temperature ae a jUnation of time.

Co. for Co/Al 2o3 and for Al 2o3• With both catalysts the step in the
beginning is taken as a measure for the monolayer coverage of carbon
monoxide. This is 26 llmol (g cat)-l for Co/Al 2o3 (this is the difference between the first steps of Co/Al 2o3 and Al 03) and 76 llmol (g
2
Co)-l for the unsupported cobalt.
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. 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 hydragen-carbon monoxide ratio increases the
overall rate, decreases the formation of unsaturated hydrocarbons and decreases the rate of catalyst deactivation;
ii) an increase of the total pressure increases the overall conversion and the formation of higher hydrocarbons (especially on
iron cata lys ts);
iii) at higher temperatures less higher products are formed than at
lower 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 compounds.
Forthese observations no detailed explanations have been proposed
yet. In this chapter the results will be reported of our studies with
unsupported and alumina supported cabalt catalysts in which the influence of the concentrations of hydragen and carbon monoxide and of
the temperature on the activity and the selectivity are investigated.
The activity of the catalysts is generally expressed per gram catalyst 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
experiments with both catalysts. These experiments are used as reference when the influence of changes in the reaction conditions is investig-ated.
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4.2. STANDARD EXPERIMENT$
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 helium to 673 K followed by
ii) reduction by hydrogen (1.3 cm 3 (s g cat)- 1) at 673 K for 58 ks
and
iii) reaction at 523 K with synthesis gas having the composition:
xH = 0.20, xCO = 0.20 and xHe = 0.60; the total gas flow being
2

1.3 cm 3 (s g cat)- 1 •
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 ~mol (g cat s}- 1 after 60 s and 0.12 ~mol
(g cat s)- 1 after 1.2 ks. After 15 ks the rate is 0.074 ~mol (g cat
s)- 1, corresponding toa turnover frequency of 2 ks- 1•
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In figure 4.2 the weight fraction divided by the carbon number is
plottedas 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 c2- and c3-fractions
respectively below and above the line, the values of a are 0.66, 0.68
and 0.67 after 1, 5 and 15 ks. This indicates that in spite of the
deactivation the product distribution remains constant.
Some selectivities (c 2=;c 2-, c3=;c 3- and c2;c 3) areplottedas a
c2= c3=
c2
function of time in figure 4.3. In spite of the
c3
c2 c3
fact that the overall pro0.75 3.0
1.25
duet distribution is practically constant with time,
an increase of both ale1.00
fin selectivities takes
place at the latter stages of the same run. The
0.75
olefin-paraffin ratio is
four times higher in the
c3-fraction than in the
10
15
c2-fraction, being 2.2 in
time (ks)
the c3-fraction and 0.55
Figure 4.3. Some seLeativities aà a
in the c2-fraction after
funation of time. CataZyst: Co/AZ 2o •
15 ks. The rate of carbon
3
XH
XCO
0.20. T = 523 K.
dioxide formation is 4 x
2
3
-1
10- 3 ~mol (g cat s)-l
Flow: 1.3 am (s gaat) •
after 15 ks.
4.2.2. UNSUPPORTED COBALT
The standard experiment is carried out in the following way:
i)
the catalyst is heated under hydragen to 523 K, followed by
ii) reduction by hydragen (2.6 cm 3 {s g oxide}- 1} at 523 K for 18 ks
and
iii) reaction at 523 K with synthesis gas having the composition:
xH = 0.20, xco = 0.20 and xHe = 0.60; the total gas flow 3.5
cm
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In figure 4.4 the rates of formation of various products are depicted as a function of time.
During the first hour the rate of
carbon monoxide conversion drops
to about one half of the value after 60 s; being 1.1 IJmOl (g cat
s)- 1 after 3.6 ks, After 15 ks the
rateis 0,93 IJmol (g cat s)- 1 ,
corresponding to a turnover frequency of 11 ks- 1•
The product distribution is
given in figure 4.5, where the
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weight fraction is plotted as a function of the carbon number (equation (2.6)). The c2-fraction is again under the Flory-line, but the
other fractions including methane show a good fit. The Flory constant,
a, is 0,19 and it stays almost constant during the first hours. The
olefin selectivities and the c2;c 3 ratio are given as a function of
time in figure 4.6. The olefin selectivities increase again with time
as found with the Co/Al 2o3 catalyst, but the c2;c 3 ratio decreases,
which was not found with the Co/Al 2o3 catalyst. The olefin-paraffin
ratio is about ten times higher in the c3-fraction than in the c2fraction, being 1.1 in the c3-fraction and 0.09 in the c2-fraction
after 14 ks. The rate of carbon dioxide formation is 0,075 ~mol
(s g cat) -1 after 15 ks.
4.2.3. DISCUSSION
In the first hours of the experiments both on the supported and on
the unsupported catalyst a very fast decrease of the activity takes
place. During that period the parameter a for the unsupported catalyst remains constant, being 0,19, whereas for the supported catalyst
a increases from 0.34 after 60 s to 0.68 after 1.2 ks, The catalysts
are reduced by hydrogen and are thus initiallycovered by hydrogen.
However, the high activity in the beginning cannot 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 initiatien 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 imply that some sites are more
liable to deactivation than others, as the deactivation more or less
stops after say one third of the sites has been deactivated.
Between 1 and 15 ks the overall product distribution is almost
stable, but the olefin-paraffin ratio increases with time on both catalysts. This indicates that the alefinicity and the product distribution are governed by different mechanisms.
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A low value for the c2-fraction is often found on cobalt catalysts
/14.103/. In the c2-fraction ethylene is known to be a very reactive
compound that can be built in the hydrocarbon chains or cracked under
the conditions used in the Fischer-Tropsch synthesis /104/. Thus a
part of the c2-fraction could disappear via side reactions resulting
in a lower yield for that fraction.
4.3. INFLUENCE OF THE HYOROGEN AND CARBON MONOXIDE CONCENTRATIONS
The influence of the concentration of hydragen and carbon monoxide
is first studied in experiments in which after 7 ks the H2;co ratio
is increased from one (xH = 0.20. xCO = 0.20) to three (xH = 0.60.
2
2
xco = 0.20) and after 14 ks returned again to the initial value.
After 18 ks the rates are compared with those of the standard experiment described in section 4.2.1. In table 4.1 the ratios of the
rates are given.
TabZe 4.1. Ratee at varioue times compared to thoee after ? ks.

t

7
14
18
18

(ks)

H /CO
2
(mol/mol)

1
3
(1)

1

(2)

1

c2,t
,7

c2,7

,7

l.O
8.0

3.3

1.3
0.84

1.1

1.0
2.8
1.0

0.87

0.80

(1) between 7 and 14 ks with xH
2
(2) the standard experiment

1.0

=

0.60, xCO = 0.20

4 ks after the last change has been made the activity of the catalyst is still higher than befare the hydragen concentratien is increased. The observations can be explained in two ways:
i) after the change to the higher H2;co ratio the surface coverage
of hydragen is maintained at a higher level. higher than initially, also when the H2;co ratio is decreased again;
ii} during the period of high hydragen concentratien a part of the
deactivating and modifying carbonaceous species is hydrogenated
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and thus the number of active sites is higher than in the case
where H2/CO is kept low all the time.
The second explanation is more
likely because one would expeet the coverage of hydrogen
to respond to the changes in
0.5
the gas phase more quickly
than carbonaceous species.
We further study the influence of the hydragen/carbon
0.1
monoxide ratio after 14 ks,
' " ,.
i.e. at a moment when almast a
"'
0.05
steady state is reached. Some
representative product distriXHlXco
butions are plotted in figure
0.60/0.20
0.20/0.20
and the Flory constants
4.7
0.20!0.60
0.01
calculated from the slopes of
the lines are given in table
0.005
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Figure 4.7. The weight of the p~oduet
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numbe~ fo~ v~ous mole f~ctions of
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Table 4.2. The Flory constant a fo~ various ~atios of hydrogen to
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The constant a is clearly a function of the reactant concentrations:
an increasing mole fraction of hydragen diminishes the probability for
chain growth and to a less extent an increasing mole fraction of carbon 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 synthesis /14/, in which it was found that a high mole fraction of carbon monoxide favoured the formation of higher hydrocarbons. But a
product distribution with methane below the Flory-line has - as far
as we know - not been reported earlier.
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The product distributions as a relative 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, xCO = 0.20) and in figure 4.9 (constant mole
fraction of hydrogen, 11 = 0.20). In both cases the concentration of
2
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methane is shown to be very strongly influenced by changes in the reactant concentrations, smaller changes are observed for other products.
The selectivities are collected in table 4.3 for various mole fractions of the reactants~
TabZe 4.3. The seZeativities for various moZe fraations of reaatants.
CataZyst: Co/Al 2o • T 523 K. Flow: 1,3 am 3 (gaat s)- 1.
3

:

XH
2

0.6
0.2

x co

0.2

c3 /C3

c2

C2/C3

0.08

0.8

0.89

0.6

2.3

0.84

1.2

14.5

l.l

Reactant concentrations influence the selectivity for olefins very
strongly. It seems that the overall conversion and the olefin selectivity are related. Therefo.re we plotted the olefin selectivities,
defined as an olefin percentage in a product fraction with the same
carbon number (c 2=tc 2 and c3=tc 3), as a function of the relative care.=
bon monoxide con1
(%)
L.j
vers i on for se ver100
al experiments
carried out with
75
various concentrations of reactants
but with a constant
50
space velocity at
523 K (see figure
25
4.10). In spite of
the scatter a tendency
emerges
2.5
conversion of CO
clearly: low conFigure 4.10. Olefin seleativities as a funation
version levels faof the aanversion of aarbon monoxide.
veur the formation
3
Catalyst: Co/Al 2o3• T 523 K. Flow: 1.3 am
of olefins.
(s g aatF 1
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The value of the Flory constant a (rp/{rp+rt}) depends on the
concentratien of the reactants. We can formally describe the rates of
propagation (rp) and terminatien (rt) as follows:
.xp

kp

[C;*]

PH

r t, i = kt

[c 1*]

PH

r p 'i

2

vP

(4.1)

Pco

xt

vt

(4.2)

Pco

2

where kp and kt are reaction rate constants and X and Y exponents of
the partial pressures of hydrogen and carbon monoxide, respectively.
Since a changes as a function of these concentrations, the rates of
propagation and terminatien must depend differently on these concentrations, i.e. XP F Xt• Yp F Yt• The parameter a decreases with increasing partial pressure of hydrogen, which means that Xt >XP, i.e.
more hydragen is involved in the terminatien than in the propagation.
The deviation of methane from the Flory-line will be discussed in
chapter 6.
When the mole fraction of hy~1 ( g ll9
)
cat s
drogen is increased the product
10
distribution obtained with the
supported catalyst changes in the
direction of that of the unsupported
\
'\
cobalt catalyst. With xH = 0.60
\
2

\
\

0.5

.

the selectivity for methane is 0.57.
For an experiment, carried out with
a male fraction of hydrogen of 0.90
(xco = 0.10), the product distribution after 18 ks is shown in

'\

\

\

0.1

0,05

Figure 4.11. The weight of the product fraction as a funation of the
carbon number. Catalyst: Co/Al o •
2 3
XH = 0.90~ XCO = 0.10. T = 523

0.01

\

0.005

2

Flow: 1.3 cm
4

5

6

7

3

4

(s g cat)- 1 •

8

carbon number
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figure 4.11. The selectivity for methane is 0.83 with a Flory constant
0.3. For the unsupported catalyst in the standard experiment the selectivity for methane is 0.92 with a= 0.19.
4.4. INFLUENCE OF THE TEMPERATURE
4.4.1. COBALT ON ALUMINA
During 18 ks in the beginning of the standard experiments (section 4.2) na
o.s
clear change in the value of
a is found in spite of a
progressing deactivation. To
• STANDARD EXPERIMENT
study the relation between
\
• AFTER DEACTIVATIO~ AT 573 K
\
0.1
deactivation and product
\•
\
distribution more closely we
\
0.05
do some deactivation runs at
\
573 K with a feed of xH =
.
2
0.20 and xco = 0.20. After
21.6 ks the temperature is
0.01
brought back to 523 K and
the product distribution at
0.005
this temperature is compared
with that of the standard
experiment (table 4.4; figure 4.12).
The treatment of the ca4
8
talyst at 573 K influences
carbon number
all selectivities strongly. Figure 4.12. The weight of the produat
fraation as a funation of the aarbon
The Flory constant diminishes, the selectivity for number. Catalyst: Co/AZ 2o3• x 3 =xCO
.
32 .
-1
methane increases although
0.20. T
523 K. Flow: 1.3 om (s g aat) •
the rate of methane formation still falls below the Flory-line. The selectivity for olefins
increases and the minimum in the product distribution for the c2fraction disappears. If during the deactivation only the number of

.
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Table 4.4. Gomparieon of the deaativated aatalyst with the standard
experiment.
Catalyst: Co/Az 2o3• xH,

Flow: 1.3 am

J

=xCO =0.20.

2_1

(s gaat)

catalyst

T

=523

K.

•

'P l

deactivated cat.

0.

0.37

8.

standard exp.

0.

0.33

0.

active aggregates * 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 changedas well. A lower a
means that the probability for chain growth decreases (or the probability for terminatien increases). This in itself could be ascribed to
a higher surface coverage of hydrogen. But as this would also mean a
lower olefin selectivity (which is not observed) we exclude this explanation.
A likely 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 aggregate of adjacent metal atoms. That the chance for chain growth diminishes with deactivation then could indicate that a bigger aggregate
is needed for chain growth than for termination. This can be understood if the building unit that is inserted 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.

* by aggregates we mean a combination of ensembles; an ensemble is a

group of surface atoms necessary to let some reaction step occur.
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4.4.2. UNSUPPORTED COBALT

concentration (mole %)
The experiments are performed
between 433 and 523 K with mole
100
fractions of hydrogen and carbon
T (KJ
monoxide of 0.20 both. In figure
• 523
80
•
483
4.13 the product distribution as
• 463
• 433
a relative mole concentration as
60
a function of the carbon number is
shown for 433, 463, 483 and 523 K.
The low concentration of the c240
fraction for temperatures below
523 K is striking. In table 4.5
20
the data are collected; for comparison the results of the standard experiment of the Co/A1 203
2
5
6
7
8
catalyst are added.
carbon number
At lower temperatures more
Figure 4.13. The reZative moZe
higher products are formed, and
aonaentration aa a funation of the
the selectivity for olefins inaarbon number. CataZyat: Co.
creases. At temperatures below
x8 =xco =0.20. Flow: 3.5 am 3
463 K the c2;c 3 ratio is fairly
2
-1
(a g oxide) •
constant but rises at higher
temperatures and at 523 K the
minimum for the c2-fraction disappears.
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Table 4. 5. Influenae of the temperature on the produat distribution
and seleativitiea.
Catalyst: Co.

=~co=

0.20. FlOhl: 3.5 om

i\ CO
T

(K)

3

-

rs g

o~de)

<jll

c2-;c2

0.66
0,58

0.46

1.25

0.50

0.52
0.61

0.74
0.40

0.44

0.76
0.92

0.23

0.71

0.13

1. 61

0.33

0.6

0.84

-1

C2/C3

Co
433

0.04

448
463

0.10
0.22

483

0.29
0.92

0.52
0.33
0.19

1. 2 *)

0.67

523
Co/Al 2o 3
523

*)

flow: 1. 3

(g

cat s)

0.43

-1

4.5. INFLUENCE OF VARIOUS CATALYST TREATMENTS
4.5.1. COBALT ON ALUMINA
We apply the following treatments to the cabalt on alumina catalyst:
i}
reduction by hydragen at 673 K for 58 ks (the standard catalyst);
ii) reduction by hydragen at 673 K for 58 ks, thereafter treatment
with carbon monoxide at 523 K for 11 ks;
iii} reduction by hydragen at 673 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 within 3.6 ks under synthesis gas (xH = xCO = 0.20).
2

After the treatment synthesis gas (xH = 0.20, xco
2

= 0.20) is passed

over the catalysts at 523 K.
In figure 4.14 the overall reaction rate is shown as a function of
time after hydragen reduction, (treatment i), after carbon monoxide
reduction, (iv), and after heating under the H2/CO mixture, (v).
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!'.CO

)
(g llmol
cat s

0.15
•
•

0.10

0.05

ll2 REDUCED
CO REDUCED

><=====
5.0

10.0

15.0

time (ks)
Figure 4. 14. The rate of aarbon
monoxide aanversion as a funation

The stability of the
carbon monoxide reduced
catalysts is much better
than that of the catalyst reduced only by
hydrogen. In figure 4.15
the weight of various
product fracti~ns is
plotted as a function
of the carbon number.
zo.o The treatments wi th
W; ( ll9 )
1 g cat s

of time. CataZ.yst: Co/Al- 20:3'
x8
XCO = 0.20. T 523 K.

o.5

carbon mono xi de and wi th ethylene provide catalysts on which
the product distribution deviates more than in the standard experiment from the Flory
distribution line. This shows
that the assumptions of the
Flory model are not more than
approximations and that often
other effects such as preferential adsorption or cracking and polymerization reactions will also play a
rol e.
The rates and the selectivities are collected in table 4.6.

o.1

=

•
•
•
•
•

2
3
-1
Flow: 1. 3 am (s g eat} •

STANDARD EXPERtMm
CO PRETREATED
CzH4 PRETREATED
CO REDUCED
UNREDUCED

0.05

0.01

0.005

4

5

6

7

R

carbon number
Figure 4.15. The weight of the produat fraetion as a funetion of the
carbon number. Catalyst: Co/AZ 2o3•

x 8 = xCO = 0.20. T = 523 K. Flow:
2

1.3 em 3 (s g eat) -1 •

58

------------~---------

TabZe 4.6. Influenae of the treatmente on the product aomposition.
CataZyat: Co/Al 20 3• xH
2
Flow: 1.3 cm

3

(eg cat)

=xCO =0.20.
-1

)Jmol

q,l

g cat s

(i)
(i i)

(iii)

(iv)
(v)

(H2)
(H /CO)
2
(H2/C2H4)
(CO)
(CO/H )
2

=523

K.

.

l\CO

treatment

T

-

c2

c3-;c3

-

C2/C3

0.074

0.67

0.33

0.6

2.3

0.8

0.044

0.7

0.39

1.0

6.3

1.2

0.033

0.7

0.25

9.8

0.107

0.36

0.77

0.8

0.052

0.40

0. 72

3.7

1

39

8.8
11

0.7
0.9
1.0

I

The va 1u.es of ~ can be di vi ded i nto two groups: one with ~ around
0.7 and another with ~ about 0.4. Those belonging to the first one
are reduced by hydrogen. That the difference in~ is really remarkable is illustrated by the ratio
rate of formation for cl
rate of formation for c5
For the treatments (i), (ii) and (iii} this ratio is about 5 and for
the two other treatments about 80.
Two points have to be discussed:
{i) the change in the ordinate intercept of the Flory-lines within a
group and
(ii) the change in the slope of the Flory-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 group 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 compared to the standard catalyst:
(i)
the initiation rate is about 30% higher,
(ii) the probability of chain growth is drastically diminished and
(iii) the stability is better.
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The rate of formation of methane has increased remarkably, but it
still fits the Flory-line quite well. This rate increases slightly
during the first hour of the experiment but thereafter stays constant.
This means that during the reduction by carbon monoxide a stable surface structure is formed which is active in the initiation, but consequences of this treatment decrease the chance that a growing chain
and a building unit meet each other. Instead the growing chains desorb, if necessary after reaction with hydrogen.
If we, however, treat the hydragen reduced catalyst with carbon
monoxide we obtain a catalyst that has a much lower activity (i.e.
initiation rate) and a much higher chain growth rate (i.e. higher a)
than the carbon monoxide reduced catalyst. Carbonaceous species deposited during the treatment with carbon monoxide performed after hydrogen reduction form inactive carbon areas on the surface. This
leads to a decrease in activity, but does not influence the probability of the chain growth.
To study the carbon monoxide reduced catalyst in more details we
do some hydragenation experiments with this catalyst. The catalyst is
treated by hydragen (1.3 cm 3 (s g cat)- 1) in the following ways:
i) at 523 K for 7 ks;
ii) at 523 K for 86 ks;
iii) at 523 K for 3.6 ks and at 598 K for 3.6 ks;
iv) at 523 K for 3.6 ks, at 598 K for 5 ks and at 673 K for 6 ks.
The values of a determined after 18 ks under synthesis gas (xH =
2
0.20, xco = 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 hydrogen treatments at lower temperatures (523 K) increase the activity
without changing a 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. InfLuenae of various hydragen treatments on the aativity
and the parameter ~ for the aarbon monoxide reduaed aataLyst.
CataLyst: Co/AL 2o3• mH =xCO
J
2_1
FLow: 1.3 am (s gaat} •

=0.20.

T = 523 K.

liCO

treatment

]liDOl
g cat s

untreated

(l

0.11

0.36

(i)

0.13

0.44

(ii)
(iii)
(iv)

0.19

0.42

0.13

0.45

0.06

0.64

0.07

0.67

hydrogen reduced

Hydragenation of ethyLene in absenae of CO

To characterize further the hydragen reduced and the carbon monoxide reduced.catalysts their activities for the hydrogenation, of ethylene are compared.
The experiments are carried out at 523 K with a gas mixture having
the composition xH = 0.20, xC H = 0.20 and xHe 0.60. The conver2
2 4
sion of ethylene after 7 ks is 68% for the hydragen reduced catalyst
and 60% for the carbon monoxide reduced catalyst. In table 4.8 the
composition of the product after 7 ks is given.
TabZe 4.8. Produat aomposition in the hydragenation of ethyLene as
moLe %. CataLyst: Co/AL 2o3• mH = mC H = 0.20. T = 523 K.
FLow: 1.3 am

catalyst

cl

3

(s gaat)

-1

c2 ,par c2 ,ol c 3

2

•
c4

2 4

es

c6

c7

c8

mole %

H reduced
2

0.6

63.4

32.4

2.2

1.2

0.2

0.1

0.03

CO reduced

0.3

58.6

40.2

0.5

0.5

0.02

0.01

0.004

~---··
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Although the conversion of
ethylene is about the same
for
the two catalysts a clear
• H2 REDUCED
• CO REDUCED
difference is found in the
selectivities: on the catalyst reduced by carbon mon0.5
oxide much less higher products are formed, The product distributions are shown
0.1
in figure 4.16 for both cat0,05
alysts. When the product
distributions are plotted in
the coordinates of the Flory0.01
Schulz equation (2.6), curves
0.005
of a similar general character are mainly shifted with
regard to each other. This
could indicate that the num1
2
3
4
5
8
carbon number
ber of ensembles for chain
growth is diminished with
Pigure 4.16. The weight of the product
the carbon monoxide reduced
fraation as a function of the carbon
catalyst, but that their nanumber in the hydPogenation of ethyture remains the same. The
Zene. Catalyst: Co/AZ 2o3 • XH
XC H
2 3 2 4
turnover frequency of the
0.20. T
523 K. Flow: 1.3 cm
hydragen reduced catalyst
1
(s g catJ- •
for the ethylene hydrogenation is of the order of 0,4 s- 1 . But the turnover frequency for the
Fischer-Tropsch synthesis under the same conditions is 2 x 10-3 s- 1 ,
which is only one hundredth of the turnover frequency of the ethylene
hydrogenation. This shows that it is only for kinetic reasans that
ethylene is found in the product during the Fischer-Tropsch synthesis.
The main reaction in the hydragenation of ethylene is the formation
of ethane, but polymerization of cl and c2 units takes place, toa.
10

/

c2H4{ads) -

"""'
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C2H6
2

c1 (ads)

(C2H4)n

(4.3)

and
(4.4)
4.5.2. UNSUPPORTED COBALT
( g Jl9
Co

The same treatments are performed with the unsupported catalyst as with the supported, except
that the reduction by hydrogen is
carried out at 523 K for 18 ks.
In figure 4.17 the weight of the
product fractions is plotted as a
function of the carbon number and
the relevant data are collected
in table 4.9.

•
•
•
•
•

am 3

(s g

T

523

x.

STANDARD EXPERIMENT
CO PRETREATED
C2H4 PRETREATEn
CO REDUCED
UNREDUCED

o.s

0.1
0.05

0.01
0.005

H2

=0.20.

)

10

Figu~e 4.1?. The weight of the p~o
duct fraation as a function of the
aarbon number. Catalyst: Co. x =

xco

s

Flow: 3.5

4

1

5

6

7

carbon number
Table 4. 9, Influenae of the t~atments on the product eomposition.
3
Catalyst: Co, x 8
XCO
0,20. T
523 K. Flow: 3.5 am
-1
2
(s g oxide)
•

=

=

=

I'ICO

treatment

tJmol

;

ct

g cat s

91

/C2

-

c3 -;c3

-

C2/C3

(i)

(H2)

0.93

0.19

0.92

0. 13

(ii)

(H /CO)
2
(H2/C2H4)
(CO)

0.25

0.41

0.79

2.8

l7

1.0

0.05

0.56

0.73

6.3

11

1.6

0.74

0.21

0.94

0.02

0.38

4.4

(CO/H )
2

1.2

0.31

0.85

0.28

3.5

1.7

(iii)
(iv)
(v)

1.2

2.2
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Two groups can be distinguished again: 1) a. < 0.3 for the treatments (i), {iv) and (v) and 2) a.> 0.4 for (iî) and (îii). Both hydrogen reduction and carbon monoxide reduction gîve for this unsupported catalyst a comparable activity and almast the same product
distribution. This could indicate that for these two catalysts the
surface structure is the same. X-ray diffraction analysis shows that
the catalyst prepared by treatment (i) is a.-cobalt and that prepared
by treatment (iv) is cabalt carbide, co 2c. Moyes and Roberts have
studied the adsorption of carbon monoxide on cabalt films with XPS
(X-ray photo-electron spectroscopy) and UPS (ultra-violet photoelectron spectroscopy) /29/. Above 450 K they could not detect any
molecularly actsarbed carbon monoxide, but instead a new surface was
formed which they interpreted to be a surface carbide, From these
data we conclude that the formation of a carbidic structure on the
hydragen reduced cobalt catalyst during the synthesis is probable.
B

A

@---

{Ï20)

b

-a

'

FiguPe 4.18. Struature of a.-oobaZt (A) and oobaZt

-0

-a
aarbide~

Co

c

2

'
(B).

In figure 4.18 the structures of a.-cobalt and cobalt carbide,
Co 2c, are presented. In the carbide the carbon is situated between
the cabalt layers, which causes a slight increase in the distances
between the cobalt atoms, but the structure of cabalt layers does not
change. Thus it is not too surprising that on the a.-Co with some surface carbon and on co 2c the product distribution does not differ much.
64

The product distributions on the catalyst reduced by carbon monoxide and on the one treated by carbon monoxide after hydragen reduction are different, as was the case for the supported catalysts. Sirnilar to the supported catalyst also here the carbon monoxide treatment after the hydragen reduction gives a catalyst with higher a and
lower 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 influence the product distribution two mechanical mixtures of cabalt
oxide (Co 3o4) and alumina are prepared. The first one (I) is prepared
by mixing the powdered components and thereafter subjected to high
pressure (5.2 MNm 2). The second one (II) is prepared by grinding the
oxide and the support in liquid nitrogen. This is done in order to
avoid any heat effects, which could lead to compound formation between
cabalt and the support. The cabalt content of bath the catalysts is
6 wt %. The reduction by hydragen is, as normally, performed at 523 K.
The catalysts are tested at 523 K with synthesis gas of xH = 0.20,

Xco = 0.20

and xHe
in table 4.10.

= 0.60.

2

The results of these experiments are given

Table 4.10. Produat aomposition on meahaniaal mixtures of aobalt
oxide and aZumina.
x8

=xCO =0,20,

2

T

=523

K. Flow: 1.3 am

3

.

(s gaat)

-1

,

liCO
catalyst

-

]liDOl
g Co s

ex

91

I

1.07

0.21

0.86

0.49

2.0

!II

1.08

o. 28

0.80

0.86

1.2

0.19

0.92

0.09

2.2

c2

C2/C3

··---···

I unsupported
catalyst

*

0.92

i

·----··

*Flow: 3.5 cm3 (s g cat)-l
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In both cases the rate of carbon monoxide conversion is 1.1 ~mol
(g Co s)- 1• Compared with the standard experiment for the unsupported
catalyst the probability of chain growth has somewhat increased.for
catalyst (II}. This would indicate that the interaction between cobalt and alumina increases the probability of chain growth. A higher
value of a 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 unsupported catalyst, presumably because they can desorb
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
ii) the differences between the supported and the unsupported catalyst.
Ad i). The product distribution obeys in general the Flory model;
except the c2-fraction and in some cases the c1- 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 repeated 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 ratio
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 constant a according to equation (2.6). In figure 4.19 the fraction of
various products in mole percent is shown as a function of a. From
this figure the maximum selectivity for c2 is found to be 26 mole %
(at a= 0.5), which is thus the maximum for catalysts that follow the
Flory model. The maximum selectivity in weight percent is found to be
30% at a = 0.33.
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In a number of cases (during
concentratien {mole %)
the deactivation between 1 and
100
15 ks and after a carbon monoxide
and an ethylene pretreatment of
the hydragen reduced supported
catalyst) it was noticed that the
Flory-line can change its ordiso
nate interceptwithout altering
its slope. This indicates that
certain changes of the catalyst
do not alter the ratio between
the terminatien and propagation
rates, but they only alter the
rate of one of the initiation
0.2
0.4
0.6
0.8
steps, i.e. one of the steps that
leads from gaseous carbon monox- Figupe 4.19. The relative mole
ide and hydragen to an adsorbed
aonaentration as a function of a
reactive intermediate. This fur- aalaulated from the Flo~ distrither shows that the initiatien
bution.
rate need not be correlated to
the rates of propagation and termination.
To explain our observatior.s 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 ensembles are put into growing chains. If the Flory-line is lowered but
does not change its slope it means then that only the number of surface aggregates is reduced, but not the properties of the individual
active aggregates. 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 whole
continuous areas that consist mainly or completely of deactivated
sites. On the other hand if the slope is increased but the total activity is nat much impaired (e.g. the supported catalyst after hydrogen reduction and after carbon monoxide reduction), one would expeet the aggregates themselves to be affected, e.g. by a random appearance 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 a. This would mean that the deactivation as a result of selfpoisoning and deactivation by carbon monoxide or ethylene pretreatments, must be ascribed to the formation of continuous areas of deactivated sites. This may be understood if one assumes that on a hydrogen reduced catalyst the formation of carbon is enhanced by the
presence of carbon on ncighbouring sites. On the other hand the reduction 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 ensembles in itself is rather high. But the low value of a suggests
that the interaction between these active ensembles is impaired. 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 H2/CO ratios it
remains below the Flory-line. In both cases the olefin-paraffin ratio
is increased compared to that of the standard experiment. This indicates that the methane formation is related to the hydragenation activity of the catalyst. and would further mean that the terminatien
of the c1-fraction differs from the other terminations, i.e. that
more hydragen is involved in that terminatien than in the others.
The instances where the methane production is higher than the Flory
model prediets are restricted to the unsupported catalyst and are
gathered in table 4.11.
Table 4.11. Catalyst pretreatments leading to methane aonaentration
above that of the FZory model.
Catalyst: Co. x8
xco = 0.20. T = 523 K. Flow: 3.5 am 3
-1
2
(s g oxide) .

--

')8

c2-;c2 -

-

treatment

a

C2H4 pretreatment
CO reduced
CO/H 2 red u eed

0.56

6.3

0.21

0.023

0.38

0.31

0.38

3.5

c3
ll

From table 4.11 one can conclude that the methane formation is not
exclusively related to the hydragenation ability, but that it is also
influenced by the structure of the catalyst. This further supports
our idea that the chain growth needs an aggregate of active ensembles, By the above mentioned treatments the methane production is
favoured.
Another aspect of the product distribution is the olefin-paraffin
ratio. The unsupported catalyst generally shows a lower olefinicity,
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 a is, the more olefins are formed. But no simple relation is found between the alefinicity and the probability of chain growth. In other words, there is
an antipathetic relation between the olefin formation and the rate of
termination. The olefin-paraffin ratio is thus controlled by another
step than that of propagation.
Ad ii}. The difference in reactivity and selectivity between the
supported and the unsupported catalysts could be caused either by the
crystallite size effector 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 coordination of metal atoms on the surface can be essentially different
from the ideal faces of large crystals. According to Boudart /105/
effects of the crystallite 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 preparatien of well-dispersed catalysts could lead to orientations of crystal faces which possess different activities. Various
crystal faces of cobalt have been observed to behave indeed differently with regard to the adsorption of carbon monoxide /106,107/.
Cobalt (10Ï2} plane dissociates carbon monoxide at higher temperatures and leads to the formation of a well-ordered carbon structure.
This structure is interpreted to be a plane of co 3c. However, the
plane Co (0001} does not apparently decompose carbon 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 crystallite size.
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Ouring the reduction of the Co/Al 2o3 catalyst by hydrogen a strong
influence of the support was noticed (chapter 3); higher temperatures
we re requi red and on 1y a part of the co ba 1t coul d be reduced. Another
possibility to explain the phenomena observed is by the presence of
co 2+ ions. A part of cobalt on the supported catalyst is situated in
the lattice of alumina and this can change - in principle - the intrinsic 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 incline to suggest the following
explanation: a "spill-over" of growing chains (CcC;) from cobalt
to alumina is possible and by this "storage effect" alumina can increase 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
been found /108,109/; e.g. nickel supported on alumina produced more
higher hydrocarbons than bulk nickel /108/. Our explanation could
cover also these observations.
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CHAPTER 5

Formation of Carbonaceous Species

5.1. INTRODUCTION
In the previous chapter we concluded that the deactivation of the
catalysts is caused by the formation of some carbonaceous species on
the catalyst surface. These deactivating speciescan be: i) adsorbed
products, ii) reaction intermediates or iii) "carbon". Conclusions
about the nature of these carbonaceous species could not be drawn
from the experiments in chapter 4. Therefore we decided to investigate the reaction between the catalysts and carbon monoxide more
closely in the thermobalance. Furthermore we performed experiments in
the flow reactor in which after a period of a standard run of the
Fischer-Tropsch synthesis the products were flushed from the catalyst surface by helium and hydrogen.
Various reactions are possible between carbon monoxide and cobalt,
the occurrence of which depends very strongly on the temperature and
the condition of the roetal surface:
i) Adsorption of carbon monoxide (associative or dissociative).
At lower temperatures up to room temperature carbon monoxide is adsorbed on cobalt in a molecular form. This can be concluded fr.om
several adsorption studies in which the surface of cobalt has been
investigated with various spectroscopie methods like infra-red /110113/, ultra-violet photo-electron and X-ray photo-electron spectroscopy /29/. These conclusions have recently been supported by LEED
and Auger electron spectroscopy /106,107/.
When the cobalt surface on which carbon monoxide is adsorbed under
high vacuum conditions is heated above 400 K a new surface structure
appears, which is interpreted as surface carbide /107,114/.
ii) Formation of carbonyls.
A volatile dicobalt octacarbonyl ~o(C0)4] 2 is stable only at low
temperatures, decomposing already at 325 K under atmospheric pressure
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/9/. Thermodynamically low temperatures and high pressures favour the
formation of carbonyls.
iii) Foro1ation of carbon, which is converted into bulk carbide, amorphous carbon or graphite layers, according to the following reactions:
2 Co + 2 co

+

3 Co + 2 CO

+

2 co

+

Co 2c

+

co 2c + co 2
co 3c + co 2

(5.1a)

c + co 2
2 Co + C

(5.2)

(5.lb)

(5.3)

The old studies of the carbonization of the cabalt catalysts can be
summarized as fellows /14/: below 480 K cabalt carbide is formed when
carbon monoxide is allowed to react with cabalt powder, above 570 K
free carbon is formed and between 480 K and 570 K bath carbide and
carbon are present. Thermodynamically carbon formation (5.2) is
slightly more favourable than carbide formation (5.la); the change of
free energy for reaction (5.la) is -60 kJ mol-l and for reaction
(5.2) -50 kJ mol- 1•
Above 570 K cabalt carbide decomposes to a-cobalt and free carbon.
At 680 K Kehrer and Leidheiser /115/ only observed reaction (5.2) and
not the formation of carbides or oxides as it was found with iron.
But Renshaw et al. /116/ have shown that at temperatures between
670 K and 1070 K carbide {Co 3C) is an intermediate in the formation
of graphite on cabalt single crystals.
5.2. CARBONIZATION FOLLOWED IN THE THERMOBALANCE
5.2.1. EXPERIMENTAL
The experiments with the Co/Al 2o3 catalyst are carried out in the
following way (unless otherwise stated):
i)
the sample is heated under nitrogen to 673 K and kept at this
temperature until a constant weight is reached;
ii) the oxides are reduced by hydragen (xH = 0.90} at 673 K for 58
ks, followed by
2
iii) cooling to the carbonization temperature and flushing with nitrogen for 7 ks at that temperature. Thereafter
7?.

iv)
v)

a reaction mixture is admitted;
after the carbonization the catalyst is treated with nitrogen at
the reaction temperature and then with hydragen (xH "'0.44).
2

Each of the two treatments is continued until a constant weight
is reached.
First, however, the weight changes of the hydragen reduced catalysts are followed as a function of the temperature, when a carbon
monoxide mixture (xco "' 0.20, xN = 0,80} is passed over the cata2
lysts.
The quantity of the catalyst is in most experiments 50-60 mg and
in every stage the total gas flow is 4.2 cm 3 s- 1.
The unsupported oxide is heated to 523 K and reduced at that temperature by hydragen (xH = 0,44) for 5.5 ks; otherwise the procedure
2

is the same as for the Co/Al 2o3 catalyst.
To campare the supported and the unsupported catalysts on an equal
basis, the rate of weight gain is calculated either per m2 of cobalt
surface, as calculated from monolayer coverage by carbon monoxide, or
per gram cobalt. The surface structure of the catalysts changes very
likely during the experiments, so that relations of the kinetic behaviour to the initial monolayer coverage become less useful as the
experiment proceeds.
5.2.2. CARBONIZATION BY CARBON MONOXIDE
The influence of the temperature
on the formation of carbonaceous
40
species is studied in experiments
in which the samples are heated
30
under carbon monoxide (xco = 0.20,
xN = 0.80) from room temperature zo

, weight gain (mg(g Cof 1) ....._
300
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• AL2o3

• Co
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2

to 675 K at a rate of 0.03 K s-l 10
In figure 5.1 the weight gain is
plotted as a function of the tem300
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perature for both catalysts. The
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reaction starts at a somewhat lew- Fi~ 5,1, The weight gain as a
er temperature on the unsupported tunetion of the temper>ature. ;rco
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100

catalyst, but below 550 K both reactions praeeed at a low rate. On the
unsupported catalyst the maximum rate is reached at around 600 K. On
the supported catalyst the rate increases up to 675 K. The weight gain
is 340 mg {g Co)-l for the supported catalyst and 45 mg {g Co)-l for
the unsupported catalyst between room temperature and 675 K. The rate
of weight gain (calculated per gram cobalt) is much higher for the
supported catalyst than for the unsupported one. Above 550 K the
rates of weight gain per gram catalyst tend to become equal, indicating that on both catalysts a comparable mechanism becomes operative. Based on the results reviewed by Anderson /16/ we ascribe the
second stage to the decomposition of carbon monoxide to coke.
Most of our experiments described in chapter 4 were carried out at
temperatures below 550 K. Therefore on the following pages attention
is paid only to the formation of carbonaceous species at the lower
temperature range (i.e. below 550 K).
The weight gain per
weight gain
weight gain
gram cobalt is plotted as
(mg(g Co)- 1)
(mg(g Cof 1)
a function of time in
150
30
• Co/AL2o3
Co
figure 5.2 for the Co/Al 2o3,
• AL2o3
Al 2o3 and unsupported cata100
20
lyst. The male fraction of
carbon monoxide is 0.20 in
nitrogen and the tempera50
10
ture is 524 K. In the beginning a fast increase of
the weight is observed on
bath
catalysts. This in10
20
30
qo
50
so
crease we call below a
time (ks)
Figu~ 5.2. The weight gain as a funation
"step". But thereafter the
of time. xco =0.20. T =524 K. (At 2o3 is behaviour of the catalysts
aatauZated on the saaZe as Co/At 2o3J.
is different: the rate of
weight gain on the Co/Al 2o3
catalyst slowly decreases and an almast constant weight is obtained
in 65 ks. On the unsupported catalyst after the fast decrease the
ra te red uces con si derab ly and thereafter starts to i ncrease agai n.
The maximum rate is reached after 55 ks. The weight gain based on the
cabalt content of the catalysts is 13.9% for the Co/Al 2o3 catalyst
and 3.1% for the unsupported catalyst after 65 ks. The maximum rate
4
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of weight 9ain is 3.1 119 (s 9 cat)- 1 for the supported catalyst and
0.55 119 (s g cat)- 1 for the unsupported catalyst. Per monolayer of
adsorbed carbon monoxide the values are 4.1 ks-l and 0.3 ks- 1 respectively. Thus the rateon the former catalyst is in all respects
higher than on the latter one.
In order to find out what is the ratio between adsorbed carbon
monoxide and carbon during the experiments we flush the catalysts
with nitrogen and hydragen at 524 K, after carbon monoxide (xco =
0.20, xN = 0.80) has been passed over the catalyst at that tempera2

ture for 3.6 ks and for 65 ks. Three types of species can be found:
1) products which are removable by nitrogen, 2) products which are
removable by hydrogen but not by nitrogen and 3) products which cannot be removed by hydrogen at 524 K in 30 ks. The quantities of these
species are given in table 5.1 for both catalysts.
From table 5.1 one can notice that the product distributions for
the supported and the unsupported catalyst are different and that the
fraction which can be removed by nitrogen decreases with time for
both catalysts.
Table 5.1. Quantity of various speaies on the aatalysts after CO
treatment at 524 K. xCO

=0.80.

0.20, xN
2

Co/Al

removable

removable

not

by N
2
(g
Co) - 1 (%)
mg

by H
2
(g
Co)- 1 (%)
mg

removable
mg (g Col- 1 (%)

o

2 3
3.6 ks

24

(59)

-

65

38

(27)

73

3.6 ks

2.4 (77)

-

65

ks

3.8

( 13)

ks

19

(44)

ks

l)

(52)

- 1)
30 (21)

Co

Al

1)

3.8 ( 13)

1)

22 (75)

o
2 3

65

0

(0)

24 (56)

l) not measured.
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We compare also the amounts which cannot be flushed off by nitrogen and hydragen after a carbon monoxide exposure of 65 ks for
various mole fractions of carbon monoxide. These data are collected
in table 5.2.
Table 5. 2 • .Irremovable quantity formed (mg (g Co)- 1) as a funation of
the mole fraation of aarbon monoxide. T =

K.

524

Exposure time: 65 ks.

x co

Co/Al o
2 3 -1
rog (g Co)

Co
mg (g CÓ) -l

I
j

15

0.10

32

0.20

30

22

0.44

40

23

The amount which cannot be removed by nitrogen and hydrogen at 523 K
slightly increases with an increasing mole fraction of carbon monoxide. But no essential difference in the behaviour of the two catalysts is noticed as a function of the mole fraction of carbon monoxide. Further it should be mentioned that heating of the catalysts to
673 K under hydragen restores the original weight.
The relation between the irremovable quantity and the temperature
is totally different for the two catalysts, as shown in table 5.3.
2'able 5. J. Irremovable quantity (mg (g CoJ- 1J as a funation of the
temperature. xCO = 0.20. Exposure time: 85 ks.

I

T (K)

Co/Al o
2 3
mg (g Co)-l

Co
mg (g Co) -l

503

32

2

524

30

22

543

43
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Presumably on the supported catalyst some final stage has been approached in all cases whereas on the unsupported catalyst steady76

state levels are not yet reached. On the supported catalyst the rate
of formation of inactive species increases much faster as a function
of the temperature than on the supported catalyst.
Models for weight gain

The weight gain as a function of time for various mole fractions
of carbon monoxide is shown for the supported catalyst in figure 5.3
weight gain
-1
(mg( g Co) )

weight gain
(mg(g Co)- 1 )

150

50
•

40

4

•

Xco

0.44
0.20
0.10

100
30

Xco

20

• 0.44
A
0.20

50

a

0.10

10

10

20

30

40

50

time (ks)

60

10

20

30

40

50

70

60

time (ks)

Figure 5.3. The weight gain as a Figure 5.4. The weight gain as a
funation of time for various moZe funation of time for various mole
fraations of aarbon monoaride.
fraations of aarbon monoaride.
CataZyst: Co/AZ 2o3• T =524 K.
Catalyst: Co. T 524 K.

=

and for the unsupported catalyst in figure 5.4. On the supported catalyst the rate continuously decreases and after 65 ks a fairly constant weight is reached which depends only marginally on the carbon
monoxide mole fraction.
The rate of weight gain ~ can be described by a semi-empirical
equation:
(5.4)

i.e. the rate has a first order dependenee on the fraction which is
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not yet occupied 1·- ~.wis the weight gain, wm is the equilibrium
wm
weight, k and Y are coRstants. In an integrated form equation (5.4)
reads:
ln (wm - w)

- k Pco

y
t

+ c1 •

Xco

• o,qq

• 0.20
• 0.10

10

20

30

50

60

+--~--~--~--qo~-~~

time (ks)

(5.5)

In figure 5.5 the left-hand side
of equation (5.5) is plotted as a
function of time for various mole
fractions of carbon monoxide.
A linear relation is obtained up
to a value of (w/wm) of about 0.9.
The dependenee of the rate on the
mole fraction is calculated from
the slopes of the lines in figure
5.5. The order, Y, is 0.2.

On the unsupported catalyst the
rate of weight gain increases as
a function of time and thus as a
function of the quantity deposited.
Apparently a certain induction
period is needed befare the reaction can proceed. This is. typical for an autocatalytic reaction.
This further means that in the beginning of the experiment the reaction rate is proportional to the quantity of carbonaceous species deposited on the catalyst and also to the fraction which is not yet
occupied (1 - w/wm). In analogy with the reaction model used for the
reduction of cabalt oxides in chapter 3 the overall rate can be described by equation (5.6):

Figure 5.5. Zn (wm - wJ as a
funation of time for various moZe
fraations of CO.
CataZyst: Co/AZ 2o3• T 524 K.

=

dw
- Of

=

k'

Pco

Y

(5.6)

where wm is the maximum weight gain and a' is a constant.
It is assumed that the equilibrium adsorption of carbon monoxide
is reached fast and that an increase in the amount of reversibly adsorbed carbon monoxide is only a fraction of the total weight gain.
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Then the rate of weight gain reflects the rate at which carbonaceous
species move away from the sites active for the adsorption of carbon
monoxide and thus allow further adsorption.
In an integrated form equation (5.6) is
log ~ = k
wm - w

Pcoy t

+

W"ith the values a = 18 and
wm = 68 mg (g Co)- 1 a good
fit of the experimental values to equation {5.7) is
obtained. In figure 5.6 the
left-hand side of equation
(5.7) is plottedas a
function of time for various mole fractions of carbon monoxide at 524 K. The
slopes of the lines slightly depend on the mole fraction of carbon monoxide. The
order calculated from these
slopes is 0.6. Equation (5.7)

c

(5.7)

+ 0.5
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•
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time (ks)

weight gain
(mg{g Co)- 1)

40

20

time (ks)

200

250

FigUPB 5.?. The weight gain as a funqtion of
time. Catalyst: Co. ~co= 0.20. T =524 K.

indicates that the
weight gain should
reach a maximum value
of 68 mg {g Co)- 1•
However, we carried
out also an experiment lasting 260 ks.
The weight gain after
that period was 82 mg
{g Co)- 1 • and the
weight was not yet
constant. If we nevertheless calculate the
weight increase
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from equation (5.7) with wm = 68 mg {g Co)- 1 , we see (figure 5.7)
that the model prediets the weight increase accurately for the period
up to 160 ks. It would indicate that the formation of carbonaceous
species takes place in two stages. The first stage seems to proceed
to a maximum value as predicted by equation (5.7). After 160 ks a
second stage becomes operative. In this stage the weight increases
al most at a constant rate of 0.2 ug (s g Co) - 1• This could be a decomposition of carbon monoxide on inactive carbon laid down on the
surface, and might be related to the carbon formation at higher temperatures (compare with figure 5.1).
Reaotivity of bulk carbide

The reactivity of bulk carbide, co2c, towards hydrogen has been
tested as well in the thermobalance. At 523 K carbide can be hydrogenated to cobalt metal. But if co 2c is heated to 673 Kunder nitrogen before the hydrogen treatment, a weight loss of less than 1 wt %
is obtained at 523 K. This shows that carbide can be transformed into
some inactive form of carbon.
5.2.3. CARBONIZATION BY SYNTHESIS GAS
300

-

weight gain (mg(g Co)- 1) _
•

30

Co/AL2o3

• Co

' 200

zo

w

100

The weight gain as a
function of time is shown
for the supported and unsupported catalyst in figure 5.8, when the synthesis gas (xco = 0.20, xH =
2
0.20 and xN = 0.60) is
2
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qo
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60

time (ks)
Figure 5.8. The weight gain as a function of time for the supported and the
unsupported catalyst. x 8
T

80

= 524

K.

2

=xCO =0.20.

passed over the catalysts
at 524 K. When these curves
are compared with the curves in figure 5.2 (the feed
without hydrogen), one notices that on the supported
catalysts the rate of weight
gain is further increased
but it is remarkably de-

creased on the unsupported catalyst. After 65 ks the weight is not
yet constant at all on the supported catalyst just as when using only
carbon monoxide; even after 238 ks the weight still increases. However, the weight of the unsupported catalyst is practically constant
after the first step just in the beginning of the experiment.
The higher weight increase of the alumina supported catalyst is
likely caused by the fact that the alumina can adsorb both hydrocarbons and water formed from the synthesis gas. From the observations
of the unsupported catalyst one would conclude that hydragen effectively prevents the formation of unreactive carbonaceous species.
In table 5.4 the weight gain is given after 65 ks at two temperatures, 524 K and 543 K for the unsupported catalyst; the amount left
after the flushing with nitrogen is also included.
Table 5.4. The weight ahanges (mg (g Co)-l) under the synthesis .gas
of re8
reco =0.20 and under nitrogen.
2
Catalyst: Co. Exposure time: 65 ks.
weight gain under
T

(K)

the synthesis
mg (g Co)

I
i

left after

'

N2 treatment
mg (g Co) -l

524

2.3

0.4

543

2.9

0.9

For the Co/Al 2o3 catalyst the weight gain is 280 mg (g Co)-l after
65 ks.
At the two temperatures the amounts which can be taken off with
nitrogen from the unsupported catalyst are almast the same and are
about 90% of the monolayer coverage. This suggests that the main part
of the catalyst surface is covered by desorbable species which are
either adsorbed carbon monoxide or reaction intermediates and products.
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5.2.4. DISCUSSION
Three types of carbonaceous species are formed on the cobalt catalysts, when they are treated by carbon monoxide between 503 K and
543 K:
1) species which can be flushed off with nitrogen, i.e. reversibly
adsorbed carbon monoxide or carbon dioxide;
2) species which cannot be flushed off with nitrogen, but can be
flushed off with hydrogen, i.e. species that can be hydrogenated
at temperatures between 503-543 K. These can be the surface carbon,
from dissociatively adsorbed carbon monoxide or bulk carbide, as
for both compounds it is known that they can be hydrogenated to
methane at the temperatures used /14,33/;
3) species which cannot be hydrogenated at temperatures between 503543 K. This inactive carbon is possibly present in the form of
amorphous carbon clusters or graphite or strongly adsorbed carbon
monoxide on the alumina.
The reactions just mentioned can be summarized as follows:
CO(ads)

(a)

CO(g)- cactive

(b)

-7

"'

cinactive

(5.8)

(c)

Carbonaceous species which can be hydrogenated are defined as active
carbon (5.8 b) and carbonaceous species which cannot be hydrogenated
are defined as inactive carbon (5.8 c). The amount of carbon that is
deposited in or on cobalt is greater than the solubility of carbon
in cobalt /117/. This could mean that carbides, the carbon content of
which is much higher (6.4 wt % for Co 3C and 9.2 wt %for co 2c), are
intermediates in the formation of inactive carbon. The experiments
with cobalt carbide, co 2c, showed that carbide can be converted into
an inactive form of carbon. Thus reaction (5.8) can be written as
CO(g) ~ CO{ads)

+

Cactive

+

Cinactive•

(5.9)

i.e. the inactive carbon is formed from carbon monoxide via an active
carbon intermediate.
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Further support for this idea is the observation that after short
exposure times (for carbonization or for the Fischer-Tropsch synthesis)
most carbon is still active but that in the course of time inactive
carbon is formed, evidently by a consecutive reaction. If these reactions were parallel both types of carbonaceous species would be formed
at some more or less constant ratio.
In the following we are going to deal in more detail with the various carbonaceous species.
ReveraibZe adaorption of carbon monoxide

On the unsupported cobalt initially there is room forabout 2.1
mg CO per gram cobalt. This increases slowly with time and becomes
almost a double after 65 ks. On the supported catalyst the quantity
of the reversibly adsorbed carbon monoxide increases also with time
(table 5.1}. After the substraction of the quantity that can be
flushed off from a corresponding quantity of alumina an increase of
about 60% is obtained, which is somewhat smaller than in the case of
the unsupported catalyst. On both catalysts that extra adsorbed
quantity can be ascribed to the enlargement of the cabalt surface
caused by lattice distartion by carbon.
Active carbon

On the unsupported catalyst only 13 wt % of the total adsorbable
material is reeavered by hydrogen. This is in strong contrast to the
supported catalyst where the active carbon is about 50 wt %. Also the
absolute quantities differ, being about twenty times higher on the
supported catalyst. The suggestion, also based on the results of the
next section, is that on the supported catalyst a part of the active
carbon is situated on the support.
Inaative carbon

The first observation is that at 524 K the differences between the
two catalysts are less than a factor two, with more inactive carbon
per gram cabalt on the unsupported catalyst.
The small temperature dependenee of the formation of inactive carbon on the supported catalyst can be explained by the fact that in
all cases steady-state quantities of carbonaceous species have more
or less been reached uninfluenced by the kinetics.
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ConaZ.usions

On the supported catalyst there is more reversibly adsorbed carbon
monoxide and more active carbon per gram cobalt than on the unsupported catalyst, but no essential difference is found in the quantity
of inactive carbon. These observations suggest - if our explanation
is correct - that the mobility of the carbonaceous species is at
least on the supported catalyst rather high. We expect that the mobility of hydragen containing surface species, CnHm, is higher than
the mobility of species without hydrogen.
Reaction rates

An essential difference in the rates of weight gain on the supported and the unsupported catalysts is found. ûn the unsupported
catalyst the rate starts to increase slowly after the first step,
reaching a maximum value at a weight gain of around 25 mg (g Co)- 1.
It seems that some induction period is needed befere carbonaceous
species can be formed. After the first step the surface is for a
great part full of carbonaceous materials corresponding to an equilibrium adsorption. Further adsorption is then only possible by the
formation of more empty sites on which, as the "step" shows, adsorption is fast. The model derived in sectien 5.2.2 indicates an interaction between an occupied site and an empty site or between an occupied site and the not yet occupied neighbourhood to create a new
empty site, an interaction that pervades the complete crystal lattice.
As a result of carbide formation the exposed cobalt surface seems to
be increased. This could also explain the increase in the quantity of
reversibly adsorbed carbon monoxide. This process then leads to the
formation of cabalt carbide, co 2c. This is verified by X-ray diffraction analysis after the carbon monoxide treatment during 260 ks.
On the supported catalyst no induction period is found and the
rate remains high after the first step. However, it is slowly decreasing. The high initial rate indicates that at the beginning of
the reaction already an abundance of reactive sites where carbon can
be deposited is available for carbon monoxide decomposition. These
sites could be the open high index crystallographic planes, places of
contact with the carrier or various defects.
By adding hydragen to carbon monoxide the formation of carbon on
the unsupported catalyst clearly decreases. It is not to be expected
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that hydragen would decrease the rate of decomposition of carbon monoxide /34/. This then means that in the presence of hydragen the carbonaceous species from the carbon monoxide dissociation are mainly
hydrogenated to methane and thus the deposition of carbon is avoided.
Hence two conclusions can be drawn: i) there is an intermediate which
is active bath in hydragenation and in carbon formation; ii) the
hydragenation of that intermediate is a faster reaction than the formation of inactive carbon. Thus we arrive at the following scheme:

GO(g)

t

CO(ads)

+

/
CH 4
Cactive.........._
Ginactive

(5.10)

5.3. FLUSHING OF THE CATALYSTS AFTER THE FISCHER-TROPSCH SYNTHESIS
5.3.1. INTRODUCTION
In the thermobalance experiments it was noticed that when synthesis
gas was passed over the Co/Al 2o3 catalyst at 524 K the weight of the
catalyst increased up toa value of 280 mg (g Go)- 1 in 65 ks. It was
a challenge to try to identify the species which cause that increase.
There are several possibilities:
i) adsorbed carbon monoxide;
ii) reaction intermediates;
iii) adsorbed products;
iv) inactive carbon or high molecular weight hydrocarbons.
The most simple way to determine the total quantity of carbon on
the catalyst would be to treat the catalyst with oxygen. From water
and carbon dioxide formed the quantities of carbon and hydragen can
then be calculated. But because our analysis of water is nat accurate enough and because we are also interested in the nature of the
various species we use helium and hydragen for flushing the species
away from the surface of the catalyst. Using hydragen instead of
oxygen in flushing is not without difficulties, either. Under hydragen reactions like hydrocracking can take place and change the product distribution. Therefore we also flush the catalyst with helium.
By combining these experiments information about the nature and the
quantity of the surface species can be obtained.
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5.3.2. EXPERIMENTAL
After the synthesis with various concentrations of hydrogen and
carbon monoxide at 523 K the following flushing procedures are applied:
i)
with hydrogen (xH = 0.20, xHe = 0.80) for 58 ks at 523 K;
2
ii) with helium for 3.6 ks at 523 K, then with hydrogen for 58 ks at
523 K and thereafter heating (0.06 K s- 1) under hydragen to
673 K; helium flushing is used in this case before hydrogen in
order to remove gas phase carbon monoxide, which otherwise could
react to hydrocarbons;
iii) with helium for 3.6 ks at 523 K and thereafter heating (0.06 K
s- 1) under helium to 673 K.
An experiment using procedure (ii) was also carried out in the
thermobalance and showed that within the experimental error the original weight (after the hydragen reduction) can be restored by that
treatment. This means that the temperature of 673 K is high enough
for the desorption and hydragenation of all adsorbed species. Therefore this procedure is used in the determination of the total quantity of carbonaceous species on the catalyst.
5.3.3. FLUSHING WITH HVDROGEN
Procedure (i)
When the synthesis gas {xH

= 0.20, xCO = 0.20, xHe = 0.60) is
2
changed after 18 ks to hydragen (xH = 0.20, xHe = 0.80) at 523 K,
2
the rates of formation of all hydracarbon fractions increase, The
rates after 60 s and after 1.2 ks under hydrogen are compared with
the rates during the Fischer-Tropsch synthesis in table 5.5.
It can be seen that the absence of carbon monoxide enhances the
rates of formation of all fractions. A few things are worth mentioning: after 60 s i) the rate of methane formation has increased more
than the rates of the other products; ii) from c3 to c7 the relative
increase is more or less constant, i.e. the product distribution
stays constant; iii) during flushing the c2;c 3 ratio is 2, i.e. more
c2-products than c3-products are formed. During synthesis the ratio
c2;c 3 is 0.8; iv) no ethylene or propylene are formed. The formation
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TabZe 5.5. The ratio of the foPmation rate of various hydraaarbon
fraations during the initiaZ period of hydragen flushing
and during the Fisoher-Tropaah aynthesia.
CataZyst: Co/AZ 2o3• T 523 K.

=
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0.06
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of higher hydrocarbons decreases very fast and after 1.2 ks the rates
are only one tenth of the rates during the synthesis. Because of the
low concentrations of the various products these measurements are not
too accurate, but they show anyhow that no shift in the product distribution towards lower products, excluding methane, has taken place.
After 7 ks only methane can be detected and still after 85 ks at
523 K some traces of methane are found. The total amount which can be
flushed off is 4.5 mmol (g Co)- 1 •
When procedure (i) is applied to the unsupported cobalt catalyst
at 523 K, only the formation of methane increases there with a factor
of 1.6. Only traces of ethane and propane but no higher products are
found. Also with this catalyst some traces of methane can be detected
after 85 ks of hydragen flushing.
Procedure (i i)
Ouring the thermobalance experiments it was noticed that the weight
of the Co/A1 2o3 catalyst increased continuously as a function of time
when the synthesis gas mixture was passed over the catalyst at 523 K.
Thus we would expect that the longer the reaction time, the more
hydrocarbons can be flushed off. Therefore a series of experiments is
carried out in which the synthesis is stopped after 7.2, 18 and 58 ks
under the mixture of hydragen and carbon monoxide, xH
0.20, xCO =
2

0.20 at 523 K. Thereafter the flushing with helium and subsequently
with hydrogen is performed. The results are presented in table 5.6.
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Tahl.e 5. 6. The quarrtity of hydraaaPbons fl.ushed off afteP the FisaheP'l'ropsoh synthesis dunng inaPeasing penod at 523 K with
xH = xCO
2

= 0.20.

CataZyst: Co/AZ 2o3•

total quantity flushed off;
(ks)

t

procedure (i i)

cl

!JIDOl C
g cat

male %

quantity flushed
off at 523 K
)Jmol
g cat

86

93

97

35

42

18

171

197

93

93

114

58

217

293

91

117

139

7.2

It can beseen that i) the amount flushed off indeed increases
with the duration of the synthesis, and ii) the amount of higher hydrocarbons increases as well.
The amount flushed off at 523 K is already higher than the monolayer coverage of carbon monoxide, being 1.3, 3.5 and 4.5 times
higherafter 7.2, 18 and 58 ks, respectively. The results suggest
that during the Fischer-Tropsch synthesis higher hydrocarbons (or
their intermediates) are built on the surface and thus the average
molecular weight increases as a function of time.
The dependenee of the surface coverage of carbonaceous species on
the mole fractions of hydragen and carbon monoxide is shown in table
5.7. Procedure (ii) is applied after an 18 ks synthesis with various
mole fractions of the reactants at 523 K.
TahZe 5.7. The quantity of hydraaaPbons fZushed off using the pPoaedupe (iiJ afteP the Fisaher-TT'opsoh synthesis pepformed
with vanous moZe fraations of H2 and CO at 523 K for 18
ks. CataZyst: Co/AZ o •
2 3
total quantity flushed off;
XH2

x co

procedure (i i)
llffiOl C
g cat

88

cl

quantity flushed
off at 523 K
)lffiOl C
g cat

mole %

0.6

0.2

103

110

96

36

43

0.2

0.2

171

197

93

93

114

0.2

0.6

99

236

94

163

200

An increasing mole fraction of hydragen diminishes the quantity of
carbonaceous species and an increasing mole fraction of carbon monoxide increases it. More than 90 mole % of the total amount flushed off
under hydrogen is again methane. A little amount of water and carbon
monoxide is detected just after the change to hydragen but they disappear fast.
Unsupported aobaZt

On the unsupported catalyst the amounts flushed off after the
Fischer-Tropsch synthesis at 483 K with various mole fractions do not
essentially differ, being 76, 66 and 72 vmol (g Co)-l respectively
with feects of xH = 0.80 and xco = 0.20, xH = 0.20 and xco = 0.20,
2

xH
2

2

= 0.20 and xCO = 0.80. No formation of water but some traces of

carbon dioxide are detected during the flushing.
5.3.4. FLUSHING WITH HELIUM
Procedure (i i i)
When the synthesis gas mixture (xH
2

= 0.20,

xco = 0.20) is replaced

by helium at 523 K, after the Fischer-Tropsch synthesis has been
running for 18 ks, the rate of formation of every product decreases.
The ratios of the rates of various hydrocarbons after 60 s in the
helium stream to the rates during the synthesis are given in table
5.8.
Tab Ze 5. 8. Ratio of the formation rates for three hydroaarbon traations under He and under synthesis gas. CataZyst: Co/AZ 2o •
3

7

The concentrations decrease steadily and after 600 s only some
methane is found.
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By heating to 673 K under helium traces of hydrocarbons from C1 to
c5 are released, but around 650 K 1 ~mol (g cat) -1 of c6-products
desorbs, which consists for 94 mole% of benzene. Also 35 umol (g
cat)-l of carbon dioxide is formed during this heating, coming either
from adsorbed carbon monoxide or from adsorbed carbon dioxide. After
3.6 ks at 673 Kunder helium hydrogen is admitted; a further quantity
of 47 umol (g cat)-l is flushed off. The total quantity desorbed with
this sequence (helium and hydrogen) is smaller than when the whole
treatment is performed under hydrogen. This shows that during the
heating under helium a part of the carbonaceous species on the surface is transformed into a farm which cannot be hydrogenated any more
at 673 K.
5.3.5. DISCUSSION
The formation of hydrocarbons under the hydrogen flow (procedure
(i)) can occur via several reactions:
i) carbon monoxide present in the gas phase can react further according to the Fischer-Tropsch route;
i f) adsorbed i ntermedi ates can be hydrogenated and desorbed;
iii) surface intermediates and productscan be cracked to lighter
hydrocarbons.
Bath the first and the third possibility are expected to shift the
product distributian towards smaller hydracarbans. But as seen .in
table 5.5 no such shift was observed. Therefare we canclude that at
least during the first 1.2 ks of hydragen flushing we mainly deal
with the reactions (ii), i.e. terminatien reactions.
When the ratios of the products in hydragen flushing and in helium
flushing just after the synthesis are compared, same conclusions
about the termination can be drawn. There are two possibilities for
the terminatian: 1) desorption and 2) interaction with hydragen followed by desorption. If the termination consisted of a desorption
step only, we wauld expect that flushing with hydrogen and flushing
with helium should have the same effect. Since on several metals the
heat of adsorption for hydrocarbons like e.g. ethylene is higher than
the heat of adsorption for hydrogen /118/, hydragen is not expected
to displace olefins from the surface by a purely "thermodynamic"
mechanism.
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The importance of hydragen for termination would also explain the
relation between the quantities flushed off and the duration of the
Fischer-Tropsch synthesis and with the mole fractions of hydragen and
carbon monoxide used in the synthesis. Hydragen increases the overall
conversion and thus increases the concentrations of the products in
the gas phase. Thus if for all products thê adsorption equilibrium
would be reached, more of each product should remain on the catalyst
surface when a higher hydragen male fraction is used. But an opposite
effect is observed: a smaller quantity of the various products is on
the surface with a higher hydragen mole fraction than with a lower
one.
In the beginning of the hydragen flushing (procedure (i}) the rate
of formation of c1- and c2-hydrocarbons is more enhanced than the
ra te of fo.rmati on of the other products when compared with norma 1
Fischer-Tropsch conditions (table 5.5). That indicates that the influence of hydragen on the termination of the fractions having carbon
number 3 and higher is the same but that that influence for the terminations of c1- and c2-fractions is di~ferent. We ascribe the higher
methane formation to the fact that this compound has a higher order
in hydragen than all the other products (chapter 6) and possibly to
the slow conversion of rather inactive carbon into methane.
The ratio of the c2-fraction to the c3-fraction alters clearly,
when the synthesis gas mixture is replaced by hydrogen. According to
the Flory- Schulz distribution the mole ratio of c2tc 3 should be 1.9
fora= 0.51 (xH = 0.60, xCO = 0.20, chapter 4) and 1.5 fora= 0.65
2

(xH = 0.20, xCO = 0.20). Under the hydragen flushing the c2tc 3 ratio
2
is of the order of two, which is higher than predicted by the Flory
model. These results suggest that the reason for the c2-fraction to
be below the Flory-line is a small rate constant for c2 terminatien
or, what amounts to the same, a low rate constant for the desorption
of the c2-fraction under the Fischer-Tropsch conditions used,
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CHAPTER 6
Kinetics

6.1. INTRODUCTION
The kinetics of the Fischer-Tropsch synthesis has been the subject
of a number of experimental studies during last years /23,119,123/.
The results are usu ally descri bed by "power l aws" 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, but
he re no generally accepted concl us i ons have been reachec! either.
To draw conclusions about the mechanism only from the kinetic results 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 is 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
disprove models or to support them, although they seldom will prove
a model.
In this chapter we try to draw conclusions concerning the mechanism of the Fischer-Tropsch reaction from our kinetic data.
The two catalysts, Co/Al 2o3 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 Co/Al 2o3 and unsupported cobalt catalysts are
used in the discussion below on the initiatien step. However, 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 supported catalyst are valuable in this respect.
As 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 inaccurac~es are introduced. However we take this risk because the power law 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 calculations 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 concentratien of the products is negligible. However, in the flushing experiments (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 prtnciple could
hinder the diffusion of the reactants. The activatien energies calculated in sectien 6.4 are of the order of 100 kJ mol- 1 , which indicates that there is little influence of film diffusion. The activatien energies of reactions with film diffusion as rate centrolling
step are generally smaller than 10 kJ mol- 1 •
6.2. REACTION ORDERS
6.2.1. EXPERIMENTAL
The relations between the reaction rates and the partial pressures
of hydragen and carbon monoxide were obtained from the series of experiments 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
.
synt hes1s
gas was 1.3 cm 3 (s g cat) -1 for the Co/Al 2o3 catalyst and
3.5 cm 3 (s g cat)-l 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 variatien of the "constant
level". 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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= 0.20,
2
xco = 0.20) was passed over the catalyst for 18 ks at 573 K
and thereafter for 72 ks at 523 K;
after reduction at 523 K the synthesis gas was passed over
Co
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 experimental error no difference could be noticed between these two sets of
data. The measurements were performed with the Co/Al 2o3 catalyst at
523 K and with the unsupported cabalt catalyst at 483 K. The stability of these catalysts is always better at lower temperatures. Therefore 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
other hand lower temperatures favour the formation of higher hydrocarbons which could farm a layer on the surface of the catalyst and
thus cause diffusion limitations. For the cabalt on alumina catalyst
the temperature was therefore chosen in such a way that a sensible
campromise between these two requirements is reached. This appeared
to be 523 K. The unsupported cobalt catalyst was studied at a lower
temperature (483 K} because at 523 K no steady-state operation appeared to be possible. As the product stream contained here mainly
methane no hindrance by higher products was expected with the catalyst.
after reduction at 673 K the synthesis gas (xH

6.2.2. OVERALL ORDERS
The total reaction rate, rT, is represented in the form

(6.1}
where kT is the rate constant and XT and YT are the orders in hydragen and in carbon monoxide respectively. When the partial pressure
of carbon monoxide is constant, formula (6.1) can be transformed into
the farm:
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(6.2)
and similarly for a constant partial pressure of hydrogen
(6.3)

......-

-1

......

-1

I

I

,_

,_
0

0

=
;:J_

=

Cl)

Cl)

....,
:3

;:l.

-2

rn
x

x

......

......

s...
rn

s...

0>
0

0

-3

-3
4.0

5,0

4.5

log(pH Pa

-1

2
Figure 6.1. Rea~tion pate as a
fun~tion of the partial pressure
of H2• Catalyat: Co/Al 2o3•

Pco

=20

kPa. T

=523

K.

)
Figure 6. 2. Rea~tion rate aa a
funation of the partial pressure
of CO. Catalyat: Co/Al 2o3.
PH = 20 kPa. T 523 K.
2

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 function
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/A1 2o3 and the Co catalyst.
The rates are calculated both as carbon monoxide converted into hydrocarbons (6CO) and as moles hydrocarbons formed (CT).
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TabZe 6.1. Overall reaction orders.
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(kPa)

The orders in hydrogen are positive and the orders in carbon monoxide negative in all cases. Further one can notîce 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 "constant level" on the order in
the other component is very small for the cobalt on alumina catalyst.
For the cobalt catalyst the influence is noticeable: all orders decrease with increasing "constant level".
In figure 6.5 the total rate is
........,
......
0.2
plotted as a function of the parI
tial pressures of hydrogen and
"'
....,
carbon monoxide for the hydrogen
u
"'
Cl
reduced catalyst without any dePco = 20 kPA
0.1
activation. Also in this case a
0
E
PHz = 20 kPA
first order in hydrogen and a
L.2:J
slightly negative order in carbon
monoxide are found.
The orders found are generally
50
100
in agreement with the results reported in literature on the
Fischer-Tropsch synthesis: a
Figure 6.5, The totaZ reaation
first order in hydrogen and a
rate as a funation of the partiaZ
slightly negative or zero order
pressza>es of H2 and CO,
in carbon monoxide /23,119/. Only CataZyst: Co/AZ 2o3• T =523 K.
at low concentrations of carbon
monoxide (< 1%) a positive order in carbon monoxide has been obtained
/120,121/. Yang et al. /103/ found the reaction order to be 1 in H2
and -0,5 in CO with a Co-Cu/Al 2o3 catalyst at 523 K.

~

..

6.2.3. ORDERS OF VARIOUS PRODUCTS

We have calculated also the orders for the various hydrocarbons,
co 2 and water according to 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/Al 2o3 catalyst and in table 6,3 for the Co catalyst.
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TabZe 6.2. Reaction orders. Catalyst: Co/Al 0 3• T = 523 K.
2
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TabZ.e 6. 3. Reaction orders. Catalyst: Co.
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Again clearly positive orders in hydrogen and slightly negative or
positive or zero orders in carbon monoxide are found for the different fractions of hydrocarbons. The accuracy of the orders given in
tables 6.2 and 6.3 is on the average 0.1. Some tendencies can be noticed when the orders at different "constant levels", or as a function of the number of carbon atoms are compared. On the Co/Al 2o3
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catalyst the increasing "constant level" of the partial pressures increases the orders bath in H2 and in CO. On the Co catalyst all the
orders decrease by increasing the "constant level" of. bath partial
pressures.
The orders of carbon dioxide are positive bath in hydragen and in
carbon monoxide. The orders of water are not reliable; on Co/Al 2o3
because of the adsorption of water on the support, and on the unsupported catalyst the production of water was too low to be measured
accurately.
When we campare our results with those found in literature we see
that the orders of methane agree quite well with the orders reported
by Vannice /122/ fora Co/Al 2o3 catalyst at 548 K: X = 1.2 and Y =
-0.5. (That is actually somewhat surprising because in his experiments the samples were taken after 20 minutes which according to our
experiments falls still in the period of fast deactivation). The
orders in carbon monoxide for the different hydrocarbons have also
been calculated by Zeinel Deen et al. /123/. The comparison with our
results is 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 contradiets the generally quoted 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 arealso described formally by power laws. The results are
collected in table 6.4.
The partial pressures have a stronger influence on the ethyleneethane ratio than on the propylene-propane ratio. Increasing "constant level" increases bath the orders in hydragen and in carbon monoxide. The orders obtained with the unsupported catalyst are not very
accurate, but they are presented to show that the results are qualitatively the same with bath catalysts.
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TabZe 6.4. Orders of oZefin-paraffin ratios.
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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/Al 2o3 catalyst. The synthesis gas flow was varied between 0.7 and 2.8 cm 3 s- 1. 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.
The concentrations of
the products as a function
......
of the residence time are
I
given in figure 6.6. A
,......
0
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ential reaction conditions.
"'b 2
s::
<V
In figure 6.7 the olefinu
§ 1
paraffin ratio and the
u
Flory constant a are given
0.5
1.0
1.5
as a function of the resi1
T (g cat ks Nl- )
dence time. For both H2/CO
Figure 6.6. Conaentrations as a funation
ratios the olefin-paraffin
of the residenae time. CataZyst: Co/AZ 2o • ratio decreases with in3
= = 20 kPa. T = 523 K.
creasing residence time.

·~

100

These results will be
PH (kPA)IPco<kPA)
2
discussed in connee• 20 I 20
60/20
tion with the dis• 20/20
a
• 60 I 20
cussion on the termia
nation, section 6.5.5. 10
The Flory constant
0.5
~ decreases with the
0.4
residence time for
the low H2/CO ratio
(1:1), but is constant
0.5
1.0
1.5
1
T
(g
cat
ks
Nl)
for the higher H2/CO
Figure 6.7. c =;c2- and ~as a funetion
ratio (3:1). Some
2
of the reaidence time. Catalyat: Co/AZ 2o3•
correlation between
the olefin selectiT = 523 K.
vity and ~ is found.
This might suggest that under the conditions for which a higher selectivity for olefins is obtained, also higher produèts are formed.
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6.4. APPARENT ACTIVATION ENERGIES
The influence of the temperature on the formation of various products was investigated for the stabilized supported and the unsupported
catalysts. With the supported catalyst experiments were performed at
493 K, 508 K and 523 K and with the unsupported catalyst at 433 K,
448 K and 463 K. The H2;co ratio was either 1:1 (PH = 20 kPa, Pco =
20 kPa) or 3:1 (pH
2

= 60

kPa,

Pco = 20

2

kPa). The Arrhenius plots are

shown in figures 6.8 and 6.9 respectively for the supported and the
unsupported catalysts with a H2;co 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 lines
are collected in table 6.5. The accuracy in the activation energies
is between 5 and 10 kJ mol-I for the supported catalyst and between
2 and 5 kJ mol- 1 for the unsupported catalyst.
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Table 6.5. Apparent aativation energies.
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H /CO
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At higher temperatures the apparent activation energies on the
unsupported catalysts are clearly lower, being between 483 K and 503
K 77 kJ mol- 1 for the overall conversion, 91 kJ mol- 1 for methane and
55 kJ mol- 1 for ethane.
A reasonable agreement of the results is obtained for the two conditions and the two catalysts. The main features of the data are that
the apparent energies of activation slowly decrease with increasing
chain length. The apparent energies of activation for total c2 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 cabalt catalysts reported in
literature vary between 40 kJ mol- 1 /25/ and 120 kJ mol- 1 /124/. The
most recent results on Co/Al 2o3 catalysts are 100 kJ mol -1 for the
overall reaction /103/ and 113 kJ mol- 1 for methane /122/. The difference between the .activation energy of the overall reaction and of
the formation of methane has been observed also on a ruthenium catalyst by Dalla Betta et al. /125/. For the formation of methane on a
cabalt foil Palmer and Vroom /126/ calculated an activation energy of
71 kJ mol- 1•
6.5. DISCUSSION
6,5,1. THE OVERALL ORDERS OF REACTION
The negative orders in carbon monoxide for the Fischer-Tropsch
synthesis are aften explained by the strong adsorption of carbon monoxide competing with hydragen for the same sites,
It is assumed usually that the surface is almast totally covered
by carbon monoxide /119,126,127/. The fact that the heat of adsorption of carbon monoxide is higher than that of hydragen is used as an
argument. However, it can be shown (see below) that a negative order
in carbon monoxide can be obtained already at not too high a coverage
of carbon monoxide; the only condition is that the surface coverage
of hydragen is smaller than that of carbon monoxide. We will illustrate this for the formation of methane 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*

C*

+

x H*

~

CHx

~

CH 4

(6.5)

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

(6.6)
where ec* and eH* are the fractions of the aative surface covered by
carbon and hydrogen respectively.
We assume that the surface fraction of hydragen is small compared
to the fraction of empty sites. The surface coverage of hydragen is
then
(6.7)
*
* + ec•
* i.e. the sum of the surface coverages by
where ecarbon
eco
molecularly and dissociatively adsorbed carbon monoxide. Further the
* can be shown
quantity of dissociatively adsorbed carbon monoxide (6c)
to be linearly proportional to the surface coverage of molecularly
adsorbed carbon monoxide (ec* 0 ). The presence of adsorbed oxygen is
of no importance, provided that the rate of hydragenation of the oxygen is higher than that given in equation (6.6). The rate equation
(6.6) can therefore be transformed into

(6.8)
In figure 6.10 this rate is given as a function of the surface cover*
age of carbonaceous species, ecarbon•
for different values of x. It
can be seen that the coverage needed for a decreasing rate depends on
x (a possible interpretation is that x is the number of hydragen
atoms in a rate determining step). The required surface fractions for
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a zero order in carbon monoxide are
0.5, 0.33 and 0.25 for x = 1, 2 and 1.0
3 respectively. These values are
far from an "almost total" cover.
age. It should be noted that these :::>
..; 0.5
fraations remain the same irrespective of the total number of
sites available for reaction (i.e.
sites for the precursors of the
rate determining step plus the
1.0
0.5
8carbon
active empty sites).
Insection 5.3 we observed that Figure 6.10. The reaction rate as
the amount of surface species
a funation of the surface coverwhich was in total flushed off by age of carbonaceous species.
hydragen from the unsupported
1. x
1. 2. x
2. 3. x =3.
catalyst after synthesis, corresponded 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 inactive) carbon containing surface intermediates. The fraction of the
total surface covered by the former species is denoted as ea and that
by the latter as eb. If we assume that all the carbonaceous species
are distributed as a monolayer (compare with figure 5.8) we can write
(6.9)
Based on the calculations above the surface coverage ea for a zero
order reaction for x = 2 at a first approximation is
(6.10)
By solving equations (6.9) and (6.10) for ea we arrive at the value
of ea = 0.02. This would mean that during the reaction only a small
fraction of the catalyst surface is active. It further suggests that
tne low turnover frequencies found for the Fischer-Tropsch synthesis
could be caused by a low number of sites active for the rate determining step.
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Orders of individuat produats

In chapter 4 it was noticed that the product distribution is a
function of the partial pressures of hydrogen and carbon monoxide.
That was explained by the fact that ~. the probability of chain growth,
is related to the propagation and terminatien rates. When ~ is expressed in the form:

(6.11)

it can be shown that the values X~ and Y~ equal the differences of
the orders for the various products. The rate of terminatien can be
written as

(6.12)
We also assume that the surface coverage of the c1 -complex can be
expressed in a form

(6.13)

Because

(6.14)
the rate of terminatien becomes

(6.15)

or
( 6.16)
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vi

vl + (i - 1) va.+

vt

(6.17)

which can be written as
t;X.

1

= XCt

and

f'1V. = y
1

Ct

Table 6.6. The dependenae of a. on the partial pressures.
Catalyst: Co/AZ 2o3• T = 523 K.
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PH2
y

a

In table 6.6 the values of Xa and Ya are given for the Co/Al 2o3
catalyst on the various levels of the partia1 pressures. A slightly
negative Xa. and a positive Ya are obtained. It must be noted that if
a were independent of the partial pressures, the rate determining
steps of propagation and of terminatien would both be proportional 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/A1 2o3 catalyst the orders for methane are an exception in the series of orders, being higher in hydrogen and lower in carbon monoxide
than for the others. This indicates that more hydragen 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 hydrogen and carbon monoxide. Under the conditions used for the synthesis hydragen is adsorbed dissociatively /118/. For the adsorption
of carbon monoxide there are two possibilities: molecular adsorption
and dissociative adsorption. Using 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.
All 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 literature:
(i) the adsorption of hydragen /128/
H2 + 2* + 2 H*
(ii) the adsorption of carbon monoxide
CO + * + CO*
or
CO + 2* + CO**
(iii) the formation of an oxygen containing complex /129/
CO* + n H* + COH n * + n*
(iv) the hydragenation of a surface complex /64,130,131/
COHn* +x H* + C1* + H20 +X*
(v) the dissociation of carbon monoxide /126/
a) CO* + * + C* + 0*
b) 2 CO* + C* + * + C0
2
c) CO* + 2 H* + C* + 2* + H 0
2
{vi) the hydragenation of surface carbon
C* + x H* + CH x * + X*
Ad (i). The adsorption of hydragen as RDS.
The rate of the reaction with the adsorption of hydragen as the
rate determining step can be expressed by the equation
(6.18)

where ee is the surface fraction of empty sites. Equation (6.18) can
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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(6.19)

f(Pco> is a function of the partial pressure of carbon monoxide which
depends on the form of the adsorbed carbon monoxide. According to the
Langmuir adsorption isotherms f(Pco> is KcoPco for the molecularly
adsorbed carbon monoxide and 2vlKcoPco1 for the dissociatively adsorbed
carbon monoxide; Kco is the equilibrium constant for the CO adsorption. With these functions it is impossible to obtain a positive order
in carbon monoxide from equation (6.19). However at low concentrations of carbon monoxide a positive order in carbon monoxide has been
found /120/. Thus equation (6.19), i.e. the adsorption of hydragen
as the rate determining step, does not explain all the available results.
Ad {ii). The adsorption of carbon monoxide as RDS.
In analogy to the previous case the rate of reaction is

r

k

Pco

x

(,.~)
2 2

x
(6.20)

It is assumed that the surface coverage of CO is small. KH

is the
2

equilibrium constant for the hydrogen adsorption. x is either 1 or 2
depending on whether carbon monoxide is adsorbed on one or two sites.
In both cases the rate is of first order in carbon monoxide. This
contradiets the negative orders often found for carbon monoxide. Thus
we can conclude that to obtain the orders in hydragen and carbon monoxide found experimentally, a competitive adsorption of these reactants has to be considered,
Ad (iii) and (iv). The formation and the hydragenation of an oxygen
containing complex as RDS.
In these cases we have to deal separately 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 hydragen and
carbon monoxide is the most abundant surface species /132/.
By using the Langmuir model for the surface coverage of CO and
assuming that eH~ 0 we have for case (iii):

PH n/2 pCO
2
k-----...,.....
(1

(6.21)

+ KPco)n+l

The overall order in H2 was found to be around 1 (table 6.1), so the
most likely value for n (and for x) is 2. With this value equation
(6.21) can be linearized as

A+B

(.P~o) l/3

Pco

=

as a

Pcrq_J 1/3
( )

(6.22)
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shown in figures
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It can beseen that the linear relation predicted by equation (6.22)
is not obtained. Further we observed no essential difference in the
behaviour of the two catalysts.
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The two site adsorption of CO.

The surface coverage of carbon monoxide c~n be obtained from the
2
equilibrium Kco Pco ee = eco and has the form

6

co

2 Kco
Pco
+ 1_-_
J4KcoPco+I'
= _
__
......,.._
_ _ __

2 Kco P co

(6.23)

Again the surface coverage of H2 is neglected.
The rate of reaction, if the complex formation is the rate determining step, is
(6.24)
at a constant partial pressure of hydrogen. Using the value n = 2 the
dependenee of the rate on eco (1 - ec0 ) 2 should then be a straight
line going through the origin, if the model is correct. eco (1 - ec 0)2
is calculated for different values of Kco and the rate is drawn as a
function of 8CO (1 - ec 0)2 in figure 6.13 for the Co/A1 2o3 catalyst
and in figure 6.14 for the unsupported catalyst. In both cases the
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rates are calculated as
total CO conversion. A
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2
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linear relation is not
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I
10
obtained with the Co/
~
r
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Ithe other catalyst. We
s.. 0.010
assume that the same
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Figure 6.13. A modEl of t;wo site adsorrption
this possibility.
•
p
of co. Catalyst: Co/Al 2o3 8 =20 kPa.
2
T = 523 K.
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Also in this case the
models (iii) and (iv) have
the same dependenee on the
partial pressure of carbon
monoxide at a constant
partial pressure of hydrogen, if the surface complex is the most abundant
surface 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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The corresponding rate equations are (when the Langmuir adsorption
equilibrium is assumed for the surface coverage of CO and the surface
coverage of H2 is neglected):
(6.25)

(6.26)

and

r

c

= k

e

e

KH PH Kco Pco

2 = k __:.2:;..._...;;2;..__-...,...-

CO H

( 6. 27)

( l + K p. ) 3
co co

According to equation (6.25) the order in carbon monoxide is between -1 and +1 and according to (6.26) between 0 and +2. The experimental values are within the first range. But it can easily be noticed that no positive order in hydragen can be obtained. Only when
the concentratien of hydragen is much higher than that of carbon monoxide a zero order in hydragen would follow /130/. Equation (6.27)
results in a positive order in H2 and a negative order in CO as found
experimentally. But this possibility can be neglected on the same
basis as equation (6.21) which in fact is equal to (6.27) for n = 2.Ad (vi). The hydragenation of surface carbon as ROS.
The rate equation for the case when the hydragenation of surface
carbon is the rate determining step is
P
r

k

H
2

x/2 Vil,

CO

( 1 + Kco Pco + K/Pco)

l+x

(6.28)
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The surface coverages are calculated by assuming langmuir adsorption
isotherms and neglecting aH. x is the number of hydragen atoms which
take part in the RDS. If x = 2 (first order in H2 is then obtained}
and the dissociatively adsorbed carbon monoxide is the most abundant
surface species, the rate equation is

(6.29}

which in a linear form is

v'Pëo l/3
A + BVPco = (

-r-)

(6. 30}

The right-hand side of equation (6.30) is depicted as a function
ofv'Pco in figures 6.11 and 6.12 for the two catalysts. From the figures 6.11 and 6.12 it can beseen that in all cases a better fit is
obtained with equation (6.30) (dissociatively adsorbed carbon monoxide) than with equation (6.22) (molecularly adsorbed carbon monoxide).
To check also the possibility that the molecularly adsorbed carbon
VPr l/3
monoxide is the most abundant surface species we plotted ( rco)
as a function of Pco• 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 equation
{6.30) by assuming that the surface coverages of carbon and oxygen
from di ss oei ati ve ly adsorbed carbon mono xi de are equa 1. The constant
K equals then to 2viKcoKd. But as seen in chapter 3 the reduction
rate of cobalt oxides by hydragen 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)
{2)
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H2(g) + 2*
CO{g) + 2*

~

2 H*

~

C* + 0*

k3

(3)

C* + x H* __...,. CH x*

{4)

0* + y H* __...,. Hy 0*- H2o

(ROS)

k4

At the steady state r 3

= r 4 , so the rate of reaction is
(6.31)

K

=

1/2

k ( C Pco)
3 ~
H
2

p

H2

x/2 (

1

x+l

_,

1 + (1 + k P z)(K p /k p z)l/2j
H
C CO
H
2
2

where k = k3;k 4 and z = x - y. As a function of the partial pressure
of carb:m monoxide the equati on reacts, wi th x = 2:

(6.32)

which has the same dependenee on Pco as equation (6.30).
Thus our experimental results can be explained by the following
model:
i) ,the dissociation of carbon monoxide is rapid (i.e. the surface
coverage of molecularly actsarbed CO is small compared to the
surface coverage of surface carbon);
ii) the rate determining step is the hydragenation of surface carbon;
iii) the actsarbed oxygen is removed as water.
These results agree with some recently published data in which it
has been shown that at least the formation of methane proceeds via
the dissociation of carbon monoxide /30~35/.
6.5.3. CHAIN GROWTH

i)

In principle there are two types of mechanisms for chain growth:
the unit added in chain growth (building unit) is formed via the
same steps as the surface complex which starts to grow;
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ii) the building unit is not formed via these steps.
Based on the conclusions in the previous section we say that from the
mechanisms discussed in chapter 1 the insertion of a CHx-complex belangs to the first group and the insertion of carbon monoxide and the
dehydrocondensation of an alcohol complex to the second group. In the
following the two groups are discussed separately.
In chapter 4 the product distribution was shown to follow the
Flory distribution model. It was pointed out that the fit of the product distribution to the Flory curve is independent of the detailed
mechanism for chain growth. The Flory constant, a, is noticed to be
a weak function of the partial pressures of hydragen and carbon monoxide. But the relation between a and the partial pressures will be
presumably different for different mechanisms. This allows us to distinguish between chain growth mechanisms via the insertion of carbon
monoxide and via the insertion of a c1-complex. The dehydrocondensation is not considered further because no evidence of the existence
of an a1co ho 1-type comp 1ex was found. Moreover the eh a in growth mechanism proposed by Anderson /16/ can be described by the same kinetie expressions as the mechanism of the [c 1*] insertion.
Chain growth via CO insertion
The parameter a for the insertion of carbon monoxide can be re-

presented as

(6.33)

[C;*]
which can be transformed into

(6.34)

By substituting the surface coverages of hydragen and carbon monoxide
we obtain an equation that gives the dependenee of a on the partial
pressure of carbon monoxide at a constant pressure of hydrogen. Three
cases can be distinguished:
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~

1) x

2; 2) x = 1; 3) x

~

0

1) i f x ~ 2 ( and assumi ng a 1ow coverage of H2 ) equation (6. 34) can
be written in the form
1

l~{t-a) Pco J~X-T = A + B Pco + cv'Pco

(6.35)

A, B, C > 0.

a
calculated from the experimental results is given as a
(l-a) Pco
function of the partial pressure of carbon monoxide in table 6.7.
TabZe 6.7. (l-a~

Pco

Pco as a funation of Pco·

(kPa)

10

20

30

40

50

60

12.5

5.0

3.7

3.3

2.6

2.3

This shows that the left-hand side of equation (6.35) decreases
when the partial pressure of carbon monoxide increases. As however
the right-hand side of equation (6.35) is an increasing function of
the partial pressure of carbon monoxide, because all the constants A,
B and C are positive, this model is unapplicable.
2) if x = 1, the right-hand side of equation (6.35) should be constant. This also does noteern'spond to the experimental results.
3) if x = 0, the equation (6.35) gets a form
( 1-a)
a

Pco

A'

+

B' Pco

+

c'vfPco

(6.36)

When x = 0 the same amount of hydrogen is used in the rate determining
steps of the chain growth and of the termination. This situation is
checked by calculating the dependenee of a on the partial pressure of
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carbon monoxide for x1 = 0, 1, 2. These calculations are discussed
in the n~xt section, which deals with models. Anyhow, we can mention
already here that in all cases the calculated order for ~ in carbon
monoxide is higher (0.3) than found experimentally (0.1-0.2).
Chain growth via

c1

insertion

The parameter a for the chain growth via the insertion of a c1complex is

(6.37)

The surface coverage of a c1-complex
following equation:

~ *]

1

is the real root of the

rinit. kt

x

6H

0

kp
{rinit. = rate of initiation)
which is obtained from the steady-state assumption that d
= 0. Because of the complex dependenee of ~ on surface coverages and
through those on partial pressures, this mechanism is also checked
with the calculations presented in section 6.5.4.
6.5.4. REACTION MODELS
In section 6.5.3 it sametimes appeared impossible to describe ~ as
a function of the partial pressures using simple mathematical equations. Therefore we decided to analyze the whole product distribution
instead of ~. To this end we develop two models: one for chain growth
by carbon monoxide insertion and another for chain growth by c1complex insertion. Both models allow the product distribution to be
calculated as a function of the partial pressures. The following assumptions are used:
i)
the initiatien takes place via the hydragenation of dissociatfvely adsorbed carbon monoxide;
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ii)

all the chain growth steps have the same mechanism and the same
reaction rate constant;
iii) the termination mechanism is the same for the c2 and higher hydrocarbons;
iv) there is no product readsorption.
The reaction scheme is:
ko
(6.39)

C* +x H* _"_.

Modela with CO insePtion

The following rates are used:
initiation
chain growth
termination of c1

kl

[cl*]

6

z

H

xl
termination of c2 .. clO kt [c;*] eH
where [c;j is the surface coverage of the complex with i carbon atoms.
In the ~revious section we could reject the mechanisms in which
x1 > x2 , i.e. where more hydragen was involved in the termination
than in the chain growth. Therefore we discuss here only the cases
x1 ~ x2 , i.e. where the same or a higher amount of hydragen is involved in the chain growth than in the termination.
In the appendix the detailed equations of the surface coverages
are given. The constants in the rate expressions have been adjusted
to obtain the best fit of the experimental data for a mole fraction
of hydragen of 0.20 and of carbon monoxide of 0.20. With this set of
constants we calculated the product distribution and the reaction
orders for other partial pressures. The following values of the x.'s
1
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have been used: x0 = 2, x1 = x2 = 0, 1, 2 and z = x1 or x1 + 1. It
was found that the different values of x1 do not change the product
distribution. The product distributions are plotted in figure 6.15
for x1 = 2 and z = 3. The calculated orders are in the appendix,
table 1.

]'JO/)

lQOQ

soo

XH2 I Xco

a

..

500

l').óO .' 'J.2'l 0.53
0.20 I 0.20 0.53
0.20 / 0.61) 0,74

,.
\

XH2
0.60
0.20
0.20

a

I Xco
I 0.20 0.46
I 0.20 0.48
/ 0.60 0.52

\

100

.,

::::>

ro

\

50

::::>

\

,.;

QJ

!....

\\

,\\

'

50

QJ

+'

ro

\

100

\

+'

ro

!....

10

I

2

3

4

5

ó

7

8

9

10

10

I

carbon number

2

3

4

5

6

7

8

9

10

carbon number

Figure 6.15. Calaulated produat
Figure 6.16. Calaulated produat
distributions. Model: ahain growth distributions. Model: ahain growth
via CO insertion.
via CH insertion.
x

The orders in hydragen agree reasonably well with those found experimentally for the Co/Al 2o3 catalyst (tables 6.1 and 6.2), also for
individual products. To obtain these correct orders for all products
we need to assume z = x1 + 1. This model fails however in the prectietion of the right orders for carbon monoxide. E.g. the predicted
order of a in carbon monoxide is 0.36 while experimentally an order
of about 0.1 is found. This can be clearly seen in the difference between the orders in carbon monoxide for two consecutive hydrocarbons.
If x2 > x1 , i.e. more hydragen is involved in the chain growth
than in the termination the orders of a bath in hydragen and in carbon monoxide are positive. This would mean that a higher partial
pressure of bath reactants increases the formation of higher hydrocarbons. This is in contractietion with the experimental results.
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Models with

c1-aomplex

insertion

The rates used are:
initiation
chain growth
termination of c1
termination of c2 •• CIO

xo

ec eH
kP [c;*] [cl*]
i<l [cl*] eHz
kt [Ci *] 6Hx
ko

Again the detailed 'equations for the calculation of the surface coverages are given in the appendix.
The best fit to the experimental data is obtained with values of
x0 = 2, x = 1 and z = 2. The results are represented in figure 6.16
and in the appendix. table 2.
Variations in the partial pressures of hydrogen and carbon monoxide change the product distribution slightly. just as found experimentally. The orders. also those calculated on different levels of
"constant pressure" change in correspondence with those found experimentally. Also according to this model the termination of methane kinetically needs one hydrogen atom more than the other terminations.
Consequently at a high partial pressure of carbon monoxide the amount
of methane becomes less than that of the c2-fraction.
The unsupported aatalyst

The results of the unsupported catalysts are also fitted into the
reaction models described above.
For the model with CO insertion the best correspondence is obtained with the values x0 = 3 and x1 = x2 = z = 1, while the best results for the model with c1-complex insertion are obtained with the
values x0 x = z = 2. The calculated orders are given in the appendix.
In both models the same amount of hydragen has to be used for all
the terminations. The orders should be compared with the experimentally found orders (table 6.3). It can be noticed that if the chain
growth proceeds via CO insertion, at one "constant level" of the
partial pressures the orders agree quite well with the experimental
values. But when the "constant level" is varied the changes take place
in the wrong directions: the orders both in hydrogen and in carbon
monoxide increase with increasing "constant levels" of the partial
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pressures. If the chain growth goes via a c1-complex, the orders in
hydragen decrease too fast at a "constant level" of the partial pressure of carbon monoxide. Increasing the level of the partial pressure
of carbon monoxide decreases the orders in hydragen as found experimentally. The orders in carbon monoxide first increase and then decrease. Thus none of the models describes the results obtained with
the unsupported catalyst completely. One point should be added: in
the studies of the hydragenation of ethylene /133/ it was noticed that
on the unsupported catalyst about 60% of ethylene was cracked to methane at a low concentration of ethylene. That means that also other
reactions than those included in our models of the Fischer-Tropsch
synthesis occur on this catalyst.
The following conclusions can be drawn from the reaction models:
i) it is not likely that chain growth takes place via CO insertion;
ii) on the Co/Al 2o3 catalyst in the termination of methane one hydragen atom more is involved than in the other terminations.
6.5.5. OLEFIN-PARAFFIN RATIO
Basically there are two possibilities for the formation of paraffins:
1) parallel with the formation of olefins (i.e. bothare formed from
the same surface complex):
olefins

t

-- ~i*]--

(6.40)

+

paraffins
2) consecutively from olefins:

-- @i*] --

(6.41)

+

olefins -- paraffins
For the first case the rates of alefin and of paraffin formation
can be written in the farms:
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The ratio of olefins to paraffins is thus
rolef,i
rparaf,i
k' (_

,-x

~

~ + Kco Pco + JKH/H~)

(6. 42)

(i.e. a negative order in hydrogen).
As an example we calculate the orders in hydrogen for the ethyleneethane ratio at the different levels of carbon monoxide on the Co/
Al 2o3 catalyst. The results are in table 6.4 in section 6.2.3.
The orders in hydrogen increase with increasing partial pressure
of carbon monoxide. According to formula (6.42) the order should remain constant (if 1 + Kco Pco >>~) or decrease with increasing
2

2

partial pressure of carbon monoxide but never increase, as observed
experimenta lly.
A stronger argument against the exclusively parallel formation of
olefins and paraffins is the fact that experimentally the olefinparaffin ratio decreases with the residence time whereas with parallel
reactions no influence of the residence time would be expected.
For the second case the rates of olefin and paraffin formation can
be written as:
(6.43)
and
(6.44)
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At high olefin-paraffin r~tios the second term on the right-hand side
of equation (6.43) can be neglected. Then the alefin conceritration
depends linearly on the residence time. That would further mean that
the olefin-paraffin rate ratio can be expressed by equation (6.45):
rol ef, i
rparaf,i
where

T

k•I 1
1

(6.45)

T

is the residence time. Equation (6.45} is equal to

rparaf,i
rolef,;i

=

(6.46}

i.e. a linear relation between the paràffin-olefin ratio and the residence time.
If paraffins are also formed via a parallel reaction, equation
{6.46) becomes
r

f .

para ,1
r o1ef, i

= k.

T +

1

k; and k1 are
constants which depend on the reaction
rate constants and
the surface coverages of reaction
intermediates and
of hydragen. In figure 6.17 the paraffin-olefin ratios for the c2and the c3-fraction
are plotted as a
function of the residence time. The
model indicates that

k
1

wher~

(6.47)
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1.0

(g cat ks Nl- 1)

20 kPa. T

523 K.

paraffins are mainly formed in a consecutive reaction, but that some
formation in a parallel reaction is póssiple and is somewhat more
likely for ethane than for propane.
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CHAPTER 7

Final Discussion

In this chapter we shall summarize our conclusions on the mechanism of the Fischer-Tropsch synthesis. They will be based on the results described in the preceding chapters and on the relevant liter.ature.
7 .1. INITIATION

For the low turnover frequencies, also found in this study, various explanations can be suggested:
i) a low intrinsic activity of sites,
ii) a small number of active sites and
iii) side reactions.
The overall rate of the Fischer-Tropsch synthesis is only one hundredth of the rate of the ethylene hydragenation under the same conditions. This difference cannot be explained by an essential difference in the coverages of ethylene and of carbon monoxide, because of
the similarity of the adsorption heats. Since we excluded the dissociation of carbon monoxide as a rate determining step, the difference
mentioned above can be explained by a difference in reactivity of the
adsorbed intermediates towards hydrogen, i.e. the reactivity of CxHyspecies is much higher than that of carbon from dissociated carbon
monoxide. But in chapter 6 we calculated that only a small fraction
of the catalyst surface is active during the Fischer-Tropsch synthesis. This indicates that the low turnover frequencies calculated are
also caused by a small number of active sites and not only by a low
intrinsic activity of the active sites as proposed by Dautzenberg
et al. /134/. Their conclusions were basedon experiments on a ruthenium catalyst. This further implies that the amounts of adsorbed hydrogen arenota correct measure for the number of active (i.e. working) sites.
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The kinetic results could be. described by the model in which the
rate determining step is the hydragenation of carbon from the disso··
ei a ti ve ly adsorbed carbon mono xi de. A fi rst order in hydragen tot· tht:
total conversion of carbon monoxide supports this mechanism. In sev·
eral studies it has been shown that on transition metals the adsorption of carbon monoxide takes place dissociatively at temperatures
norma lly used for the Fi scher.-Tropsch synthes is /27-29/. Further some
recently published results about the reactivity of surface carbon
show that surface carbon is an active intermediate in methanation
/30-35/ and also in the formation of higher hydrocarbons /36/.
The initiatien consists thus of three stages:
1) the adsorption of hydragen and carbon monoxide;.
2) the formation of surface carbon from the adsorbed CO;
3) the hydragenation of surface carbon.
There are two possibilities for the second stage:
(7.1)
a)
2 CO(ads) + C(ads) + co 2
+H /H20

b)

CO(ads)

+

C(ads) + O{ads)"_.. 2

'+co--...co

(7 .2)
2

In the first case carbon dioxide is formed as a primary oxygen containing compound. This means that water is then formed via the watergas shift reaction
(7.3)
The equilibrium constant for reaction (7.3) is of the order of 0.01
at 523 K /16/. This means that with equal GOncentrations of hydragen
and carbon monoxide the concentratien of water should be much less
than that of carbon dioxide. if water is formed according (7.3). On
the supported cabalt catalyst the quantity of produced carbon dioxide
was around 5% of the total conversion of carbon monoxide to hydrocarbons. A low formation of carbon dioxide on cabalt catalysts has
been found in several cases /16/. Also on an iron catalyst Dry~-~·
/119/ found a higher production of water than of carbon dioxid," vntier
the conditions in which the Boudouard reaction could be neglected.
For none of these catalysts a correlation was found between U1e fot·mation of methane and that of carbon dioxide. Thus the overal1

lD

reactîon equation given by Sachtler et al. /35/ for cobalt films at
low pressures of CO,
(7 .4)

is only relevant for the conditions of their experiments.
The remaval of oxygen from the surface depends on its reactivity
towards hydragen and carbon monoxide and the pressures of these components. The reduction of cobalt oxides by hydragen and by carbon
monoxide are much faster reactions than the Fischer-Tropsch reaction,
which indicates that no oxide formation occurs during the synthesis
under our conditions. The situation is totally different for iron
catalysts where also the thermodynamics of the reduction of oxides is
less favourable than for cobalt oxides. And indeed, during the synthesis on iron catalysts oxide formation is observed /19/.
In chapter 6 we concluded that the Fischer-Tropsch reaction on
cobalt catalysts proceeds via an oxygen free complex. During the
years several authors have suggested that an oxygen containing complex, especially an alcohol-type complex, is an intermediate in the
Fischer-Tropsch synthesis. Blyholder and Neff /135/ studied the coadsorption of hydragen and carbon monoxide on·a silica supported iron
catalyst by infra-red spectroscopy at 293 K and at 453 K. The increased intensity of the 0-H stretching band at 453 K was interpreted
as evidence for an alcoholic surface complex. Later on the authors
interpreted the band at 6.4 and 6.96 ~as surface carboxylate /136/.
But because of thé stability of these compounds they were assumed not
to take part in the reaction. The formation of methane was observed
as well at 453 K. That would mean that also water was formed. Thus
the increase of the O-H band could be caused by an intermediate in
water format i on instead of by an a1co ho 1i c intermedia te. On a si li ca
supported nickel catalyst no interaction of hydragen and carbon monoxide was observed during the adsorption of their mixtures /137/.
Further Blyholder et al. /136/ have shown that oxygen containing
complexes are formed in the coadsorption of ethylene and carbon monoxide on various transition metals. The species resemble surface
carboxylates and are stable up to 423-473 K. But the presence of
oxygen containing complexes in their studies need not mean that these
also take part in the Fischer-Tropsch synthests. Moreover Heal et al.
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/113/ studied the coadsorption of hydragen and carbon monoxide on
silica supported cobalt, and they did not detect any intermediate
complex between 398 K and 488 K. Sastri et al. /138-139/ found the
ratio of adsorbed hydragen to adsorbed carbon monoxide from their
mixtures to be 1:1 on cobalt/thorium oxide catalysts between 273 K
and 368 K. That was interpreted as an indication for the formation of
an alcoholic complex. The same interpretation has been suggested by
Kolbel et al. /140/. However such ratio of adsorbed hydragen to adsorbed carbon monoxide can be also explained by the formation of CHand OH- groups.
Kolbel and Tillmetz /141-142/ have calculated, using the extended
Hückel theory, that on iron and cabalt a stable complex of alcoholic
type may be possible, but that on nickel a complex of the methylene
type is more likely. On the other hand Goddard et al. /143/ have
calculated that on nickel both a chemisorbed formyl radical and a
chemisorbed c2-species (without hydrogen) may be catalytically active
intermediates. As there is ample evidence that the Fischer-Tropsch
reaction pathways are kinetically determined and not thermodynamically, the value of this type of stability calculations is rather doubtful.
From the discussion above we can conclude that the existence of an
oxygen containing complex on cobalt and on iron has not been proven
convincingly. The situation is more difficult for ruthenium and the
dissociation of carbon monoxide has been an open question for a long
time. But the results of Singh and Grenga /144/ show that carbon monoxide decomposes on ruthenium at 823 K. Moreover Rabo et al. /33/
did not find any essential difference between nickel, cobalt and
ruthenium in the way these metals adsorb carbon monoxide at various
temperatures. The reactivity of carbonaceous species formed from the
decomposition of carbon monoxide is also similar. The results of
Goodman et al. /145/ show that on ruthenium the formation of methane
is faster from formaldehyde than from the synthesis gas. They concluded that an active intermediate can be derived from formaldehyde.
But whether that intermediate contains oxygen has not been demonstrated.
The mechanism of the Fischer-Tropsch synthesis with carbon as an
intermediate has already been proposed by Fischer and Tropsch. Anderson has presented a number of arguments against that model /16/. But
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as pointed out by Ponec /63/ the evidences were based on experiments
with bulk carbides and bulk carbon and the behaviour of surface carbon can be different. In our study it was found that the rate of
carbonization is much lower than that of the Fischer-Tropsch reaction.
In the presence of hydragen no carbon formation was found at all on
the unsupported catalyst. This shows that bulk carbon or carbide formation need not be related to the Fischer-Tropsch reaction.
Mechanisms where the hydragenation of surface carbon is the rate
determining step can explain the first order in hydragen and the
slightly negative order in carbon monoxide calculated in chapter 6.
One would expect that a mechanism with hydragen involved in the rate
determining step would leadtoa kinetic isotape effect, i.e. the
reaction rate would be influenced by substituting hydragen with deuterium. But Dalla Betta and Shelef /146/ did not find any rate changes
on nickel, ruthenium and platinum catalysts. Therefore they concluded
that the rate determining step probably is the dissociation ofcarbon
monoxide without any hydragen involved in that step. The calculations
in chapter 6 showed that with that type of mechanism the observed
reaction order in hydragen cannot be obtained. Biloen et al. /37/
have explained the absence of an isotape effect by assuming that a
carbon to metal distance is the transition state featuring in the
rate determining step. That would mean that the positive orders are
obtained due to a competition between the formation of an active
intermediate, CHx, and inactive carbon from surface carbon, and
additionally due to a competition between chain growth and termination. We are inclined to ascribe the absence of the kinetic isotape
effect to a compensating effect between an increased surface coverage and a decreased rate constant when hydragen is replaced by deuterium.
7.2. CHAIN GROWTH
Our results can be explained quantitatively by a model with chain
growth via the insertion of a CH x -complex. The chain growth via an
alcoholic complex would lead essentially to the same kinetic equations as via an oxygen free complex. But because we concluded that
the initiation proceeds via dissociatively adsorbed carbon monoxide
and not via an alcoholic complex we also exclude alcoholic complexes
in the chain growth.
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The mechanism of the chain growth via polymerization of CH 2-groups
was proposed already by Fischer and Tropsch /24/. The results of
Blyholder and Emmett /147-148/ from experiments in whi.ch labelled
ketenes were added to synthesis gas showed that the CH 2-group of
ketene was more reactive than the CO-group of ketene. Both groups
could take part in the chain growth. On iron and on cabalt catalysts
more CH 2-groups were built into the hydrocarbons than CO-groups. Also
results of reactions with ketene by Toyoshima /149/ on an iron catalyst indicate that the CH 2-group is involved in the chain growth reaction. The elegantexperimentsof Biloen et al. /37/ on a nickel
catalyst prove convincingly that the chain growth can praeeed via
CHx-groups, probably via CH 2-groups. To this we can add our results
of the ethylene hydragenation which showed that chain growth via a
CHx-complex is possible. Therefore we state: Chain growth via a
CHx-group is possible under the conditions of the Fischer-Tropsch
synthesis. And on cabalt catalysts at a pressure of 100 kPa that mechanism is very probable.
When the chain growth proceeds via a CHx-complex the question is
still open about the value of x.
One methad to investigate the nature of adsorbed intermediatas is
to carry out exchange reactions in which the exchange of hydragen
atoms with deuterium takes place /150/. Tompson et al. /151/ studied
the reaction of deuterium with hydrocarbons over a cabalt/thorium
oxide catalyst at 455 K. They concluded that the most stable radicals
formed from methane were CH3 and C and from ethane c2H4 and C. The
methyl radical was the most stable group, but it seems unlikely to us
that thi s group acts as a building unit because dehydrogenati on react i ons would be required, even for the formation of paraffins.
The chain growth via a CH-group would lead to highly unsaturated
products and would require substantial subsequent hydrogenation, even
for the formation of olefins. Hence a CH 2-group is the most likely
unit.
In the liquid phase CH 2-groups formed by photolysis of ketene can
insert into a carbon-hydragen bond but not into a carbon-carbon bond,
forming unsaturated hydrocarbons /152/. Further the results of
Yamamoto /153/ and Young and Whitesides /154/ show that the insertion
of the carbene into a metal-carbon bond is possible.
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Many studies have bèen carried out to demonstrate that olefins and
alcohols can initiate the chain growth. Emmett
al /155-158/ have
shown in series of experiments the influence of the addition of radioactive alcohols, aldehydes and olefins to synthesis gas. All of these
compounds can only initiate the chain growth, but especially methanol
and formaldehyde, which would be the most relevant species, react
more slowly than the higher alcohols. Further it was found that alefin selecti~ities increase by addition of alcohols /155/. This would
mean that a part of olefins is formed directly from alcohols via
dehydration. But as mentioned in the previous section there is little
evidence that these compounds exist under normal operatien in noticeable quantities.
Another mechanism for the chain growth, the insertion of carbon
monoxide, has been proposed by Pichler and Schulz /19/. The recent
results of van Barneveld and Ponec /36/ have been interpreted by that
mechanism. The idea is based mainly on the well-known property of
transition metals to form carbonyls, but no real experimental evidence
has been offered. The probability of chain growth increases with an
increasing concentration of carbon monoxide.
In the absence of carbon monoxide methane is fermed from carbonaceaus species on the surface {chapter 3). These results can be used
to support the chain growth mechanism by the carbon monoxide insertion. But another explanation is equally possible: when carbon monoxide is present, the hydragen surface coverage is low. Witnout carbon monoxide a higher hydragen surface coverage causes the formation
of methane, which has a higher order in hydrogen and has a higher
rate constant than the other products. So we can say that carbon monoxide is needed to proteet the Ccintermediates against the reaction
with hydrogen, which would accelerate the terminatien as CH 4 and decrease the probability of chain growth, as less CHx-species would be
available for insertion.
To support the mechanism of the insertion of carbon monoxide analogies have been suggested between the mechanism of hydroformylation
and of the Fischer-Tropsch synthesis /159/. In both cases carbon monoxide insertion could take place. But in the hydroformylation carbon
monoxide insertion leads to the formation of compounds with only one
carbon atom more than the original molecule and insertion does not
lead to further chain growth. Such a reaction could be operative in
the Fischer-Tropsch synthesis, when alcohols are formed.
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7.3. TERMINATION
The termination reaction has nat been studied as much as the other
two reaction parts, initiation and propagation. It is generally assumed that the termination is a hydragenation reaction followed by
desorption, or only a desorption step /16,63/.
We came to the same conclusion in chapter 5 with the experiments
in which the synthesis gas was changed into hydrogen. But it should
be pointed out that then mainly paraffins were formed. The low orders
for olefins in hydragen and in some cases the positive orders in carbon monoxide (chapter 6) suggest that for the termination of olefins
no hydragen is needed i.e. the termination is only the desorption of
the intermediates. If the chain growth proceeds via CH 2-groups, the
polymerized farm (CH 2 )n has the same formula as olefins.
Further it was noticed that the terminations for methane and a c 2fraction differ from the other terminations. A high order in hydragen
for methane formation indicates that more hydragen is involved in
that termination than in the other terminations. Our reaction models
support that mechanism. The difference in the terminatien of the c2fraction can be explained by a strong adsorption of a c 2-intermediate
which therefore is assisted by hydragen for the desorption step and
thus leads to a lower olefin-paraffin ratio in that fraction than e.g.
in the c3-fraction.
The dependenee of the olefin-paraffin ratio on the residence time
indicates that an important part of the paraffins is formed by a
consecutive hydragenation reaction from primary formed olefins. As
the initiation is a hydragenation step, the combination of low activity and high alefin selectivity can be understood.
For a high production of the low olefins we should have a very
active catalyst, so that short residence times can be used. One way
to increase the overall conversion is to increase the temperature.
But as shown in chapter 5 at higher temperatures the carbon deposition increases considerably, which causes deactivation of the catalysts. Hence the alefin selective catalysts have to be resistant
against the formation of carbon at higher temperatures but maintain
a high activity. Further the chain growth activity should be low i.e.
with a low value of a. For the normal Fischer-Tropsch catalysts a low
a leads to a high selectivity for methane. But as it has been shown
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that the termination of the c1-fraction differs from the other termination reactions and that the initiation activity and product distribution need not be correlated (chapter 4), it is feasible to inhibit
the methane formation without losing the initiation activity or increasing the probability of chain growth. Some promising results in
that direction have already been obtained /160/.
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APPENDIX

Equations Used in Model Calculations

The following simplified scheme is used to describe the FischerTropsch reactions kinetically:

(1)

c3
The surface coverages are calculated using the Langmuir adsorption
model:
for hydrogen

VÇP;
eH

2 2

= ---===-----"----==
1 +VÇP;
2

+ KcoPco + 2VKcPco'
2

(2)

for the molecularly adsorbed carbon monoxide

(3)

and for the dissociatively adsorbed carbon monoxide

(4)
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where KH • Kco and Kc are the equilibrium constants for the adsorption
2

of hydragen and the molecular and dissociative adsorption of carbon
monoxide, respectively.
pH and Pco are the partial pressures of H2 and CO, respectively.
2

The equations (2) to (4) are applicable both for the model of the
chain growth via CO insertion and for the model of the chain growth
via cl insertion.

CHAIN GROWTH VIA CO INSERTION
The steady-state surface coverage of a c1-complex,

@1*],

is

(5)

and generallyfora c1-complex, [Ci*]
=

kp [ci-1 *] eco eH x2
kt eHxl + kp eHx2 eco

(6)

(7)

x0 , x1, x2 and z represent the numbers of hydrogen atoms involved in
initiation, termination, chain growth and c -termination, respective1
ly.

CHAIN GROWTH VIA c1 INSERTION
The steady-state surface coverage of a c1-complex is a root of
equation (8)
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which can be transformed into the following form:

e xo+x
H

o

=

(9)

x0 and x represent the numbers of hydrogen atoms involved in initiation and termination respectively.
Independent of the values of the various constants equation (9) has
only one real root.
The steady~state surface coverage of a c1-complex is

[c; *] =

k

E

kp

[Cl*] (C;-1*]
[cl*] + kt eH x

= [cl*]

a

(10}

i-1

( 11)

In tables 1-4 the reaction orders calculated with the equations
described above are given. The set of constants which gave the best
fit to the experimentally found orders is used.
Table 1. Orders aalaulated from the model of the ahain growth via
CO insertion. Catalyst: Co/AZ 2o3•

o. 01~

K
82

kt

xco= 0.1~ Kc= 0.1~ k 0

= 1. o~

kp

= 100~

k

1

=25~

= 1. 2.
order in hydrogen

Pco (kPa)
cl
c2

10

20

40

0.93

0.94

0.94

1.12

1.24

l. 30

0.63
0.62

0.75

0.81

0.74

0.80

(kPa)

PH
2c

T

-0.09

-0.06

cl

-0.82

-0.63

-0.06

-0.39

c3

-0.12
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TabLe 2. Orders aaZ~Zated from the model of the chain growth via c1
insertion. CataZyst: Co/AL 2o3•
KH
0.005~ KC
0.2, k0
1.0~ kp = 1.0. k 1 =10.0. kt =
2

o. 4.

order in hydragen

Pco (kPa)

I

10

20

40

l. 06

1. 06

1.05
l. 40

cl
c2

l. 36

1. 38

0.83

c3

0.77

0.85
0.81

order in carbon monoxide
(kPa)

10

20

40

-0.20
-0.40

•0.20

cl

-0.20
-0.42

0.88

c2

-0.18

-0.16

-0.38
-0.14

0.84

c3

-0.12

-0.10

-0.07

Pa
2c

T

TabZe 3. Orders caZauZated from the model of the ahain
CO insertion. CataZyst: Co.
KH
0.05~ KCO = 0.05, KC
l.O. k 0

(Jf'OWth

via

2

0.2. kt=0.05.

order in hydragen
p

(kPa)

I

order in carbon monoxide
(kPa)

10

20

40

T

-0.62
-0.82

-0.61

-0.59

-0.54

-0.80
-0.52

-0.50

-0.27

-0.24

-0.22

10

20

40

1. 34

l. 36

1. 38

cl

1. 35

l. 37

1. 39

c2

1. 32

l. 35

l. 38

cl
c2

1. 29

1. 34

1. 37

c3

co

Pa
2c

-0.78

Table 4. Orders aalauLated from the model of the ahain growth via
c1 insertion. CataZyst: Co.
xH = 0.01~ Kc 1.o. k 0
l.o. kp = 1.0. k 1 = 60.o, kt=
2
10.0,
order in hydrogen

I
i

Pco (kPa)

i

i
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10

20

40

CT

l. 52

1. 42

1. 37

cl

l. 56

1. 48

l . 43

c2

1. 32

l . 22

1.16

c3

1. 09

0.95

0.89

order in carbon monoxide

·PH

2c

(kPa)

10

20

40

T

-0.62
-0.70

-0.60

-0.63

-0.67

-0.68

-0.56

-0.48

-0.46

-0.30

-0.25

cl
c2

I

I

I
I

List of Symbols

Latin symbols

unit
A, a
B
C, c

c.=
,

E

f
K

k

m
n
0
p
r
r

T

constants
constant
constants
concentration
rate of formation of hydrocarbons with
carbon atoms
or hydrocarbons with i carbon atoms
rate of formation of paraffin with carbon
atoms
or paraffin with i carbon atoms
rate of formation of alefin with carbon
atoms
or olefin with i carbon atoms
surface complex with i carbon atoms
overa 11 ra te
(apparent) activation energy
degree of reduction
carbon number
equilibrium constant
reaction rate constant
or constant
weight fraction
number of nuclei
oxygen concentration in oxide
partia1 pressure
reaction rate
'

radius of a nucleus
temperature

mol 1-l
mo 1 ( g cat s f 1

mol (g cat s)- 1

mol (g cat s)- 1

mo 1 (g cat s) - 1
mol (g Co s)- 1
kJ mol- 1

depends on kinetics

at g-l

Pa
mo 1 ( g ca t s }- 1
mol (g Co s)- 1
m
K
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unit
t

TOF
w

s
-1
s
g (g cat) - 1

time
turnover frequency
weight change

g (g Co(

X
x
x, x;
Y
y
z

weight of the product fraction with
atoms
reaction order in hydrogen
mole fraction
number of hydrogen atoms
reaction order in carbon monoxide
number of hydrogen atoms
number of hydrogen atorns

carbon

1

g (g cat s)-l
g (g Co s)- 1

Greek symbo"ls

a
n
e
T

<1>1

Flory constant, probability of chain growth
effectiveness factor
surface fraction
residence time
selectivity of methane

g cat ks Nl -1

Subaripts

c
e
f

H

m

surface carbon
empty sites
flushed
dissociatively adsorbed
hydrogen
number of carbon atorns
maximurn value

0

o1( ef)
p
par( af)
T

t
a

initiation or initial
olefin
chain growth
pa raffin
total
terminatien or time
connected to a

Syrnbols, which are not explained in this list, are used only locally
and are explained in the text.
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Summary

Since the energy crisis of 1973 interest in coal as a possible
souree of energy and as a raw material increased quickly. In spite of
numerous investigations on coal conversion processes none of the
processes is developed so far that it could compete with the processes basedon oil. The main aim of this thesis is to study the mechanism and kinetics of one indirect method for the conversion of
coal to hydrocarbons. viz. the hydragenation of carbon monoxide or
the Fischer-Tropsch synthesis on cobalt catalysts.
The experiments are carried out in a plug flow reactor under differential conditions in order to minimize mass and heat transfer limitations. to decrease the side reactions and to maintain isothermal
condit i ons.
The preparatien of the two catalysts, pure cobalt and cobalt on
alumina. via the reduction of the corresponding oxides is studied in
a thermobalance. The reduction .of the unsupported cobalt oxides by
hydragen can be described by a model according to which during the
reaction three stagescan be distinguished: i) induction. ii} accel~
eration and iii) decay. Whereas the unsupported cobalt oxides can be
reduced completely. the maximum degree of reduction of the cobalt oxide on alumina is limited to about 90% in hydragen reduction at 673 K.
The product distribution for the Fischer-Tropsch reaction can be
described by the Flory-Schulz equation i.e. the ratio of the rates of
chain growth and of terminatien is constant for every carbon fraction.
The whole product distribution is determined by two parameters: initiation rate {the ordinate intercept of the Flory-lines) and the
Flory constant (the slope of the lines) mentioned above. Both parameters are discussed in this thesis.
The decrease in the intercept of the Flory-lines without variation
in the slope is ascribed to the formation of continuous areas of carbonaceous species which inhibit a part of the initiatien sites but
do not influence the product distribution. This is what happens during the deactivation in the first hours óf an experiment. A strong
deactivation causes also changes in the product distribution. If the
probability of the chain growth is diminished while the rate of
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initiation remains constant, we interpret that as the formation of
randomly distributed carbonaceous species which do not influence the
initiation but inhibit the mobility of intermediates and thus hinder
the chain growth. This indicates that a bigger aggregate of active
sites is needed for the chain growth than for the initiation.
The rate of formation of carbonaceous species from carbon monoxide
is much faster on the supported than on the unsupported catalyst. We
suggest that thi s is due to the fa ct. that the mobil ity of carbonaceaus species is easier on the former catalyst. This can also explain why more higher hydrocarbons are formed on the supported catalyst than on the unsupported catalyst.
The calculated turnover frequencies are much lower than found in
most other heterogeneaus catalytic processes. From the flushing experiments during which adsorbed intermediates and products are desorbed from the catalyst by flushing with helium or hydrogen, it is
concluded that the whole catalyst surface is covered with carbon containing species which can desorb as such or are converted to hydrocarbons with the aid of hydrogen. These experiments further suggest
that under synthesis conditions the number of at least some of the
active ensembles is low and thus causes the low turnover frequencies.
Mechanisms of the three steps of the Fischer-Tropsch reaction
(initiation, chain growth and termination) arestudiedas well. We
conclude that initiation proceeds via dissociatively adsorbed carbon
monoxide followed by the hydragenation of surface carbon toa CHxgroup. Based on the kinetic data a model is proposed according to
which the rate determining step is the hydragenation of surface carbon. Oxygen is primarily converted to water. A subsequent water-gas
shift reaction may cause the formation of small quantities of carbon
dioxide,
Chain growth proceeds via addition of a complex with one carbon
atom to a growing chain. The most probable building unit is a methylene group.
In the product both olefins and paraffins are found. The kinetic
results indicate that paraffins are mainly formed in a consecutive
reaction from olefins. But some formation of paraffins parallel with
the olefin formation is not excluded and is somewhat more likely for
ethane than for propane.
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Yhteenveto
Summary in Finnish

Vuoden 1973 energiakriisin jälkeen kiinnostus hiilen mahdollisuuksiin energian ja raaka-aineiden lähteenä lisääntyi nopeasti.
Huolimatta lukuisista tutkimuksista hii1en konversioprosessit eivät
kykene tällä hetkellä kilpailemaan prosessien kanssa, joiden raakaaineena on öljy.
Tässä väitöskirjassa on tutkittu erään hiilen epäsuoran konversioprosessin mekanismia ja kinetiikkaa, so. hiilimonoksidin hydrausta hiilivedyiksi kobolttikatalyyteillä eli Fischer-Tropschsynteesiä.
Kokeet on suoritettu differentiaalireaktorissa, jotta aineen- ja
lämmönsiirrosta aiheutuvat vastukset minimoitaisiin ja jotta reaktiot
voitaisiin suorittaa isotermisissä olosuhteissa.
Katalyyttien, kobolttioksidi alumiinioksidikantajalla ja kobolttioksidi, pelkistystä on tutkittu termovaa'assa. Kobolttioksidin
(i1man kantajaa) pelkistys vedyllä voidaan kuvata kineettisellä
mallilla, jonka mukaan reaktio käsittää kolme vaihetta: i) induktio-,
ii) kiihdytys- ja iii) hidastusvaihe, Ilman kantajaa alevat kobolttioksidit voidaan pelkistää vedyllä täydellisesti, mutta alumiinioksidikantajalla olevan kobolttioksidin maksimipelkistysaste on noin
90% 673 K:ssa.
Fischer-Tropsch reaktion tuotejakautuma voidaan esittää FlorySchulz-mallin avulla, so. ketjun kasvun nopeuden suhde terminaation
nopeuteen on vakio. Tällöin tuotejakautuma voidaan määrittää
kokonaisuudessaan kahden tekijän, initiaationopeuden ja yllä mainitun
vakion avulla, joita on erikseen tarkasteltu.
Kokeiden alussa todettiin, että katalyytin aktiivisuus pienenee,
mutta tuotejakautuma pysyy samana. Deaktivoituminen aiheutuu sellaisia
alueita muodostavista hiiltä sisältävistä yhdisteistä, joilla
initiaatio ei ole mahdollinen. Voimakas deaktivoituminen aiheuttaa
muutoksia myös tuotejakautumassa. Tällöin ketjun kasvun todennäköisyys
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pienenee, mutta initiaationopeus pysyy vakiona. Tämän on tulkittu
ai heutuvan hi il iyhdi stei stä, jotka ovat sa'tunnai sesti jakautuneet
katalyytin pinnalla eivätkä siten vaikuta initiaationopeuteen, vaan
estävät reaktion välimuotojen liikkuvuuden ja täten ketjun kasvun.
Tämä osoittaa, että ketjun kasvuun tarvitaan suurempi kokonaisuus
aktiivisia kohtia kuin initiaatioon.
Hiiliyhdisteitä muodostuu hiilimonoksidista nopeammin katalyyteillä, joissa on kantaja, kuin ilman sitä olevilla. Tämä osoittaa
jälleen, että ensiksi mainittujen katalyyttien hiiliyhdisteiden
liikkuvuus on helpompaa kuin jäljempänä mainittujen. Tämä selittää
myös, miksi kantajallisilla kqtalyyteillä muodostuu enemmän korkeampia
hiilivetyjä kuin ilman kantajaa olevilla.
Lasketut reaktiofrekvenssit ovat paljon alhaisempia kuin useimmissa muissa heterogeenisissä katalyyttisissä reaktioissa. Kokeissa,
joissa katalyytti on synteesin jälkeen käsitelty vedyllä tai
heliumilla, on todettu, että katalyytin pinta on täysin hiiltä
sisältävien yhdisteiden tai niiden välimuotojen peittämä. Nämä
voivat joko desorboitua sellaisenaan, tai ne voidaan hydrata vedyn
avulla hiilivedyiksi. Kokeet osoittavat edelleen, että synteesin
aikana vain pieni osa katalyytin pinnasta on aktiivinen, mikä on
syynä alhaisiin reaktiofrekvensseihin.
Fischer-Tropsch reaktio voidaan jakaa kolmeen vaiheeseen: initiaatio, ketj.un kasvu ja terminaatio. Jokaisen vatheen mekanismia on
tutkittu. On todettu, että initiaatiossa dissosioitunut hiilimonoksidi reagoi adsorboituneen vedyn kanssa muodostaen CHx-ryhmän.
Kineettiset tulokset voidaan tulkita reaktiomallin avulla, jossa
hiilen hydraus on nopeutta määräävä askel. Happi konvertoituu ensisijaisesti vedeksi. Mahdollinen vesikaasureaktio aiheuttaa hiilidioksidin
muodostumisen.
Ketjun kasvu tapahtuu reaktion välityksellä, jossa yhden hiiliatomin sisältävä kompleksi liittyy kasvavaan hiiliketjuun. Todennäköisin kompleksi on metyleeniryhmä.
Tuote sisältää sekä olefiinejä että parafiinejä. Kineettiset tulokset osoittavat, että suurin osa parafiineistä on muodostunut
olefiineistä hydrausreaktion kautta. Täysin mahdotonta ei ole, että
osa parafiineistä on muodostunut rinnakkaïn olefiinien muodostumisen
kanssa. Rinnakkaisreaktio on todennäköisempi etaanin kuin propaanin
muodostumisessa.
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Samenvatting
Summary in Dutch

Sinds de energiecrisis van 1973 is de belangstelling voor steenkool als mogelijke energiebron en als grondstof in de chemische industrie snel gestegen. Ondanks het uitgebreide onderzoek naar processen
voor de conversie van koolstof is nog geen van deze processen zover
ontwikkeld dat het op dit moment kan concurreren met de processen gebaseerd op olie. Het voornaamste doel van dit proefschrift is de bestudering van het mechanisme en de kinetiek van een indirecte methode
voor de conversie van koolstof naar koolwaterstoffen, nl. de hydrogenering van koolmonoxyde ofwel de Fiscner-Tropsch-synthese met kobalt katalysatoren.
De experimenten zijn uitgevoerd in een propstroom-reactor onder
differentiële condities om belemmeringen van warmte- en massatransport
te minimaliseren, om nevenreacties te verminderen en om isotherme
condities te handhaven.
De bereiding van de twee katalysatoren, zuiver kobalt en kobalt op
alumina-drager, door de reductie van de overeenkomstige oxyden is bestudeerd in de thermobalans. De reductie van het ongedragen kobaltoxyde met waterstof kan worden beschreven met een model, dat in de
reactie drie stappen onderscheidt: i) inductie, ii) versnelling en
iii) verval. In tegenstelling tot ongedragen kobaltoxyden, die totaal
gereduceerd kunnen worden, is de maximale reductiegraad van kobaltoxyde op alumina beperkt tot ca. 90% voor reductie met waterstof bij
673 K.
De produktverdeling van de Fischer-Tropsch-reactie kan worden beschreven met de Flory-Schulz-vergelijking, die voor iedere koolstoffractie een constante verhouding tussen de snelheden van ketengroei
en van terminatie veronderstelt. De hele produktverdeling wordt bepaald door twee parameters: de initiatiesnelheid (hoogte van de
Flory-lijnen) en de Flory-constante (helling van de lijnen). Beide
parameters worden in dit proefschrift besproken.
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De daling van het niveau van de Flory-lijnen zonder verandering
van de helling wordt toegeschreven aan de vorming van continue gebieden van koolstofhoudende deeltjes, die een deel van de reactieplaatsen
voor de initiatie blokkeren maar de produktverdeling niet beïnvloeden.
Dit gebeurt tijdens de activiteitsdaling in de eerste uren van een
experiment. Een sterke deactivering heeft ook veranderingen in de produktverdeling tot gevolg. Als de kans op ketengroei verminderd wordt
terwijl de initiatiesnelheid constant blijft, interpreteren we dat
als de vorming van statistisch over het oppervlak .verdeelde koolstofhoudende deeltjes, die de initiatie niet beïnvloeden maar de mobiliteit van de intermediairen remmen en zo de ketengroei belemmeren. Dit
wijst erop dat voor de ketengroei een groter aggregaat van actieve
reactieplaatsen nodig is dan voor de initiatie.
De vormingssnelheid van koolstofhoudende deeltjes uit koolmonoxyde
is veel groter op de gedragen dan op de engedragen katalysator. We
veronderstellen dat dit te wijten is aan het feit dat de beweeglijkheid van de koolstofhoudende deeltjes op eerstgenoemde katalysator
het grootst is. Dit kan ook verklaren waarom op de gedragen katalysator meer hogere koolwaterstoffen gevormd worden dan op de engedragen
katalysator.
De berekende reactiefrequenties zijn veel lager dan die welke voor
de meeste andere heterogene katalytische processen worden gevonden.
Uit experimenten waarbij geadsorbeerde intermediairen en produkten
van het katalysatoroppervlak desorberen door spoelen met helium of
waterstof, wordt geconcludeerd dat het katalysatoroppervlak bedekt is
met koolstofhoudende deeltjes die of als zodanig kunnen desorberen of
met behulp van waterstof omgezet worden in koolwaterstoffen en dan
desorberen. Deze experimenten suggereren verder dat onder synthesecondities het aantal van bepaalde reactie-clusters klein is en dat
daardoor de berekende reactiefrequenties laag zijn,
De mechanismen van de drie stappen van de Fischer-Tropsch-reactie
(initiatie, ketengroei en terminatie) zijn eveneens bestudeerd. Wij
concluderen dat initiatie plaatsvindt door hydrogenering van oppervlakte-koolstof tot een CHx-groep uit dissociatief geadsorbeerde
koolmonoxyde. Op basis van de kinetische gegevens wordt een model
voorgesteld waarin de hydrogenering van oppervlakte-koolstof de
snelheidsbepalende stap is. Zuurstof wordt voornamelijk in water omgezet. Een daarop volgende 'water-gas shift'-reactie kan de oorzaak
zijn van de vorming van kleine hoeveelheden kooldioxyde.
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Ketengroei vindt plaats door additie van een complex met één koolstofatoom aan een groeiende keten. De meest waarschijnlijke bouwsteen
ü een methyleen-groep.
In het produkt worden zowel olefinen als paraffinen gevonden. De
kil'letische resultaten wijzen erop dat paraffinen voornamelijk gevormd
worJen uit olefinen in een volgreactie. Maar enige vorming van paraffinen parallel aan die van olefinen wordt niet uitgesloten en is voor
ethaan iets waarschijnlijker dan voor propaan.
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Statements
1. The mass spectrometric data obtained by Tillmetz during the
Fischer-Tropsch synthesis under low pressure conditions can also
be explained without assuming aldehydes as products.
Tillmetz, K.O., Oissertation, Berlin {1976)
2. Goto et al. assert that in a trickle-bed reactor the reaction
rate is zero order in the liquid reactant, if the concentratien
of this liquid reactant is much higher than that of the gaseous
reactant in the liquid phase. This assertion, however, is only
valid in very specific cases.
Goto, S., Levec, J., Smith, J.M., Catal. Rev. - Sci. Eng.
12.· 187-247 (1977)
3. The absence of the kinetic isotope effect need not imply that
hydragen is not involved in the rate determining step of a
heterogeneaus catalytic reaction.
Dalla Betta, R.A., Shelef, M., J. Catal. 49, 383-385 (1977)
van Meerten, R.Z.C., Morales, A., Barbier, J., Maurel, R.,
J. Catal. 58, 43-51 {1979)
4. Serious objections can be raised against the kinetic model given
by Kosugi and Yoshizawa for the desulphurization of oil fractions
over a Co/Mo/Al 2o3 catalyst.
Kosugi, M., Yoshizawa, T., J. Jpn Pet. Inst.
{1978)

~.

199-206

5. The description of the hydratien of sugars with the aid of a
Langmuir adsorption isotherm /1/·cannot explain the results of
Harvey and Symons /2/.
1. Shiio, H., J. Am. Chem. Soc. 80, 70-73 (1958)
2. Harvey, J.H., Symons, M.C.R., Nature (London) 261,
435-436 (1976)

6. Application of the relation given by Olbrich and Potter for mass·
transport to the w~ll of a packed bed to chemical reactions taking
place at the wall of a packed tubular wall reactor may lead to
erroneous results.
Olbrich, W.E., Potter, O.E., Chem. Eng. Sci.
(1972)

~.

1733-1743

7. In the recent mechani sm for the Fi scher-Tropsch synthesi s proposed
by Biloen et al. /1/ features of the original suggestion by Fischer
and Tropsch can be found back /2/.
1. Biloen, P., Helle, J.M., Sachtler, W.M.H., J. Catal. 58,
95-107 (1979)
2. Fischer, F., Tropsch, H., Ber. Dtsch. Chem. Ges. 22·
830-836 (1926)
8. If the European Community reduced its oil imparts this year by 5%
it would save $ 4 billion. lf the European Community spent a
fraction of this amount to the know-how of catalytic conversion
of coal it could save several times more in imports.
9. One way to judge the reliability of patents is to look at the
publications of the authors.
10. A good promotor of the catalyst for the preparation of a thesis
is criticism.
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