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APPENDIX
Equations Used in Mode! Calculations

The following simplified scheme is used to describe the Fischer-
Tropsch reactions kinetically:

k ['§ 3
v 00— [ — [e7] =[] — (1)

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

VR Py
B, = 22 (2)

H
vy Py, * KeoPeo * 2V K¢Peo

for the molecularly adsorbed carbon monoxide

o - KegPeo -
Co / 1
VR Py, KegPeo + 2 VEePe
and for the dissociatively adsorbed carbon monoxide
VK
8 C g0 (4)

C =
EHvKy Py, * KeoPeo * ZVkePry
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where KH , KED and KC are the equilibrium constants for the adsorption
2

of hydrogen and the molecular and dissociative adsorption of carbon
monoxide, respectively.
DHZ and Prg are the partial pressures of I-|2 and CO, respectively.

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 Cl-complex, [?14], is

. X
k. @& B0

o C '
E: - = (5)
l] Fi Ko o
k1 By * kp eH 2 OCO

and generally for a Cj-complex, [@i{

] - ko [C5.1°] 2co 8,2 ()
! ke 9,73 ¥ Ky esz B¢
- o] o™ (7)

Xyr Kpo Xy and z represent the numbers of hydrogen atoms involved in
initiation, termination, chain growth and Cl-termination, respective-
ly.

CHATN GROWTH VIA Cl INSERTTON

The steady-state surface coverage of a ClmcompWEx is a root of
equation (&)

d |C,* ne
"HEE'L]” - 07 kg B 0% - ky [6] 8 - I 5 L] ] e

—t
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which can be transformed into the following form:

3 kt X 2 kt eHx g ko kt Ko+
[£,7] "R oy [67]° + 0 6] - 7T W T 0
P
(9)

%o and x represent the numbers of hydrogen atoms invelved in initia-
tion and termination respectively,
Independent of the values of the various constants equation (9) has
anly one real root.

The steady-state surface coverage of a Ci-complex is

k] - [T ol [C"'l*]x (10)
ko [C1%] + Ky 0y

[ o )

1

In tables 1-4 the reaction orders calculated with the equations
described above are given, The set of constants which gave the best
£it to the experimentally found orders {s used,

Jgble 1, Ordevs ealeulated from the model of the chain growth via
00 imsertion, Catalyat: Ca/AZzos.

XK, = 0. K. .= 0. = 0,1, k, =1 =10 = 8
4 0.01, Kpy= 0.1, Ko = 0.1, K, =1 0, kp 0, ky = 35,
=
k= 1.
e g
order in hydrogen order in carbon monoxide
Prg (kPa) 10 20 40 pH2 (kPa) 10 %0 40
Cr 0.92 0.94 0.24 Co -0.08 -0.06% -0.06
C 1.12 1.24 1.30 Cl -0.82 -0.63 -0.69
<, 0,863 0.75 a.81 o -0.39 -0.31 -0.26
<5 0.62 0.74 0.8a0 Cy -0.12 -0.03 ]
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Table 8. Orders caleulated from the modsl of

tngeritlon. Catalyst: CofAl o0

the ohaln growth vig 01

i = 0,006, K., 0B, B = 3,0, k= 1,4, k.= 1000, k, =
KH-; @005, o Uoby 2, Y Ky Ry 2 Ty
.,
arder in hydrogen arder in carkon meonoxide
Heg {kTru) 10 20 a0 By (kFPa) 10 24 a0
“'2'1‘ 1.06 1.06 1,05 2 T -0.20 =020 -0.320
o 1.36 1. 38 1,40 . -0._42 =0.40 -0,38
Ty .83 0,8% D84 <, —-0.18 w16 -0.14
C.'.3 [ i, 11 Q.84 =0.12 ' -0.487
Tuble 5. Orders caleulated from the model of the chain growth via

00 ingertion. Catalyat: Co.

KHu =008, Koy = 0,08, Ky = L0, ko = Lo, kp =10, ky =
0.2, k= 0,08
4
crder in hydrogeon order in carbon moneoxide
o (ka) 10 20 40 2 {kra) 10 20 40
; L.34 1,34 1.38 ACT .62 ~0.81 =059
l:l 1.3y 1.37 1.39 C] -0.82 -0 .80 =0,78
S 1.4 1.1 1.38 ('_'2 -0.54 ~0.52 -0, 50
2y 1,29 1.4 1,37 gy ~0.27 -0.24 -0.42
R P - -
Table 4, Ordevs oglowlglbed from the modsl of the ahain growth uvia
vy insertion. Catalyst: Co.
i‘H,_) = 0.01, Kc = 1.4, ko = 1.0, kp = 1.0, kj = 60,0, kt =
10,0
ordoer in hydrogen erder in carbon manoxide
Py, (KPa) 10 z0 40 p”2 (kla) 10 20 40
C'L‘ L.52 1.42 1,37 C’T‘ 0.6 -0.60 -0.63
Oy 1,560 1.48 1.432 C:1 -0.70 -0.67 -, 68
o, 1,27 1.z22 1.16 Gy -n._%5§ -0.44 -0, 45
Cy 1LO0% 0.9y 0,89 Uy -0.42 -0.30 -0.25
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List of Symbols

Latin symbals

-~ T o = 3 b

-

constants
constant
constants
concentration

rate of formation of hydrocarbons with i

carbon atoms

or hydrocarbons with i carbon atoms

unit

mol 171

mol (g cat s

rate of formation of paraffin with i carbon

atoms

or paraffin with 1 carbon atoms
rate of formation of olefin with i carbon

atoms
or olefin with i carbon atoms

surface complex with i carbon atoms

overall rate

(apparent) activation energy
degree of reduction

carbon number

equilibrium constant
reaction rate constant

or constant

weight fraction

number of nuclei

oxygen concentration in oxide
partial pressure

reaction rate

radius of a nucleus
temperature

mol (g cat s

mol (g cat s

mel (g cat s
mol (g Co s8)
kd o1}

depends on kineti

at g_l

Pa

mol {g cat s
mol (g Co s}
i

K

)
=
-1

)

)-l

=]

)-l
-1
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unit

t time 5
TOI turnover freguency s_l
W weight change g (g cat)_l
g (g o)
v weight of the product fraction with i carbon g {9 cat 52;1
atoms g {g Co s)
X reaction order in hydrogen
% mole fraction
¥, ¥y number of hydrogen atoms
Y reaction order In carbeon monoxide
y number of hydrogen atoms
number of hydrogen atoms
Grask symbols
o Flory constant, probability of chain growth
iy effectivenass factor
0 surface fraction
y residence time g cat ks Nl'l
¢1 selectivity of methane
Subcreipls
¢ surface carben <} initiation or initial
[ empty sites ol(ef) olefin
f flushed P chain growth
H dissociatively adsorbed par{af) paraffin
hydrogen T total
i number of carbon atoms t termination or time
m maximum value o connected to o

Symbols, which are not explained in this Tist, are usad only localiy
and are explained in the text.
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Summary

Since the energy crisis of 1973 interest in coal as a possible
source of energy and as a raw material increased guickly. In spite of
numerous investigations on coal conversion processes none of the
processes i3 developed so far that it could compete with the pro-
cesses based on oil, The main aim of this thesis is to study the me-
chanism and kinetics of one indirect method for the conversion of
coal to hydrocarbens, viz, the hydrogenation of carbon monoxide or
the Fischer-Trepsch synthesis on cobalt catalysts,

The experiments are carried out n a plug flow reactor under dif-
ferantial conditions in order to minimize mass and heat transfer Tim-
itations, to decrease the side reactions and to maintain isothermal
conditions.

The preparation 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
hydrogen can be described by a model according to which during the
reaction three stages can 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 ox-
jde on alumina is 1imited to about 90% in hydrogen 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 termination is constant for every carbon fraction.
The whole product distribution is determined by two parameters: ini-
tiation rate (the ordinate intercept of the Flory-Tines) and the
Flory constant (the slope of the Tines) mentioned above, Both para-
meters are discussed in this thesis.

The decrease in the intercept of the Flory-lines without variatien
in the siope is ascribed to the formation of continuous areas of car-
bonaceous species which inhibit a part of the initiation sites but
do not influence the product distribution. This is what happens dur-
ing the deactivation in the first hours of 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 carbonacecus species from carbon monoxide
is much faster on the supported than on the unsupported catalyst, We
suggest that this is due to the fact that the mobility of carbon-
aceous species 14 easier on the former catalyst, This can also ex-
plain why more higher hydrocarbons are formed on the supported cata-
lyst than on the unsupported catalyst.

The calculated turngver frequencies are much lower than found in
most other heterogeneous catalytic processes, From the flushing ex-
periments during which adsorbed intermediates and products are de-
sorbed from the cataiyst by flushing with helium or hydrogen, it i3
concluded that the whole catalyst surface is covered with carbon con-
taining species which can desorb as such or are converted to hydro-
carbons with the aid of hydrogen. These experiments further suggest
that under synthesis conditions the number of at least some of the
active ensgmbles is low and thus causes the low turnover frequencies,

Mechanisms of the three steps of the Fischer-Tropsch reaction
(initiation, chain growth and termination) are studied as well. We
conclude that initiation proceeds via dissociatively adsorbed carbon
monoxide followed by the hydrogenation of surface carbon to a CHX—
group. Based on the kinetic data a model is proposed according to
which the rate determining step iz the hydrogenation of surface car-
bon. Oxygen is primarily converted to water. A subseguent 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 methy-
iene 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 Tikely for
ethane than for propane,
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Yhteenveto

Summary in Finnish

Vuoden 1973 energiakriisin jdlkeen kiinnostus hiilen mahdolli-
HuoTlimatta Tukuisista tutkimuksista hiilen konversioprosessit eivit
kykere t¥11% hetkel1d kilpailemaan prosessien kanssa, joiden raaka-
aineena on BiJy.

Tdssd vditoskirjassa on tutkittu erddn hiilen epdsuoran konver-
sioprosessin mekanismia ja kinetiikkaa, so. hiilimoneksidin hyd-
rausta hiilivedyiksi kobolttikatalyyteilld eli Fischer-Tropsch-
synteesii.

Kokeet on sucoritettu differentizalireaktorissa, jotta aineen- ja
Tdmmonsiirrosta aiheutuvat vastukset minimoitaisiin ja jotta reaktiot
voitaisiin suorittaa isotermisissd olosuhteissa.

Katalyyttien, kobolttioksidi alumiinioksidikantajalla ja kobolt-
tioksidi, pelkistystd on tutkittu termovaa'assa, Kobolttioksidin
(1lman kantajaa) pelkistys vedylld voidaan kuvata kineettiselld
mallilla, jonka mukaan reaktio kdsittdd kolme vaihetta: i) induktio-.
i1) kiihdytys- ja 171) hidastusvaihe. [Iman kantajaa olevat kebelt-
tioksidit voidaan pelkistdd vedylld taydellisesti, mutta alumiiniok-
sidikantajalla olevan kobolttioksidin maksimipelkistysaste on noin
90% 673 K:ssa.

Fischer-Tropsch reaktion tuotejakautuma voidaan esittdd Flory-
Sehulz-mallin avulla, s0. ketjun kasvun nopauden suhde terminaation
kokonaisuudessaan kahden tekijdn, initiaationopeuden ja y11% mainitun
vakion avulla, joita on erikseen tarkasteltu,

Kokeiden alussa todettiin, ettd katalyytin aktiivisuus pienenee,
mutta tuotejakautuma pysyy samana. Deaktivoituminen aiheutuu sellaisia
alueita myodostavista hif1td sisdltivistd yhdisteistd, joilla
initiaatio ei ole mahdollinen, Voimakas deaktivoituminen aiheuttaa
muutoksia myBs tuotejakautumassa, Td118in ketjun kasvun todenndkBisyys
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pienenge, mutta initiaationopeus pysyy vakiona. THmndn on tulkittu
aiheutuvan hijiliyhdisteistd, jotka ovat satunnaisesti jakautuneet
katalyytin pinnalla eivdtkd siten vafkuta initiaationopeuteen, vaan
estdvidt reaktion vdlimuotojen liikkuvuuden ja titen ketjun kasvun,
Tdmd csoittaa, ettd ketjun kasvuun tarvitaan suyrempi kokonaisuus
aktiivisia kohtia kuin initiaatioon,

Hiiliyhdizteitd muodostuu hitlimoncksidista nopeammin katalyy-
teilld, joissa on kantaja, kuin ilman sitd olevilla, Tdmd osoittaa
jdlleen, ettd ensiksi mainittujen katalyyttien hiiliyhdisteiden
Tiikkuvuus on helpompaa kuin jeljempdnd mainittujen. Tdma selittad
myds ., miksi kantajailisilla katalyyteil1d muodostuu enemmdn korkeampia
hiilivetyJd kuin ilman kantajaa olevilla,

Lasketut reaktiofrekvenssit ovat paljon alhaisempia kuin useim-
missa muyissa heterogeenisissd katalyyttisissd reaktioissa, Kokeissa,
Joissa katalyytti on synteesin jilkeen kHsiteTty vedyl1§ tai
heliumilla, on todettu, ettd katalyytin pinta om tiysin hiiltd
sisdltdvien yhdisteiden tai niiden vilimuotojen peittdmd. Nima
voivat joko desorboitua sellaisenaan, tai ne voidaan hydrata vedyn
avulia hiilivedyiksi. Kokeet osoittavat edelleen, ettd synteesin
aikana vain pieni osa katalyytin pinnasta on aktiivinen, mikd on
syynd alhaisiin reakticfrekvensseihin.

Fischer-Tropsch reaktio voidaan jakaa kolmeen vaiheeseen: ini-
tiaatio, ketjun kasvu ja terminaatio. Jokaisen vaiheen mekanismia on
tutkittu, On todettu, ettd imitiaatiossa dissosioitunut hiilimonok-
5idi reagoi adsorboituneen vedyn kanssa muodostaen CHx-ryhmﬁn.
Kineettiset tulokset voidaan tulkita reaktiomallin avulla, jossa
hiilen hydraus on nopeutta m#4¥ridvd askel. Happi konvertaituu ensisijai-
sesti vedeksi. MahdolTinen vesikaasureaktio aiheuttaa hiilidicksidin
muodostumisen.

Ketjun kasvu tapahtuu reaktion vElitykselld, jossa yhden hiili-
atomin sisd1tivd kompleksi Tiittyy kasvavaan hiiliketiuun. Todennd-
kdisin kompleksi on metyleeniryhmi,

Tuote sisH1tEE sekd olefiinejd ettd parafiinejd. Kineettiset tu-
Tokset oscittavat, ettd suurin osa parafiineistd on muodostunut
olefiineistd hydrausreaktion kautta, Tdysin mahdotonta ei ole, ettd
osa parafiineistd on muodostunut rinnakkain olefiinien muodostumisen
kanssa, Rinnakkaisreaktio on todenndkdisempt etaanin kuin propaanin

muedostumisessa,
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Samenvatting

Summary in Dutch

Sinds de energiecrisis van 1873 is de belangstelling voor steen-
kool als mogelijke energiebron en als grondstof in de chemische indu-
strie spel 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 ge-
baseerd op olie. Het voornaamste doel van dit proefschrift is de be-
studering van het mechanisme en de kinetiek van een indirecte methode
voor de conversie van koalstof naar koolwaterstoffen, nl. de hydro-
genering van koolmonoxyde ofwel de Fischer-Tropsch-synthese met ko-
balt katalysatoren,

De experimenten zijn witgevoerd in een propstroom-reactor onder
differentigle condities om belemmeringen van warmte- en massatransport
te minimaliseren, om nevenreacties te verminderen en om isotherme
condities te handhaven,

De bereidimg van de twee katalysatoren, zuiver kobalt en kobalt op
alumina-drager, door de reductie van de overeenkomstiige oxyden is be-
studeerd in de thermobalans, De reductie van het ongedragen kobalt-
oxyde met waterstof kan wordéen beschreven met een model, dat in de
reactie drie stappen onderscheidt: i) inductie, 1) versnelling en
iii) verval, In tegenstelling tot ongedragen kaobaltoxyden, die totaal
gereduceerd kunnen worden, is de maximale reductiegraad van kobalt-
oxyde op alumina beperkt tot ca, 90% voor reductie met waterstof bij
673 K.

De produktverdeling van de Fischer-Tropsch-reactie kan worden be-
schreven met de Flory-Schylz-vergelijking, die voor iedere koolstof-
fractie een constante verhouding tussen de snelheden van ketengroei
en van terminatie verconderstelt. De hele produktverdeling wordt be-
paald door twee parameters: de initiatiesnelheid (hoogte van de
Flory-1ijnen) en de Flory-constante (helling van de Tijinen). Beide
parameters worden in dit proefschrift besproken,



De daling van het niveau van de Flory-Tijnen zonder verandering
van de helling wordt toegeschreven aan de vorming van continue gebie~
den van koolstofhoudende deeltjes, die een deel van de reactieplaatsen
voor de initiatie bickkeren maar de produktverdeling niet beTnvloeden,
Dit gebeurt tijdens de activiteitsdaling in de eerste uren vam gen
experiment. Een sterke deactivering heeft ook veranderingen in de pro-
duktverdeling tot gevolg. Als de kans op ketengroei verminderd wordt
terwijl de inftiatiesnelheid constant b1ijft, interpreteren we dat
als de vorming van statistisch over het oppervlak verdeelde koalstof-
houdende deeltjes, die de initiatie niet beinvioeden maar de mobili-
teit van de intermediairen remmen en zo de ketengroei belemmeren. Dit
wijst erop dat voor de ketengroei een groter aggregaat van actieve
reactieplaatsen nodig 1s dan voor de initiatie,

D& vormingssnelheid van koolstofhoudende deeltjes uit koolmonoxyde
is veel groter op de gedragen dan op de ongedragen katalysator. We
veronderstellen dat dit te wijten is aan het feit dat de beweeglijk-
heid van de koolstofhoudende deeltjes op eerstgenocemde katalysator
net grootst is. Dit kan ook verkiaren waarem op de gedragen katalysa-
tor meer hogere koolwaterstoffen gevormd worden dan op de ongedragen
katalysator.

Da berekende reactiefrequenties ziin veel lager dan die welke voor
de megste andere heterogene katalytische processen worden gevonden.
Uit experimenten waarbij geadscrbeerde intermediairen en produkten
van het katalysatoropperviak desorberen door spoelen met helium of
waterstof, wordt geconcludeerd dat het katalysatoroppervlak bedekt is
met koolstofhoudende deeltjes die of als zodanig kunnen desarberen of
met behulp van waterstof omgezet worden in koolwaterstoffen en dan
desorberen, leze experimenten suggereren verder dat onder synthese-
condities het aantal van bepaalde reactie-clusters klein is en dat
daardoor de perekende reactiefrequenties laag zijn,

De mechanismen van de drie stappen van de Fischer-Tropsch-reactie
(initiatie, ketengroei en terminatie) zijn eveneens bestudeerd. Wij
concluderen dat initiaztie plaatsvindt door hydrogenering van opper-
vlakte-koolstof tot een LH -groep uit dissociatief geadsorbeerde
koolmonoxyde. Op bazis van de kinetische gegevens wordt sen model
voorgesteld waarin de hydrogenering van oppervlakte-koolstof de
snelheidsbepalende stap is. Zuurstof wordt voornamelijk in water om-
gezel. ten daarop velgende 'water-gas shift'-reactie kan de corzaak
zijn van de vorming van kleine hoeveelheden kooldioxyde.
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Ketengroei vindt plaats door additie van een complex met &n kool-
stofatoom aan een groeiende keten. De meest waarschijnlijke bouwsteen
ir een methyleen-groep.

In het produkt worden zowel olefinen als paraffinen gevonden. De
kinetische resultaten wijzen erop dat paraffinen voornamelijk gevormd
worder uit olefinen in een volgreactie. Maar enige vorming van paraf-
finen parailiel aan die van olefinen wordt niet uitgesloten en is voor
ethaan jets waarschiinlijker dan voor propaan.
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Statements

1, The mass spectrometric data cbtained by Tillmetz during the
Figscher-Tropsch synthesis under low pressure conditions can also
be explained without assuming aldehydes as products.

Tillmetz, K.D., Dissertation, Berlin (1576}

2. Goto et al, assert that in a trickle-bed reactor the reaction
rate is zero order in the liquid reactant, if the concentration
of this liquid reactant is much higher than that of the gasepus
reactant in the liquid phase. This assertion, hawever, is only
valid in very specific cases,

Goto, S., Levee, Jd., Smith, J.M., Catal. Rev. - S%c¢i. Eng.
lé, 187-247 (1977)

3. The absence of the kinetic isotope effect need not imply that
hydrogen is not involved in the rate determining step of a
heterogeneous 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, Eé’ 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/A1203 catalyst,

Kosugi, M,, Yoshizawa, T., J. dpn Pet, Inst., 21, 199-206
(1978)

5. The description of the hydration of sugars with the aid of a
Langmuir adsorption {sotherm /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)



10.

. Application of the relation given by 0lbrich and Potter for mass

transport to the wall 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, 0.E., Chem. Eng, Sci. 27, 1733-1743
(1972}

In the recent mechanism for the Fischer-Tropsch synthesis 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. %8,
§5-107 (1979)

2. Fischer, F., Tropsch, H., Ber. Dtsch. Chem, Ges. 53,
830-836 (1926)

1t the European Community reduced its oil imports this year by 5%
it would save § 4 billion, If the European Community spent 2
fraction of this amount to the know-how of catalytic conversion
of coal it could save several timeg more in imports,

. One way to judge the reliability of patents is to leok at the

publications of the authors,

A good promotor of the catalyst for the preparation af a thesis
is criticism,

Eindhoven, 7th Septembar 1979 A,0,I. Rautavuoma



