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OPSOMMING 

In hierdie ondersoek is die Fischer-Tropsch-sintese in 'n flodder-bed-reaktor 

met yster en kobalt as katalisatore ondersoek. Die reaksie is bedryf by 

kondisies wat die optimalisering van sintetiese was (dit wil se: hoe 

molekul6re massa versadigde reguitketting koolwaterstowwe) tot gevolg 

gehad het. In hierdie toepassingsveld van Fischer-Tropsch bestaan daar 

sterk aanduidings dat kobaltkatalisatore die potensiaal het om die huidige 

kommersiele ysterkatalisator te kan vervang. Hierdie moontlikheid bestaan 

egter nie in die geval van die alternatiewe Fisher-Tropsch toepassingsveld 

nie, te wete hoe temperatuur met optimale petrol-produksie as doel. 

Die hoofmotivering vir hierdie ondersoek was derhalwe om belowende 

kobaltkatalisatore met die huidige Sasol kommersiele lae temperatuur yster 

gebaseerde katalisator (te wete die Arge katalisator) in die flodder-bed- 

reaktor te vergelyk. Die flodder-bed-reaktor is verkies as gevolg van die 

oortuiging dat hierdie proses oor al die eienskappe beskik het om die 

kommersieel gevestigde vaste-bed-reaktor-tegnologie te vervang. 'n 

Opvatting wat in die tussentyd as korrek bewys is, met die kommersiele 

implementering van die SSBP ("Sasol Slurry Bed Process"). 

In hierdie vergelykende studie is daar veral klem gele op selektiwiteite en 

aktiwiteite, in die afwesigheid van massa-oordrag-beperkende faktore, as 

sintese parameters. Hierdie benadering het dan as resultaat dat die 

onderlinge katalisatore op 'n werklik intrinsieke sintese prestasie-basis 

vergelyk is. Sorg is aan die dag gele om die katalisatore nie simplisties teen 

mekaar op te weeg nie, maar elke katalisator se sterk punte is eers in isolasie 

bepaal. Onderskeid is derhalwe getref tussen reaktorkondisies wat die 

onderskeie katalisatore se sterk eienskappe aksentueer, inligting wat van 

belang is in die ontwerp van nuwe aanlegte. 

In die kinetiese ondersoek van die kommersiele ysterkatalisator is ondervind 
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dat studies van hierdie aard ingewikkeld is. Die rede hiervoor is dat newe 

prosesse, soos katalisator-oksidasie en koolstofafsetting (beperk tot 

reaktortemperature hoer as 250°C), te weeg bring dat die katalisator nie as 

onveranderlike beskou kan word nie. In sekere gevalle (bv. massa-fase- 

oksidasie, wat aanleiding gee tot verlaging van oppervlakte area) is hierdie 

veranderlikheid onomkeerbaar. Die gevolgtrekking is gemaak dat die bestaan 

van 'n algemeen geldende Fischer-Tropsch kinetiese vergelyking (gebaseer 

op Fe-houdende katalisatore) in twyfel getrek kan word. In hierdie 

vergelyking is daar dan ook bewys gelewer dat gepubliseerde aansprake vir 

die afleiding van sogenaamde verbeterde algemeen geldende 

snelheidsvergelykings, nie noodwendig bo kritiek verhewe is nie. Na 

aanleiding van 'n statisties gebaseerde Fisher-Tropsch kinetiese studie, is 

aangetoon dat tempo onderdrukking deur CO,, in die geval van yster- 

katalisatore, nie as betekenisvol geag hoef te word nie. 

In die geval van die kobalt gebaseerde kinetiese ondersoek, is bevind dat die 

afwesigheid van aspekte soos katalisator-oksidasie en koolstofafsetting, die 

aanvoeling sterk dat die gepubliseerde Satterfield-vergelyking we1 die belofte 

inhou om as algemeen geldend beskou te kan word. Die afwesigheid van 

water-onderdrukking op katalisator-aktiwiteit, word ondersteun en is 

waarskynlik die grootste enkele verskil tussen kobalt en yster. 

In die kinetiese vergelykende studie is die bevinding gemaak dat draer- 

ondersteunende kobaltkatalisatore we1 berei kan word met genoegsame 

spesifieke (per katalisatormassa) aktiwiteit, om gunstig met die kommersiele 

ysterkatalisator te kompeteer. 

Betreffende die selektiwiteitsondersoek is die klem geplaas op was- 

selektiwiteite (te wete 2 ClS23 vir reaktorwas en 2 C3,-,, vir harde was). 

Die gepubliseerde "dubbel a" model is as betroubaar bevind vir die akkurate 

ekstrapolasie van die maklik analiseerbare C, tot C,, produkfraksie na hierdie 

gewenste was-snitte. Met behulp van hierdie metode is die bevinding 
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gemaak dat vergelykbare was-selektiwiteite verkry kan word tussen kobalt 

en yster. Spekulatief kan daar gestel word dat was-selektiwiteite nog verder 

verbeter kan word in die geval van kobalt deur middel van reaktordruk en 

ruimtesnelheidmanipulasies, 'n opsie met verwagte minimale impak in die 

geval van yster. 

In die literatuur word die indruk geskep dat kobalt gebaseerde Fischer- 

Tropsch sintese aanleiding kan gee tot relatief hoe vertakkingsgrade, wat 

nadelig is vir hoe kwaliteit was. Hierdie indruk spruit egter uit normale druk 

toepassings en daar is aangetoon dat hoe vertakkingsgrade nie 'n 

karakteristiekisvan medium-druk-kobalt-Fischer-Tropsch nie. Dieverbeterde 

vorm van die gepubliseerde "non-trivial-surface-polymerization" model (soos 

afgelei in hierdie verhandeling) is 0.a. vir die onderskraging hiervan 

aangewend. Die model is egter ook suksesvol benut om groter duidelikheid 

te verleen aan die Fisher-Tropsch meganisme, deurdat dit gebruik is as 

instrument vir die konsolidasie van gepubliseerde individuele meganistiese 

waarnemings. 

Ter afsluiting kan daar dus gestel word dat daar voldoende inligting bestaan 

om aan te neem dat kobalt gabaseerde Fischer-Tropsch (lae temperatuur en 

medium druk toepassing, ideaal in die flodder-bed-reaktor) 

kommersialiseerbaar is. 
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ABSTRACT 

The Fischer-Tropsch synthesis over iron and cobalt based catalysts has been 

investigated in the slurry phase. Reaction conditions were restricted to 

those conducive for the optimum production of synthetic wax (i.e. high 

molecular weight straigth chain hydrocarbons). In this field of application of 

Fischer-Tropsch, strong indications exist to believe that cobalt does possess 

the potential of threatening to replace the current commercial iron based 

catalyst. This possibility is, however, limited to low temperature Fischer- 

Tropsch and is therefore not applicable in the case of high temperature 

Fischer-Tropsch (i.e. Synthol, where the optimum production of gasoline is 

paramount). 

The main objective of this investigation was thus the comparison between 

promising cobalt catalysts and the current Sasol commercial low temperature 

precipitated iron catalyst (i.e. Arge catalyst) in the slurry phase reactor. The 

slurry reactor was preferred because of the conviction that this mode of 

operation had all the attributes for replacing the mature tubular fixed bed 

reactor technology, a belief since then proven correct with the recent 

successful commercialization of the Sasol Slurry Bed Process (i.e. SSBP). 

In this comparative study, the emphasis was placed on selectivity and 

activity (in the absence of mass transfer limitations) as synthesis parameters. 

This approach guaranteed comparisons solely based upon intrinsic catalyst 

performance. Care was further exercised not to compare the various 

selected catalyst in a simplistic manner, but to rather have concentrated on 

the strengh of each individual catalyst. A distinction was therefore drawn 

between reaction conditions accentuating these strong characteristics, 

information believed to be of importance in the design of grass-roots plants. 

The kinetic investigations into ,the commercial iron based catalyst, revealed 

its complexity. The reason for this being that aspects such as catalyst 
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oxidation and carbon deposition (restricted to reactor temperatures higher 

than 250°C), renders the catalyst itself a variable. In certain instances (e.g. 

bulk phase oxidation resulting in the loss of surface area as a consequence 

of sintering) these catalyst changes are irreversible. The conclusion was 

reached that the existence of a generally valid iron based Fischer-Tropsch 

rate equation could be placed in doubt. In this regard published claims were 

re-examined, and through statistical analyses of these published data, the 

conclusion was reached that these published claims are not beyond criticism. 

As a result of this statistical approach the conclusion was made that H,O, 

and not in combination with CO,, inhibits the iron based Fischer-Tropsch 

reaction rate. 

The cobalt based Fischer-Tropsch kinetic investigation supported the 

conception that the absence of phenomena such as catalyst oxidation and 

carbon deposition, strenghtens the likelikhood of a generally valid rate 

equation. It is believed that the proposed equation , published by Satterfield, 

could satisfy this need. This equation supports the absence of Fischer- 

Tropsch reaction rate inhibition by water, the single biggest difference 

between iron and cobalt based Fischer-Tropsch. 

From a direct comparative kinetic study, the conclusion was made that 

supported cobalt catalysts could be prepared with sufficient specific (per unit 

catalyst mass) activity, in order to compete favourably with the current 

commercial iron based catalyst employed by Sasol. 

With respect to the product selectivity investigation, the emphasis was 

placed on wax (i.e. 1 in the case of reactor wax, and 2 C3,,, in the 

case of hard wax). The published "double a" model was selected as a 

reliable tool for accurately extrapolating from the readily quantitative 

analysable C, to C,, product slate to the desired wax cuts. This technique 

resulted in the deduction that similar wax selectivities are attainable with 

cobalt and iron. Speculatively, indications exist to believe that cobalt based 
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wax selectivities can further be improved (and tailored) through fine tuning 

reactor pressures in combination with space velocities, an avenue of 

anticipated limited impact in the case of iron. 

Published literature is also inclined to create the impression that relative high 

product branching degrees are inherent to cobalt based Fischer-Tropsch, 

thus negatively influencing wax quality. This perception stems from normal 

pressure Fischer-Tropsch operations. This investigation, however, 

underlined the notion that high branching degrees are only associated with 

normal pressure operation, and that branching degrees attained during 

medium pressure ( -  20 bar) cobalt based operation compares well with that 

of iron. The improved version of the published "non-trivial-surface- 

polymerization" model was used in support of this claim. This model was 

also successfully used in the elucidation of the Fischer-Tropsch mechanism, 

in the sense that it provided an ideal tool for the consolidation of published 

individual mechanistic observations. 

In conclusion it can be stated that enough information has been generated 

in order to assume that cobalt based Fischer-Tropsch (low temperature and 

medium pressure application, preferably in the slurry phase), is a viable 

commercial alternative to the Arge process. 
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CHAPTER 1 : INTRODUCTION 

1 .I FOSSIL FUEL AS ENERGY SOURCE OF THE MODERN DEVELOPED 

WORLD (A GLOBAL VIEW) 

Up to 1950 coal supplied in the majority of the world wide energy 

requirements, and also served as raw material for ,the chemical 

industry. With respect to the latter acetylene played a pivotal role as 

basic building block for the aliphatic chemical industry. 

With respect to the production of liquid fuel from coal the Bergius 

process (i.e. direct liquefaction, known since 191 3) dominated in the 

years prior to 1950. This process was carried out at high pressures 

(>  200 bar) in a hydrogen atmosphere at 450°C, where pulverized 

coal was liquefied with the help of ferric oxide as catalyst. During 

1943144 ten of ,these plants were in operation in Germany with a total 

production of 4,5 million tonnes of liquid fuels per year, having 

accounted for 88% of the total German synfuel production. 

Crude oil and natural gas have overtaken coal as the most important 

fossil energy source during the 1950's and provides currently (1 990) 

in + 65% of the global primary energy requirements (figure 1 .l) and 

in + 95% of the total demand for primary raw materials for the 

chemical industry, which only accounts for 5 - 8% of the total crude 

oil consumption. 



FIGURE 1.1 : GLOBAL 1989 ENERGY SOURCES DISTRIBUTION 

(% CONTRIBUTIONS TO PRIMARY ENERGY USAGE) 

COAL CRUDE OIL 40.3% 

NATURAL GAS 23.7% 

[(UN Energy Statistics Yearbook, 198931 

The reasons why crude oil and natural gas have overtaken the role of 

coal, are many-fold: 

i )  The cheap supply of crude oil and the well established refinery 

technology have almost made synthetic fuels redundant. 

ii) On average the energy content of 1 kg coal (=  7 000 k Cal) is 

comparable to .the energy content of -0.7 kg crude oil. 

iii) Coal is aromatic in nature, implying a H/C ratio that varies 

between 0.6 and 1 .I, which is too low for the chemical 

industries (requires H/C ratios between 2 and 3). This implies 

H, supplement, which is as a rule expensive. Crude oil, on the 

other hand, is very paraffinic in nature, thus resulting in more 

desirable H/C ratios (i.e. between 1.5 and 1.9). 



iv) The transportation of a crude oil and natural gas (not located 

in remote areas) is easier than 'that of coal. 

V) Oil and gas reserves can be stored easier. 

vi) The coal mining industry is very labour intensive. 

Where the coal based chemistry (i.e. coal-chemistry) was largely 

based on acetylene as the basic building block, the crude oil and 

natural gas based chemistry (i.e. petrochemistry) is alkene based. 

The main problems, however, wi th crude oil in particular is: 

i The world's remaining oil reserves are unevenly distributed. 

ii) Reserves are limited. 

TABLE 1.1 : WORLD DISTRIBUTION OF PROVEN CRUDE OIL AND NATURAL GAS 

RESERVES [(OGJ Special, I 991 ) I  

This situation was exploited by OPEC during the well-documented 

global oil crisis of 1973, and resulted in extensive oil explorations, 

which have reduced OPEC's control of crude oil prices after 1979. 

Russia 

USA 

OPEC 

Persian Gulf 

OPEC Members 

1990 PERCENTAGES 

OF RECOVERABLE 

CRUDE OIL RESERVES 

6 

3 

78  

65 

1988 PERCENTAGES 

OF RECOVERABLE GAS 

RESERVES 

38 

4.9 

3 6  

27 



Non-OPEC nations are, however, nowadays producing at, or near to, 

peak capacities, and many of the largest fields are declining. While 

it is believed that there is still a substantial amount of crude oil 

undiscovered, it is likely to occur in smaller accumulations ( <  3000 

million tonnes) that are more widely scattered. 

Based upon 1991 predictions, only 15% of proven oil reserves and 

23% of projected remaining recoverable oil are located in the western 

hemisphere. But even worse, 75% of the world's proven oil reserves 

have a production cost lower than US $4/barrel, of which 90% is 

situated in the Middle East. 

OPEC's share of world total crude oil production is not yet (1 991) 

dominating, but nevertheless on the increase. This process seems 

irreversible seeing 'that OPEC controls well over half (78% in 1990) 

of the world's remaining conventional oil. 

Despite all the strategic considerations it is nowadays said that 

exploration and technology development has kept up with 

consumption over the last two decades, thus ensuring a guaranteed 

constant future crude oil supply of -40  years. This is a somewhat 

dangerous supposition, and was assisted by the levelling off of the 

total annual crude oil consumption of k 3 000 million tonnes during 

the last decade [(Riva,1991)]. It must be remembered that the main 

consumer of fossil fuels is the developed industrialized world. 

Sleeping giants, (e.g. China) are awakening, and although China is 

currently only contributing k 10% to the total CO, emission (as 

measured against 24% of the USA), the situation is prone to change 

markedly in future. 

The following two scenarios are therefore expected to unfold in the 

not too distant future. 



i) In anticipation of the expected future unpleasantries associated 

with crude oil reserves, the liquefaction of natural gas could 

gain prominence also to assist with transportation of this fossil 

fuel source, seen that natural gas fields are often to be found 

in remote areas. 

ii) 'The magnitude of scale concerning the modern world's total 

energy requirement ([I  x x 7 000 k Callyear)* is simply 

such that talk of future renewable sources, how well intended, 

are prone to fall short in supplies. It therefore seems very likely 

that coal might again start playing a dominant role as fossil fuel 

within 40 years time. 

Signs that the scenario spelled out under point i) has already taken 

effect, could be read in current developments occurring in Qatar and 

Malaysia. Both countries are likely to run out of recoverable crude oil 

reserves shortly, but both countries are blessed with significant 

recoverable natural gas reserves (table 1.2). 

figure derived from the estimates that: i)The Global anual crude oil consumption amounts to -3000 million tonnes, and ii)Crude 
oil contributes 40% to the global primary energy usage 



TABLE 1.2: CRUDE OIL AND NATURAL GAS SITUATIONS OF QATAR AND 

MALAYSIA [(OGJ Special,l991 )I 

Qatar has ventured into a joint research programme with the 

University of Karlsruhe (Germany) in order to establish the viability of 

indirect liquefaction of natural gas via the Fischer-Tropsch process. 

Shell, on the other hand, has commissioned a Fischer-Tropsch plant 

comprising of 4 reactors, with an estimated capacity of 0.47 million 

tonnes per year[(van Wechem,l990)1, at Bintulu (Malaysia). This 

plant came on stream during the last quarter of 1 992[(Sie,1 991 )(van 

Wechem,l990)1. Future SHELL middle distillate plants are envisaged 

with production capacities of 2.5 million tonnes per year[(van 

Wechem,l990)1. 

This trend is further strengthened by the belief that alternative 

PREDICTED 

REACH 

2009 

2003 

1990 CRUDE OIL 

PRODUCTION 

19 x I O6 tonnes 

30 x I Oe tonnes 

Qatar 

Malaysia 

1990 

RECOVERABLE 

CRUDE OIL 

RESERVES 

355 x 1 O6 tonnes 

395 x I O6 tonnes 

1988 PERCENTAGES OF 

WORLD RECOVERABLE 

NATURAL GAS RESERVES 

4.2 

1.4 

Qatar 

Malaysia 

1990 PERCENTAGES OF 

WORLD RECOVERABLE 

CRUDE OIL RESERVE 

0.3 

0.3 



synthetic fuel producing processes, do not compete with Fischer- 

Tropsch at this stage. In this regard the following alternatives could 

be mentioned: 

i) Direct liquefaction (i.e. Bergius process) still requires 

high pressure and temperatures. 

ii) Mobilrs Methanol 10 Gasoline (i.e. MTGI process, where 

methanol is synthesized from syngas over an oxidized 

catalyst (e.g. ZnO/Cr,O,, CuO/ZnO) to very high 

selectivities, whereafter liquid fuel is produced by 

passing methanol over zeolite as catalyst (i.e. HZSM-5). 

This product is highly branched as well as rich in 

aromatics, and contains no diesel. A plant was 

commissioned in New Zealand, but the process was also 

not economical and could only be kept in operation with 

financial support from the New Zealand government. 

Methanol as an end-product, thus a fuel, should not be 

ruled out as a future option. 

iii) The oxidative coupling of methane into useful products 

(i.e. ethene or propene) as chemical building blocks or 

the production of liquid fuels via ethene oligomerization, 

has received accelerated research attention since 

1 982[(Bhasin,l 993)]. Commercialization of this simple 

and highly attractive reaction is plagued by low CH, 

conversion levels and thus modest C, yields. This is a 

consequence of the necessity of employing less than 

stoichiometric O,/CH, ratios in order to minimize 

complete oxidation[(Tonkovich, I 99311. The C, yields are 

typically 20% for the most active and selective 



catalysts[(Hutchings, 1989)], rendering this option only 

marginally feasible from a commercial point of view. It 

is, however, believed that the development of active and 

selective catalysts that will permit operation at 400 - 

600°C (current reactor temperatures are in excess of 

700°C), could make this process a commercial reality in 

another decade or so[(Bhasin, 1 993)(Hutchings, 1 989)l. 

In contrast to the above-mentioned alternatives, Sasol is 

currently offering a Fischer-Tropsch based synfuel plant, 

(operating on natural gas) with a total capacity of 2,5 million 

tonnes syncrudelyear. The claim is made that this plant will be 

economic  a t  a c rude  o i l  p r i c e  above US 

$23/barrel[(Geertsema, 1 990)l. 

1.2 A REVIEW OF THE FISCHER-TROPSCH PROCESS 

1.2.1 Historical development 

S e v e r a l  b o o k s  a n d  r e v i e w  a r t i c l e s  

[ (Anderson, l  9 5 6 , l  953) (B i loen,  1 9 8 1  ) ( D r y ,  1 9 8 1  a, 1 9 7 6 )  

(Fischer, 1 943)(FrohningI1 977)(Janardanoroa, 1 990)(Kolbel, 1 980) 

(OlivB, 1 984) (Pichler, 1 970,1956,1952a)(Ponec1 1987)(Storch, 1 951 ) 

(Vannice,1976)] have already been published on this topic, and a 

great deal of background information is interwoven in the text of the 

ensuing chapters of this publication. 

The primary driving force behind this process has always been the 

production of liquid fuels. The realization that the era of cheap fuel 

might very well end forever within -30 years time, has compelled 

international oil companies to seriously reconsider the Fischer-Tropsch 

process again. In this regard mention can be made of 



EXXON[(Harrison,198911, IFP[(IFP,1991 )I, MOBIL[(Haag,l990)], 

SHELL[(de Jong, 1986)1, and STATOIL[(Eri, 1 98711. 

Great discoveries in chemistry are often the consequence of 

accidental observations. But not so with the Fischer-Tropsch 

synthesis. When the "Kaiser Wilhelm lnstitut fiir Kohlenforschung" 

in Mulheim-Ruhr, Germany was founded in July 1913, and 

inaugurated in July 1914 with Franz Fischer as its first manager, the 

general idea of producing oil from coal was already taken into 

consideration[(Pichler, 1 967a)l. 

The extreme heterogeneous nature of coal was acknowledged by this 

institute and serious attention was given to first convert coal to 

syngas (i.e. H, + CO), whereafter these building blocks were to have 

been used as starting material in order to synthesise economically 

attractive products. Attention was, for instance, given by Fischer and 

Lieske[(Fischer,1927)1 to bacteriologically convert syngas to 

hydrocarbons, but methane was the only product produced. The 

synthesis of methane from syngas was at that stage already reported 

by Sabatier and Senderens in 1 902[(Sabatier,l 902)l  over nickel as 

well as cobalt catalysts. This avenue was therefore not further 

pursued, seeing that the objective was the production of 

hydrocarbons (as a substitute for natural gasoline) from syngas. 

Attention was thus shifted to work patented by BASF in 191 3, viz the 

production of oxygenated derivatives of hydrocarbons from syngas 

under high pressure with alkali activated cobalt and osmium oxide 

catalysts. Although the oxygenated nature of the products was not 

the desired objective set by Fischer, it was decided that the Kaiser 

Wilhelm Institute would repeat and further develop the BASF patents, 

work abandoned by BASF. The production of oxygenated 

hydrocarbons (known as Synthol) from syngas at > 100 bar and 



400°C with alkali treated iron shavings as catalyst, was disclosed by 

F i s c h e r  a n d  T r o p s c h  i n  1 9 2 3 / 2 4 ,  as  p u b l i s h e d  

[(Fischer, 1 923) (Fischer, 1 924)] in the journal "Brennstoff-Chemie" 

which was founded by Fischer in 192O[(Pichler,1967a)]. It was later 

accepted[(Fischer,l943)1 that increased reactor pressure on metal 

oxide catalysts (including iron) is beneficial for oxygenate synthesis. 

Shortly hereafter (i.e. 1925) Fischer and Tropsch[(Fischer,l925)] 

succeeded in synthesizing small amounts of ethane and higher 

hydrocarbons at 1 bar and 370°C on a Fe,O,/ZnO catalyst, which 

marked the birth hour of the Fischer-Tropsch synthesis. 

An important prerequisite for the Fischer-Tropsch synthesis was 

therefore established with this historical development, viz: the 

hydrocarbon nature of the products. 

Fischer and Tropsch also made mention of the fact that the Fischer- 

Tropsch process (referred to  as the gasoline process) is not to  be seen 

as a very selective synthesis, in that a wide array of saturated as well 

as unsaturated aliphatic hydrocarbons, ranging from methane to  solid 

paraffins were observed[(Fischer, 1 935)l. The phenomenon turned out 

to  be another inherent characteristic of the Fischer-Tropsch process, 

and it is currently generally accepted that a step-wise polymerisation 

mechanism is responsible for this observation. 

Poisoning of catalysts by sulphur containing syngas was also already 

known in 1924  with respect to  the so-called Synthol 

process[(Fischer,1924)1. This effect was also acknowledge with 

respect to the Fischer-Tropsch synthesis[(Pichler,l967a)1. 

The most pressing problems that Fischer and Tropsch, and later 



Fischer, Meyer, Koch, and Roelen (after Tropsch left the institute in 

1928), faced were[(Pichler, 1 967a)l: 

i) Iron based catalysts with very low activities 

ii) Rapid deactivation of iron based catalysts (i.e. life spans of 

only 8 days were experienced[(Fischer,l 939a11). 

If it is remembered that all the earlier experiments were limited to 

atmospheric pressure operation, these two worrying observations are 

still believed. lron based Fischer-Tropsch reaction rates are almost 

directly proportional to the operating pressure[(Anderson,l956)], 

whilst the rationalization of rapid deactivation associated with iron 

based normal pressure Fischer-Tropsch synthesis is still receiving 

attention[(Eliason, 1991 )(Dry, 1 969a)l. 

What is a bit puzzling of the earlier (prior to 1936) work performed by 

Fischer and co-workers, is the result that medium reactor pressures 

(i.e. 10 to 15 bar) were not desirable[(Fischer,l939a)]. It was 

concluded[(Fischer,1927)1 that the attempt to investigate the 

transition from the gasoline synthesis (1 bar operation) to Synthol (>  

100 bar operation), turned out to be negative for the gasoline 

synthesis (i.e. Fischer-Tropsch). The activities at 10  to 15 bar 

operation must have been very disappointing, and it was speculated 

that hydrocarbons were retained strongly at medium pressures (i.e. 

catalyst fouling). The products of medium pressure operation were 

furthermore high in oxygenate content, explained in terms of 

secondary reactions of these assumed retained hydrocarbons. This 

work was repeated by Fischer and Kuster[(Fischer,l933)1 in 1933, 

having used the liquid phase operation. The results obtained during 

this repeat study supported the earlier conclusions, and it was 

emphatically stated that the Fischer-Tropsch synthesis is to be 



regarded as an independent reaction only to be performed close to 

atmospheric reactor pressures. 

Further immediate research (1930 - 1936) was thus limited to 

atmospheric pressures. Having established that iron based catalysts 

suffer from low activities as well as rapid deactivation under this 

constrain, attention was focused on the development of high activity 

catalysts in order to render the process commercially attractive. 

Nickel and cobalt based catalysts were considered and ,thousands of 

preparation techniques combined with catalyst compositions were 

investigated[(Pichler,I 967a)l. In time nickel too was discarded 

because of its very high tendency to produce methane and also 

because its activity declined due to loss of nickel from the reactor as 

nickel carbonyl[(Dry,l981a)l. Cobalt, on the other hand, showed 

promise as a normal pressure Fischer-Tropsch catalyst because of the 

following characteristics: 

i 1 Cobalt is significantly more active than iron at atmospheric 

pressure operation[(Dry, 1 969a)(Anderson, 1 956)l and similar 

temperatures. 

ii) It is nowadays known that with cobalt based Fischer-Tropsch 

catalysts, more drastic changes in selectivity are produced by 

increasing the pressure from atmospheric to the medium 

pressure range (i.e. 5 to 15 bar), than by changing the amount 

or type of promoters or supports[(Anderson,l956)1. An 

increase in reactor pressure results in an increase in the 

average molecular weight of the hydrocarbon products. Seeing 

that Fischer's group a t  the Kaiser Wilhelm Institute had as its 

goal the optimization of gasoline, high molecular weight 

hydrocarbons were undesired, thus favouring normal pressure 

cobalt based Fischer-Tropsch. 



i i i )  Chain branching increases generally with decreased reactor 

pressure[(Schulz,l977a)]. This effect plays a significant role 

in cobalt based Fischer-Tropsch between 1 and 9 

bar[(Rosch,l980)]. In the case of low temperature cobalt fixed 

bed operation at 1 bar the number of tertiary carbon atoms per 

1000 C-atoms compares well with the current high temperature 

iron based fluidized bed process (e.g. Sasol Synthol), implying 

relative high octane numbers, an advantage if gasoline 

production is the objective. 

Having stated that cobalt does not show great sensitivity towards the 

possible effects of chemical promoters, structural promoters (i.e. Tho, 

and MgO) were considered in this cobalt catalyst optimization 

programme between 1930 and 1936 in Germany. 

With precipitated cobalt1kieselguhr catalysts it was shown that the 

Fischer-Tropsch activity reached a maximum at a composition of 189 

Tho, per I OOg Co[(Fischer,l932)1. Ruhrchemie replaced the thoria 

partly with magnesia because of the high price of thoria. The best 

composition was found to be 1009 Co15g Th02/8g Mg01200g 

kieselguhr[(Frohning,1977)1, and it was observed that MgO had the 

additional advantage of mechanically strengthening the precipitated 

catalyst[(Storch,l951 )(Anderson,1956)]. Replacing, however, all the 

thoria with magnesia was not recorr~mended because of difficult fixed 

bed reactor temperature control because of too high activities. 

In 1936 the first four Fischer-Tropsch production plants were 

commissioned in Germany by Ruhrchemie operating with the above- 

m e n t i o n e d  o p t i m i z e d  c o b a l t  c a t a l y s t  a t  n o r m a l  

pressure[(Martin, I 93711. 

The next significant improvement resulted directly from Pichler's 



involvement. Pichler joined the Kaiser Wilhelm Institute in 1927, and 

was given control of the gasoline synthesis Pilot Plant in 1934 as a 

result of Roelen's departure to Ruhrchemie[(Pichler, 1 956)l. During 

1 936[(Fischerr1 939a)l Pictller discovered the so-called poly-methylene 

process, as published in 1 938[(Pichlerr1938)]. With ruthenium as 

catalyst high molecular weight (> 1000000[(Schulz,1977b)]) wax 

(congealing points of 1 32°C[(Fischer,l 939a)l) was obtained as the 

product of syngas a t  low temperatures (100 - 195OC) and high 

pressures (1 00  a 2000 bar). Ruthenium proved itself as a very active 

catalyst (i.e. in comparison to Co an Fe), with long lifetime (> 1 

month) of continuous operation without observable deactivation. 

This experience (i.e. the discovery of the polymethylene synthesis) 

inspired Pichler[(FischerIl939a)] to take another look at medium 

pressure cobalt based CO hydrogenation to produce gasoline, not 

(strictly speaking) to be referred to as part of the Fischer-Tropsch 

process, because of Fischer and Tropsch's firm believe that 

hydrocarbons will only be produced at 1 bar operations. This 

endeavour of Pichler resulted in the "surprising" result that reactor 

pressures ranging from 10 - 20 bar[(Pichler,l967a)] is to be 

considered as optimum with respect to wax yield and catalyst 

lifetime. The latter was explained in terms of the higher yield of liquid 

products (at synthesis conditions) continuously re-activating the 

catalyst through the process of extraction[(Pichlerll 956)l. Higher 

pressure operation ( > 50 bar[(Fischer, l943) l )  resulted in catalyst 

deactivation, probably via the formation of cobalt carbonyls. At 150 

bar operations ( -200°C) cobalt carbonyls reached detectable 

levels[(Fischer, 1 939a)l. 

Pichler and Fischer succeeded in extending the so-called Medium- 

Pressure-Synthesis to include iron based catalysts[(German 

p a t e n t t l  9 3 7 ) l  b y  m e a n s  o f  s p e c i a l l y  p r e p a r e d  



catalysts[(Pichler,l956)]. Activity and lifetime wise, these catalysts 

were on par with the commercialized cobalt based 

catalyst[(Pichler,l967a)], but outperformed cobalt with respect to 

cost and higher degree of unsaturation (i.e. increased octane number). 

Despite apparently successful Pilot Plant iron based Medium-Pressure- 

Synthesis tests performed at Schwatzheide in 1943, iron did not 

replace cobalt in the synthetic gasoline production plants during the 

war[(Dryr1981 a)]. 

After the war the two German firms Ruhrchemie and Lurgi formed an 

Arbeidsgemeinshaft (ARGE), which further optimized the fixed bed 

precipitated iron Medium-Pressure-Synthesis catalyst (preparation 

published by Frohning et. al.[(Frohning,l97731) to produce high yields 

of wax. In the USA several firms developed fluidized bed reactors, 

which had as objective high gasoline yields to be achieved also with 

the iron-based (i.e. fused and milled) Medium-Pressure-Synthesis. 

These developments formed the bases on which the synthetic fuel 

industry in South Africa was launched. 

Although the so-called Medium-Pressure-Synthesis process, initially 

discovered by Pichler and Fischer[(Malan,l961)], lost its distinction 

as a separate process to the one discovered by Fischer and Tropsch, 

Dry[(Dryr1969a)] did pay his respect to Pichler's contribution by 

having proposed that there exists enough justification to rename the 

current commercial Sasol processes as Fischer-Pichler, in solidarity 

with Schulz~s[(Schulzr1977a)1 appeal that Pichler's contribution 

should not be forgotten as a result of the universal acceptance of the 

name: Fischer-Tropsch. 



Definition of the Fischer-Tropsch synthesis 

From the previous section it should be clear that the Fischer-Tropsch 

process has never been defined properly, which allowed for the 

inconsistent use of the term "Fischer-Tropsch synthesis". 

This state of affairs implies that it is not simple to define the domain 

of the Fischer-Tropsch synthesis[(Schulz,l977a)]. In line with the 

initial objectives set by Fischer it must involve the catalytic 

hydrogenation of CO with Hz, to be distinguished from methanation. 

The products could be defined as a mixture of predominantly linear 

alkanes and alkenes, with the product distribution (with respect to 

chain length) displaying a recognizable pattern[(Biloen, 1 981 )]. 

Alcohols, if formed as by-products, should be predominantly primary 

n-alcohols. It can be added that the recognizable pattern is to be 

brought about by a type of polymerization process[(Schulz,l977a)]. 

With respect to the other extreme of methanation, which can be 

described as polymerization without termination[(Oliv6,1984)1 (i.e. 

polymethylene over Ru), one might argue that this process is not to 

be regarded as a member of the Fischer-Tropsch syntheses, motivated 

by the fact that the initial objective was gasoline production. Seen, 

however, in the light of the fact that medium pressure and low 

temperature (Fe and Co based) applications results in significant wax 

yields, the polymethylene process is to be considered an integral part 

of the family of Fischer-Tropsch reactions. 

Schulz[(Schulz,1977a)1 regards the sensitivity of Fischer-Tropsch 

catalysts towards sulphur poisoning also as a generality, thus an 

integral characteristic to be included in the definition. In this respect 

the reaction between CO and H, over oxide catalysts (e.g. Tho,) at 

high temperatures and pressures (i.e. 450°C and 500 bar), producing 

highly branched hydrocarbons (i.e. isobutane and isopentane), is not 



to be regarded as a Fischer-Tropsch reaction. This reaction was also 

discovered by Pichler and Fischer during the start of World War II, as 

published in 1 949[(Pichler, 1 949a) (Pichler, 1 949b)I. This process thus 

distinguishes itself from Fischer-Tropsch in that it is not being 

poisoned by sulphur[(SchuIz, 1977a)l. 

The well known heterogeneous Fischer-Tropsch catalysts (i.e. Fe, Co, 

Ru) are all capable of splitting the CO bond. Co and Ru, however, not 

at room temperature, in contrast to Fe[(Broden,I 976)l. It is believed 

that this hydrogenolysis capability is a prerequisite for chain growth 

(i.e. polymerization). This metallic component (i.e. heterogeneous) of 

Fe, Co and Ru (allowing for molecular as well as dissociative CO 

chemisorption) is therefore believed to be a facilitator for chain 

prolongation, a characteristic absent in homogeneous systems (i.e. 

organo-metallic complexes) which only allow for molecular CO 

adsorption[(Olive,l984)]. The fact that homogeneous systems have 

thus far failed to produce significant amounts of hydrocarbon chain 

growth[(Olive,1984)1, is thus seen as additional support for 

postulating that CO hydrogenolysis is a next prerequisite of the 

Fischer-Tropsch process. 

The OX0 reaction (i.e. hydroformulation .: alkenes + CO + H, -. 

a ldehydes)  as acc iden ta l l y  d iscovered  b y  Roelen 

[(Roelen, I 948)(Franck, 1 979)l in 1 938, whilst searching for the 

synthesis of hydrocarbons in homogeneous media, is thus to be ruled 

out as a Fischer-Tropsch reaction. 

The selective production of CH30H from a syngas with a H,/CO ratio 

of 2 over oxidized catalysts (e.g. ZnO/Cr203 at 250 - 350 bar and 300 

- 400°C, or CuOIZnO at 50 - 100 bar and 220 - 270°C) 

[(Olive,I 984)1, is also not part of the Fischer-Tropsch family of 

reactions, because of a combination of reasons, viz: 



i The absence of homologation. 

ii) The absence of non-dissociative chemisorption of CO. 

iii) The high oxygenate content of the product. 

To summarize, the Fischer-Tropsch reaction can be defined 

as[(Schulz, 1 97811: 

i) The (heterogeneous?) catalytic hydrogenation of CO through a 

mechanism that includes the hydrogenolysis of the carbon- 

oxygen bond, without excluding the possibility of molecular CO 

chemisorption resulting in chain growth via CO insertion. 

ii) Chain growth is to be related with a type of polymerization 

process, thus adding a non-selective component to the 

process. The products being predominantly hydrocarbon. 

iii) The process should be highly sensitive towards sulphur 

poisoning. 



1.2.3 'Thermodynamics in Fischer-Tropsch 

It is well-known that under normal Fischer-Tropsch synthesis 

conditions (i.e. 1 80°C - 340°C and 1 bar - 50 bar) the actual 

selectivities found in practice is very different from that expected from 

thermodynamic equilibrium calculations[(Dry, 1981 a)]. 

As an example in order to illustrate this observation, Christoffel et. 

al. [(Christoffel, 1978)] have calculated the thermodynamic equilibrium 

Fischer-Tropsch product spectrum for 327OC, 16 bar and a feed gas 

consisting of CO + H, with ratio: H,/CO = 2.0. Dry[(Dry, 1981 a)] 

has combined these results with a typical product spectrum that could 

be expected over an iron based catalyst under similar conditions. 

Table 1.3 was published[(Dry, 1 981 a)]: 

TABLE 1.3: A COMPARISON BETWEEN THE THERMODYNAMIC STABLE 

FISCHER-TROPSCH PRODUCT SPECTRUM AND A TYPICAL 

EXPERIMENTALLY EXPECTED PRODUCT SPECTRUM AT THE 

FOLLOWING CONDITIONS: 327OC, 16 BAR, AND SYNGAS FEED 

WITH RATIO: H,/CO = 2 

COMPOUND 

(mass ratios) 

CH4/(C2' + C,) 

CH4/(C3' + C,') 

C2-/C, = 

C3-/C3 = 

TYPICAL IRON 

BASED 

PRACTICAL 

SELECTIVITY 

1.3 

0.7 

1 .O 

0.2 

THERMODYNAMIC EQUILIBRIUM 

SELECTIVI'TIES 

No carbon 

deposition 

17 708 

84 953 276 

56 471 

1 818 

With carbon 

deposition 

24 590 

161 215 782 

62 887 

2 163 



From table 1.3 it follows clearly that the formation of methane is 

strongly favoured thermodynamically as compared with chain 

prolongation. In practice, however, it is possible to suppress this 

reaction very effectively, particularly with iron based catalysts, where 

an overall CH, mass % selectivity of - 10 is to be expected for the 

conditions listed in table 1.3. 

An additional reaction that is also thermodynamically strongly 

favoured during Fischer-Tropsch synthesis conditions, is free carbon 

formation via the Boudouard reaction, as is illustrated in table 

1 .4[(Schulz, 1 978)l. 

TABLE 1.4: REACTION GlBBS FREE ENERGIES FOR SELECTED REACTIONS AND 

DISTINCT TEMPERATURES COMMON TO THE FISCHER-TROPSCH 

SYNTHESIS 

From table 1.4 it can be concluded that the experimental observation 

that free carbon deposition is almost negligible in comparison to 

REACTION 

CO + 2H2 * -CH2- + H20 

(i.e. representative of Fischer-Tropsch) 

CO + 3H2 * CH, + H20 

2C0 * C + C02 

REACTION GlBBS FREE 

ENERGY 

AG ( kJ/mol ) 

20 bar 

350°C 

-33 

-1 03 

-78 

1 bar 

150°C 

-53 

-115 

-98 

250°C 

-26 

-91 

-80 

350°C 

1.5 

-7 1 

-62 



hydrocarbon production during normal Fischer-Tropsch 

synthesis[(Satterfield, 1 984)], implies that the Fischer-Tropsch system 

is also capable of suppressing the Boudouard reaction effectively. 

The high degree of olefir~ity observed during practical Fischer-Tropsch 

synthesis, especially iron based, is also in contrast with 

thermodynamic calculations (refer table 1.3). 

All these examples, relating to products formed directly from syngas, 

serve as convincing proof of the conclusion that thermodynamic 

equilibrium calculations are not successful in representing 

experimental Fischer-Tropsch product compositions. 

This deduction also applies to secondary reactions[(Schulz,l978)1, 

e.g.: 

i) Hydrogenolysis/Hydrocracking: Thermodynamically all 

paraffins can react with Hz to give methane as a product of 

hydrogenolysis (e.g. C,H,, + Hz + CH, + C,H,). This reaction 

i s  s t r o n g l y  i n h i b i t e d  b y  t h e  p r e s e n c e  o f  

CO[(Frohning,l 977)(Pichler, 1 938)(1Vovak, 198411. 

ii) All hydrocarbons in the range of reaction conditions of the 

Fischer-Tropsch process are thermodynamically unstable 

against decomposition to carbon and hydrogen. 

iii) a-olefins are thermodynamically unstable against hydrogenation 

up to very high temperatures. 

iv) Double bond migration in olefins is generally thermodynamically 

possible under all Fischer-Tropsch reaction conditions. 



V) The reaction of skeletal isomerisation of e.g. n-butene-I to iso- 

butene is also thermodynamically possible. 

None of these above-mentioned five secondary reactions are 

prominent during practical Fischer-Tropsch reactions. 

Thermodynamic equilibrium considerations are, however, successful 

in determining the ratio between I-alcohols and aldehydes of the 

same carbon number, an interconversion reaction which is usually fast 

in practical Fischer-Tropsch systems. 

Thermodynamic equilibrium calculations are also useful in predicting 

certain trends. The formation of CH, groups of aliphatic molecules 

from syngas is possible up to 346OC at 1 bar, and up to 506OC at 20 

bar[(Schulz,1978)]. Below 400°C the chain length of the Fischer- 

Tropsch products is expected to increase with decreasing 

temperature. The reason for this being that the equilibrium constant 

(i.e. K,) for the reaction : nCO + 2nH2 * (-CH2-), + nH20, increases 

with increasing value of n for reaction temperatures lower than 

400°C[(Oliv6,1 984)l. This is in line with practical Fischer-Tropsch 

experience, viz. the lower the reaction temperature the higher the 

average molecular weight of the Fischer-Tropsch products. 

Another important thermodynamic conclusion of the Fischer-Tropsch 

process is the fact that this synthesis is strongly exothermic, evolving 

some 146 - 176 kJ Der mol of CO converted [(Storch,l951) 

(Oliv6,1984)]. This implies that heat removal is a very important 

factor in Fischer-Tropsch process design. 

PROBLEM DESCRIPTION OF THIS THESIS 

Global dependence on liquid fuels is of such proportion that 
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alternative sources are prone to fall short in supplies. Crude oil 

reserves associated with low production costs are limited, implying 

that natural gas liquefaction is expected to gain prominence in the not 

too distant future. In this regard the Fisher-Tropsch synthesis has 

already been identified (despite the handicap of expensive synthesis 

gas production [(Dry, 1990b)(Sie,l991)1) by major international oil 

companies as an important role player. This, in itself, justifies Fisher- 

Tropsch research in this day and age. 

With respect to gasoline production (i.e. the initial objective set by 

Fischer) it is believed that Sasol has "perfected" the art by means of 

high temperature medium pressure iron based Fischer-Tropsch 

synthesis (i.e. the Synthol process). This application completely 

sideline the normal pressure low temperature cobalt based alternative 

as practiced during World War !I, and it is firmly believed that cobalt, 

or any other group Vlll metal, holds no future threat for replacing iron 

in this application. The Synthol products are rich in olefins 

[(Dry,I 981 a)(Schulz,I 978)l rendering it an ideal launching pad for a 

strong chemical division. 

With regard to the alternative application of Fischer-Tropsch, viz. 

middle distillate production (i.e. wax optimization), it is believed that 

cobalt holds the potential of replacing the current commercial iron 

based Arge catalyst. This notion is to be seen as the main motivation 

for having undertaken this investigation. The slurry reactor was 

preferred because of the additional conviction that this mode of 

operation had all the attributes for replacing the mature tubular fixed 

bed reactor technology, a belief since then proven correct with the 

successful commercialization of the Sasol Slurry Bed Process. 

This investigation was therefore restricted to low temperature 

(i.e. 200 ++ 250°C) applications, where the emphasis was placed on 



high wax yields (i.e. high molecular weight normal parrafins) 

This wax is commercially used in the production of a variety of 

materials, e.g. petroleum jellies, crayons, lubricants and plasticisers, 

printing ink, hot melt adhesives, hand creams, and even chewing 

gum. The use of Fischer-Tropsch wax in the food industry is allowed 

since it is entirely free of aromatics, important from a health regulation 

point of view. 

The straight chain nature of the low temperature Fischer-Tropsch 

products also implies a high quality diesel fuel. If diesel production is 

the objective, maximizing on wax selectivity is also the way in which 

to achieve this goal. Low temperature Fischer-Tropsch wax boiling 

above 350°C could be hydrocracked to extinction yielding 15% 

gasoline and 80% diesel fuel[(Dry,I 987b)l. The overall diesel fuel to 

gasoline ratio can be as high as 75/25, and the final diesel fuel pool 

has an excellent cetane number. The absence of aromatics, as well 

as the absence of both S and N containing compounds make such a 

fuel premium grade with respect to exhaust emission. It has also 

been proven that particulate emissions from Fischer-Tropsch diesels 

are less than for crude oil based diesels[(Geertsema,1990)1. The Shell 

Middle Distillate Process is similar in concept[(Sie,l985)1 to the 

outline provided in this paragraph. 

The wax produced from the cobalt application must also be 

compatible with these criteria. 

During this investigation, analysis methods and data processing 

models were scrutinized and adapted in such a way as to provide 

reliable information (with respect to wax selectivities as well as 

branching characteristics) from small scale laboratory runs. 



Because of the fact that cobalt is relatively expensive ( -  300 times 

as expensive as iron on a per unit mass basis [(Dryly 987b)I), the 

cobalt utilization must be high. In order to optimize on cobalt 

utilization (an aspect assisted by the known fact that cobalt is 

s ign i f i cant ly  more ac t ive  than  i ron at  comparable 

temperatures[(Dry,I 969a)l), only properly supported catalysts were 

considered. In this regard recognition was given to the following 

published guidelines: 

i 1 COBALT CATALYST SUPPORTS 

The type of support is extremely important in Co based Fischer- 

Tropsch catalysts, and vast differences in activity exist 

between catalysts prepared on one support and catalysts of the 

same metals content on another support[(Eri,l987)]. 

The catalyst support must be of high purity. That is, the 

contents of elements such as sulphur and phosphorous*, that 

have a deleterious effect on catalytic activity must be kept 

low[(Eri,1987)]. AI,03 is most effective as a support if it is low 

in acidity, high in surface area, and of high purity[(Eri,I 987)l. 

In the case of A1203 supports, high calcination temperatures 

could result in metal support interactions, forming difficult to 

reduce aluminates[(Moulijn, 1985)l. 

In the case of SiO, as support, it is also known that the type of 

silica used could influence the catalyst activity 

[(Anderson, 1 956)(Aksoy, 1975)l. Natural Kieselguhrs were 

found to be well suited for cobalt based Fischer-Tropsch 

In line with this argument it is also important to keep in mind that in the preparation of Co Fisher-Tropsch catalysts, cobalt halide and 
sulphate salts should generally be avoided as raw rnaterialsIlArcuri. 1991 ) I  



catalysts. Kieselguhr is composed chiefly of diatoms (i.e. 

amorphous). They are always composed of hydrous 

amorphous silica with small amounts of alumina, iron oxide and 

traces of other oxide impurities. For the catalysts made with 

natural kieselguhr, the activity appeared to vary inversely with 

the content of extractable* iron, whereas no trend could have 

been established between activity and the amount of 

extractable aluminium and other impurities. High temperature 

calcination is to be avoided, because it could result in sintering 

(1 OOO°C1, and thus losses in surface areas. The calcination of 

natural kieselguhr at temperatures between 400°C and 700°C 

did result in the formation of unwanted XRD detectable quarts 

as the only crystalline phase[(Anderson,l956)1. Nowadays, 

Degussa SiO, aerosil is preferred to Kieselguhr S11, the silica 

selected by Fischer and Koch[(Rosch,1980)]. This aerosil has 

proven itself as a very suitable support for cobalt catalysts (i.e. 

increased activity because of a specific BET surface area of - 
200 m2/g). 

ii) STRUCTURAL PROMOTERS IN COBALT BASED FISCHER- 

TROPSCH 

Tho, and MgO can be regarded as structural 

promoters[(Schulz, 1 978)lfor cobaltsupported Fischer-Tropsch 

catalysts, likely to stabilize the active cobalt phase through the 

suppression of crystallisation, thus ensuring high dispersions. 

With precipitated cobalt-kieselguhr catalysts it was shown that 

the activity increased to a maximum at 18g Th02/1 00g 

Co[(Fischer,l932)]. Ruhrchemie replaced the thoria partly with 

*Extraction with a hot mixture of HCL and HNO,. with the addisional advantage of an increase in specific surface area 

(1 9 mZlg - > 23 m* Igl. 



magnesia because of the high price of thoria. It was stated 

that MgO had the additional advantage of mechanically 

strengthening the precipitated catalyst[(Andersonf1956)]. 

Nowadays, the radio-activity associated with thoria is cause for 

concern, and ZrO, found application[(de Jong,1 98611. ZrO, is 

known as a metal oxide with intriguing characteristics, 

displaying acidic and basic properties on the surface together 

with oxidizing and reducing properties[(Mazzacchia, 1988)l. 

Re is also currently a popular promoter for cobalt based 

Fischer-Tropsch catalysts[(Mauldin,l985)1. It was found that 

the calcination of CoITiO, catalysts at 500°C resulted in cobalt 

agglomeration, or loss of cobalt dispersion. Promotion with at 

least 0.5 mass % Re provided consistently high activities after 

500°C calcinations. 

iii) CHEMICAL PROMOTION 

With respect to selectivities, it is known that high wax 

selectivities in the case of iron based Fischer-Tropsch catalysts 

are enhanced b y  po tass ium as a chemica l  

promoter[(Dry, 1981 a)(Hnatow, 1 98411. Uncertainty does exist 

with respect to the exact mechanism at play. Different 

theories have been postulated[(Dry, 1 981 a)(OIive, 1 984)1, but 

somewhat surprising is the observation that alkali promoters 

have little effect (selectivity wise) in the case of cobalt based 

catalysts[(Joyner, 1 988)l. In the light of this phenomenon, a 

rationalization put forward by Dry[(Dryr1969a)1 gains 

credibility, viz: in contrast to iron, cobalt is stable against 

reoxidation during Fischer-Tropsch synthesis. This can be seen 

as a reason for the effectiveness of K,O as a chemical 

promoter in the case of iron, and thus not for cobalt. When 



surface iron reoxidized during synthesis, the formation of 

positively charged iron centres will exercise an electron 

attractive force on the neighbouring metallic Fischer-Tropsch 

active sites. Thus: The surfaces of metal oxides tend to be 

acidic in character[(Karolewski, 1 989)lIi.e. electron accepting). 

This, in turn, will weaken the ability of these sites to back 

donate electrons to the rr anti-orbitals of chemisorbed CO, 

thereby weakening the chemical bonding between the iron site 

and carbon monoxide. This could have a negative effect on 

high molecular weight selectivity, which could be compensated 

by the presence of electron donating potassium. 

Selectivities, in the case of cobalt based Fischer-Tropsch, 

however, can be manipulated by means of adjusting process 

conditions. In this respect it was observed that an increased 

reactor pressure is expected to result in increased wax 

yields[(Anderson,l956)], opening the way for matching Arge 

catalyst wax selectivities (C,,+) of about 50 mass 

%[(Dryll 981 a)]. 

iv) CATALYST REDUCTION (i.e. activation) 

With respect to catalyst activation it has always been the 

practice to pre-reduce Ni, Co, or Fe Fischer-Tropsch catalysts 

with H, or CO or syngas under relative mild conditions so as to 

generate the high metallic surface areas required for active 

,catalysts. The addition of copper to iron based Fischer-Tropsch 

catalysts was found to enhance the reducability significantly, 

enabling reductions to be carried out at lower 

temperatures[(Pichler, 1952a)l. This practice was, however, 

dropped in the case of cobalt Fischer-Tropsch catalysts as the 

presence of copper increased the rate of decline of catalyst 



activity in the Fischer-Tropsch synthesis[(Dry, 1981 a)]. The 

addition of relative small amounts of either Pt[(de Jong,l986)1, 

Pd[(Belousov, I 9883(de Jong, 1 98631, and Ru[(lglesia, 1 99331 

was found to  successfully improve the reducibility of cobalt 

based catalysts, without any adverse effects on its Fischer- 

Tropsch performance. 

Cobalt catalysts were therefore prepared in agreement with these 

published guidelines, and as a promising candidate a MgO/'ThO, 

promoted SiO, supported catalyst was selected. The Fischer-Tropsch 

synthesis performances (i.e. activity as well as wax selectivity) were 

investigated in detail, having employed techniques such as: 

- The glass ampoules GC sampling method 

- Donnelly's derived double a~chulz- lor^ model. 

- The adapted "non-trivial-surface-polymerization" Fischer- 

Tropsch model. 

- Statistical approach to  kinetic data evaluation. 

The commercial Sasol Arge type slurry catalysts was also subjected 

t o  the same detailed synthesis performance analyses, which enabled 

a reliable basis for comparison. This comparative study between the 

selected cobalt catalyst and it's commercial iron based alternative, 

showed that cobalt holds great promise as low temperature 

commercial Fischer-Tropsch catalyst, especially wi th  respect to: 

- It's resistance towards reaction water as catalyst oxidizing 

agent and reaction rate inhibitor. 

- It's high quality wax (very paraffinic) which can be tailored 

successfully by means of adjustments in process conditions 

(e.g. reactor pressure, and space velocity), enabling high 

selectivities wi th  low branching degrees. 



1.4 AIMS OF THIS INVESTIGATION 

The first objective of this investigation was the evaluation, 

refinement, and application of existing analysis techniques, data 

processing methods, and processed data interpretation theories 

available to the laboratory scale low temperature Fischer-Tropsch 

synthesis researcher, in order to allow him to propose useful and 

reliable up-scaling recommendations. 

Having achieved this integrity, the second aim was to put this gained 

know-how and convidence to the test in a comparative investigation 

(i.e. selectivity and activity wise) between the existing iron based 

Sasol commercial precipitated slurry phase catalyst (i.e. Arge type 

catalyst) and promising cobalt based alternatives. The emphasis of 

this investigation was placed on the strengths of each catalyst, in 

order to objectively evaluate the justification of recent increased low 

temperature Fischer-Tropsch research, focussed on cobalt as a 

commercial alternative to iron. 



CHAPTER 2 

EXPERIMENTAL 

2.1 EXPERlRllENTAL SET-UP 

The experimental set-up was designed in such a manner as to have 

ensured maximum flexibility. With respect to feed gas composition 

the options ranged from commercial plant synthesis gas (i.e. APG) to 

any desired mixture of H,, CO, and CO, as withdrawn from gas 

cylinders. By means of a highly accurate temperature controller and 

a back pressure regulator, the reactor temperature and pressure were 

adjusted. Feed gas and tailgas compositions were determined by 

means of the versatile evacuated glass ampoule technique. 

All of these measures ensured reliable experimental data gathering, a 

prerequisite if the integrity of conclusions are valued. 

Flow diagram of reactor rig 

Figure 2.1 provides a flow diagram of the synthesis reactor 

configuration used during this investigation. 





(6,35mm OD and 4,93mm ID) 316 stainless steel 

tubing and 316 stainless steel tube fittings 

LEGEND TO FIGURE 2.1 

(6,35mm OD and 4,93mm ID) 316 stainless steel 

tubing and 31 6 stainless steel tube fittings 

heated (220°C) by Pilz heating tape (type S20) 

supplied by Heraeus and insulated by fibrefax tape. 

Whitey shutt-off valve capable of withstanding 

230°C and 344 bar. 

Nupro needle valve capable of withstanding 

230°C and 344 bar. 

Hoke spring loaded 31 6 stainless steel relief 

valve capable of withstanding a maximum 

temperature of 177OC. Adjusted to relief at a 

pressure difference of x bar. 

SYMBOL 

MUREX M600 high-pressure regulator. 

DESCRIPTION 

Brooks mass flow meter, usually calibrated for 

the range 0-2000 mklmin. 

Hoke non-return valve. 

Adjustable back-pressure regulator. 

WlKA pressure transducer/transmitter (0-40 bar, 

output range: 4-20mA) - model no: 891-14-520. 

Transducer is connected to a WlKA display 

(model DPM375) 

Glass ampoule sampler operated at atmospheric 

pressure (inlet sampler was kept at room 

temperature and the temperature of the outlet 

sampler was kept at 220°C) 
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Magnedrive supplied by Autoclave Engineers, Inc., 

known as model 0.75.2 

Gas/vapour/liquid withdrawal device designed 

for insitu wax-catalyst separation. 

Slurry reactor vessel 

Hot condenser, capasity of 1 OOOml, kept at 

reactor pressure (i.e. 20-30 bar)and 200°C 

Cold condenser, capacity of 1 OOOml, kept at 

reactor pressure (i.e. 20-30 bar) and room 

temperature. 

Gas manifold. 

SYMBOL 

The individual components of the experimental set-up warrant some 

detailed discussion. 

DESCRIPTION 

2.1.2 Reactor unit 

The reactor unit was a 670 mB volume (ID - 78.5mm) vessel, 

machined out of 304 stainless steel and has been designed to 

withstand a maximum temperature of 400°C as well as a maximum 

pressure of 1 00 bar. The vessel was given a successful hydrostatic 

pressure test by the South African Burea of Standards (i.e. SABS). 

It is very important to operate the mechanically-stirred reactor so as 

to approach CSTR conditions with respect to all phases, which (if 

successful) simplifies interpretation of results. In order to meet this 

goal, the internals responsible for agitating the slurry were designed 

accordingly, such as: 



i 1 Turbines are reportedly the most effective type of agitator for 

suspending fast settling, granular solids in a low viscosity fluid 

[(Lyons,l967)], and flat bladed styles are particularly 

recommended for gas liquid dispersions [(Bates, 1966)l. Lyons 

further recommended that the turbine should be positioned 

directly on the vessel bottom. 

ii) An impeller, consisting of 3 propeller blades, was installed k 

5 cm from the reactor bottom, forcing the s l ~ ~ r r y  downwards. 

In order to avoid uncontrolled swirling (which is detrimental for 

solid suspension) four baffle bars were installed perpendicular 

to each other. 

In most slurry reactor studies reported in literature, the gas inlet is 

situated at the bottom of the reactor. The position of the inlet should, 

however, not be of any concern, provided that enough care is taken 

in ensuring that the system is well mixed. During this investigation 

the gas inlet, an l/s" OD stainless steel stube, was positioned directly 

underneath the impeller. 

The autoclave was heated by a removable electrical heating jacket 

that fitted tightly around the unit. Temperature control in the reactor 

was therefore complicated by the presence of thermal lag, caused by 

the thick vessel wall. By having made use of a suitable temperature 

controller (e.g. REX-F9OO series supplied by RKC Instrument Inc.) the 

reactor temperature was controlled accurately within 0.5OC. 

2.1.3 Gas/vapour/liquid withdrawal device 

In the case of low temperature slurry phase Fischer-Tropsch 

operation, the objective is high wax selectivities. The implication 

hereof is that the slurry level will rise continuously during synthesis, 

preventing extended runs if a procedure of separating the produced 



wax from the suspended catalyst is not established. From the 

viewpoint of a kinetic investigation, it is also desired to keep the 

catalyst reactor inventory as constant as possible, thus requiring 

effective in-situ separation. 

The in-situ withdrawal device decided upon during this investigation 

is illustrated in figure 2.2 

FIGURE 2.2: 

IN SlTU GASNAPOURILIOUID WITHDRAWAL DEVICE 

In line HPLC urn porous 

stainless steel filter supplied 

by Supelco 

L\\\\\\\ 

) Reactor outlet 

\\\\\\\\\\\\\\\\X ) Reactor lid 

) '4 OD stainless steel tube 

) % "  OD stainless steel tube 

0 -) Stabilized slurry level 



The devise presented in figure 2.2 turned out to be quite successful 

in separating catalyst continuously from the produced wax. In order 

to ensure prolonged successful operation, the catalyst was thoroughly 

sieved to fall within the range 38pm - 150pm. The conclusion that 

this 5pm filter was successful in quantitatively separating catalyst 

from wax, is supported by the fact that the metal content of the 

drained reactor wax turned out to be very low ( * 3ppm). This was 

even true for extended periods of continued Arge catalyst based slurry 

Fischer-Tropsch operation. The ease with which the molten wax 

penetrates through the 5pm porous stainless steel filter also required 

a negligible pressure drop in order to cope with reactor wax 

production rate of up to -40  g/m3, syngas (representative syngas 

fresh feed rate was - 1 dm3,/min). 

2.1.4 Gas manifold 

The gas manifold has been designed to conveniently select the 

desired feed gas to be used. Synthesis gas (i.e. Arge Pure Gas), was 

received straight from the plant and was therefore passed through a 

trap filled with Arge unreduced catalyst (FeOOH) in order to protect 

the slurry micro reactor against periodic Rectisol sulphur 

breakthroughs. The other selected gases (i.e. pure Hz, CO, CO, and 

Ar) were all delivered from high purity gas cylinders. 

Argon was used as an internal reference in order to estimate accurate 

synthesis performance data (compensating for gas contraction), the 

detail of which will be discussed later on in this chapter. 

2.1.5 Glass ampoule in-line sampler 

The gas chromatography (GC) sampling technique favoured by most 

[(Jacobs, 1981 )(Bell, 198411 seems to be on-line sampling 'through the 



use of gaslvapour sampling valves, whereby the stream to be 

analysed is passed through a sample loop, which is then injected into 

a GC carrier gas stream. Use is then made of multi-port stream 

selection valves in order to facilitate the flexibility of enabling ,the 

analyses of various streams. Identified problems with this sampling 

method are: 

i  ) Whilst the GC is occupied with a particular analysis (which in 

the case of a complete Fischer-Tropsch hydrocarbon analysis 

could be time-consuming, i.e. 1 - 2 hours), further sampling is 

impossible. This makes it very difficult to study aspects such 

as initial synthesis behaviour or transient investigations, e.g. 

synthesis response to step changes. 

i i )  The installation of a stream selection valve allows for the 

connection of more than one reactor system to a single GC 

system. This invariably implies fairly long gas stream lines, 

which, in combination with the stream selection valve, make 

proper heating (i.e. elimination of cold spots) difficult. This is 

very important in Fischer-Tropsch applications, where 

quantitative analyses of the products up to -C,, are desired. 

i i i )  Mechanical, or other problems with the GC, causing 

breakdowns, are guaranteed to disrupt the experimental 

programmes of all the reactor systems linked to it. 

As a result of the above-mentioned problems, it was decided to opt 

for an alternative method developed by Schulz's group 

[(Erich, 1 990) (Schulz, 1 977c) (Schulz, 1 986) (Schulz, 1 984)], also 

known as the ampoule-sampling-technique. In this analytical method, 

evacuated glass ampoules of volume * 2 m4, as depicted in figure 

2.3, are used. 



FIGURE 2.3: DIMENSIONS OF THE EVACUATED GLASS AMPOULE 

Figure 2.4 provides an illustration of the ampoule sampler. This 

device was installed in the gaslvapour stream to be analysed. If this 

stream is under pressure, the pressure should first be relieved to 

atmospheric pressure by means of a needle valve, before it is to be 

passed through the ampoule sampler. It is important to properly heat 

( - 200°C in the case of Fischer-Tropsch) the lines from the reactor 

to the ampoule sampler, as well as the sampler itself. This will ensure 

the quantitative transfer of all the products up to C15 to the sampler 

via the gaslvapour phase. This is likely to be the best that can be 

hoped for during Fischer-Tropsch investigations (especially slurry 

phase) where the solubilities of C16+ hydrocarbons in the hydrocarbon 

liquid phase (at typical synthesis conditions) complicate their 

quantitative determination by means of the exclusive sampling of the 

volatile overhead products [(Satterfield, 1 982aa 



FIGURE 2.4: LONGITUDINAL SECTION OF THE AMPOULE SAMPLER 

GUIDING 



A sample was taken by means of carefully pushing the capillary of the 

evacuated ampoule through the prepierced septum along the guiding 

tube, which ensured that the tip of the capillary was positioned 

through the fork. By means of a portable butane burner the protruding 

ampoule was heated, whereafter a sample for the gaslvapour stream 

was taken by breaking off the top of the ampoule capillary by turning 

the fork through 1 80° .  

This was followed by sealing the ampoule through melting of the 

capillary (as close as possible to the ampoule section) with the burner. 

Throughout this exercise care should be taken not to overheat the 

ampoule so as to induce thermal cracking. In the case of Fischer- 

Tropsch, the presence of thermal cracking could be detected through 

the identification of acetylene (as typical thermal cracking product of 

hydrocarbons) during the subsequent component analysis of the 

ampoule content. 

The advantage of sarr~plirlg product or feed streams by means of the 

ampoule technique are: 

i) Up to three ampoules can easily be taken per minute, rendering 

this method very suitable for the study of initial synthesis 

performance behaviour, or transient behaviour (where synthesis 

performance can be measured every * 10 seconds). 

ii) An excess of ampoules can be sampled, to be stocked for 

extended periods, enabling repetitions of analyses, or 

subjection to future improved analyses techniques without 

having to repeat synthesis runs. 

iii) The analytical equipment (commonly GC) is isolated from the 

reactor systems, and instrument breakdowns will not adversely 



impact on the reactor runs. 

iv) A single ampoule contains a quantitative sample of all ,the 

hydrocarbons from C, to C,, as well as possible alternative 

gases such as Art N,, CO, CO,, etc. 

ANALYTICAL PROCEDURE 

A modern state of the art gas chromatograph (e.g. CHROMPACK CP 

9000) was converted into a suitable analysis system for the ampoule 

method. In this regard a distinction is drawn between the followiog 

analyses: 

i ) The analysis of the "permanent" gases. 

ii) The analysis of the organic Fischer-Tropsch products up to 

Analysis of the "permanent" gases (i.e. H,, Ar, N,, CO, CH,, and CO,) 

The analysis of these compounds was performed on a GC which was 

equipped with two thermal conductivity detectors (TCDts). The 

reason for two TCDts is to be found in the fact no single suitable 

carrier gas (e.g. He) is available that will facilitate the simultaneous 

determination of the listed gases. H, was therefore exclusively 

analysed on the one TCD channel with Ar as carrier gas, whilst Art 

N,, CO, CH, and CO, were analysed on a second TCD channel with 

He as carrier gas. The GC configuration used for having achieved this 

objective, is depicted in figure 2.5. 



FIGURE 2.5: FLOW CHART OF THE GC CONFIGURATION USED FOR 

ANALYSING THE PERMANENT GASES CONTAINED IN THE 

AMPOULES 
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The construction of the ampoule breaker used in the GC configuration 

depicted in figure 2.5 is illustrated in figure 2.6. 
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FIGURE 2.6: AMPOULE BREAKER IN THE GC ANALYSES OF THE 

PERMANENT GASES 

The two sampling valves depicted in figure 2.5 were mounted on an 

aluminium heating block thus ensuring that the two sample loops 

were at thermal equilibrium ( -  170°C). Although the aim was the 

installation of two sample loops of equal volume, the ratio was 

determined accurately [i.e. (volume of loop 2)/(volume of loop 1 ) I .  

This ratio has a bearing on the data processing to be discussed later. 



The analysis procedure that was followed can be described as 

follows: 

After having placed the ampoule in the ampoule breaker, the shut-off 

valve was opened so as to evacuate the ampoule breaker as well as 

the two sample loops. Once the vacuum had stabilized, as observed 

through the pressure indicator, the shut-off valve was closed. If the 

vacuum was maintained, indicative of no leakages, the ampoule was 

broken manually, the sample was allowed to distribute evenly 

throughout the two sample loops, and the two  sampling valves were 

switched simultaneously. This ensured that the total gas pressures 

of the two loops were exactly equal upon injection, a criterion which 

simplifies the data processing. Figure 2.7 provides an illustration of 

a typical chromatogram obtained via the above-mentioned method. 

FIGLIRE 2.7: A TYPICAL GAS CHROMATOGRAM OF THE TCD ANALYSIS 

OF AN AMPOULE CONTAINING A MIXTURE OF THE 

PERIVINENT GASES: H,, Ar, N,, CO, CH, AND CO, 
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Analysis of the organic products 

Contrary to the method decided upon for the analysis of the 

"permanent" gases, this application demands preheating of the 

ampoule to -200°C before breakage, in order to ensure that all 

sampled hydrocarbons are evaporized. In order to achieve this 

objective, as well as enabling the automatic injection of the ampoule 

content onto the capillary column, use was made of the pneumatic 

ampoule breaker, as illustrated in figure 2.8. 



FIGURE 2.8: SCHEMATIC REPRESENTATION OF THE PNEUMATIC 

AMPOULE BREAKER 
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The pneumatic ampoule breaker, depicted in figure 2.8 was only a 

part of the larger complete flame ionization detector (FID) GC analysis 

configuration, as illustrated in figure 2.9. 

FIGURE 2.9: FLOW CHART OF THE GC CONFIGURATION USED FOR 

ANALYSING THE ORGANIC GASESIVAPOURS CONTAINED IN 
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The FID GC configuration illustrated in figure 2.9 is fairly versatile in 

that i t  enabled the FID analysis of the untreated ampoule content, as 

well as allowing for the prehydrogenation of the sample before it was 

injected into the capillary column. The objective with the latter option 

is to  hydrogenate all olefins and oxygenates without isomerization, 

thus simplifying the eventual chromatogram, and thereby improving 

the skeletal characterization of the product spectrum. This is a 

method that was already employed by Pichler in 1967 [(Pichler, 

1967b)l  and discussed in detail by Beck [(Beck, 1985)l .  

The positions of the two  6-port-valves II and Ill depicted in figure 2.9, 

allowed for the complete FID analysis of untreated samples, which 

was performed as follows: 

The ampoule was loaded into the pneumatic ampoule breaker. 

- Sufficient time was allowed for flushing the ampoule breaker 

with He, whilst the ampoule heated up to  200°C. This step 

also ensured that any contaminants that might have been 

present on the outside of the ampoule (e.g. contaminated 

through handling) were evaporated and vented. 

- The 6-port valve I (figure 2.9) was switched, which implies that 

the ampoule breaker was being switched into the H, carrier gas 

line. 

- Once the pre-column pressure had stabilized, and the GC oven 

temperature had approximately reached -90°C, the ampoule 

was broken pneumatically. 

The reason for having cooled the GC oven to  -90°C, was t o  correct 

for the dead volume associated wi th  the ampoule breaker and valves 



II and Ill, which is prone to impact on the required sharpness of the 

injection. By cooling the GC oven down to -90°C, all of the organic 

compounds (with the exception of CH,, ethylene and possibly ethane) 

were frozen out (i.e. concentrated) at the inlet of the capillary column. 

The alternative option (i.e. prehydrogenation of the sample) can be 

explained as follows: 

- The ampoule was loaded into the pneumatic ampoule breaker. 

- Sufficient time was allowed for flushing the ampoule breaker 

with He, whilst the ampoule heated up to 200°C. This step 

also ensured that any contaminants that might have been 

present on the exterior of the ampoule were evaporated and 

vented. 

- The 6-port valve I was switched, which implies that the 

ampoule breaker was being switched into the H, carrier gas 

line. 

- Once the pre-column pressure had stabilized, and the He had 

been replaced by H,, the 6-port valve II was switched so as to 

introduce the liquid N, trap in line, and the trap was activated 

(-1 96OC). 

- The ampoule was broken pneumatically, and the sample was 

passed through the liquid N, trap. 'The temperature of the trap 

(-1 96OC) ensured the quantitative freezing out of the C,+ cut 

of the sample, whilst CO was allowed to pass through. The 

separation of CO from the organic sample, is desired in order 

to avoid possible unwanted side reactions between CO and 

reactive hydrocarbons during the prehydrogenation step. 



- The 6-port valve Ill was then switched, so as to introduce the 

hydrogenation reactor into the line. 

- The liquid N, trap was then flash heated to 240°C, which 

induced a sharp injection of the C,+ sample, whilst the GC 

oven temperature was controlled at -90°C. This procedure 

ensured the prehydrogenation of the sample followed by the re- 

concentration of the hydrogenated sample at the capillary 

column inlet. 

Typical chromatograms of untreated samples are presented in 

appendix Ill, as well as the current status with respect to GC peak 

identification. 

GC data processing 

The equations listed in this section are based upon the utilization of 

the co-feeding of an accurately calibrated argon stream with the 

synthesis gas feed (amounting to - 7  volume % argon). Argon was 

thus applied as an internal standard, used to quantitatively 

compensate for aspects such as gas contraction during synthesis, a 

characteristic phenomenon associated with Fischer-Tropsch. 

In order to link the FID and TCD analyses associated with a particular 

synthesis condition, use was made of methane, as mutually 

determinable compound. Thus, methane was deliberately co-mixed 

with the synthesis gas feed, amounting to - 1 0  volume % of the total 

feed. 

The quantitative determination of the various synthesis performance 

characteristics (e.g. activities, selectivities, etc.) furthermore required 

a calibration gas rr~ixture consisting of H,, Ar, CO, CH, and CO,. 



A corr~plete synthesis characterization was thus based on the 

following five GC analyses. 

a TCD analysis of an ampoule containing the calibration gas 

mixture. 

TCD analyses of ampoules taken of both the reactor inlet and 

outlet gas streams. 

FID analyses of ampoules taken of both the reactor inlet and 

outlet gas streams. 

Having satisfied the above-mentioned prerequisites, the equations as 

listed in table 2.1 were applied. 



TABLE 2.1 

EXPRESSIONS FOR A NUMBER OF INIPORTANT FISCHER-TROPSCH 

SYNTHESIS PERFORMANCE PARAMETERS AS APPLIED TO THE AMPOULE 

SAMPLING TECHNIQUE 

1 Syngas space velocity (expressed in terms of ml,,syngas/g catlh) 

(H,/COl reactor outlet ratio = 

%H2 conversion = 100  

(Arl A% (COI 
%CO conversion = 1 0 0  

(CO) A ;; (Ar) 11 
%(Hz + CO) conversion = 





CATALYST PREPARATIONS 

Sasol commercial Arge type slurry catalyst 

The low temperature Fischer-Tropsch catalyst employed in this 

investigation was either crushed Sasol commercial Arge fixed bed 

extrudates or the specially adapted commercial slurry bed analogue 

thereof. 

The current commercial Sasol precipitated iron based catalyst had its 

origin in the catalyst developed by Ruhrchemie, as fully described 

elsewhere [(Frohning, 197711. This catalyst had a composition of: 

1009 Fe : 259 SiO, : 59 K20 : 5g Cu. 

In the preparation technique currently employed at Sasoi several 

changes have been made in both the preparation process and in the 

type and contents of promoters, which have improved the economics 

of the catalyst production as well as its performance in the Fischer- 

Tropsch synthesis [(Dry, 1981 a)]. 

The reduction of this catalyst is very facile and is greatly enhanced by 

the presence of copper [(Starch, 1951 )(Anderson, 1956)(Anderson, 

1953)(Pichler, 1952a)l. The reduction can be carried out with H2 

and/or CO (thus including syngas) at temperatures ranging from 

180°C to 220°C (i.e. even lower than normal iron based low 

temperature Fischer-Tropsch synthesis temperatures). It has been 

observed [(Lieth, 1988)l that the reduction of iron oxides commences 

at lower temperatures in CO than in H,. In the case of reduction with 

H,, rapid removal of produced water is the key factor [(Dry, 1981 a)]. 

This practice was also recommended by Satterfield [(Satterfield, 

1985a)l seeing that water vapour can cause surface reconstruction 

and subsequent loss of surface area. Using syngas as reducing agent 



adds greater importance to this recommendation, because of the fact 

that Fischer-Tropsch synthesis is likely to commence before the 

completion of the reduction phase, adding to the water production. 

In the case of reduction with pure CO, the corr~plications that water 

might cause is ruled out, and iron carbides are directly formed [(Lieth, 

1988)1, which might even be desirable from a Fischer-Tropsch 

synthesis point of view. 

Low temperature cobalt based slurry phase Fischer-Tropsch catalysts 

The Fischer-Tropsch synthesis performance of two SiO, supported 

cobalt catalysts were investigated during this study. The one catalyst 

was unpromoted whilst the second catalyst contained the structural 

promoters Tho, and MgO, based upon experience gained by Ruhr- 

chemie AG in the development of the pre-world war 11 1009 Co/5g 

Tho,/ 8g Mg01200 kieselguhr German commercial catalyst [(Starch, 

1951 )I. 

THE ColSiO, CATALYST 

A commercial pseudoamorphous SiO, (i.e. TOLSA, S.A. ; SMF-2, 

MADRID) with a BET surface are of 500 m2/g, and an average pore 

diameter of 6 0  8. was used. After impregnation with a Co(NO,), 

aqueous solution, followed by calcination at 400°C, the BET surface 

area decreased to 254 m2/g with an average pore diameter of 77 A. 
An element analysis showed a cobalt loading of 16.6 mass %, with 

respect to the unreduced catalyst. This implies a relative mass 

composition of 100 Co/461 SiO,, assuming Co304 as verified by XRD. 

This calcined catalyst was sieved to fall within the range 38 - 150gm, 

and 209 of this unreduced sieved catalyst was reduced externally at 

500°C (overnight) in a pure H, stream of 1 bar (space velocity - 520 

ml,/g catlh). Based on the amount of water formed during a 



comparable TPR run, a final % reduction of 94% was estimated. The 

reduced catalyst was cooled to 25OC and transferred in an inert Ar 

atmosphere to the slurry reactor, where it was suspended in either 

molten wax or squalane. The BET surface area of the reduced 

catalyst was 249 m2/(g unreduced catalyst), with an average pore 

diameter of 78 A, which was the same as the prereduced data. 

2.3.2.2 THE Co/MgO/Th02/Si02 CATALYST 

A co-precipitated cobalt catalyst with a relative mass composition of 

100 Cot1 0 Mg0/3 Th02/100 Aerosil (silica), was prepared by 

Schulz's group at the Engler-Bunte-Institute (University of Karlsruhe, 

Germany) through the co-precipitation of the corresponding aqueous 

nitrate solutions (in which the aerosil was suspended) with a NH, 

aqueous solution. The precipitate was dried for 12 h at 1 50°C, 

crushed and sieved to an average particle size of 150pm. This dried 

catalyst had a BET surface are of 116 m2/g with an average pore 

diameter of 11 3 A.  5,7 g of this unreduced catalyst was reduced 

externally at 500°C (overnight) in a pure H2 stream, at 1 bar (space 

velocity - 520 m P,lg catlh). Based on the amount of water formed 

during a comparable TPR run, a final % reduction of 63% was 

estimated. 

This lower degree of reduction with respect to the unpromoted 

catalyst (i.e. 63% versus 94%) can be rationalized in terms of the 

notion that structural promoters such as magnesia, and thoria usually 

make the reduction of cobalt catalysts more difficult [(Anderson, 

1956)1, and that the difficulty of reduction increase in the order : 

Tho, < MgO-Tho, < MgO. One might argue that the introduction 

of copper in the catalyst formulation should then be considered in 

order to facilitate the reduction, but this practice was dropped in the 

case of cobalt catalysts, as the presence of copper increased the rate 



of decline of the catalyst's activity in the Fischer-Tropsch synthesis 

[(Dry, 1981 all. I t  is, however, well-known in cobalt based Fischer- 

Tropsch catalysts nowadays that Ru or Pt promotion in small 

quantities can be used successfully in order t o  improve the reducibility 

of these catalysts. 

'The 63% reduced Co/Th02/MgO/Si02 catalyst was cooled t o  25OC 

(under H2) and transferred in an inert Ar atmosphere t o  the slurry 

reactor, where it was suspended in either molten wax  or squalane. 

The BET surface area of this reduced catalyst was 9 4  m2/(g 

unreduced catalyst) w i th  an average pore diameter of 77 A, which 

differed from the prereduced data. 



NOMENCLATUREIDEFINITIONS 
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P 
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M M x  

Calcined (but unreduced) catalyst mass (g) 

Rate wi th  which argon is fed to  the reactor (molls) 

mol % of compound x in the calibration gas mixture 

TCD peak area of compound X as a result of the GC analysis of 

the ampoule representing the reactor inlet gas stream 

TCD peak area of corr~pound X as a result of the GC analysis of 

the ampoule representing the reactor outlet gaslvapour stream 

TCD peak area of compound X as a result of the GC analysis of 

the ampoule representing the calibration gas mixture 

FID peak area of compound X as a result of the GC analysis of 

the ampoule representing the reactor inlet gas stream 

FID peak area of compound X as a result of the GC analysis of 

the ampoule representing the reactor outlet gaslvapour stream 

(volume of TCD sample loop 2)l(volume of TCD sample loop I), 

refer figure 2.5 

relative FID sensitivity value of compound x[(Dietz,I 96711, i.e. FID 

response factor 

amount of carbon atoms per molecule of X 

molecular weight of compound X 



CHAPTER 3 

MACRO FISCHER-TROPSCH KINETIC INVESTIGATION 

3.1 BACKGROUND LI'TERATURE REVIEW 

3.1.1 INTRODUCTION 

A lot of attention has been paid to classical kinetic investigations of 

the Fischer-Tropsch synthesis [(Schulz, 1977a)l. This approach is 

also been referred to as the kinetics of CO consumption rates 

[(Schulz, 1987a)1, and attempts to correlate CO consumption rates 

with the partial pressures of H,, CO, H,O, and/or CO, in a rate 

equation. 

Although there were efforts to link these postulated kinetic equations 

with mechanistic proposals, the success of these endeavours can be 

questioned [(Schulz, 1977a)l. Iron, as Fischer-Tropsch catalyst, is 

especially tricky because (as will become apparent in this discussion) 

of a lack of generality with respect to published rival kinetic 

equations. This state of affairs could be a result of the fact that 

oxidation and/or carburization might occur, to varying degrees, during 

iron based Fischer-Tropsch synthesis [(Anderson, 1956)l. This not 

being the case in cobalt based Fischer-Tropsch, tends to simplify 

macro kinetic investigations on cobalt, and the postulation of a 

g e n e r a l  k i n e t i c  e q u a t i o n s  s e e m s  l i k e l y  

[(Satterfield, 1991 b)(Satterfield, 1991 a)]. 

-The justification of using such an equation in order to support a 

particular Fischer-Tropsch mechanism is, however, to be placed in 

doubt. It is much safer, and in all likelihood more correct, to regard 

these equations as no more than simply empirical. The derivation of 

reliable empirical kinetic equations are important and imperative for 

scaling up calculations with respect to reactor design and the 



selection of optimal process conditions [(Boelee, 1 988) (Kiperman, 

198913. The reason for this being that this approach has not yet been 

replaced by more fundamental attempts, such as the "non-trivial- 

surface polymerization" model [(Schulz, 1988a)l. 

The objective with this discussion is therefore the 

derivation/confirmation of intrinsic (i.e. deprived of mass transfer 

restrictions) kinetic expressions that account for the Fischer-Tropsch 

conversion rate over a wide range of industrially relevant conditions. 

A variety of reactor types, such as fixed bed, slurry (bubble column 

and stirred tank), and internal recycle vapour phase, have been used 

to test catalysts for the Fischer-Tropsch synthesis. 

In spite of the amount of literature that was published on the Fischer- 

Tropsch synthesis prior to k 1985, reliable kinetic data were 

relatively scarce [(Deckwer, 1985a)l. Most of these studies were 

performed with fixed bed reactors at high synthesis gas conversions 

[(Satterfield, 1984)l. In general, integral kinetic data for a complex 

reaction are not easily interpreted. 

Except for the study of Hall et al [(Hall, 1952)], all the kinetic data 

obtained in the slurry phase with iron catalysts is of recent date. 

Although several pilot plant slurry bubble columns have been 

constructed and operated in recent years [(Deckwer, 1982)(Kuo, 

1 983)(Kuo, 1 985)(Deckwer, 1986a)], it is not to be regarded suitable 

for fundamental studies due to its complex hydrodynamic behaviour. 

The stirred tank reactor, however, is nowadays being considered as 

ideally suited for fundamental studies in general. The reasons being 

[(Boelee, 1988)(Kiperman, 1989)l: 

i) uniform temperature in the reactor, which can be controlled 



easily. 

ii) an overall effectiveness factor of 1 can be obtained, because 

small catalyst particles are being used as well as sufficiently 

high stirring speeds. (The overall effectiveness factor being 

defined as the actual reaction rate divided by the reaction rate 

in the absence of mass transfer resistances [(Hwang, 1987)l.) 

iii) a wide range of conditions with respect to gas composition as 

well as temperature can be investigated. 

Because of these advantages of stirred tank slurry reactors, a great 

deal of fundamental Fischer-Tropsch kinetic data was published 

recently as a result of investigations performed especially at 

Massachusetts Institute of Technology [(Satterfield, 1 984) (Satterfield, 

1989a)], Texas A & M University [Bukur, 1987a)(Bukur, 1990)1, and 

Universitat Olderburg [(Deckwer, 1 985a)(Deckwer, 1 987) (Deckwer, 

1986b)l. 

AN USEFUL WAY OF EXPRESSING THE FISCHER-TROPSCH 

REACTION RATE 

The hydrocarbon synthesis reaction is being generalized by the 

following reaction equation [(Deckwer, 1986bll: 

CO + (l+m/2) H, - (-CH,-) + H,O (1 

This reaction equation is based on the assumption that oxygen 

consumption, due to the formation of oxygenates, is negligible. 

This reaction equation is also in accordance with the generally 

accepted notion that H,O is a primary product, while the formation of 

CO, occurs via a secondary reaction, known as the water-gas-shift 



reaction, viz: 

CO + H,O * CO, + H, (2) 

The WGS reaction is an equilibrium process, and the equilibrium 

constant is given by the expression: 

4730 LGS = 0.01 02 EXP (-) 
T 

Another process that could be considered as a source of CO 

consumption is the Boudouard reaction: 

2 CO + C + co, (4) 

The rate of ,the Boudouard reaction over an iron catalyst is given by 

[Dry, 1980)l: r = k P, I PR , but it is generally true that the 

rate of this CO disproportionation is relatively unimportant during 

Fischer-Tropsch synthesis [(Satterfield, 1984)l. In the case of Fe 

based catalysts deposition of elemental carbon can be ruled out 

completely below 250°C, although iron carbides do form [(Dry, 

1981a)l, whilst the same can be said for cobalt based catalysts 

(under Fischer-Tropsch synthesis conditions) below 400°C 

[Satterfield, 1990a)l. This cut-off point of 250°C for iron also holds 

for alkali promoted catalysts despite the fact that it is known that 

these promoters enhance carbon deposition [(Dry, 1970)(Hnatow, 

198411. 

The overall balanced equation can therefore be obtained by the 

combination of reactions (1 and (2). 

CO + (l + 5 ) H~ + (-CH,-) + H20 

8 CO + 8 H20 8 CO, + 8 H2 



The overall reaction rate (r) can thus be defined as the frequency with 

which reaction (5) occurs per gram of unreduced catalyst. 

Seeing that the conversion of (1 +8) moles of CO is associated with 

the single occurrence of the overall Fischer-Tropsch process, as 

expressed in equation (5), r will be equal to the numerical value of the 

expression: 

where: 

0, = number of moles CO converted per second 

M = total mass of unreduced catalyst (g) 

If the dimension of r is defined as mol/(gram.second), the following 

expressions can be derived: 

where: 

@HZ 
= number of moles H, converted per second 

A-c~m- = n ~ ~ m b e r  of moles -CH,- formed per second 

NOTE: '-CH,- The expression r = (- 
M 

) implies that the Fischer- 

Tropsch reaction rate is equal to  the rate wi th  which C- 



atoms are incorporated into hydrocarbons per second 

per gram of unreduced catalyst. A useful Outcome of 

this conclusion is that r is to be considered a direct 

reflection of the formation rate of -CH,-, irrespective of 

the extent of the shift reaction, r is thus regarded as the 

Fischer-Tropsch reaction rate, and will henceforth be 

represented as r,. 

A practical way of calculating r, from experimental data can be 

derived as follows: 

Equations (61, (7) and (8): 

Definition: 

( a  + @,J is frequently referred to as r(co + Hp also known as 

the syngas conversion rate. 

Thus: 

Equations (8) and (10) : r, = 
r(- + w 

3.1.3 DIFFUSIONAL (MASS TRANSFER) EFFECTS ON FISCHER-TROPSCH 

ACTIVITIES 

In order to interpret experimental data with the objective of attributing 

intrinsic significance to the data, care should be exercised in order to 

ensure that diffusional effects are not rate determining. 

Two types of diffusional resistance have got to be considered, viz: 



intraparticle and interparticle diffusion. It is known that diffusional 

resistances become more significant with increased temperature as 

the rate of diffusion increases slowly while the intrinsic Fischer- 

Tropsch rate increases exponentially [(Huff, 1982)l. 

The intraparticle diffusion is caused by too large porous particles. 

This diffusional resistance is aggravated by the Fischer-Tropsch 

process because of the fact that the pores are filled with non-volatile 

wax, and the liquid phase diffusion coefficients through molten wax 

are significantly lower than those through gases [(Huff, 1982)l. 

In a fixed bed vapour-phase reactor, Dorling et al [(Dorling, 1958)l 

proposed that particles sizes smaller than 150pm are necessary to 

eliminate intraparticle diffusional effects in the case of fused iron. 

From work carried out at Sasol on standard Arge catalyst in fixed bed 

reactors, it was first hinted that particle sizes smaller than 300 - 

500pm [de Haan, 1977)1, and later stated that particles smaller than 

200pm [(Smith, 1983)1, are sufficient to elirrrinate intraparticle mass 

transfer restrictions at 220°C. 

From Fischer-Tropsch slurry investigations reported in literature, it can 

be deduced that particle sizes smaller than 44pm and 50pm are small 

enough to eliminate intraparticle diffusion restrictions in the case of 

fused iron [(Satterfield, 1984)(Bukur, 1987a)l and precipitated iron 

[(Deckwer, 1986b)l respectively. This particle size range ( + 50pm) 

could thus be considered typical for Fischer-Tropsch synthesis in 

slurry reactors, and it is generally agreed that the major mass transfer 

resistance in the case of such finely divided solid catalysts, does 

occur at the gas-liquid interface [(Satterfield, 1982b)l. 

With respect to bubble-liquid interface mass transfer, Deimling et 

al[(Karandikar,l984)] established that the mass transfer coefficients 



for CO and H, are of the same order of magnitude. 

This conclusion is, however, contradicted by others. Fox et al [(Fox, 

1990)1, for instance, stated ,that the higher mass transfer coefficient 

for hydrogen will raise the H,/CO ratio as seen by the catalyst, under 

conditions conducive to diffusion controlled slurry Fischer-Tropsch 

processes. 

The mass transfer coefficient can be defined as the proportionality 

constant between the rate of solubility change and the difference 

between the solubility and its equilibrium value. 

where: 

Ci = bulk liquid phase concentration of gas i in the Fischer- 

Tropsch liquid. 

C; = solubility of gas i in the Fischer-Tropsch liquid. 

t - - time 

kLA = mass transfer coefficient 

A = gas-liquid interfacial area (expressed as unit area per 

volume unit liquid) 

k, = liquid side mass transfer coefficient 

Deimling [(Karandikar, 1984)l described a practical method for 

determining mass transfer coefficients experimentally, and this 

method was applied to the mass transfer of CO and H, across the 

gas-liquid interface for three different fractions of a Fischer-Tropsch 

liquid, viz light (C, - C,,), medium (C,, - C2,), and heavy fraction (C17 - 

C .  The following conclusions were made by Deimling et al 

[(Karandikar, 1 98431. 



i) Wax Composition 

Because of the fact that k, is proportional to the diffusivity, D, 

and that generally speaking D (for both CO and H,) decreases 

with increasing carbon number of the liquid medium, k, A is 

expected to decrease with increasing mean molecular weight 

of the Fischer-Tropsch liquid. This is of-course based on the 

confirmed premise that k, is the only factor responsible for a 

change in k, A. 

ii) Temperature 

An increase in temperature is expected to lead to an increase 

in k, A. This effect was observed for the light and heavy 

fractions, but the medium fraction displayed opposite 

behaviour. This opposite behaviour was explained in terms of 

the occurrence of foaming which increased the gas-liquid 

interfacial area, with a consequential enhancement of the mass 

transfer. The observation was also made that foaming was 

substantially reduced at higher temperatures (from 1 OO°C to 

250°C). 

iii) Partial Pressures 

k, is independent of partial pressure, but the mass transfer 

coefficients, kLA, for both CO and H, in Fischer-Tropsch liquids 

were found to be strongly dependent on partial pressure. This 

partial pressure dependence is thus mainly due to the effect of 

partial pressure on gas-liquid interfacial area. This could be 

explained in terms of a lowering of the liquid phase surface 

tension as a result of increased solubilities which are obtained 

at higher partial pressures. This decrease in surface tension 

would in turn allow the formation of smaller entrained bubbles, 

thereby increasing the interfacial area with increased partial 



pressure. 

iv) Presence of Solids 

kLA decreases with an increase in solid content. Glass beads 

(1 25 - 177pm) were used at solid concentrations of 7.5, 15 

and 30 w t  %. At 30 w t  % solids content this decrease was 

about one order of magnitude. 

V) Stirrer speed 

The conclusion was made that increasing the stirrer speed at 

any given partial pressure, temperalure, and liquid composition, 

strongly enhances kLA. This could be seen as the reason why 

the stirred tank slurry reactor, and not the bubble column, is 

being regarded as the ideally suited reactor for fundamental 

kinetic investigations. 

With respect to the possibility of foam being produced in Fischer- 

Tropsch liquids, Bukur did not observe any foaming with Sasol Arge 

fixed bed wax. This could have been as a result of a stabilizing effect 

of the higher molecular weight hydrocarbons present in Arge wax. 

During synthesis, however, "impurities" such as organic acids and 

alcohols can cause foaming as was shown by Ziemenski et al 

[(Ziemenski, 1967)1, as well as reported by Exxon who concluded that 

slurry media should not contain more than about 2 mass % 

oxygenates. 

The effect of solid particles on mass transfer is not certain. 

Hammer[(Hammer,1978)], for instance, indicated that large particles 

result in enhancement in the mass transfer, whilst Mehta and Sharma 

[(Mehta, 1977)l stated that small particles decrease kL and increase 

A, resulting in kLA being independent of solid particles. 



From this discussion it should be clear that reported kLA data obtained 

for one Fischer-Tropsch liquid may not necessarily be applicable to a 

second liquid, as was pointed out by Deimling et al [Karandikar, 

1984.)1, but in order to eliminate gas-liquid interface mass transfer 

resistance, it is safest to determine the minimum required stirrer speed 

for every particular circumstance. This approach is generally followed 

in stirred tank slurry investigations in Fischer-Tropsch [(Satterfield, 

1982b)(Bukur, 1987a)l. 

The apparent activation energy as calculated from the rate constant 

of the overall rate equation, could also give an indication of possible 

mass transfer restrictions on Fischer-Tropsch activities. If this value 

is smaller than the accepted range of 70  - 150 kJ/mol [(Satterfield, 

1984)(Bukur, 199011 in the case of iron based catalysts, mass transfer 

limitations can be suspected [(Huff, 1982)l. 

If all the above-mentioned precautions have been taken into account, 

thus having ensured that only intrinsic kinetics are being investigated, 

one might argue that the derived kinetic equation(s) s h o ~ ~ l d  be very 

appropriate for scaling up calculations to estimate productivities of 

commercial bubble column Fischer-Tropsch reactors, based upon 

engineering principles compensating for reduced back mixing. Exxon 

[Arcuri, 1991)l has performed these calculations and has come up 

with the surprising conclusion that bubble column productivity results 

were far in excess of predicted results (approximately double). 

3.1.4 SOLUBILITIES IN FISCHER-TROPSCH WAX 

In the slurry mode of operation CO and H, react from the dissolved 

state, and it should therefore be more appropriate to express the 

kinetic equations in terms of wax concentrations instead of partial 

pressures. 



The solubilities of the gases CO, H,, CO, and H,O in molten waxes 

have been reported in literature [(Peter, 1955)(Karandikar, 1984)(van 

Vuuren, 1988)l. From these references it is apparent that the 

solubilities of the mentioned gases decrease with increasing average 

molecular weight of the liquid. Henry's constant can therefore not be 

used at random without due consideration of the liquid composition, 

as was correctly done by Deckwer [(Deckwer, 1985b)l for example. 

Henry's law can be represented as: 

Pi = He, . C; 

where 

Pi = partial pressure of gas i 

He, = Henry's constant for gas i 

C," = equilibrium concentration of gas i in liquid 

Henry's constant on the other hand can be expressed as: 

He, = aie (~JT) (1 4) 

Thus: C; = (l/ai) P,e (-bin 

Parameter values for ai and b, were calculated from Peter and 

Weinert's [(Peter, 1955)l data, and are supplied in the following table. 



TABLE 3.1 : PARAMETER VALUES OF HENRY'S LAW AS CALCULATED FROM 

PETER AND WEINERT'S DATA [Peter, 1955)l WHICH APPLIES TO 

PARAFFINIC WAX WITH AN AVERAGE MOLECULAR WEIGHT OF 

345 

From table 3.1 it can be deduced that: 

i 

H2 

CO 

co2 
H2O 

i I CO is more soluble than H,, and that CO is less soluble than 

H,O at typical Fischer-Tropsch conditions (220°C - 300°C). 

ii) The solubilities of H, and CO increase with increasing 

temperature, whilst those of CO, and H,O decrease. 

C; = (lk) P,e (-bl/T) 

The solubilities reported by Peter and Weinert [(Peter, 1955)l relates 

to molten wax which is free of water. Karandikar et al [(Karandikar, 

1987)1, however, established that hydrocarbons saturated with water 

enhance the solubilities of the gases CO, H,, CO, and CH,. Because 

of the fact that water is one of the main products of Fischer-Tropsch, 

especially in the case of relative low WGS activity, the question arises 

whether it is justifiable to apply reported solubility data directly to 

Fischer-Tropsch synthesis conditions, without due compensation for 

water enhancement. In order to address this concern, the data 

published by Karandikar [(Karandikar, 1987)l were considered. 

a, (kg wax.bar/mol) 

34.1 

42.3 

103.0 

350.0 

Karandikar [(Karandikar, 198711 used a heavier wax fraction than 

bi (K) 

740.07 

458.12 

-372.56 

-1 228.52 



Peter and Weinert [(Peter, 1955)l seeing that they reported a 

hydrocarbon molecular weight of 368.5, compared to 345 in the case 

of Peter and Weinert. 

The following table provides values for constants ai and bi as 

calculated from Henry's constants and water solubilities, as reported 

by Karandikar [(Karandikar, 1987)l. 

TABLE 3.2: PARAMETER VALUES OF HENRY'S LAW AS CALCULATED FROM 

KARANDIKAR'S DATA [(Karandikar, 1987)l WHICH APPLIES TO 

FISCHER-TROPSCH WAX WITH AN AVERAGE MOLECULAR WEIGHT 

OF 368.5. 

Let: XH20 = mol fraction of dissolved water in the 

hydrocarbon liquid. 

i 

'42 

CO 

H2O 

It can easily be shown that: 

XH20 = C;110 1 (Ci20 + 1 000IMWwJ 

where 

c&o = equilibrium water solubility in terms of mollkg 

wax. 

M W ~ a  = molecular weight of wax 

c; = (l/ai) P,e (-bi IT) 

a, (kg wax.bar/mol) 

Wax free 

of water 

18.66 

30.86 

bi (K) 

Wax saturated 

with water 

0.661 

0.500 

Wax free 

of water 

1 196.85 

796.46 

131.9 

Wax saturated 

with water 

2 131.54 

2 279.16 

-1 204.8 



If ZHp is defined as the volume fraction of water in the mixture, ZHz0 

can be expressed as [(Karandikar, 1987)l: 

where: 

MW, = molecular weight of i 

Pi = density of i 

Note: The density of wax (p,) can be taken as [(Karandikar, 

1987)l: 

By only considering partial pressures of water that vary between zero 

and the saturated watervapour pressure, a linear relationship between 

Cis and ZHp can be assumed for prediction purposes. This is not 

entirely correct because of the fact that solubilities (Cia) in this 

discussion are expressed in terms of mol per kg wax, instead of the 

preferred mol per volume unit liquid mixture. However, by restricting 

the water concentration to values lower than the equilibrium 

concentration at the saturated water vapour pressure, the equilibrium 

volume water fraction of the liquid mixture remains low, as can be 

seen from table 3.3. 



TABLE 3.3: EQUII,IBRIUM WATER VOLUME FRACTION OF THE LIQUID MIXTURE 

AT SATURATED WATER VAPOUR PRESSURES, AS CALCULATED 

FROM KARANDIKAR'S DATA [(Karandikar, 1987)l 

From table 3.3 the deduction can be made that at temperatures 

relevant for Fischer-Tropsch in the slurry phase, the water fraction of 

the liquid mixture will never comprise more than 5 %  of the total 

volume. Thus, on a volume basis, the assumption can be made that 

the liquid phase is mainly wax, on condition that the water 

concentration is not to exceed the equilibrium concentration at the 

saturated water vapour pressure. 

TEMPERATURE 

(OC) 

180 

21 0 

240 

Under these conditions the approximation: CiTs directly proportional 

to Z,,20 , can be made as illustrated in figure 3.1. 

WATER VOLUME FRACTION AT SATURATED 

WATER VAPOUR PRESSURE 

0.01 5 

0.023 

0.034 



FIGURE 3.1: AN ILLUSTRATION OF THE REGION FOR WHICH A LINEAR 

RELATIONSHIP BETWEEN Ci* AND ZHzo IS ASSUMED 

where: 

C( = solubility of gas i (H, or CO) in wax free of water, in 

terms of mollkg wax. 

C: = solubility of gas i (H, or CO) in wax saturated with 

water, in terms of mollkg wax. 

ziz0 = volume fraction of water in a wax mixture that is 

saturated with water. 

C( and C: can both be obtained from Table 3.2, whilst z:& 

can be calculated from equation (17). This, however, requires an 

appropriate value for &20 , which is obtained from equation (1 6) in 

which Cip is calculated from Table 3.2, using the saturated 

vapour pressure of water. The saturated water vapour pressure, 
I1 PHzO , can be calculated from the Clausius-Clapeyron relationships, 

viz: 

P = (EXP 11 2.745 - 4 744.7rr33 bar 



The calculation of ziZo enables therefore the determination of C; 

from the following equation derived from Figure 3.1 

These equations can be used to predict equilibrium water 

concentrations in Fischer-Tropsch wax (particularly the wax used by 

Karandikar [(Karandikar, 1987)]), given certain water partial pressures. 

This was done for the temperature 210°C, and the water partial 

pressures were limited to a maximum of 3 bar, because of the fact 

that Fischer-Tropsch synthesis (especially Fe based) will rarely lead to 

higher water partial pressures. 

Figure 3.2 depicts the predicted equilibrium concentrations for both 

CO and H, as a function of water partial pressure, for the temperature 

210°C. The partial pressures of CO and H, were kept fixed at the 

realistic values of 5 bar and 10 bar respectively. 



FIGURE 3.2: WAX SOLUBILITIES AS FUNCTION OF WATER PARl'IAL 

PRESSURE 

From Figure 3.2 it is clear that simply expressing the kinetic models 

in terms of partial pressures, whilst assuming that Henry's constants 

are not being affected by the water concentration in the slurry liquid, 

can be criticized, even in situations where care is being taken to 

ensure constant wax composition during the kinetic investigation. 

H20 inhibits iron based Fischer-Tropsch, and it was concluded that it 

is to be expected that this inhibition will be augmented by the slurry 

mode of operation seeing that H20 has a higher solubility than H2 in 

molten wax [(Deckwer, 1985a31. This statement was based on 

solubility data obtained from experiments carried out on water free 

wax. It is, however, still valid (although slightly dampered) for the 

situation where the enhancement effect of water the solubilities of 

CO and H2 is taken into consideration. This is illustrated by Table 

3.4, which is based on Karandikar's data [(Karandikar, 1987)l. 



TABLE 3.4: SOLUBILITIES CALCULATED FOR A TYPICAL SET OF CONDITIONS 

FOR FISCHER-TROPSCH IN THE SLURRY MODE OF OPERATION, 

NAMELY: 

PHp = I ba r  ; P, = Sbar ; Pq = lobar ; and210°C 

From Table 3.4 it can be deduced that the C,/C,p ratio only 

increases from 0.49 to 0.57 as a result of the water influence being 

taken into account. This ratio is still much smaller than the 

corresponding partial pressure ratio. viz: PHjPHP = 10 . 
supporting the augmentation notion of water inhibition on the Fischer- 

Tropsch kinetics in slurry. 

Karandikar [(Karandikar, 198711 has unfortunately not supplied 

Henry's constant for CO, at two different temperatures for wax 

saturated with water. This made it impossible to estimate parameter 

values of Henry's law for CO, as was done for H2 and CO in table 

3.2. This implies that the predicted solubilities determined in this 

discussion, can only be implemented in a kinetic investigation of 

Fischer-Tropsch in slurry if it has been proven that the Fischer- 

Tropsch reaction rate is independent of CO,. 

L 

Assuming no water influence 

Taking water influence into account 

3.1.5 KINETIC DATA INTERPRETATION (The best approach?) 

Although a great deal of effort was put into improving the reliability 

PREDICTED SOLUBII-ITIES 

(mollkg wax) 

" 2 0  

9.18 x 

9.1 8 x 1 O2 

CO 

3.12 x 

3.44 x 1 0-2 

H2 

4.50 x 10- 
2 

5.27 x 10- 
2 



of Fischer-Tropsch product analyses, as well as identifying the stirred 

tank slurry reactor as the best suited reactor system for fundamental 

studies in Fischer-Tropsch, not much innovation went into the 

methodology of kinetic data interpretation. 

The Fischer-Tropsch rate equations are still being rearranged, out of 

convenience, to permit estimation of the parameters by linear 

regression. This is a practice that violates some of the premises of 

the statistical analysis [(Froment 197511. Although examples have 

shown that there is little influence on the estimates when accurate 

data are dealt with, there exists no real evidence that current Fischer- 

Tropsch kinetic data is of sufficient accuracy to guarantee that 

linearization would not lead to false conclusions in model 

discrimination. 

A more appropriate method should be an experimental programme 

which is based on a statistical approach with the following two  main 

objectives: 

i) To identify the candidate reaction rate model which best 

describes the observations. 

ii) To determine accurate parameter values for the final model. 

These objectives are to some extent conflicting. Parameters values 

are needed in order to  compare the candidate models, but on the 

other hand model fitt ing techniques assume that the shape of the 

model being fitted is correct. Consequently a sequential approach is 

often used t o  work towards both objectives at the same time [(Tan, 

1989)l .  



The sequential approach has the additional advantage that every set 

of experimental conditions is selected on the basis of the latest 

information. All new knowledge is incorporated into the system as 

the experimental programme progresses. Successive experimental 

conditions are then selected to  investigate specific aspects of the 

problem. 

In the primary stages of such an investigation, experimental 

conditions are selected to  shed as much light as possible on the 

boundaries of the operable regions, as well as to  gather enough data 

to  estimate the initial model parameter values. This process 

challenges the experimentalist in particular, because it is up t o  him to  

determine all the constraints on the operable region without being 

over-cautious. The experimentalist should further ensure that 

maximum flexibility is built into the experimental apparatus so as to  

be able t o  reach pre-designed conditions as closely as possible. 

During this investigation, these experimental constraints were then 

formulated as mathematical equations and incorporated into a 

computer programme. Eventually this programme could be used to  

select the next set of operable experimental conditions t o  be reached 

from a grid of attainable points. 

In the next phase of an investigation of this nature, experimental 

points are placed at those conditions where the candidate models 

differ most, in order to  select the model which best agrees with the 

observations. The t w o  main criteria that were used in this 

investigation, were the criterion of Buzzi-Ferraris and Forzatti [(Buzzi- 

Ferraris, 1983)1, and the combined criterion of Hill, Hunter and 

Wichern [(Hill, 1968)], which is a weighted average of the Box and 

Lucas [(Box, 1959) l  design criterion (aimed at parameter precision), 

and the Box and Hill [(Box, 1967) l  design criterion for model 

selection. The user may select the relative weights of the t w o  



portions of the combined criterion depending on the circumstances. 

At this stage of the investigation the weights are chosen such that 

model selection is emphasized. 

At the start of the model discrimination phase it is assumed that all 

the candidate models have the same probability of being selected. 

Whenever a new experimental point becomes available, all the 

candidate models are fitted to the data and a measure of the lack of 

fit of each model calculated (the lack of fit of a model is calculated as 

the sum of the squared differences between the observed reaction 

rate and the rate predicted using that model). The probabilities 

associated with the models are then updated in such a manner that 

the probabilities associated with models which fit the data well, 

gradually increase, while the probabilities of models which 

consistently fit the data poorly, gradually decrease. The probabilities 

are forced to add up to 1, so that eventually the probability of the 

best-fitting model is driven to 1, while the probabilities associated 

with the other models are driven to 0. This indicates that it is highly 

unlikely that additional data points will lead to one of the rejected 

models being preferred over the best model found. The focus of the 

investigation then shifts to refining the parameters of this model. 

In the last phase, the combined criterion of Hill, Hunter and Wichern 

[(Hill, 196811 is used again, but at this stage the relative weights of 

the criteria are chosen to emphasize parameter precision. The 

experimental points are now placed in locations which will reduce the 

volume of the joint confidence region of the model parameter 

estimates. 

Tan et al [(Tan, 1989)l have demonstrated that this strategy was 

found to be effective in achieving the objective of model 

discrimination as well as in improving the precision of the parameter 



estimates, as applied to a kinetic study of propylene oxidation over 

bismuth molybdate. 

MACRO KINETIC'S OF Fe AND Co BASED FISCHER-TROPSCH 

As already hinted there are significant differences between the 

Fischer-Tropsch kinetics associated with catalysts based upon these 

two active metals. It therefore makes sense to treat them separately, 

with iron based kinetics likely to be the most problematic. 

Iron Based Fischer-Tropsch kinetics 

3.1.6.1 -1  KINETIC MODELS 

The rival models, generally regarded in the literature as the main 

contenders for the Fischer-Tropsch reaction are: 

i Anderson - Dry 

ii) Satterfield - Huff 

iii) Ledakowicz - Nettelhoff 

All these models can be described by a single general reaction rate 

equation of which each one of the three main contenders could be 

regarded as a special case, viz: 



where: 13 = maximum (a - 1 , 0) 

These three models are all in agreement with the following general 

guide-lines: 

Anderson-Dry 

[(Anderson, 1956)(Dry, 

1976)l 

a = l  

c = 0 

r, = 
a Pco Pb 

'CO ' ' ~ ~ 0  

i) If rate inhibition by H,O and CO, are negligible, the rate 

equation simplifies to: 

Anderson [(Anderson, 1956)l postulated that this first order 

rate law holds at synthesis gas conversions below about 60%. 

Subsequent experimental work, for example Dry et al [(Dry, 

1972)], confirmed this first-order rate law, and its validity at 

syngas conversion fractions smaller than 0.6 is currently 

regarded as a rule of thumb in Fischer-Tropsch research 

[(Deckwer, 1985a) (Satterfield, 1985b)l. This is especially true 

in the case of potassium promoted Fe catalysts, seeing that 

Satterfield-Huff 

[(Satterfield, 1984)l 

a = 2  

c = o  

r, = 
a p, pi2 

PC0 "& + b P ~ 2 ~  

Ledakowicz-Nettelhoff 

[(Deckwer, 1985a)l 

a = l  

r, = 
a Pm P"? 

Pm + b Py0 + cPm2 



potassium also promotes the WGS reaction [(Satterfield, 

1 984)(Bell, 198311. 

The fact that the Fischer-Tropsch rate is first order in hydrogen 

could be seen as support for the notion that unadsorbed 

hydrogen reacts directly with adsorbed complexes, which 

seems to be consistent with the findings of Dry [(Dry, 1969b)l 

that no measurable amount of hydrogen is adsorbed by alkali- 

free and potassium promoted iron, when CO was pre-adsorbed 

onto the iron catalyst. 

ii) The Fischer-Tropsch reaction is inhibited by increased water 

partial pressure. This could be indicative of competition for 

available catalytic sites between CO and H20. It is reported 

that the absolute value of the heat of adsorption of H20 is high 

compared to that of CO [(Satterfield, 1984)l. 

In the case where water simply inhibits the Fischer-Tropsch 

activity by means of competition adsorption, the effect of 

water will be reversible. Satterfield et al [(Satterfield, 1986)], 

however has shown that the removal of the water vapour from 

synthesis gas, that contained 42  mol % water, did not result 

in activity recovery of an alkali promoted fused catalyst. 

The inhibition of the Fischer-Tropsch reaction rate need not be 

because of competition chemisorption, but could also be a 

consequence of the formation of inert surface oxide 

[(Satterfield, 1990a). When this oxidation is limited to surface 

iron, it is likely to be reversible, but when it progresses to bulk 

iron oxidation it results in sintering [(Dry, 1981 a)] (i.e. loss of 

surface area), hence irreversible deactivation. This tendency 

for iron based catalysts to oxidize during Fischer-Tropsch 



synthesis, is a function of catalyst composition. It is, for 

example, known that iron catalyses the Boudouard reaction, 

and that iron carbides are much more resistant to oxidation 

than metallic iron [(Dry, 1981 a)(Dry, 1987b31 

iii) The Fischer-Tropsch reaction is inhibited by CO, to a lesser 

extent. Both the Anderson - Dry and Satterfield - Huff rate 

equations indicate that rate inhibition by CO, is negligible. If 

the experimental data, however, shows a correlation between 

PHp and PcO2, a satisfactory fit of the Anderson - Dry rate 

equation does not conclusively rule out CO, inhibition. This 

can easily be demonstrated by assuming that the chance 

correlation can be described by Pco2 = k PHp In this case 

the Ledakowicz - Nettelhoff rate equation can be rewritten as: 

with the consequence that experimental data displaying this 

type of correlation, are to be regarded as unsuitable for model 

discrimination between Anderson - Dry and Ledakowicz - 

Nettelhof. 

It could thus be that explanations such as the one put forward 

by Boelee [(Boelee, 1988)], viz "It has to be noted that possibly 

the CO, inhibition is not caused by CO, itself but by H,O 

produced via the water-gas shift reaction from CO, added and 

H,", could have been the result of experimental shortcomings 

that made it difficult to break down the correlation between 

and 'Co2 

Yates and Satterfield [(Satterfield, 1989a)l also pursued 

Boelee's line of thought, and they applied experimental data 



published by Huff [(Huff, 1982)l  to the rate equation: 

Their conclusion was the B is statistically more significant than 

C, which is statistically insignificant, and that equation (22) 

thus reduces to: 

which is a rewritten version of the Satterfield-Huff rate 

equation. 

Seeing that Ledakowiczrs[(Deckwer,1985a)] data showed high 

water-gas-shift activity, it was concluded that the terms 

P, ,/(pH PC,) and (PC, /PC,) are closely correlated, viz: 

Although Yates [(Satterfield, 1989a)l did not state it 

categorically, the deduction can be drawn from their publication 

that they believed Ledakowicz et al [(Deckwer, 1 985a)l were 

being misled by this correlation in proposing the rate equation: 

The data used by Ledakowicz also showed high water-gas-shift 

activity. 

The impression has thus been created that Yates and 

Satterfield [(Satterfield, 1989a)l were of the opinion that had 



Ledakowicz [(Deckwer, 1985a)l been able to calculate the 

reported water partial pressures more accurately, the rate 

equation: 

would have been more appropriate. The reported data of 

Ledakowicz [(Deckwer, 1985a)l did show negative water mol 

fractions in certain instances, which was ascribed to data 

scatter. 

Boelee [(Boelee, 1988)l pursued this idea by proposing that 

Ledakowicz [(Deckwer, 1985a)l could have calculated the 

water mole fractions more accurately from the water-gas-shift 

equilibrium, than from the usage ratio. This method could be 

justified by the fact that Ledakowicz's [(Deckwer, 1985a)l data 

display high water-gas-shift activity. Boelee [(Boelee, 1988)l 

recalculated Ledakowicz's [(Deckwer, 1 985a)l data 

accordingly, and concluded that it was hardly possible to 

discriminate between the two models in question, based on this 

data. The two models referred to here, being: 

and 

Yates and Satterfield [(Satterfield, 1989a) concluded that the 

Fischer-Tropsch rate inhibition attributed to CO, by Ledakowicz 

[(Deckwer, 1985a)], was instead caused by water formed from 



CO, by the reverse water-gas-shift reaction. 

Deckwer et at [(Deckwer, 1 987)(Deckwer, 1986b)], however, 

were convinced of Fischer-Tropsch rate inhibition by CO, in 

addition to H,O. They stated that the inhibition by CO, 

becomes significant in the case of hydrogen lean synthesis gas 

(H, to CO inlet ratios < 0.8) combined with catalysts 

displaying high water-gas-shift activities (Fe promoted by 

potassium). They regarded the CO, inhibition important enough 

to propose a two stage process with an intermediate CO, 

absorption between two bubble column slurry reactors in 

series, in order to obtain high conversions and acceptable 

space-time-yields. 

It is thus clear that the matter of CO, inhibition has not yet 

been resolved conclusively. If this question is therefore to be 

addressed by means of considering the Ledakowicz-Nettelhoff 

equation, care should be exercised in order to avoid chance 

correlations between PHlo and Pm2 as was correctly 

pointed out by Bukur [(Bukur, 1990)l. 

3.1.6.1.2 MECHANISTIC IMPLICATIONS OF RIVAL KINE1-IC MODELS 

Although this author has already expressed scepticism over this 

practise and regards it as an approach almost guarantying 

oversimplifications, a short review is nevertheless included for 

completeness sake. 

Some mechanistic significance has already been attached to the fact 

that the Fischer-Tropsch reaction rate is first order with respect to H, 

(i.e. r, = k PH2 at relative low % syngas conversion levels. 

This fact, however, needs not be considered as presenting conclusive 



proof of the notion that hydrogen reacts directly from the gaseous 

phase. Wojciechowski [(Wojciechowski, 1988)l has, for example, 

demonstrated that hydrogen powers in .the numerator of macro kinetic 

expressions can quite naturally adopt any one of the values 112, 314, 

1 and 312, based upon the more likely assumption of dissociative 

hydrogen chemisorption. It could therefore indeed prove to be 

impossible to formulate the macro kinetics of the Fischer-Tropsch 

synthesis with any generality, simply because of its complexities. 

May be Schulz [(personal communication)] is correct in his conviction 

that generality is only to be attained through a micro kinetic route, 

because of its more fundamentalistic base. 

The Anderson-Dry equation was first proposed by Anderson 

[(Anderson, 1956)1, based on unpublished work at the U.S. Bureau of 

Mines, as an empirical relationship. This relationship was verified by 

Dry [(Dry, 1976)l and the following mechanism was proposed, which 

is consistent with the enol theory: 

k 
H, + *CO + * COH, (rate determining step) 

This implies: TFT = 
k PC0 pH2 

Pco + ( K ~ ~ d b o ) P ~ ~ o  

Note: In the derivation of this equation it is assumed that saturation 

of the active sites occurs. 

By simply adding the adsorption equilibrium: 

Kco, 
co, + * * * co, 



to this sequence, one can deduce that the enol theory also accounts 

for the Ledakowicz-Nettelhoff equation[(Deckwer, 1985a)l: 

The Satterfield-Huff equation [(Satterfield, 1984) l  on the other hand 

can be derived from the carbide mechanism: 

k 
* C + H2 + * CH, (rate determining step) 

k P,P; 
This implies: rFT = 

PCOPH~ + ( K H ~ ~ ) P H ~ O  

From these derivations, combined wi th  the respective equations as 

they have been contrived from the general rate equation [(Tan, 

1989)1, the following conclusions can be drawn: 

a = rate constant of rate determining step 

The following statements can be obtained from literature with respect 

to  the temperature dependence of the constants a, b, and c. 

i) The apparent activation energy for the Fischer-Tropsch 

reaction, as determined from a, falls within the range 7 0  - 105 

kJ/mol, regardless of catalyst type [(Satterfield, 1984)(Bukur, 



ii) Seeing that the absolute value of the heat of adsorption of H,O 

is high compared to that of CO [(Satterfield, 1984)1, constant 

b must be temperature depe.ndent. 

iii) Seeirrg that the heats of adsorption of CO and CO, on 

promoted Fe catalysts are comparable [(Dry, 1969b)], c should 

not be dependent on temperature. This was confirmed by 

Ledakowicz et al [(Deckwer, 1985a)l under Fischer-Tropsch 

conditions conducive to CO, inhibition. 

3.1.6.1.3 A RE-EVALUA-TION OF PUBLISHED KINETIC DATA 

For this purpose data published by Huff [(Huff, 1982)l and Bukur 

[(Bukur, 1990)l have been used. The Satterfield group at 

Massachusetts Institute of Technology attached great significance to 

the experimental kinetic data obtained by Huff on potassium promoted 

fused magnetite, received from United Catalysts. The reason for this 

statement is that it was used to "prove" that the Satterfield-Huff 

equation is superior to the Anderson-Dry equation [(Satterfield, 

1984)1, and it was also used in order to criticize Deckwer's conviction 

that CO, does inhibit the Fischer-Tropsch reaction at conditions that 

might be considered conducive to CO, inhibition [(Satterfield, 1989a)l. 

Table 3.5 supplies the empirical kinetic data of run 9 as reported by 

Huff [(Huff, 198211. This table contains calculated values of r, based 

on assumption that m = 2 (refer equation 11)). r, is being expressed 

in terms of: mol CO converted to Fischer-Tropsch products 

(excluding CO,) per gram of unreduced catalyst per second. 



TABLE 3.5: HUFF'S ; [(Huff, 1 982)l KINEI'IC DATA FOR REPORTED RUN 9 

TEMPERATURE 

(BAR) 

1.1 725 

1.9808 

0.3987 

3.6959 

0.691 6 

1.1 251 

1.4841 

0.6991 

0.4385 

3.091 6 

0.8074 

1.3645 

0.2575 

0.41 55 

2.321 5 

2.1 134 

0.7082 

5.8892 

1.4880 

3.0353 

1.6495 

1.3037 

1.791 0 

0.7508 

3.3904 

1.5854 

0.7094 

(BAR) 

0.0709 

0.0592 

0.0252 

0.0844 

0.0842 

0.1 104 

0.1478 

0.1093 

0.0398 

0.4363 

0.0773 

0.0536 

0.01 15 

0.01 90 

0.1029 

0.0754 

0.0214 

0.0901 

0.091 3 

0.1032 

0.1 936 

0.1 778 

0.2630 

0.0891 

0.8057 

0.0349 

0.0074 



TABLE 3.5: CONTINUES 

The kinetic data of Bukur [(Bukur, 1990)l that were scrutinized, are 

those reported for a potassium promoted precipitated iron catalyst 

(1 00 Fel0.3 Cu10.2 K).  

TABLE 3.6: BUKUR'S [(Bukur, 1990)l KINETIC DATA 

r~~ 
(mol1g.s) 

2.951 x 1 0-6 

2.393 x 1 0-6 

3.31 0 x 1 0-6 

1.863 x 1 0-6 

4.1 79 x 1 0-6 

2.202 x 1 0-6 

1.900 x 1 0-6 

2.41 1 x 1 0-6 

1.533 x 1 0-6 

3.507 x 1 0-6 

2.864 x 1 0-6 

2.258 x 1 0-6 

1.703 x 1 0-6 

TEMPERATURE 

(OC) 

263 

263 

263 

263 

263 

263 

263 

263 

263 

263 

263 

263 

263 

b o 2  

(BAR) 

3.1074 

1.2938 

6.8676 

3.5809 

2.5633 

1.7706 

0.9020 

3.351 3 

1.7934 

1.5700 

1.61 39 

2.41 78 

1.0348 

TEMPERATURE 

(OC) 

250 

250 

250 

250 

250 

250 

250 

P ~ p  
(BAR) 

0.1 669 

0.0439 

0.4464 

0.2074 

0.1 281 

0.381 9 

0.1 453 

1.41 13 

0.4800 

0.21 71 

0.01 42 

0.01 34 

0.0087 

PC, 

(BAR) 

0.9310 

1 .OOOO 

0.7733 

0.4852 

1.531 9 

0.2590 

0.31 68 

0.2063 

0.1 91 7 

0.631 5 

3.7572 

3.1 406 

2.4661 

(BAR) 

2.7738 

1.7623 

4.5898 

2.5383 

2.9776 

4.7260 

2.7623 

8.1 364 

4.6220 

4.9281 

2.1 554 

1.81 73 

1.4036 

PC, 
(BAR) 

3.76 

6.38 

3.23 

3.21 

2.20 

3.80 

5.39 

'H20 

(BAR) 

0.35 

0.24 

0.06 

0.06 

0.22 

0.62 

1.17 

r~~ 
(mol1g.s) 

5.79 x 

8.13 x la6 
2.61 x 

3.39 x 

5.23 x 

8.1 0 x 1 0-6 

1.05 x 1 0-5 

P ~ 2  

(BAR) 

4.27 

4.76 

2.02 

2.1 8 

6.08 

8.75 

12.06 

p ~ 0 2  

(BAR) 

5.80 

3.1 9 

2.23 

8.1 5 

4.92 

7.39 

9.00 



Huff and Satterfield [(Satterfield, 1984)l started off by plotting r, 

versus Py in order to  determine the conditions at which 

r = aPy . The graphs constructed from table 3.5 are in 

agreement wi th  the published graphs. In order to illustrate this, the 

graph of r, versus Py at 232OC is reproduced in Figure 3.3. 

FIGURE 3.3: FISCHER-TROPSCH REACTION RATE AS FUNCTION OF H, 

PARTIAL PRESSURE (HUFF'S DATA, 232OC) 

P(H2). bar 
<0 .10ba r  + >O. lObar  

From this figure the conclusion was made that H,O inhibits the 

Fischer-Tropsch reaction at partial water pressures larger than 0.1 



bar. Thus: 

r, = aPH2, for PH20 < 0.1 bar 

As mentioned before, the criterion usually reported for r,, to be 

approximated by aPH2 , is syngas conversions lower than 60%. 

From Huff's [(Huff, 198211 data at 232OC follows: Observable water 

inhibition at syngas conversion levels between 28% and 54%, and 

negligible water inhibition (=) r, = aPHJ at syngas conversion 

levels between 17% and 56%. Huff's kinetic data therefore 

contradicts the generally accepted criterion with respect to the validity 

of r, = aPH2 . 

Huff [(Satterfield, 198411 continued by determining the rate constant 

in r, = aPH2 from a linear regression of the data points in figure 

3.3 for which PH20 < 0.1 bar This calculated value of a was then 

used in the calculation of b, as specified by the Anderson-Dry 

equation, viz: 

Coefficient b was calculated in this manner for each of the five 

individual points that displayed water inhibition as observed from 

figure 3.3. The conclusion was then made that b is not constant for 

a fixed temperature, but that b should rather be seen as inversely 

proportional to PH2, i.e. that the product b PH2 is a constant rather 

than b as such. 

The graphs of b versus 1/PH2 , to illustrate this inverse 

proportionality, was published by Huff [(Satterfield, 198411 for the 

temperatures 248OC and 263OC. The corresponding graphs for 

232OC and 263OC are illustrated in figures 3.4 and 3.5 respectively. 



FIGURE 3.4: COEFFICIENT b VERSUS RECIPROCAL Py 

(HUFF'S DATA, 232OC) 

FIGURE 3.5: COEFFICIENT b VERSUS RECIPROCAL Py 

(HUFF'S DATA, 263OC) 

3.5 



The darkened point in figure 3.5 was obtained from Huff's [(Huff, 

1982)l run number 9-31, and does not appear in the published figure 

[(Satterfield, 1 984)l. 

Figure 3.4 and 3.5 are, frankly speaking, not very convincing proof 

for the deduction that b is to be regarded as inversely proportional to 

Py. Accepting, however, this proportionality, the Anderson-Dry 

equation can be transformed into the Satterfield-Huff equation as 

follows: 

The term bPH2is thus considered to be a constant rather than b as 

such, resulting in the Satterfield-Huff equation. 

Huff [(Satterfield, 198411 finished off by plotting the linearized 

versions of the Anderson-Dry as well as the Satterfield-Huff rate 

equations, in order to visually demonstrate the "superiority" of the 

latter Fischer-Tropsch rate equation. The corresponding graphs at 

232OC are presented in Figures 3.6 and 3.7. 



FIGURE 3.6: LINEARIZED HUFF-SATTERFIELD RATE EQUATION 

(HUFF'S DATA. 232OC) 

FIGURE 3.7: LINEARIZED ANDERSON-DRY RATE EQUATION 

(HUFF'S DATA, 232OC) 
5 



Huff's kinetic data at 232OC as given in table 3.5, were then re- 

analyzed using non-linear regression methods. 'The Satterfield-Huff 

equation was assumed t o  be the preferred model, and the best 

parameter values were determined on the basis of minimizing the sum 

of squared differences between the observed reaction rate and the 

predicted one. The joint confidence regions for rate parameters a and 

b, as listed in the equation: 

r, = (a P,P~>/(P,P~~ + b pH$) , were also calculated, and 

are shown in figure 3.8. 

FIGURE 3.8: CONTOUR PLOT OF SUM OF SQUARE ERRORS, HUFF'S DATA 

FITTED TO SATTERFIELD-HUFF RATE MODEL 



The percentages indicated on this figure, are the respective 

confidence levels. I t  can be deduced from figure 3.8 that the water 

coefficient, b, of the Satterfield-Huff equation at 232OC can adopt 

any value between 1 4  bar and 30 bar with 80% confidence. This 

variation is not easily reconcilable with Huff's conclusion that the 

water coefficient of their proposed rate equation could be regarded as 

constant. 

Huff's kinetic data at 232OC were also fitted to  the Anderson-Dry rate 

equation by means of the non-linear regression. Table 3.7 is a 

summary of the best parameter values for the Anderson-Dry and 

Satterfield-Huff rate equation as calculated from Huff's data at 

232OC. 

TABLE 3.7: BEST PARAMETER VALUES FOR THE ANDERSON-DRY AND 

SATTERFIELD-HUFF RATE EQUATIONS AS DETERMINED FROM 

HUFF'S [(Huff, 198211 DATA AT  232OC 

Table 3.7 was used in the construction of the parity plots of the 

Anderson-Dry and Satterfield-Huff kinetic equations as depicted in 

figure 3.9. 

Anderson-Dry 

~ F T  ' (aPcoPH.Jl(Pco + ~ P H ~ O )  

Satterfield-Huff 

rFT = ( ~ P ~ P ~ J / ( P ~ P H ~  + bpH20) 

a 

4.1 52  x 10.' 

mol1g.s. bar 

4.428 x lo-' 

mol1g.s. bar 

b 

2.454 

- 

21.1 75  

bar 



FIGURE 3.9: PARITY BLOT FOR REACTION RATE MODELS 

(HUFF'S DATA, 232OC) 

0 0.4 0.8 1 .2 1.6 2 2.4 
(Times 10E-6) 

OBSERVED FT REACTION RATE 
= ANDERSON-DRY + = SAlTERFIELD-HUFF 

The final test of the preferred rate equation should be the success 

with which reaction rates can be predicted. With this in mind, the 

deduction has to be made from an inspection of figure 3.9, that the 

Satterfield-Huff equation predicts only marginally better than the 

Anderson-Dry equation. This observation places Huff's [(Satterfield, 

1984) l  conclusion that the Satterfield-Huff equation is superior to the 

Anderson-Dry equation in doubt. 

The experimental data reported by Bukur [(Bukur, 1990) l  and listed in 

table 3.6 was also re-evaluated. The Ledakowicz-Nettelhoff rate 

equation was not seriously considered by Bukur, due to  the 

correlation between PHlo and Pco2 , as depicted in figure 3.10. 

This correlation is, however, not as bad as the correlation between 



PHp and PH2 displayed by Huff's [(Huff, 198211 data at 232OC. 

as shown in figure 3.1 1, and Huff did not make any mention of this 

correlation's possible concealed implication on model discrimination. 

FIGURE 3.10: CORRELATION IN DATA POINTS (BUKUR'S DATA, 250°C) 

0 

o 0.2 0.4 0,6 0,8 1 1.2 

P(H20). BAR 



FIGURE 3.11 : CORRELATION IN DATA POINTS (HUFF'S DATA, 232OC) 

4 6 

P(H2), BAR 

Parameter determination with the objective of estimating joint 

confidence regions, was performed on Bukur's data (table 3.6), 

having accepted the Anderson-Dry rate equation as the preferred 

model. The sum of the squared differences between the observed 

and predicted reaction rates are plotted as a function of the rate 

constant (expressed in terms of mol per gram unreduced catalyst per 

second per bar) and the water coefficient in figure 3.12. 



FIGURE 3.12: SUM OF SQUARES SURFACE (BUKUR'S DATA APPLIED TO 

THE ANDERSON-DRY RATE MODEL) 

This sum of squares surface does not have an obvious minimum, 

which is supported by the contour plot of the sum of square errors as 

illustrated in figure 3.1 3. 



FIGURE 3.13: CONTOUR PLOT OF SUM OF SQUARE ERRORS (BUKUR'S 

DATA FllTED TO THE ANDERSON-DRY RATE MODEL) 

................................................................................................................................. 

WATER COEFFICIENT b 

The reported [(Bukur, 1990)l best fitted parameter values, viz: a = 

1.75 x mol/(g-cat.s.bar) and b = 5.3 are confirmed in figure 3.1 3. 



The percentages indicated in figure 3.13 are the respective confidence 

levels. From this plot it is clear that the parameters could not be 

determined accurately from the reported data. The elongated and 

oblique alignment of the joint confidence regions, demonstrate a 

correlation between the parameters a and b. Simply reporting a value 

of 5.2 for b under these circumstances, without making any mention 

of the corresponding confidence, is misleading, because b could adopt 

any value between 1.5 and 11.3 with 80% confidence as derived 

from figure 3.1 3. 

Cobalt based Fischer-Tropsch kinetics 

The relative high cost of cobalt (compared to iron), and the significant 

medium pressure investigations by Fischer and Pichler in 1936 (which 

resulted in technically interesting activities with iron 

catalysts[(Schulz, 1970c)l led to the replacement of cobalt by iron as 

commercial Fischer-Tropsch catalyst. The emphasis was placed on 

gasoline production, and in this respect the big advantage of iron is 

to be found in the high temperature (i.e. 320 - 330°C) and medium 

pressure (i.e. 20 - 30 bar) entrainedlfluidized bed operation. 

It is believed that (selectivity wise) cobalt does require relative low 

temperatures, and a temperature range as narrow as 180 - 205OC has 

been suggested in literature [(Schulz, 197811. 

With respect to low temperature Fischer-Tropsch, cobalt does possess 

characteristics which are superior to that of iron. Cobalt, for 

instance, does not oxidize under normal Fischer-Tropsch synthesis 

conditions, contrary to iron [(Dry, 1990b)l. Deactivation, because of 

re-oxidation [(Dry, 1981 a)], is of decisive importance in the case of 

iron, and it is believed that very long life expectancies with cobalt 

could help compensate for higher cost per unit mass. 



During this investigation a Co/SiO, and a Co/ThO,/MgO/SiO, catalyst 

were compared by means of an evaluation of intrinsic kinetics and 

stabilities. 

3.1.6.2.1 KINETIC MODELS 

Although Withers[(Withers, 1990)l has proposed the Satterfield-Huff 

[(Satterfield, 1984)l rate equation (derived from an iron based 

investigation), as the preferred relationship for describing the Fischer- 

Tropsch kinetics obtained with supported cobalt carbonyl derived 

catalysts, it is generally regarded that the kinetics on cobalt differ 

from that on iron [(Anderson, 195611. Brotz [(Brotz, 1949)l observed 

that the rate on cobalt could be described by: 

rFT = a pi2/ Pco 

This proposal indicates that water is not to be regarded as a rate 

inhibitor in cobalt based Fischer-Tropsch, contrary to iron. The 

absence of water inhibition, in the case of cobalt, follows also from 

an investigation performed by Fischer and Pichler [(Fischer, 1939b)l 

in the aqueous phase, where it was proven that the Fischer-Tropsch 

characteristics are not even being influenced by the presence of liquid 

water in the reactor. 

As already mentioned factors such as oxidation and carbon deposition 

are likely to complicate kinetic investigations on iron based Fischer- 

Tropsch, and s h o ~ ~ l d  not be at play in the case of cobalt. The reasons 

for this being that cobalt neither oxidises nor deposits carbon under 

normal Fischer-Tropsch synthesis conditions [(Anderson, 1956)(Dry, 

1987b)l. The apparent absence of water inhibition in the case of 

cobalt could be seen as support for the notion that water inhibits iron 

based Fischer-Tropsch through the formation of inert surface oxide at 

the cost of the alternative suppositions of competitive molecular chernisorption. 



The equation proposed by Satterfield [(Satterfield, 1991 b)(Satterfield, 

1991 a)] for describing the Fischer-Tropsch intrinsic kinetics on cobalt, 

also contains no water inhibition term, viz: 

This equation represents a simplified version of a rate equation 

derived by Sarup and Wojciechowski [(Wojciechowski, 19891 for a 

proposed mechanism, and is thus considered to be more than simply 

an empirical rate equation. In this respect a is a kinetic parameter and 

b represents an adsorption parameters. The squared denominator 

could be seen as being indicative of a bimolecular surface reaction. 

KINETIC INVESTIGATION 

EXPERIMENTAL PROCEDURE DURING THE IRON BASED FISCHER- 

TROPSCH KINETIC INVESTIGATION 

The kinetic investigation was performed in the continuous stir tank 

slurry micro reactor described elsewhere. Standard Sasol commercial 

Arge catalyst extrudates were crushed and sieved to fall within the 

particle size range 38 - 150pm. 

A comprehensive kinetic investigation will invariably require prolonged 

runs during which the catalyst is exposed to a great variety (and often 

demanding) conditions. It was therefore decided to take every 

conceivable precaution to minimize catalyst deactivation, without 

defeating the basic objective, which was the characterization of 

standard Arge in the slurry mode of operation. 

Based on information supplied in Sasol reports [(Ruede, 1980)(de 

Haan, 1983)], it was decided to calcine the above-mentioned catalyst 



at 500°C overnight in an air flow. According to these reports a 

moderate decrease in initial activity can be expected, but this is 

sacrificed for more constant activity. The selectivities were, on the 
9 

other hand, not influenced by calcination at 500°C. This quoted 

work was carried out in fixed bed reactors. 

The calcined catalyst was again sieved to fall within the range 38 - 

150pm. A particle size determination revealed that 68% of the 

population fell within the range 48.5 -e 26.8pm, assuming a standard 

normal distribution. 

A BET analysis of this calcined Arge catalyst revealed that calcination 

at 500°C resulted mainly in the loss of small pores. This should 

further improve transport restrictions, even though intrinsic 

hydrocarbon diffusivities through liquid filled pores do not depend on 

pore size. The reason being that for a given areal density of reactive 

sites, smaller pores have a larger number of reactive sites and lead to 

greater reactant consumption for a given cross-sectional pore area 

[(lglesia, 1 993)l. 

409 of this unreduced calcined standard Arge catalyst, as well as 

3209 molten Fischer-Tropsch hard wax, were loaded into the reactor 

vessel. The reactor temperature and reactor pressure were allowed 

to reach 250°C and 20 bar respectively, whilst a constant pure 

hydrogen stream was passed through the reactor at a flow rate of 1 

dm3,/min. These conditions were maintained overnight, thereby 

activating the catalyst by means of reduction in pure hydrogen. 

NOTE: Cobalt, nickel, and ruthenium are almost always reduced 

in flowing hydrogen at 200 - 450°C to the zero-valent 

metallic state. This pretreatment serves a particular 

purpose because of the fact that these catalysts remain 



in the zero valent state during synthesis [(Anderson, 

1956)l. Exposure of iron to synthesis gas, however, 

results in the formation of carbide phases [(Amelse, 

1978)(Raupp, 1979) (Dry, 1981 a)], and magnetite 

[(Anderson, 1 956)(Dry, 1 981 a) (Satterfield, 198611. The 

iron phase(s) responsible for catalyst activity is 

uncertain, and in general there is no obvious correlation 

between the catalyst bulk composition and its activity 

[(Dry, 1981 a)]. It can thus be argued that the selected 

pretreatment (whether reduction with hydrogen and/or 

CO), will only influence initial catalyst performance at 

best, and that the iron based catalyst composition might 

ultimately be dictated by the prevailing synthesis 

conditions. Hydrogen pretreatment was selected in this 

study because of Bukur's [(Bukur, 1989)l finding that 

the activity of CO reduced iron catalysts declined with 

time on stream, whereas the activity of H, reduced 

catalysts remained constant, which is a prime 

consideration in an elaborate kinetic investigation. 

After the hydrogen pretreatment, CO was introduced without any 

adjustments to the reactor temperature and total pressure, which 

were kept fixed at 250°C and * 20 bar respectively. The time of CO 

introduction was defined as time zero. 

During this investigation molten hard wax was continuously pumped 

into the reactor at a rate of 42 mt/hour. The composition of this wax 

is presented in figure 3.14, and this Fischer-Tropsch fraction 

consisted mainly of normal saturated hydrocarbons. 



FIGURE 3.14: COMPOSITION OF HARD WAX 

20 40 60 

CARBON ATOM NUMBER 

From figure 3.14 it can be deduced that the average molecular weight 

of this high molecular weight Fischer-Tropsch liquid is 697. The 

reason for continuously having added molten high molecular weight 

wax to the slurry micro reactor is twofold, viz: 

i )  It was stated earlier that the experimentalist can contribute to 

the success of a kinetic investigation by minimizing the 

constraints on the operable region. Without the continuous 

addition of high molecular weight Fischer-Tropsch liquid, 

experience has shown that complete wax carry over is likely to 

occur in cases of hydrogen rich feed gas. A possible 

explanation for this phenomenon could be that the hydrogen 

rich synthesis gas will result in a lighter product spectrum, 

which in turn is more prone to foaming as pointed out by 



Deimling et al [(Karandikar, 1984)l. 

ii) Because of the fact that it is by far more convenient to express 

kinetic equations in terms of partial pressures than solubilities, 

a constant liquid composition will contribute to the justifiability 

of this approach. The reason for this statement is to be found 

in a conclusion that was made earlier, namely that the 

solubilities of the gases CO, H,, CO,, and H,O decrease with 

increasing average molecular weight of the liquid. The possible 

influence of the water content on the sol~~bilities could, 

however, not be counteracted. 

A constant liquid corr~position was achieved by the continuous 

addition of an excess amount of high molecular weight Fischer- 

Tropsch liquid. The addition rate of 42 ml/hour, that was 

maintained throughout the kinetic investigation, was 

sufficiently higher than the reaction wax production rate, which 

varied between _+ 0 mtlhour and * 4m4lhour. 

A high molecular weight Fischer-Tropsch liquid was selected because 

any interference with the GC analyses of the volatile overhead 

gaslvapour products had to be avoided. 

Based upon conclusions drawn from previous investigations 

performed on Arge catalysts, as discussed earlier, reason existed to 

believe that intraparticle diffusion would not play a reaction rate 

limiting role in this investigation. This supposition was based on the 

fact that the particle sizes employed in this kinetic investigation (48 

k 26.8pm) were well below the reported cut-off point of 200pm 

[(Smith, 198311. 

In order to eliminate interparticle resistances, use was made of 



adjusting the stirrer speed, which is to be regarded as the most 

effective way of achieving this objective. 

Having determined the minimum stirrer speed required to eliminate 

interparticle diffusional resistance on the Fischer-Tropsch rate, the 

next phase of this investigation was the postulation of the borders of 

the operable region. In this regard previous experiences were used as 

guidelines. 

The H2/C0 ratio inside the reactor was used as one criterium. The 

phenomenon that hydrogen rich synthesis gas tended to result in 

complete wax carry over, was counteracted by the continuous high 

molecular weight wax addition. Hydrogen lean synthesis gas, on the 

other hand, also caused problems. This seems to be in conflict with 

the widely propagated notion that satisfactory slurry operation with 

hydrogen lean synthesis gas (H2/C0 < I), using an iron catalyst is 

achievable [(Satterfield, 1982c)l. This gives the slurry mode of 

operation an advantage with respect to the fixed bed and vapour- 

phase entrained-bed reactors. This is particularly valid in the light of 

Shinnarrs [(Shinnar, 1978)l conclusion that the lowest cost synthesis 

gas can be produced from certain second generation gasifiers that use 

minimum amounts of oxygen and steam, producing a hydrogen lean 

synthesis gas (H2/C0 possibly as low as 0.5). However, during one 

of the runs carried out at 240°C and a H2/C0 syngas ratio of k0.5, 

an experience similar to that reported by Farley and Ray [(Farley, 

196411 was encountered. 

The reactor wax underwent a large increase in viscosity during this 

run, which eventually led to the shutdown of the reactor. Farley and 

Ray [(Farley, 1964)l attributed this increase in viscosity to the 

accumulation of finely divided carbon. This explanation is unlikely in 

the light of the notion that the Boudouard reaction is negligible at 



temperature lower than 250°C [(Dry, 1981a)l. Satterfield et al 

[(Satterfield, 1981)l ascribed this phenomenon to the accumulation of 

high molecular weight hydrocarbon products. Whatever the cause of 

this run disabling phenomenon, it was decided to take 1 as the lower 

limit for the H,/CO ratio inside the reactor during this kinetic 

investigation. 

Other variables that were assigned operable limits were: 

i) Total % CO conversion 

ii) Partial pressures of CO, H,, H,O and CO,, 

iii) Individual mass flow meter settings of CO, H,, CO,, and Ar, 

iv) Total outlet gas flow. 

The limits used, are supplied in table 3.8, and some (i.e. massflow 

meter settings, dry outlet gas flow, total reactor pressure) were 

selected based on mechanical constraints, whilst the others were 

selected with commercial applicability in mind. 



TABLE 3.8: BOUNDARIES OF OPERABLE REGION 

As described in the section dealing with kinetic data interpretation, 

the primary stages of the sequential statistical approach to a kinetic 

investigation, deals with the selection (not design) of arbitrary 

conditions, from which the initial model parameter values are 

estimated. Once this stage has been reached, the statistical approach 

is used in order to sequentially design additional conditions. These 

conditions are either designed with the objective of realizing maximum 

differences between rival models, or of obtaining the highest possible 

parameter precision in the case of a preferred model. Without placing 

any constraints on this design procedure, chances are very good that 

the experimentalist will be requested to try and reach too challenging 

conditions. 

The information obtained at any stage of the investigation, should 

thus be used to identify a grid of operable conditions, which all fall 

within the limits specified in table 3.8. This is achieved by 

HIGHER LIMIT 

7 

95% 

21 

18.0 

10.0 

6.0 

2.0 

95% 

2.0 1 

r 

H,/CO ratio inside reactor 

Total % CO conversion 

Total reactor pressure (bar) 

Partial pressures (bar) 

"2 

CO 

co2 
H2O 

Mass flow meter settings of CO, H,, C02 and 

Ar 

Total dry outlet gas flow (dm3,/min) 

LOWER LIMIT 

1 

5% 

0 

2.0 

1 .o 
0.5 

0.2 

5% 

0.5 



mathematically predicting the values of the variables listed in table 3.8 

for each new potential condition, and rejecting those conditions that 

do not fall within the specified constraints. Seeing that every new set 

of predictions are based upon the latest information, it is to be 

expected that the accuracy of the predictions should improve as the 

investigation progresses. The danger therefore is that the predictions' 

in the early stages of the experiment could be suspect, because of 

inadequate information. 

The equations used for predicting the values of the variables listed in 

table 3.8 are derived in the appendix I. 

NOTE: The objective of this exercise is to select the most 

suitable Fischer-Tropsch rate equation (i.e. 

Discrimination between the four proposed models, viz: 

general, Anderson-Dry, Satterfield-Huff, and Ledakowicz- 

Nettelhoff), but for the purpose of predicting values of 

the variables listed in table 3.8, the quantification of the 

water-gas-shift activity is also a necessity. In this regard 

the rate equation : 

r W G ~  = G p  - p 2 p ~ ~ S p 2  1 is a suit- 

able candidate. 

FE BASED EXPERIMENTAL KINETIC DATA AND PROCESSING 

The first 8 conditions (runs A1 to A8) were chosen arbitrarily in order 

to enable initial model parameter estimations. All four kinetic models 

(viz: general, Anderson-Dry, Satterfield-Huff, and Ledakowicz- 

Nettelhoff) were considered. Seeing that the general model contains 

the largest number of parameters to be determined, namely 4, this 

primary stage should have at least consisted of 4 arbitrary conditions. 



The parameters were estimated with the help of a version of the 

Nelder-Mead simplex algorithm. This algorithm had to be modified to 

restrict the search area to non-negative parameters values only. The 

Marquardt-Levenberg algorithm, as implemented in the IMSL 

subroutine library, was also used initially. The parameters values 

obtained were very similar in both cases, except that small negative 

parameters values were sometimes obtained with the Marquardt- 

Levenberg algorithm when the parameters were close to zero. Its use 

was discontinued when no practical way to prevent negative 

parameter values could be found. Throughout the run, parameters 

were therefore estimated by using a version of the Nelder-Mead 

algorithm[(Kuester, 197311 to minimize the sum of squared differences 

between the observed and predicted reaction rates. The estimated 

parameters values and sum of squared differences were then inserted 

into the combined criterion of Hill, Hunter and Wichern [(Hill, 1968)l. 

The eighth condition (A81 was thus taken as the start of the model 

discrimination phase of the statistical approach. This implies that at 

condition A8 it was assumed that all four candidate models had the 

same probability of being selected. Seeing that the probabilities are 

forced to add up to 1, a probability of 0.25 was assigned to each 

model after the completion of run A8. 

Although the emphasis in the design of condition A9 was shifted 

towards the objective of model selection, it was to be expected that 

run A9 would also contribute to the second objective of parameters 

precision of the eventually preferred model. This is simply because 

every new point should also lead to increased parameter precision. 

This objective is only maximised in the last phase, where all the 

weight in the combined criterion of Hill, Hunter and Wichern [(Hill, 

1968)l is assigned to the criterion for parameter precision. 



The conditions as well as the kinetic data of the eventual 13 runs that 

were investigated at 250°C, are supplied in table 3.9. This table 

provides intervals that have a 95% probability of containing the 

correct values. Each condition was maintained for a period that 

varied between a minimum of 20 hours to a maximum of 195 hours. 

No observable deactivation was detected during these individual 

periods.Graphs of relative activities (i.e.(observed r,/predicted r,) and 

(observed r,,,/predicted r,,,)) versus time on line, drawn with the 

help of the finally selected rate equations (i.e. equations (26)) does 

indicate towards slight deactivation. The relative Fischer-Tropsch 

activity did decrease slightly, whilst the relative water-gas-shift 

activity did increase with time on line (i.e. to be associated with an 

increased catalyst oxidation state). The conclusion can therefore be 

made that the standard Arge catalyst calcined at 500°C underwent 

negligible deactivation in the slurry mode of operation at 250°C, over 

a period of 54 days of continuous Fischer-Tropsch synthesis, 

performed in the stirred tank micro reactor, whilst % syngas 

conversions as high as 52, and partial water pressures as high as 2 

bar were reached. This implies that significant sintering of the porous 

standard Arge catalyst, during Fischer-Tropsch synthesis at 250°C, 

can be ruled out, provided the water partial pressure does not exceed 

2 bar. 

The partial pressure ranges covered during the standard Arge catalyst 

run, as listed in table 3.9 are summarized in table 3.10. 



TABLE 3.9: COMPREHENSIVE TABLE OF ALL THE RELEVANT KINETIC DATA FOR THE STANDARD ARGE MICRO 
REACTOR SLURRY EXPERIMENT AT 250°C 

Time on line (hours) 
Total reactor pressure (bar) 
Reactor temperature ("c) 
Mass of unreduced catalyst (9) 

Total reactor inlet gasflow (molls) 
Total reactor outlet gasflow (molls) 

Syngas space veloclty (mqg-unreduced cath) 

Feed gas composition (mol %) 
Argon 
Carbon dioxide 
Carbon monoxide 
Hydrogen (balance) 

Reactor partlal pressures (bar) 
Hydrogen 
Carbon monoxide 
Carbon dioxjde 
Water 

Reactor solubllitles (motkg wax) 
Hydrogen 
Carbon monoxide 
Water 

% CO conversion 
% Syngas conversion 

CO conversion rate (molls) 
H, conversion rate (molls) 

CO, formation rate (molls) 
H,O formation rate (molls) 
Fischer-Tropsch reaction rate (r,) (mollg-unreduced caUs) 
HJCO usage ratio 
WGS equilibrium constant, kGs 
WGS quotient 

A1 
100 - 145 

20.6 
250 
40 

(8.07 rt 0.53) x la4 
(6.09 f 0.48) x 10' 

999 f 66 

38.63 f 2.62 
0 

23.27 f 0.56 
38.10 

6.40 i 0.57 
2.25 f 0.03 
1.40 f 0.08 
1.31 f 0.06 

(3.94 f 0.34) x 10" 
(1.74 i 0.02) x la2 
(9.94 f 0.43) x 1 a2 

64.65 f 1.10 
48.49 i 2.34 

(1.21 f 0.06) x 104 
(1.19*0.05) x la4 

(4.1 2 f 0.20) x la5 
(3.87 x 0.21) x la5 
(2.00 f 0.10) x lo4 

0.98 
83.13 

3.04 f 0.32 

RUN 
A2 

170 - 190 
20.6 
250 
40 

(8.24 f 0.89) x lo4 
(5.84 f 0.57) x la4 

1058 f 116 

36.35 f 1.46 
0 

32.75 f 3.30 
30.90 

4.58 f 1.11 
3.70 f 0.21 
2.41 f 0.35 
1.00 f 0.20 

(2.74 f 0.64) x 104 
(2.80 f 0.19) x 104 
(7.56 f 0.30) x la2 

61.1 1 f 2.35 
55.24 f 6.60 

1.65 x 1 o - ~  
(1.25 f 0.06) x 1 a4 

6.84 x 10" 
(2.82 f 0.19 x la5 
(2.42 f 0.06) x 1c6 

0.76 
83.1 3 

2.99 f 1.02 

A3 
240 - 290 

20.6 
250 
40 

(7.18 f 0.36) x la4 
(5.06 f 0.14) x 

1244 f 62 

14.08 f 0.31 
0 

25.35 f 0.19 
60.57 

12.09 f 0.22 
2.25 f 0.06 
1.57 f 0.04 
2.02 f 0.27 

(7.91 f 0.24) x 1u2 
(1.82 f 0.08) x 104 
(1.53 f 0.22) x la1 

69.57 f 0.42 
42.82 f 1 .50 

(1.27 f 0.07) x 1 u4 
(1.38 f 0.16) x 1u4 

(3.85 f 0.04) x 10" 
(4.95 f 0.77) x 1 u5 
(2.20 f 0.19) x 10" 

1.09 + 0.06 
83.13 

4.19 f 0.76 



TABLE 3.9: CONTINUATION 

7 

Time on line (hours) 
Total reactor pressure (bar) 
Reactor temperature ("(2 
Mass of unreduced catalyst (s) 

Total reactor inlet gasflow (molls) 
Total reactor outlet gasflow (molls) 

Syngas space velocity (m4lg-unreduced cat1l-i) 

Feed gas composition (mol %) 
Argon 
Carbon dioxide 
Carbon monoxide 
Hydrogen (balance) 

Reactor partial pressures @a r) 
Hydrogen 
Carbon monoxide 
Carbon dioxide 
Water 

Reactor solubilities (molkg wax) 
Hydrogen 
Carbon monoxide 
Water 

% CO converslon 
Oh Syngas conversion 

co converdon rate (molls) 
H, conversion rate (molls) 

CO, formation rate (molls) 
H,O formation rate (molls) 
Fischer-Tropsch reaction rate (r,) 

(mollg-unreduced catls) 
HJCO usage ratio 
WGS equilibrium constant, K,,,,, 
WGS quotient 

A4 
290 - 330 

20.6 
250 
40 

(9.32 f 0.22) x lo4 
(7.51 f 0.11) x l o 4  

924 f 21 

50.80 f 1.1 2 
0 

19.84 f 0.08 
29.36 

4.60 f 0.28 
1.99 f 0.06 
1.09 f 0.05 
0.91 f 0.06 

(2.73f 0.15)xlo" 
(1.49 f 0.04) x 10" 
(6.90 f 0.47) x lo2 

60.85 f 1.85 
47.66 f 2.48 

(1.12 0.05) x lo4 
(1.06 f 0.06) x 

(3.97f O.I~)XIO-' 
(3.31 * 0.23) x 10.' 
(1.82 f 0.10) x 10.' 

0.94 f 0.01 
83.1 3 

2.77 + 0.21 

A5 
350 - 425 

20.8 
250 
40 

(9.00 f 0.10) x lo4 
(6.69 f 0.07) x lo4 

1171 f 13 

35.55 f 0.22 
0 

30.20 f 0.20 
34.25 

5.41 f 0.1 3 
3.70 f 0.06 
1.77 f 0.02 
1.20 f 0.03 

(3.30f0.08)x102 
(2.84 f 0.05) x 
(9.09 f 0.22) x 10" 

56.1 5 f 0.25 
49.44 f 0.44 

(1.53 f 0.02) x 104 
(1.34 f 0.02) x 104 

(5.72f0.09)x105 
(3.86 f 0.10) x 10" 
(2.39 f 0.04) x lo8 

0.88 f 0.01 
83.1 3 

2.1 6 f 0.08 

A8 
845 - 905 

20.6 
250 
40 

(1.32 f 0.04) x 105 
(9.74 f 0.16) x lo4 

2288 + 68 

8.62 f 0.61 
5.36 f 0.08 
44.29 f 0.26 

41.73 

7.64 f 0.44 
7.21 f 0.15 
3.60 f 0.1 6 
0.96 f 0.06 

(4.56f 0 .28)~10-~  
(5.45 + 0.13) x 10" 
(7.30 f 0.44) x 104 

41.75 f 0.93 
38.25 f 0.85 

(2.44 f 0.10) x lo4 
(I .90 f 0.08) x 104 

(9.92f o.~o)xI~Q 
(4.54 f 0.20) x 10" 

10-3.62 f 0.15) x 10' 

0.78 2 0.01 
83.1 3 

3.79 + 0.19 

RUN 
A6 

505 - 560 
20.7 
250 
40 

(5.45 f 0.07) x lo4 
(3.99 f 0.33) x 

690 f 9 

37.1 9 f 0.20 
0 

27.98 f 0.15 
34.83 

5.75 f 0.1 5 
2.68 f 0.06 
2.12 f 0.05 
0.99 f 0.02 

(3.44f 0.09)x102 
(2.03 f 0.04) x 
(7.53 f 0.16) x 10" 

66.1 5 f 0.79 
52.59 f 0.66 

(I .OI f 0.02) x 104 
(7.91 f 0.10) x 10" 

(4.08f O.IO)XIO-' 
(1.91 f 0.02) x lo-' 
(1.50 f 0.02) x lo4 

0.78 f 0.01 
83.1 3 

4.59 f 0.26 

A7 
595 - 790 

20.7 
250 
40 

(8.93 f 0.10) x lo4 
(6.60 f 0.07) x lu4 

1159 + 13 

35.67 f 0.64 
0 

30.15 f 0.10 
34.18 

5.72 f 0.1 9 
3.43 f 0.04 
2.06 f 0.04 
0.89 f 0.06 

(3.39f0.11)~10-~ 
(2.57 f 0.03) x 
(6.75 f 0.44) x lo2 

59.38 f 0.56 
49.1 6 f 0.86 

(1.60 f 0.03) x iu4 
(1.23 f 0.03) x 104 

(6.56f 0.12)~10" 
(2.84 f 0.17) x 105 
(2.35 f 0.05) x 

0.77 f 0.01 
83.1 3 

3.90 f 0.27 



TABLE 3.9: CONTINUATION 

- 

Time on line (hours) 
Total reactor pressure (bar) 
Reactor temperature PC) 
Mass of unreduced catalyst (9) 

Total reactor inlet gasflow (mol/s) 
Total reactor outlet gasflow (molls) 

Syngas space velocity (mQ,,/g-unreduced cam) 

Feed gas composition (mot %) 
Argon 
Cabon dioxide 
CaMn monoxide 
Hydrogen (balance) 

Reactor partial pressures (bar) 
Hydrogen 
CaMn monoxide 
Carbon dioxide 
Water 

Reactor solubilities (mollkg wax) 
Hydrogen 
Carbon monoxide 
Water 

% CO conversion 
% Syngas conversion 

CO conversion rate (molls) 
H, conversion rate (molts) 

CO, formation rate (molts) 
H,O formation rate (molts) 
Fischer-Tropsch reaction rate (r,) 

(moltg-unreduced caUs) 
HJCO usage ratio 
WGS equilibrium constant, GGS 
WGS quotient 

A9 
930 - 960 

20.8 
250 
40 

(1.13 * 0.01) x 
(9.70 * 0.17) x lo4 

1653 f 21 

5.60 f 0.03 
21.73 f 0.17 
11.53 f 0.03 

61.14 

12.04 f 0.1 1 
1.04 f 0.01 
5.50 f 0.05 
1.26 f 0.04 

(7.38 f 0.04) x lo4 
(8.04 f 0.13) x lo3 
(9.58 i 0.30) x lo-' 

62.59 f 0.70 
25.66 f 0.23 

(8.13 k 0.12) x 1u5 
(1.29 f 0.04) x lo4 

(1.12 i 0.15) x lo5 
(5.88 f 0.26) x lo-s 
(1.75 k 0.03) x lo-' 

1.59 f 0.05 
83.13 

50.24 f 2.91 

A1 3 
1215 - 1295 

20.8 
250 
40 

(1 .30 f 0.01) x 
(1.80 f 0.01) x lo3 

1853 + 18 

10.90 f 0.1 1 
18.50 f 0.15 
18.35 f 0.10 

52.25 

10.29 f 0.16 
1.97 f 0.02 
5.46 f 0.09 
0.99 f 0.10 

(6.16 f 0.05) x 10" 
(1.49 f 0.02) x 104 
(7.49 i 0.73) x 1c2 

57.11 f 0.58 
30.65 f 0.99 

(1.36 f 0.03) x 1u4 
(1 .45 f 0.09) x lo4 

(4.24 i 0.19) x 105 
(5.14 f 0.54) x lo5 
(2.35 + 0.10) x lo8 

1.06 f 0.05 
83.1 3 

29.30 f 3.26 

A1 0 
980 - 1050 

20.9 
250 
40 

(9.87 f 0.14) x lu4 
(9.03 f 0.13) x 

400f 5 

60.60 f 0.44 
19.29 f 0.21 
9.31 f 0.07 

10.80 

1.36 f 0.06 
0.93 f 0.02 
4.83 f 0.07 
0.33 f 0.06 

(7.67 f 0.33) x 10" 
(6.73 f 0.13) x lo3 
(2.54 i 0.44) x 1u2 

56.20 f 0.41 
49.97 f 1.13 

(5.17 f 0.07) x 1u5 
(4.75 f 0.33) x 1u5 

(1.86 + 0.15) x 
(1.45 f 0.24) x 
(8.27 f 0.22) x la7 

0.92 f 0.07 
83.13 

21.39 f 4.01 

RUN 
A1 1 

1080 - 1150 
20.8 
250 
40 

(1.18 f 0.01) x lo9 
(9.18 + 0.06) x 

2232 f 18 

2.37 f 0.02 
3.72 f 0.01 
22.62 f 0.09 

71.29 

15.30 f 0.16 
2.32 f 0.05 
2.23 f 0.03 
1.23 f 0.04 

(9.35 f 0.13) x 10" 
(1.78 f 0.04) x lo-' 
(9.33 i 0.34) x 10" 

61.53 f 0.73 
29.60 f 0.27 

(1.64 f 0.02) x la4 
(1 .64 f 0.03) x 

(5.48 + 0.08) x 105 
(5.44 f 0.17) x lo5 
(2.73 f 0.04) x lo4 

1.00 + 0.01 
83.1 3 

11.98 f 0.53 

A1 2 
1170 - 1190 

20.7 
250 
40 

(7.57 f 0.17) x 
(5.70 f 0.17) x lo4 

864 + 20 

43.46 f 0.95 
0 

27.93 f 0.45 
28.61 

4.76 f 0.46 
2.75 f 0.04 
2.25 f 0.04 
0.43 f 0.09 

(2.70 f 0.27) x 10" 
(2.00 f 0.04) x 10" 
(3.27 + 0.65) x lo2 

64.24 f 0.30 
51.76 f 1.46 

(1.36 f 0.03) x 
(8.57 f 0.45) x lo5 

(6.20 i 0.13) x 10" 
(1.19 f 0.25) x 1u5 
(1.85 f 0.06) x 10.' 

0.63 + 0.03 
83.1 3 

9.15 f 1.81 



TABLE 3.10: PARTIAL PRESSURE RANGES COVERED DURING THE 

STANDARD ARGE CATALYST RUN PERFORMED IN THE 

SLURRY MICRO REACTOR AT 250°C 

Run number A9 to A1 3 were designed according to the statistical 

approach with the objectives of 

i) model discrimination, and 

i i )  parameter precision of the preferred model. 

GAS 

H2 

CO 

H2O 

co2 

Figure 3.15 illustrates the progress in the respective model 

probabilities as a function of run number. 

PARTIAL PRESSURE RANGE 

1,4 - 15,3 bar 

0.9 - 7.2 bar 

0.3 - 2.0 bar 

1.1 - 5.5 bar 

FIGURE 3.15: A POSTERIORI PROBABILITIES OF SELECTED RATE 

EQUATIONS VERSUS RUN NUMBER (SLURRY RUN A) 

RUN NUMBER 
0 Ledakawicr + Satlorfield o Dry A General 



From graph 3.1 5 it is apparent that the general Fischer-Tropsch rate 

model is to be regarded as the preferred model for describing the 

Fischer-Tropsch kinetics of standard Arge catalyst, of average particle 

size 48pm, in the slurry mode of operation at 250°C. 

Based upon all the 13 runs performed, as listed in table 3.9, it was 

determined that the general model explained 78.2% of the variation 

in this data. The Anderson-Dry model, on the other hand, explained 

only 35.9% of the variation in the data. These percentages variation 

explained by the models (r2) can be rationalized as the degree to 

which the proposed model is more successful in describing the 

experimental data than the simplified zero order rate equation: r, = 

k. With respect to the Satterfield-Huff equation, and its application 

to the kinetic data of table 3.9, the conclusion had to be drawn that 

this equation failed to describe this kinetic data better than the rate 

equation r, = k. 

Having decided in favour of the general Fischer-Tropsch rate equation 

as the preferred kinetic model, runs were designed specifically to 

improve the precision of the parameters appearing in this model. The 

progress that was made with this endeavour is illustrated in figure 

3.16. 



FIGURE 3.16: PARAMETER ESTIMATES OF THE SELECTED RATE 

EQUA'I-IONS VERSUS RUN NUMBER (SLURRY RUN A) 

slurry run 26  
3.2 1 I 

= ALPHA 
RUN NUMBER + = b  0 = c  a = (a * 1E6) 

Because of the fact that the last couple of designed conditions did not 

change the best fitted parameter values, as illustrated in figure 3.1 6, 

the kinetic investigation (at 250°C) was terminated after run A1 3. 

The best fitted parameters values for both the general and Anderson- 

Dry rate models were determined, and are listed in table 3.1 1. 



TABLE 3.1 1 : BEST FllTED PARAMETER VALUES FOR THE GENERAL AND 

THE ANDERSON-DRY FISCHER-TROPSCH RATE MODELS AS 

CALCULATED FROM THE KINETIC DATA LISTED IN TABLE 

3.9 

The parameter values provided in table 3.1 1 were used to compile 

table 3.1 2, which lists the observed and predicted Fischer-Tropsch 

reaction rates for the 13 conditions investigated as supplied in table 

3.9. 

a 

a 

b 

c 

% variation 

explained by model 

I 

PARAMETER VALUES 

GENERAL MODEL 

r, = (aPcoPaI(Pco + bPw + cP& 

1.41 66 x 1 0-6 mol/(g.s.bara) 

0.5061 6 

1.4739 

0.1075 

78.2 

ANDERSON-DRY 

r, = (aP,Pdl(Pco + bP& 

7.1403 x 1 0-7 

mol/(g.s. bar) 

3.793 

- 

35.9 



TABLE 3.12: OBSERVED AND PREDICTED FISCHER-TROPSCH REACTOR RATES AS CALCULATED FOR THE 1 3  

CONDITIONS INVESTIGATED FOR STANDARD ARGE CATALYST IN SLURRY AT 250°C 

A 1 

A 2 

A 3 

A 4 

A 5 

A 6 

A 7 

A 8 

A 9 

A 10 

A 11 

A 12 

A 13 

PARTIAL PRESSURES 

(bar) 

FISCHER-TROPSCH REACTION RATE 

(mol COIg unreduced catls) 

Hydrogen 

6.40 

4.58 

12.09 

4.60 

5.41 

5.75 

5.72 

7.64 

12.04 

1.36 

15.30 

4.76 

10.29 

Observed 

2 . 0 0 ~ 1 0 . ~  

2.42 x 10" 

2.20 x 1 0.6 

1.82 x 1 0-6 

2 . 3 9 ~ 1 0 "  

1 . 5 0 ~ 1 0 ' ~  

2.35 x 1 0-6 

3.62 x 1 0'6 

1.75 x 

8.27 x 

2.73 x 1 0-6 

1.85 x 1 0-6 

2.35 x 

Carbon monoxide 

2.25 

3.70 

2.25 

1.99 

3.70 

2.68 

3.43 

7.21 

1.04 

0.93 

2.32 

2.75 

1.97 

Carbon dioxide 

1.40 

2.41 

1.57 

1.09 

1.77 

2.1 2 

2.06 

3.60 

5.50 

4.83 

2.23 

2.25 

5.46 

Water 

1.31 

1 .OO 

2.02 

0.91 

1.20 

0.99 

0.89 

0.96 

1.26 

0.33 

1.23 

0.43 

0.99 

Predicted 

General model 

1 . 8 8 ~ 1 0 . '  

2.08 x 1 0-6 

2.09 x 10.' 

1.77 x 10.' 

2 . 1 8 ~ 1 0 - ~  

2 . 1 1 ~ 1 0 - ~  

2.37 x 1 9-6 

3.17 x 10.' 

1.49 x 

7.95 x 1 O7 

2.99 x 1 0-6 

2.37 x 1 0-6 

2.26 x 

Anderson-Dry model 

1.42 x 1 0-6 

1.61 x 10.' 

1.96 x 1 0-6 

1.20 x 1 0.' 

1.73 x 1 0-6 

1.71 x 10.' 

2.06 x 1 0-6 

3.62 x 10.' 

1.54 x lo-' 
4.14 x 

3.63 x 1 0-6 

2.1 3 x 1 0-' 

2.53 x 10.' 



Table 3.12 was used in the construction of the parity plot as 

illustrated in figure 3.1 7. 

FIGURE 3.17: PARITY PLOT FOR REACTION RATE MODELS (DATA FROM 

TABLE 3.12) 

Figure 3.17 gives visual confirmation, although not spectacular, that 

the general model provides a better description of the kinetic data of 

table 3.9, than the Anderson-Dry rate equation. 

0.6 - 
0.4 

The next aspect to have been addressed was the significance of the 

estimated parameters (shown in table 3.1 1) of the preferred general 

model. The standard errors for all parameters were estimated and are 

provided in table 3.1 3. 

I I 1 I I I I I I I I I I I 

0.8 1.2 1.6 2 2.4 2.8 3.2 3.6 
(Times 1 0E-6) 

OBSERVED FT REACTION RATE 
= ANDERSON-DRY + = GENERAL 



TABLE 3.13: MODEL FllTlNG RESULTS OF THE GENERAL RATE EQUATION 

TO THE KINETIC DATA LISTED IN TABLE 3.9 

In order t o  "prove" the significance of the parameter estimates as 

given in table 3.13, it was decided to check whether each parameter 

can justifiably be taken as a non-zero number. The approach that was 

followed, was to give precedence to the zero hypothesis, viz: 

parameter = 0. This hypothesis may only be discarded if there is 

significant evidence to the contrary. Although an exact hypothesis 

test is not available for non-linear models, the hypothesis test for 

linear models was used, with the full awareness that this approach 

could only at best be regarded as an approximation in the case of 

non-linear models. Under these conditions the following criterion was 

considered: 

If the ratio: (Parameter estimate)/(standard error) is 2 appropriate 

student t value for 95% confidence, the deduction can be made that 

the particular parameter is non-zero wi th  more than 95% certainty. 

(PU.mer estimate 
standard error I 

4.88 

4.46 

2.35 

0.96 

PARAMETERS OF 

RATE MODEL 

rm = (aP,PiJ/(P, + bPw + cPq) 

a [expressed as mol/(g.s.bara)l 

a 

b 

c 

Seeing that the student t value for 95% confidence in the case of 13 

observations is equal to 2.1 8, it can be deduced from table 3.13 that 

sufficient reason exist to believe that the parameter a, a, and b are all 

to  be regarded as non-zero. Parameter c, however, fails this test and 

should 'thus be considered as insignificant. 

PARAMETER 

ESTIMATE 

1.41 66 x 1 0-6 

0.5061 6 

1.4739 

0.1075 

STANDARD 

ERROR 

2.9 x 10.' 

0.1 1350 

0.62836 

0.1 1257 



Indications, therefore, exist to disregard rate inhibition by CO,, in 

support of Yates and Satterfield [(Satterfield, 1989a)l. This 

deduction could, however, still have been caused by an artefact 

resulting from a chance correlation between for instance, and 

Pmi Table 3.14 lists the correlation coefficients between all the 

partial pressures. 

TABLE 3.14: CORRELATION COEFFICIENTS BETWEEN THE PARTIAL 

PRESSURES OF CO, H,, H20  AND CO, AS CALCULATED 

FROM TABLE 3.9 

From table 3.14 follows that the strongest correlation is to be found 

between PH2 and PH20, whilst the other partial pressures did not 

correlate at all. 

The conclusion can therefore be drawn that the carbon dioxide 

coefficient in the general Fischer-Tropsch rate model could truly be 

taken as zero, implying that CO, Fischer-Tropsch rate inhibition is 

insignificant in the case of the standard Arge catalyst in the slurry 

mode of Fischer-Tropsch operation, at 250°C, and within the partial 

pressure ranges listed in table 3.10. This could be regarded as 

conditions of commercial interest, thus casting doubt over Deckwer's 

[(Deckwer, 1987)(Deckwer, 1986b)l proposal that acceptable space 

time yields are only attainable with a two stage process with an 

intermediate CO, absorption between two bubble column reactors in 



series. 

It might be argued that this criticism of Deckwer's conclusion is 

inappropriate in the light of the fact that Deckwer restricted the H,/CO 

inlet ratio to values smaller than 0.8, whilst the data reported in table 

3.9 do not include H,/CO reactor ratios smaller than 1. Deckwer's 

restriction with respect to inlet ratios does not, however, exclude 

H,/CO commercial reactor ratios larger than 0.8, especially in the case 

of very high water-gas-shift activity, as was displayed by his data 

[(Deckwer, 1 985a)l. 

The H, power in the best fitted equation turned out to be 0.5. This 

is in contrast to 1 (Anderson-Dry), and 2 (Satterfield-Huff). 

The kinetic data reported in table 3.9, however, points towards a 

hydrogen power of 0.5 and an insignificant CO, coefficient. The 

following Fischer-Tropsch rate equation can thus be proposed to 

describe the Fischer-Tropsch kinetic behaviour of standard Arge 

catalyst in the slurry mode of operation. 

Having proposed equation (24) as the preferred model for describing 

the kinetic data supplied in table 3.9, the joint confidence regions for 

the rate parameters a and b were calculated, and are shown in figure 

3.1 8. 



FIGURE 3.18: CONTOUR PLOT OF SUlVl OF SQUARE ERRORS, STANDARD 

ARGE SLURRY DATA FITTED TO THE RATE MODEL AS 

DESCRIBED IN TABLE 3.15 

i-i 
U 
H 
& 
& 
w 
0 u 

RATE CONSTANT 

The percentages indicated on figure 3.18, are the respective 

confidence levels. From this figure it can be seen that the water 

coefficient varies over a small region, viz: 1.0 - 3.5 with 80% 

confidence, and the conclusion can thus be made that the water 

coefficient has been determined fairly precisely. 

The best fitted parameters values are given in table 3.1 5. 



TABLE 3.15 MODEL FITTING RESULTS OF THE RATE EQUATION: 

r, = (ap,~;~~) / (P, + bPH20) , AS APPLIED TO THE KINETIC 

DATA PROVIDED IN TABLE 3.9 

The Fischer-Tropsch rate equation (241, with the parameter values 

given in table 3.1 5, explains 75.5% of the variation in the kinetic 

data. This is only slightly worse than the best fitted general model as 

supplied in table 3.1 1. 

Equation (24) is thus proposed as the best model for describing the 

Fischer-Tropsch kinetics of Standard Arge catalyst, of particle size 

10pm - 100 p m  with an average of 48.5 pm, in the slurry mode of 

operation at 250°C. 

STANDARD ERROR 

2.7 x 10.' 

0.61 5 

a [mol/(g.s. 

b 

The fact that equation (24) is expressed in terms of partial pressures, 

can be criticized. This is because of the fact that solubilities are being 

influenced by factors such as slurry liquid composition and water 

content of the slurry liquid. The dependence on liquid composition, 

has been counteracted by the experimental procedure of continuously 

pumping an excess amount of high molecular weight Fischer-Tropsch 

liquid into the reactor. 

PARAMETER ESTIMA'TE 

1.34 x 1 0-6 

1.630 

In order to establish whether the changing water content of the slurry, 

during the run listed in table 3.9, had a distorting effect on the kinetic 

interpretation as seen from a partial pressure point of view, it was 

decided to estimate the various solubilities by means of the 

relationships deduced from Karandikar's data [(Karandikar, 1987)l. 

This is not entirely appropriate because of the fact that Karandikar 



performed his experiments on a Fischer-Tropsch liquid with an 

average molecular weight of 368.5, whilst the kinetic investigation 

reported in the publication was conducted in a Fischer-Tropsch liquid 

of average molecular weight 697. The implication of this discrepancy 

is that the derived relationship from Karandikar's [(Karandikar, 198711 

data will over-predict the solubilities in higher molecular weight 

Fischer-Tropsch liquids. 

The corresponding solubilities of H,, CO and H,O (as calculated from 

Karandikar's [(Karandikar, 1987)l data) are also supplied in table 3.9. 

The solubilities of CO,, as influenced by the water content of the 

slurry liquid, could not be estimated from Karandikar's [(Karandikar, 

1987)l publication, because of the fact that Henry's law constant was 

only given for one temperature in the case of Fischer-Tropsch high 

molecular weight liquid saturated with water. The conclusion that the 

partial CO, pressure had no significant inhibiting effect on the Fischer- 

Tropsch reaction rate, could be interpreted as support for the 

assumption that the same must be true for the CO, solubility. 

The model: r, = (aC& C,:)/(C,, ~ , f  + bC& , where: 

13 = maximum (a - 1, O), was fitted to the kinetic data supplied in 

table 3.9. The results of this parameter estimation is given in table 

3.1 6. 



TABLE 3.16: MODEL Fln'ING RESULTS OF THE RATE EQUATION: 

rFT = (aC& C,;)I(C;o c,: + bC,$) 

AS APPLIED TO THE KINETIC DATA PROVIDED IN TABLE 3.9 

The corresponding values of the ratio: (Parameter estimate)/(standard 

errors), are all greater than 2.1 8, which renders all the parameters 

listed in table 3.16 significant. The model used in table 3.1 6 with the 

corresponding best fitted parameter values, also explains 78.96% of 

the variation in the kinetic data as given in table 3.9. 

The model fitting results of table 3.1 6 compares well with the model 

fitting results of table 3.1 5. The smaller water coefficient in table 

3.1 6,' in comparison to table 3.1 5, can be explained in terms of the 

relatively higher solubility of H,O. 

STANDARD ERROR 

8.40 x 1 0-6 

0.10 

0.0708 

a {mol/(g.s.solubilitya)l 

(solubility in terms of mol per 

kg Fischer-Tropsch liquid) 

a 

13 

The parity plot, as constructed from table 3.16 and applied to the 13 

conditions provided in table 3.9, is depicted in figure 3.1 9. 

PARAMETER ESTIMATE 

2.027 x 1 

0.52 

0.1 91 2 



FIGURE 3.19: PARITY PLOT FOR REACTION RATE MODEL AS DESCRIBED 

IN TABLE 3.16 

9 13 17 2 1 25 ZQ 33 

P R E D I C T E D  F T  R A T E  (X I E - 7 )  

From this exercise it can be concluded that the Fischer-Tropsch 

kinetic equation is not distorted by using partial pressures instead of 

the more appropriate option of solubilities. 

This study was performed on a calcined precipitated crushed Arge 

catalyst, which implied that activity was sacrificed for greater stability 

in order to accommodate a prolonged kinetic investigation. The 

selected rate equation (i.e. equation (24)) with the estimated 

parameter values (i.e. table 3.1 5) will therefore underestimate the 

activity of the uncalcined catalyst (i.e. commercial case). 

Having assumed that the shape of the derived kinetic equation 

(i.e. r, = [b P, P~~%P, + 1.63 pH&,] ) should also be applic- 

able to the uncalcined Arge catalyst, a slurry run was performed on 



the standard Sasol commercial Arge type slurry catalyst in order to 
\ 

estimate a more representative value for the activity coefficient k,. 

It was also decided to quantify the water-gas-shift activity of this 

catalyst. A number of published water-gas-shift rate equations were 

considered, and after application to the data presented in table 3.9 it 

was decided that a suitable candidate is: 

This catalyst was carefully reduced externally at 1 bar H, and a space 

velocity of 51 7 m%,/g cat/h. During this reduction the temperature 

was increased from 25OC to 240°C at a rate of 0.5°C/min, and it 

was kept isothermal at 240°C overnight. This reduced catalyst was 

suspended in molten wax under the protection of an argon blanket, 

and transferred to the slurry micro reactor. The reactor temperature 

and pressure was increased to 1 80°C and 20 bar respectively under 

an inert argon atmosphere. At these operating conditions, argon was 

replaced with syngas, and the catalyst was conditioned overnight. 

Hereafter, the reactor temperature was increased to 240°C. It is 

believed that this carefully conducted catalyst activation procedure, 

should have ensured maximum attainable catalyst activity. 

Table 3.1 7 provides a summary of the kinetic data obtained during 

this synthesis run. 



TABLE 3.17: CSTR SLURRY MICRO REACTOR KINETIC DATA GATHERED 

DURING A FISCHER-TROPSCH SYNTHESIS RUN PERFORMED 

ON A CAREFULLY ACTIVATED (i.e. REDUCED AND 

CONDITIONED) STANDARD ARGE TYPE SLURRY CATALYST 

The data presented in table 3.1 7 were used in the construction of 

table 3.18 with the help of the equations: 

RUN 

NUMBER 

1 4 $ 6  

1 4 $ 7  

14 $ 8 

1 4 $ 9  

REACTION 

TEMPERATURE 

(OC) 

240 

230 

220 

220 

REACTOR PARTIAL 

PRESSURES 

(bar) 

~ F T  

6.1 4x1 0-6 

4.98~10- '  

3 . 2 2 ~ 1  0-6 

3 . 4 3 ~ 1  0-6 

H2 

9.35 

8.98 

9.73 

9.48 

WGS 

1 . 6 ~ 1  0-6 

1 .Ox1 0-6 

6 . 2 ~ 1  O‘7 

6 . 4 ~ 1  O7 

CO 

4.03 

4.21 

4.60 

4.70 

Hz0 

1.52 

1.30 

0.94 

0.96 



TABLE 3.1 8: DERIVED ACTIVITY COEFFICIENTS (i.e. kFT AND kwGs), AS A 

FUNCTION OF 'TEMPERATURE, FOR THE SO-CALLED 

STANDARD ARGE TYPE SLURRY CATALYST IN THE CSTR 

SLURRY MICRO REACTOR 

The application of the Arrhenius equation to the data listed in table 

3.1 8 resulted in the following expressions: 

RUN NUNIBER 

1 4 $  6 

1 4 $ 7  

1 4 $ 8  

1 4 $ 9  

k,,, = 290750 (moll (g cat.s. bar)) el-(' 1 6 m 4  kJlmd)l(RT)I 

This apparent Fischer-Tropsch activation energy of 89 kJ/mol 

compares well wi th published values between 70 and 150 kJ/mol 

[(Satterfield, 1984)(Hall, 1952)l. Thus: The intrinsic Fischer-Tropsch 

macro kinetic rate equations proposed for continuous stir tank slurry 

operation using an Arge type Sasol commercial catalyst are: 
1 

REACTOR 

TEMPERATURE 

( O  C) 

240 

230 

220 

220 

~ F T  

(mol/(g cat.s.baroa5)) 

3.24- x 1 0-6 

2.50 x 

1.37 x 106  

1.49 x 1 0-6 

~ W G S  

(mol/(g cat.s.bar) 

4.08 x 1 0-7 

2.43 x 107  

1.35 x 1 0-7 

1.36 x 107  



3.2.3 Co BASED EXPERIMENTAL KINETIC DATA AND DISCUSSION 

Runs B and C were both carried out on the catalyst Co/Si02 in the slurry 

micro reactor, and the kinetic data are therefore combined in table 3.19. 

TABLE 3.19: EXPERIMENTAL KINETIC DATA OF THE CoISiO, RUN AT 

21 0°C 

ANALYSIS NUMBER 

Time on stream (h) 

Syngas space velocity 

(m3,,/kg catlh) 

H2/C0 molar feed ratio 

Reactor pressure (bar) 

Reactor partial pressures (bar) 

H2 
CO 

H2O 

co2 

r, x 10' 

% Syngas conversion 

82  

392 

1.2 

21 .I 

9.5 

9.1 

1.7 

3.19 

21 

B1 

354 

.543 

2.0 

21.1 

12.1 

5.6 

2.3 

5.40 

26 

B3 

469 

.393.525 

0.7 

21.3 

7.5 

12.4 

0.9 

2.29 

12 

B4 

511 

.543 

2.0 

21 .I 

11.9 

5.6 

2.5 

5.82 

28 

B7 

657 

.674 

1.2 

21.3 

10.4 

9.2 

1.2 

3.42 

13 

B5 

584 

.647 

0.3 

21.2 

4.1 

16.0 

0.7 

1.44 

6 

B8 

703 

.758 

2.1 

21.2 

13.1 

5.9 

1.5 

4.90 

17 

B6 

619 

.543 

2.0 

21 .I 

11.9 

5.5 

2.5 

0 0 0 0 0 0 0 0 0 . 1 0  

5.86 

29 

B9 

753 

.268 

4.0 

21.4 

11.8 

0.6 

4.7 

5.58 

55 

C1 

200 

.488 

2.0 

20.7 

11.1 

5.7 

2.8 

6.35 

34 



Co/Si02 runs B and C lasted 1 and 2 months respectively, without 

obse~able deactivation, as can be seen when analyses C1 and C12 are 

com pared. 

C11 

977 

,749 

2.4 

31.3 

19.8 

7.4 

2.8 

6.16 

22 

C10 

943 

.741 

1.7 

31.3 

17.7 

10.6 

2.0 

4.36 

16 

C12 

1376 

.488 

2.0 
21.7 

11.9 

5.6 

2.9 

5.91 

32 

ANALYSIS NUMBER 

Time on stream 
Syngas space velocity 
(m3,,/kg catlh) 
HdCO molar feed ratio 
Reactor pressure (bar) 
Reactor partial 
pressures (bar) 

H2 
CO 

H2O 

Co2 

r, x 10' 

% Syngas conversion 

C3 

469 

541 

2.0 

14.2 

7.7 

4.1 

1.7 

6.58 

32 

C2 

(h)396 

.313 

2.6 

13.8 

4.3 

0.7 

5.2 

9.30 

79 

C4 

516 

.440 

2.0 

14.4 

7.5 

3.8 

2.1 

6.07 

3. 

C8 

879 

.228 

1.4 

20.9 

7.7 

6.3 

4.8 

4.21 

49 

C9 

917 

.607 

1.2 

30.8 

14.7 

13.6 

1.7 

3.32 

15 

C5 

697 

551 

1.5 

17.8 

9.9 

6.8 

0.8 

2.56 

12 

C6 

726 

.579 

1.3 

20.9 

11.1 

8.7 

0.7 

2.32 

11 

C7 

843 

.631 

5.2 

21.1 

13.6 

0.7 

3.3 

0 . 3 0 0 0 0 0 0 0 0 0 0  

10.4 

43 



TABLE 3.20: EXPERIMENTAL KINETIC DATA OF THE ColTh021Mg01Si02 

RUN AT 210°C 

In the case of run D (table 3.20) no deactivation was observable 

during the first 28 days on stream (compare analyses D l  and D8). 

Thereafter the reactor pressure was increased from 20  bar (analysis 

D9) to 40 bar (analysis D l  0). During the 14  days that the system 

was kept at 40 bar, deactivation occurred (compare analyses D l  0 and 

D l  4). The reactor pressure was then decreased to 20 bar, confirming 

the * 40% activity loss when analyses D l ,  D8 and D l  5 are 

compared. 

A possible explanation for this observed deactivation could be found 

in the formation of undesirable cobalt carbonyl, which can occur at 

reactor pressures larger than 30 bar [(Anderson, 1956)l. Fischer 

[(Fischer, 1943)1, however, ruled out the formation of cobalt 

carbonyls at reactor pressures smaller than 50 bar, proposing + 100 

bar as the reactor pressure at which cobalt carbonyls become 

important, leading to cobalt losses (deactivation). Pichler [(Pichler, 

1940)(Pichler, 1952b)], on the other hand, expressed the opinion that 

the conditions for carbonyl formation are not much different form the 

D l 2  

552 

2.093 

0.8 

41.2 

10.1 

29.7 

1.0 

0 

2.12 

27 

D l 1  

481 

2.619 

2.4 

40.5 

19.9 

7.6 

9.4 

0 

5.22 

53 

ANALYSISNUMBER 

Time on strean (h) 

Syngas space velocity 

(m3,1kg catlh) 

H,ICO molar feed ratio 

Reactor pressure (bar) 

Reactor partial pressureslbarl 

H2 

CO 

H2O 

co, 

r, x 10' 

% Syngas conversion 

D l 3  

661 

2.177 

2.9 

41.4 

20.9 

5.1 

11.0 

0 

4.81 

58 

D3 

144 

2.506 

0.6 

21.0 

5.1 

13.5 

1.8 

0 

2.12 

22 

D l  

60 

1.707 

2.0 

20.9 

7.2 

3.6 

7.3 

0.1 

4.38 

68 

D l 4  

744 

3.033 

1.6 

41.2 

20.0 

17.6 

2.5 

0 

3.12 

27 

D4 

201 

2.121 

1.2 

21.2 

7.3 

11.1 

2.0 

0 

2.85 

36 

D2 

119 

2.412 

3.3 

21.2 

9.5 

1.5 

5.6 

0.4 

6.13 

67 

D l 5  

855 

1.707 

2.0 

21.9 

11.0 

6.7 

3.0 

0 

2.57 

40 

D5 

225 

2.065 

0.5 

21.0 

4.3 

14.3 

1.8 

0 

1.73 

22 

D6 

249 

1.237 

1.2 

20.9 

5.2 

10.0 

4.2 

0 

2.41 

51 

D7 

269 

1.472 

1.6 

20.7 

6.5 

6.7 

5.6 

0 

3.28 

59 

D8 

312 

1.707 

2.0 

20.6 

7.4 

3.8 

6.8 

0.1 

4.24 

66 

D9 

338 

1.942 

2.5 

20.6 

8.5 

2.4 

6.8 

0.1 

4.89 

67 

D l 0  

447 

3.033 

1.6 

41.2 

16.9 

14.7 

7.1 

0 

4.97 

43 



conditions required for Fischer-Tropsch synthesis, adding that the 

presence of hydrogen suppresses this unwanted reaction. This is the 

case with ruthenium, where under conditions favourable for the fast 

conversion of ruthenium into volatile carbonyls, the presence of 

hydrogen inhibits this reaction in favour of stable Fischer-Tropsch 

activity [(Pichler, 1952b)l. 

In the light of this information, conditions D l 2  (table 3.20) could be 

placed under suspicion. 

The kinetic evaluation was thus limited to the analyses up to D9, 

whilst all the analyses of table 3.1 9 were included in the kinetic 

evaluation of CoISiO,. 

The rate equation: r, = a PH2/ P,, can be used to describe the 

kinetic data of the CoISiO, runs B + C for conditions with relative 

high CO partial pressures (PC, > 1 bar), as can be seen from figure 

3.20. 



TESTING OF THE FISCHER-TROPSCH RATE EQUATION : rFT = kFT(PH2 /PC- ) 
TO THE EXPERIMENTAL KINETIC DATA OBTAINED DURING THE CSTR 

SLURRY INVESTIGATION OF THE CATALYST ColSiOz 
12 

11 

10 
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8 

b 
0 7 
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I- 
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0 
0 2 4 6 8 10 12 14 16 18 20 ' PC0 1 

= P o  > 1 bar + = Po  < 1 bar 

The equation: rn = a PH2/P, , is a special case of the general 

power-law equation: rn = a P;* pE0 , also proposed in several 

published Fischer-Tropsch kinetic investigations performed on cobalt 

[(Satterfield, 1991 b)]. This approach is, however, unsuccessful in 

describing the kinetic data of runs B + C over the whole range of 

conditions investigated. 

'The proposed Satterfield rate equation (page 3-50) also has as one 

border case (bP,, > > I ) ,  the simplified relationship: 



The linear version of the Satterfield equation, viz: 

could be fitted with reasonable success (r2 = 0.90) to  the kinetic data 

of CoISiO, runs B + C, as can be seen from figure 3.21. 

FIGURE 3.21 : 

Pco , bar 
= = Pco> 1 bar -- - Pco< 1 bar 

APPLICA'TION OF THE LINEARIZED VERSION OF THE SATTERFIELD 
FISCHER-TROPSCH RATE EQUATION TO THE KINETIC DATA OF 

THE CATALYST : ColSi02 

If, however, significance is t o  be attached t o  the values of a and b of 

rate equation (refer page 3-50), the following transformation sho~.~ld 

be performed: 
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c = b/f i  and d = 1 I f i  

The values of a and b calculated in this manner, result in a "goodness 

of fit" measure (r2) of 0.18 for the non-linear equation (refer page 

3-50) 

This implies that the method of choice for calculating a and b is non- 

linear regression with the following result: 

a = 2.70 x lo7 mol/(g cat.s.bar2) 

b = 0.84 bar-' 

( r2 = 0.35) 

In order to check whether this unsatisfactory "goodness of fit" 

measure is to be ascribed to data scatter, and not the inability of the 

Satterfield rate equation, the data of the Co/ThO,/MgO/SiO, run D 

were evaluated accordingly. The result being: 

Visual confirmation of this "goodness of fit" measure can be obtained 

from the plot of the linearized version, as depicted in figure 3.22. 



FIGURE 3.22: 

APPLICATION OF THE LINEARIZED VERSION OF THE SATTERFIELD 
FISCHER-TROPSCH RATE EQUATION TO THE KINETIC DATA OF 

Experience with other cobalt catalysts (i.e. Co/AI,O,) has underlined 

the seemingly general validity of the Satterfield macro kinetic rate 

equation (refer page 3-50). 

This rate equation was therefore selected as a basis for the direct 

productivity comparison between the two catalysts CoISiO, and 

Co/ThO,/MgO/SiO,. 

Based upon the CSTR model discussed in appendix (II), the activities 

(expressed as % syngas conversion) were expressed as function of 

space velocities. Figure 3.23 is the graphical representation of this 

exercise. 



FIGURE 3.23: 

FISCHER-TROPSCH ACTIVITY COMPARISON BETWEEN THE TWO Co 
CATALYSTS: Co/Si02 AND Co /ThO2 /MgO/S i~  .AT 2100 C AND 
20 BAR IN A SLURRY CSTR WITH A FEED GAS COMPOSITION 

OF 66.7 VOL % H 2  AND 33.7 VOL % CO 
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From figure 3.23 it is clear that the Th0,IMgO promoted catalyst is 

much more active (per unit mass of catalyst) than the unpromoted 

CoISiO, catalyst. 

In order to illustrate that the same conclusion holds if the Fischer- 

Tropsch activities are expressed per unit mass cobalt, figure 3.24 was 

constructed. For this purpose a syngas of H,/CO ratio = 2 was 

selected, and the predicted Fischer-Tropsch reaction rates were 

plotted versus total syngas reactor pressure. In this figure (i.e. figure 

3.24) the rate was expressed in terms of mol CO converted to 

Fischer-Tropsch products (i.e. excluding CO,) per a cobalt per s. 



FIGURE 3.24: 

MODEL PREDICTED FT-ACTIVITIES 
SLURRY, 2 1 0 " ~ .  (H21CO)reactor = 2 

2.5 

0 
0 3 6 9 12 15 18 

[P(CO) + P(H211, bar 

NOTE: The dotted lines in figure 3.24 represent the 95% 

confidence level in the models. 

From figure 3.24 it can be concluded that the MgOIThO, promoted 

catalyst displayed a much higher specific activity (specific with 

respect to unit mass cobalt) than the CoISiO, catalyst, and thus a 

much better utilization of cobalt was achieved. Per unit mass of 

reduced cobalt, the situation is even more favourable towards the 

promoted catalyst. This is because of the fact that the promoted 

catalyst only reached a 63% reduction level against the 94% of the 

unpromoted catalyst, as a result of .the activation procedures decided 

upon in this investigation. 



In order to rationalize the observation that ThO,/MgO promotion 

enhances improved cobalt utilization, the following arguments may be 

considered. 

i 1 Influence of SiO, 

It is known from literature that the type of silica used could 

influence catalyst activities [(Anderson, 1 956)(Storch, 1951 ) I .  

In this regard the following conclusions were made: 

SiO, crystalline phases are to be avoided, implying that 

amorphous material are favoured. 

'The presence of impurities (specifically extractable iron) 

are to be minimized. 

In the light of the fact that the two catalysts investigated were 

both prepared with amorphous silica, this option seems 

unlikely. 

ii) Chemical Promotion 

The difficult to reduce metal oxides, such as MgO and Tho,, 

are generally seen as structural promoters [(Schulz,l978)]. It 

is also true that chemical promotion has not yet been proven 

conclusively in the case of cobalt based Fischer-Tropsch, in 

contrast to iron [(Dry,1 990b)l. Dry [(Dry, 1969a)l also proposed 

that the formation of surface iron oxides during Fischer-Tropsch 

synthesis, enables the chemical promotion effect of potassium 

on iron. The lower oxidation tendency of cobalt during 

synthesis conditions [(Anderson,1956)], could therefore explain 

the apparent absence of chemical promotion of potassium in 

the case of cobalt. Chemical promotion is therefore not a likely 



option for explaining the different activities between Co/SiO, 

and Co/ThO,/MgO/SiO,. 

iii) Crystallinity/Dispersion 

Evidence appears to accumulate for catalytic activity in Fischer- 

Tropsch to reside on mono-nuclear metal centres [(Oliv6, 

1984)], or at least exposed metal atoms with a larger number 

of free co-ordination sites, like those positioned at steps or 

kinks. This will favour the amorphous state or crystal 

imperfections, and these sites will certainly be more abundant 

in small particles than in large ones. Dispersion could give an 

indication of the latter. In order to minimize crystallization, 

high temperature catalyst pretreatment steps are to be avoided. 

It is therefore likely that the presence of Tho, and MgO 

suppress the crystallization process during high temperature 

catalyst pretreatment steps. Rhenium has also proven itself as 

an effective promoter in cobalt based Fischer-Tropsch catalysts 

[(Behrman, 199211, also contributing largely to increased cobalt 

utilization [(Eri, 198711 at rhenium levels of k 1 mass % (also 

Co/Re mass ratios of * 10). 

Dispersion (i.e. small crystals of cobalt oxide precursors) needs 

not to be seen as the sole manner of improving cobalt based 

Fischer-Tropsch catalysts. Highly dispersed supported cobalt 

catalysts will in all likelihood be difficult to reduce 

[(Bartholomew, 1 985,1984)l. lglesia et al [(lglesia, 1 993)] 

exploited the bimetallic synergism between cobalt and small 

amounts of ruthenium (achieved through relative high 

calcination temperatures) in order to improve Co/TiO, Fischer- 

Tropsch catalysts at constant cobalt dispersions. The 

rationalization for this positive effect is presented as the 



inhibition of early stage deactivation (through poisoning of 

carbonaceous deposits?), thus maintaining high active site 

densities throughout the run. 

3.2.4 DIRECT ACTIVITY COMPARISON BETWEEN Co AND Fe BASED LOW 

TEMPERATURE FISCHER-TROPSCH 

As a representative Fe based catalyst the so-called standard Sasol 

commercial Arge type slurry catalyst (i.e. equations (26)) was 

considered. As representative Co based catalyst the 

Co/ThO,/MgO/SiO, catalyst was selected because it did show very 

promising Fischer-Tropsch slurry phase synthesis results. The derived 

macro kinetic expression for this catalyst at 21 O°C is: 

1.00 x [mol/(g cat.s.bar2) P, Pq 
r, = 

(1 + (0.39 bar-') P, ]2 

NOTES: 

i) Little CO, production was observed, thus the absence of a 

corresponding rate equation for intrinsic water-gas-shift 

kinetics. 

ii) As far as the quantification of the apparent activation energy 

goes, the run performed on the Co/ThO,/MgO/SiO, catalysts 

did not include temperature variations. A more elaborate 

kinetic investigation was, however, performed on a Co/AI,O, 

catalyst, and this study led to  the estimation of the apparent 

activation energy as 92.4 kJ/mol. This value is in satisfactory 

agreement with published [(Satterfield, 1991 b)(Anderson, 

1956) (Storch, 1951 ) I  apparent activation energies for cobalt 

based Fischer-Tropsch. Support therefore exist for assurfling 

that - 90 kJ/mol could be considered as a general apparent 



activation energy for cobalt based Fischer-Tropsch (which is 

the same as that derived for iron based Fischer-Tropsch - refer 

equation (26)). 

Having verified the CSTR model (i.e. appendix II) as being capable of 

successfully describing experimental data, the model can confidently 

be used as a comparison tool between different catalysts in order to 

gain insight into the relative strengths and weaknesses of, for 

instance, cobalt and iron slurry Fischer-Tropsch operation. 

In this exercise a typically Lurgi gasification pure syngas of 

composition: 57.5 vol % H,, 28 vol % CO, and 0.6 vol % CO,, was 

considered as feed gas, with a once through mode of operation. 

Figure 3.25 confirms that the two  catalysts (i.e. ColTh021Mg01Si0, 

and standard Arge type slurry catalyst) compare favourably with 

respect to Fischer-Tropsch productivity in the case of the selected 

conditions. 

FIGURE 3.25: ACTIVITY COMPARISON BETWEEN THE EPGLER-BUNTE PREPARED 
CofrhO,IMgOISiO, CATALYST AT 210 C AND 2 0  BAR. AND 

STANDARD ARGE TYPE SLURRY CATALYST AT 2 4 0 ' ~  AND 20 BAR 
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3.2.4.1 Influence of syngas conversion level and reactor pressure 

The following conclusions can be drawn from a qualitative evaluation 

of the derived Fischer-Tropsch rate equations for iron and cobalt. 

i) Fischer-Tropsch Fe kinetics is inhibited by reaction water, 

whilst water partial reactor pressures seem to  have no 

influence on cobalt based Fischer-Tropsch kinetics. 

ii) At  relative low conversion levels (i.e. relative high H, and CO 

partial pressures) the cobalt Fischer-Tropsch kinetic expression 

will approach: rm a Pq / PCO , implying little sensitivity 

towards absolute partial pressures. Iron based Fischer-Tropsch 

kinetics on the other hand, is expected to  be much more 

sensitive towards absolute partial pressures. 

One of the conclusions that can be drawn from the first of these t w o  

qualitative deductions, is that cobalt should be the Fischer-Tropsch 

catalyst of choice if the objective is high per pass % syngas 

conversions. 

In order to  quantify this notion, the Co/ThO,/MgO/SiO, catalyst was 

directly compared to  the standard Arge type slurry catalyst, wi th 

respect to  the required space velocity necessary for maintaining a 

specified % syngas conversion level and reactor pressure. Table 3.21 

was constructed for this purpose. 



TABLE 3.21: REQUIRED SPACE VELOCITIES IN ORDER TO MAINTAIN 

CERTAIN TARGETED % SYNGAS CONVERSION LEVELS AT 

REACTOR PRESSURES RANGING FROM 1 BAR TO 50 BAR, 

DURING CSTR SLURRY OPERATION 

Figures 3.26, 3.27 and 3.28 were derived from table 3.21 . 

REACTOR 

PRESSLIRE 

(bar) 

1 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

STANDARD ARGE TYPE SLURRY 

CATALYST 

Required space velocities (m3, feed 

gas / kg cat / h) in order to  reach 

the following % syngas 

conversions, at 240 C 

Co/ThO,/MgO/SiO, CATALYST 

Required space velocities (m3, 

feed gas / kg cat/ h) in order to  

reach the following % syngas 

conversions, at 21 O°C 

30% 

1.29 

3.00 

4.32 

5.40 

6.30 

7.08 

7.86 

8.52 

9.18 

9.84 

10.44 

80% 

0.005 

0.10 

0.31 

0.56 

0.81 

1.05 

1.29 

1.50 

1.68 

1.86 

2.01 

50% 

0.45 

1.02 

1.44 

1.80 

2.04 

2.28 

2.52 

2.70 

2.94 

3.18 

3.30 

70% 

0.012 

0.21 

0.60 

0.99 

1.35 

1.68 

1.98 

2.22 

2.43 

2.64 

2.82 

30% 

0.084 

1.20 

2.82 

4.14 

5.22 

6.06 

6.72 

7.29 

7.77 

8.16 

8.49 

70% 

0.12 

0.23 

0.27 

0.28 

0.28 

0.27 

0.26 

0.24 

0.23 

0.21 

0.21 

50% 

0.033 

0.52 

1.32 

2.04 

2.64 

3.12 

3.60 

3.96 

4.20 

4.44 

4.68 

80% 

0.04 

0.015 

0.009 

0.009 

0.009 

0.010 

0.010 

0.010 

0.011 

0.011 

0.011 



FIGURE 3.26:  

INFLUENCE OF REACTOR PRESSURE ON REQUIRED SPACE VELOCITY 
(canho, IMgO/Sio2 catalyst at 2 1 8 ~ )  

REACTOR PRESSURE, bar 
= 3 0 %  SYNGAS CONV t = 50% SYNGAS CONV o = 70% SYNGAS CONV 

A = 80% SYNGAS CONV 

FIGURE 3.27: 

INFLUENCE OF REACTOR PRESSURE ON REQUIRED SPACE VELOCITY 
(Std Arge type slurry catalyst at 240' C) 

REACTOR PRESSURE , bar 
m = 30% SYNGAS CONV + = 50% SYNGAS CONV 0 5 70% SYNGAS CONV 

A = 80% SYNGAS CONV 



FIGURE 3.28: 

INFLUENCE OF REACTOR PRESSURE AND SYNGAS CONVERSION 
LEVEL ON THE RATIO: (REQUIRED CoIThO, IMgOISiO, SPACE 
VELOCITY) I ( REQUIRED STD ARGE CAT SPACE VELOCITY) 

1 1  

0 
0 20 40 60 

REACTOR PRESSURE , bar 
= 3 0 %  SYNGAS CONV + = 50% SYNGAS CONV o = 70% SYNGAS CONV 

A = 80% SYNGAS CONV 

Figure 3.28 is a combination of figures 3.26 and 3.27, and it is clear 

from figure 3.28 that the iron based catalyst is capable of processing 

a higher gas throughput than the cobalt based catalyst at low per 

pass conversion (e.g. 30%). The situation is, however, reversed for 

the high per pass conversion levels (e.g. 70 and 80%). 

From figure 3.28 it can also be deduced that increased reactor 

pressure could benefit cobalt relative to iron. This effect is, however, 

dependent on the value of the coefficient b in the rate equation: 



In the case of the Co/ThO,/MgO/SiO, catalyst this value is small (i.e. 

0.39 bar-'). The 30% syngas conversion line of figure 3.26, however, 

does start to level off at high reactor pressures (i.e. 40 - 50 bar). This 

is not the case with the 30% syngas conversion line of the Arge type 

slurry catalyst (figure 3.27). It could therefore be argued that iron 

based Fischer-Tropsch should start benefitting, relative to cobalt, a t  

even higher reactor pressures. The problem with iron a t  too high 

water partial pressures is irreversible deactivation as a result of bulk 

phase oxidation (i.e. sintering) [(Dry, 1 981 a)]. 

In order to illustrate that increased reactor pressure could, under 

certain instances, favour the productivity of cobalt based catalysts 

relative to iron, table 3.22 was constructed. This need not always be 

the case because of the deduction that iron based Fischer-Tropsch 

kinetics is expected to show greater sensitivity towards absolute 

partial pressures. As already stated, a relative small value of 

coefficient b in the equation (refer page 3-50), would favour the 

reactor pressure sensitivity shown by cobalt. Coefficient b could also 

be a function of reactor temperature, as was observed by Satterfield 

[(Satterfield, 1991 b)], indicating towards an increase of the value of 

b with decreased reactor temperature. 



TABLE 3.22: FISCHER-TROPSCH SLURRY CSTR ACTIVITY COMPARISON 

BETWEEN: 

i) STANDARD ARGE TYPE SLLlRRY CATALYST AT 240° 

ii) Co 1 Tho2 1 MgO I Si02 at 210°C 

Figure 3.29 was constructed from table 3.22. 

Space velocity 

(m3, feed garlkg cmlh) 
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Standaid Aige type 

slurry cmdyat 

70.1 

67.8 

64.5 

61.7 
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56.8 

54.6 
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50.6 

48.8 
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45.2 

43.4 
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38.6 

37.3 

36.0 
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33.7 

32.6 
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19.3 
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14.1 

- -  - 

% Syngar 
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slurry catdyst 

71.3 

68 1 

62.7 

58.1 

54.1 

50.7 

47.6 

44.9 

42.5 

40.3 

38.4 

36.1 

34.2 
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30.9 

29.4 
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26.9 
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FIGURE 3.29: 

ACTIVITY COMPARISON BETWEEN THE ENGLER-BUNTE PREPARED 
Co/Th021MgOlSi02 CATALYST AT 21  0°C AND STANDARD 

ARGE TYPE SLURRY CATALYST AT 2 4 0 ' ~  
1 00 

- 

+Fe, 20 bar - 

- 

- 

O 0 2 4 6 8 
SPACE VELOCITY , rn: feed gaslkg catlh 

rn = Co/Th02/MgO/Si02 + = Std Arge cat 

From figure 3.29 it can be deduced that Co/Th0,1Mg0/Si0, 

outperforms standard Arge catalyst at 20 bar with space velocities 

ranging from 0 to 3.7 m3, feed gaslkg catlh. By increasing the 

reactor pressure to 50 bar, this range is extended to 0 e 6.5 m3, feed 

gaslkg catlh. This is indicative of the fact that a reactor pressure 

increase from 20 bar to 50 bar favoured Co/ThO2/MgOISi0, relative 

to standard Arge type slurry catalyst. 

Influence of high water partial pressures 

High reactor pressure, or high per pas conversion Fischer-Tropsch 

operation, is likely to result in relative high water partial pressures. 



In the case of cobalt based catalysts this is not expected to be 

problematic. The reason for this being that cobalt does not oxidize 

under normal Fischer-Tropsch conditions [(Fischer, 1 943)l. Fischer 

and Pichler [(Fischer, 1 939b)J even investigated Fischer-Tropsch 

synthesis in systems where cobalt based catalysts were suspended 

in water. Cobalt based Fischer-Tropsch catalyst stability is therefore 

not to be regarded as a strong function of prevailing water reactor 

partial pressures. 

Catalyst deactivation, because of reoxidation [(Dry, 1981 a) 

(Satterfield, 1986)1, is, however, of decisive irr~portance in the case 

of iron based Fischer-Tropsch, This stretches beyond the normal rate 

inhibition as described by the Fischer-Tropsch rate equation, which 

can be regarded as a description of reversible surface 

oxidationlreduction during synthesis, but results in irreversible bulk 

phase oxidation (i.e. sintering) with the corresponding loss in specific 

surface area. The precise cut-off point between "safe" and "unsafe" 

water partial pressures is not known. It is also likely that this cut-off 

point is a function of the prevailing absolute hydrogen reactor partial 

pressure, a notion supported by Dry [(Dry, 1969a)l in having stated 

that the high deactivation rates observed during normal pressure iron 

based Fischer-Tropsch synthesis, could be explained in terms of a 

required minimum hydrogen reactor partial pressure (higher than 1 

bar) in order to suppress reoxidation to stay within "tolerable" levels. 

One way of improving the resistance of iron based Fischer-Tropsch 

catalyst to reoxidation, as deactivating mechanism, could be the 

relative enhancement of water-gas-shift activities (with respect to 

Fischer-Tropsch). The easiest way of achieving this is the co-mixing 

of a known low temperature water-gas-shift catalyst with the Fischer- 

Tropsch catalyst. Satterfield [(Satterfield, 1991 a)] has demonstrated 

that this is a viable option in the case of a Cu-ZnO/Al,O, commercial 



water-gas-shift catalyst (Katalco 52-2 ; 33 mass % CuO, 33 mass % 

ZnO, and 33 mass % A1203). The Cu-ZnOl A1203 catalyst exhibited a 

very slow loss of activity, and the Fischer-Tropsch catalyst 

(Co/MgO/SiO,) showed stable activity for about 400h on stream. 

Desired increases in water-gas-shift activity can further be achieved 

by manipulating the weight ratio of the two catalysts. 

The expected influence of doubling the water-gas-shift activity of 

standard Arge type catalyst slurry CSTR operation at 240°C and 20 

bar, on Fischer-Tropsch synthesis productivity is illustrated in figure 

3.30. 

FIGURE 3.30: 

INFLUENCE OF INCREASED (DOUBLED) WGS ACTIVITY ON THE % 
SYNGAS CONVERSION AS A FUNCTION OF SPACE VELOCITY 

AT 2 4 0 ' ~  AND 2 0  BAR 
80 1 



The Fischer-Tropsch activity is therefore not significantly affected by 

the presence of increased water-gas-shift (i.e. 2 x) activity a t  the 

synthesis conditions considered in  the construction of  figure 3.30. 
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CHAPTER 4 

FISCHER-'TROPSCH SELECTIVITY INVESTIGATION 

LITERATURE REVIEW 

In the case of low temperature Fischer-Tropsch investigations, the 

general aim is to maximize high molecular weight yields. The reason 

for this is frequently twofold, viz: 

i) If wax production is the objective, a high quality wax (i.e. high 

melting point and low viscosity [(Dry,I 990b)l, requires a high 

chain growth probability combined with low branching 

probabilities. 

i i) For the production of diesel fuel the Fischer-Tropsch synthesis 

has also to be optimized for high selectivities of waxes, which 

are subsequently hydrocracked a t  mild conditions (see e.g. the 

Shell Middle Distillate Process [(Sie,1985)1). Sasol 

[(Dry,1987b)] has also investigated this option and it was 

demonstrated [(Dry,1981 b)] that wax boiling above 350°C 

could be hydrocracked to extinction, yielding 1 5% gasoline and 

80% diesel fuel. The latter having a cetane number of about 

60  and the overall diesel fuel to gasoline ratio can be as high 

as 3. 

Quantitative information regarding the high molecl-llar weight Fischer- 

Tropsch products is thus an important parameter in the case of low 

temperature Fischer-Tropsch. Its direct determination on laboratory 

scale is difficult because of limited wax production. With the ampoule 

technique it is possible to obtain quantitative gaslvapour samples of 

the products C, to +-CIS. The reason for this restriction is that the 

solubilities of higher molecular weight compounds, in the slurry 



medium under synthesis conditions, make it impossible to 

quantitatively analyse for these products with techniques that are 

based upon sampling of the volatile overhead phase 

[(Satterfield, 1 982a)I. 

4.1.1 MODEL FOR PREDICTING REACTOR WAX SELECTIVITIES 

4.1.1 .I Schulz-Flory model 

The challenge is to use the quantitative GC analysis of the volatile 

overhead phase (i.e. C, to +C15 product composition) in order to 

extrapolate accurately to higher molecular weights. In this regard the 

Schulz-Flory relationship has proven itself as an useful tool. The 

popular form of this mathematical expression is the logarithmic 

version [(Caldwell, 1980)1, viz: 

NOTE: This equation is strictly speaking only valid for step wise 

polymerization reactions of fixed building blocks. In the 

case of Fischer-Tropsch the building block can only be 

ap~roximated by -CH,-. In this situation, the equation: 

In (Wn/n)= n lna + In[(?-a)2/a] 

would be more appropriate. 

This equation can also be presented in terms of % carbon atom 

selectivities. If it is, for argument sake, assumed that the whole 

experimental Fisher-Tropsch product distribution can be described by 

this classical (i.e. only one chain growth probability) Shulz-Flory 

model, the following should hold:Wn will be approximately equal to 
r 1 

15,,1( % sn)1 because of the fact tha -CH,- can be considered as 
n = l  

thb represenfative building block of the entire Fischer-Tropsch product 



spectrum. 

03- 
-Thus: ln[S,/(n.~ S,)] = n lna + I r~ [ ( l -a )~ /a ]  

n = l  

If the objective is a model description of the entire Fisher-Tropsch 

product spectrum (i.e. all products excluding CO,), as is indeed the 
* - 

situation in this chapter, it can be assumed that C S,= 100. 
n=l  

Note: This equation doesn't only need to  be applied t o  the 

Fischer-Tropsch product spectrum as a whole. It  can 

also be used to  describe a particular section thereof. 

This could, for example, be the oxygenated products or 

n-alkanes on their own, as was illustrated by 

Huff[(Huff,I 98211. If this approach is employed, 

gn (and 5 5") should be restricted to  the selected cut 
n=t 

of the product spectrum. 

It can be deduced from the above-mentioned equation that the graph 

of ln(S,/n) versus n is expected to  be linear, with the slope being 

equal t o  Ina. This type of graph is known as the Schulz-Flory plot. 

Although it s h o ~ ~ l d  be kept in  mind that many reported deviations from 

the Schulz-Flory distribution appear rather to be a direct result of 

experimental artifacts, some general intrinsic deviations have been 

proven, viz: 

i) The model under-estimates C, selectivities and over-estimates 

C, selectivities. 

ii) The break in experimental Schulz-Flory plots, which is based on 

the experimental observation that an increase in  the slopes of 

experimental Schulz-Flory plots (i.e. In ( g ~ n )  versus n) occur 

at a carbon number of about 10. Seeing that several inves- 



tigators[(Satterfield, I 988b)l  have already reported this 

phenomenon, under a variety of conditions on different 

catalysts (Fe, Co and Ru), sound reason exists to  accept this 

phenomenon as a fact. 

In order to  accommodate the first mentioned generally believed 

deviation, a quantity S, was defined. 

Best fitted values for S, (for all n r 3) were selected based upon the 

following t w o  criteria: 

..? 00 
i) S, + 3, + E S, = 100, because of the fact that the intension 

n=3 

during this study was to describe all Fischer-Tropsch products 

(i.e. CO, being the only exception) 

ii) Minimization of a sum of square errors between S, and the 

experimentally analysable g,, excluding n~{1,2) .  As discussed 

in chapter 2, exclusive sarr~pling of the volatile overhead 

products will only allow reliable analyses up to  -CIS. The 

criterium utilized in this investigation, was: 

If S, were t o  be calculated directly from a Schulz-Flory based model 

(i.e. the application of the equation: In(W,ln) = n In a +ln[(l-a)21a]), 
00 

knowledge about Z S, is a prerequisite. 
n= 1 

00 
The first inclination is to  assume: sn = 100, which implicitly 

n=l 

requires: S, + S, = g, + g,. There exist, however, no justification 

for accepting this required equality. 



The following postulation was therefore made: 

S, = k S,', where S,' is directly deducible from a Schulz-Flory 
00 

model, assuming I: S,' = 100. 
n = l  

Opting for the classical Schulz-Flory model (i.e. only one chain growth 

probability), this postulation results in the following equation: 

ln[S,'I(l 00n)l = n Ina + ln[( l  -a)21al 

But: S,' = S,Ik 

Thus: ln[Snl(lOOkn)] = n lna + ln[(l-al2la] 

00 00 
- z (kS,') = l o o k  But: z s n -  

n = l  n = l  

00 
Thus: In[S,I(n I: Sn)l = n Ina + ln[(l-a)21al 

n = l  
(1 

Remark: Having postulated S, = kS,', as well as having 

00 
enforced I: S,' = 100, implied that: 

n = l  

00 
I: S, = 100 only if k = 1. 

n  1  

00 
Deviations from I: S, = 100 are thus allowed, 

n= 1  

ruling out the unwanted restriction: ./. 
S, + s, = S, + s, 

Because of the explained uncertainty in the appropriate value of 
00 
I: S,, it is advisable to incorporate this quantity into the intercept of 

n = i  

equation (I), thus: 
00 I In(S,In) = n Ina + In ((1-a12 I: S,) la [ n = l  

(2) 

The graph of In (S,In) versus n should. therefore be linear, with the 

slope being equal to In a. 



4.1.1.2 Donnelly's adapted "double a" Schulz-Flory model 

The break in experimental Schulz-Flory plots can be described by the 

postulation of t w o  growth probability fractions (i.e. : a, and a,), and 

without getting involved in a discussion on the possible causes for 

t w o  probabilities for chain propagation, recognition must be given to 

the description of the break at -C,,, in any attempt to  predict wax 

selectivities based upon extrapolations of experimentally determined 

product analyses of lighter hydrocarbons (i.e.: C,  - C,,). 

The determination of these t w o  chain growth probabilities from the 

slopes of the t w o  asymptotes, drawn through the experimental points, 

is inaccurate. This technique becomes even more doubtful if the 

Schulz-Flory plot does not show t w o  regions wi th  distinct slopes. 

Donnelly [(Satterfield, 1988b)l  has proposed an useful model, which 

utilizes the entire experimental product distribution between C, and 

-C15 (including those points between the asymptotes) in estimating 

a, and a,. The basic assumption is that both a, and a, contribute to  

the total Fischer-Tropsch product spectrum. 

The following relationship was thus proposed by Donnelly: 

The same postulation that was applied t o  S,, in the case of the 

application of the classical Schulz-Flory model, could be applied to  

both S,, and S,,, individually. 

This exercise would result in expressions similar t o  equation (21, viz: 



Therefore : 

OQ 

Notes: i The fact that B (Sd = 100 is not enforced, 
n =l 

OQ OQ 

also implies that B (q,,)+ B (%J need not be 
j =1 j=1 

equal to 100. Both are therefore to be regarded as 

separate model parameters to be optimized. 

OQ OQ 

ii) The quantities B (S,,) and B (S,,J should 
1 

also not be cohused with vkQht  fractions as 

utilized in other applications, for example as 

proposed by Vosloo [(Vosloo, 1 989)l 

iii) From equations (3) and (4) it should be clear that: 

In (Sn/n) f In (S,,,/n) + In (Sn,,/n), implying that 

two straight lines on a Schulz-Flory plot cannot 

simply be added to generate an experimental 

product distribution. 

This suggests that the most straight forward method for determining 

a, and a,, viz: linear regression of the two asymptotes, could be 

regarded inappropriate. 

The format of the "double a" model presented in .this publication 

dif fers somewhat f rom that  published by Donnelly 

[(Satterfield,I 988b)], and these differences are centred around: 



i The published model is expressed in terms of product mol 

fractions, whilst this presentation has opted for % carbon atom 

selectivities. 

ii) The regression method differs. In this format complete C 
w 

closure (i.e.:g, + g2 + E (SJ = 100) is mathematically enforced 
1 =3 

in the application of the model to the entire Fischer-Tropsch 

product spectrum. 

Although it has been stated earlier that Schulz-Flory models (or 

adaptations thereof) could be restricted to  selected sets (i.e. n- 

alkanes, a-olefins, 1-alcohols etc.) of the Fischer-Tropsch product 

spectrum, the entire product spectrum needs to  be considered if the 

objective is the estimation of wax selectivities (i.e. ZC,,) by means 

of model extrapolations from an application of the model to the C, - 

C15 product slate. This being the intention of this presentation implies - 
that the condition: g, + 3, + 5 (S,) = 100 can be accepted as a 

1 =3 
given with respect to the rest of-this discussion. 

If it is assumed that a, < a,, it can be deduced from equation (4) that 

the contribution of a, will dominated the value of S, (i.0. S,, = SJ at 

large values of n, and that the opposite will hold for small values of 

n. 



This can be illustrated by means of representative experimental 

results. Accept for the purpose of this illustration that the following 

values can be considered as realistic: 

S,,, = 3.4 S,,, = 0.,2 
These parameter values implies: 

s,,,, = 0.08 Sl5,, = 1.38 

Thus: a, made a contribution of 94% to S,, and only contributed 5% 

to S15. 

A carbon number therefore exists where the contributions of a, and 

a, to S, are approximately equal. In order to determine the exact 

value of Q, it is important to accept that it needs not be restricted to 

an integer. Although this concession adds an abstract connotation to 

Q, it could still be rationalized as the physical break point between the 

two asymptotes. According to literature a value of about 10 is to be 

expected. 

Seeing that it can be assumed that m = 15, the following 

approximation could be considered justifiable: 

S, = n c$-" (1 - ad2 .C (S,Z), for all n 2 m 
~ = 1  



Thus: 

But: 

Therefore: 

Equation (5) can be rewritten to obtain an expression for C (SJ,& : 
j =1 

OD 

Substituting this expression of C (SJ,& into equation (6) : 
j=1 

NOTE: This model concerns .the entire Fischer-Tropsch product 

spectrum, and assumes that all the Fischer-Tropsch 

products up to C, can be analysed quantitatively. This 
m 00 

implies that the value of C (g,,) is known. C (S,) 

can therefore be estimated based on the principle of C 

atom balance: 

00 m -  
C (S,) = l o o  - c s, 

n=m+l n=l 

a, is consequently the only unknown model parameter in equation (81, 



and the approximate value of a, can be estimated by means of the 

numerical Newton-Raphson method. An initial guess for a, is 

required, and for this purpose the commonly reported value 

[(Huff,1982)] of 0.9 can be used. 

An estimated value for C (SIJ can subsequently be obtained by 
i =1 

substituting this numeribally derived value for or, into equation (7). 

a 

It might be considered to estimate C ( S d  simply from the relation- 
OD OD 

j=1 

ship: C (S,J + I: (S,,,) = 100 . This consideration is only valid for 
j =1 j=l 

the special case where k =  1 (refer discussion used in the derivation 

of equation ( 4 ) ) .  However, as stated earlier, it is known that the 

products C, and C, frequently do not obey any Schulz-Flory based 
00 

model, and it is precisely for this reason that E (Si,,) is not 
a j=1 

simply taken as 100 - x (Si2). 
j=1 

In order to obtain a more appropriate estimate for E (Si,,) , the 
j=1 

break point (i.e. R) can be considered. Combining the definition of R 

with equation (31, implies: 

OD w 
(a-1) (a-1) 

"1 (1 - a 2  j , ,  = 2  (1 -aJ2 x (Sj,J 
j=1 j=1 

Thus: 

The problem, however, with this expression for C (S,,,) is that 
i=l  

both a, and R are to be considered unknown paremeters. 

An additional useful relationship between these two unknown 



parameters (i.e. a, and n) can be derived as follows: 

m 
An expression for C (SJ can be obtained by substituting equation 

n =3 

(3) into S, = SnV1 + S,,, : 

NOTE: In this eq~~at ion the summation was deliberately started 
m m 

at C,, which implies that (S,) = C g, 
n =3 n =3 

The reason for this being that only C, and C, can be regarded as 

exceptions to the fitted Schulz-Flory product distribution. 

Applying the already listed expression for k ("an) to equation (1 0): 
n=p 



Substituting E (SI1) with the expression provided in equation (9): 
j =1 

where: 

Because of the fact that approximate valbes have already been 
00 

estimated for a, (equation (8)) and C (S,,J (equation (7)), n and 
i=l 

a,, remain as the only unknown parimeters of equation (1 2).  

In order to circumvent this dilemma, it was decided to start off with 

an appropriate guess for a,. In this regard a, = 0.6 can be 

considered, seeing that this is the commonly reported value. 

This initial choice of a, needs, however, to be refined at a later stage. 

The value of n (i.e. corresponding with a, = 0.6) can thus be 

determined from equation (1 2), and by substituting these values of f2 
OD 

and a,, into equation (9) a corresponding estimate for C (S,,,)can be 
j = l  

obtained. 

To recap, it can be said that the values thus far estimated are based 

on two questionable postulations, viz: 

i) The approximation as presented by equation (5) 

ii) The chosen value of a, 

In order to address this matter, it was decided to optimize the 



00 m 

estimated values of a,, C (S,J n, and C (S,,,) for every chosen 
j=l  j=l  

value of u,, whereafter the optimum value for a, is selected based on 

a best fit criterion. 

In order to obtain irr~proved values for the model parameters 
OD DD 

a,, C (SIP& n, and C (S,,,) , associated with the initial choice of a,, 
j=1 j =I 

the approximation that a, makes no contribution to S, for n 1 m (i.e. 

equation (5)) should be discarded. 

OD 

The contribution of a, to C (S,) is therefore to be taken into 
n=m+l 

account, resulting in an improved version of equation (6): 

m 

An expression for C (S,J can be derived from equation (9), which 
i=l 

could then be substituted into equation (1 3): 

where: 

If the approximated values of n and C (SI,') are used, a first 
i =l 

improved value for a, can be obtain'ed by solving equation (14) 

numerically by taking the approximated value of a, as the initial 

guess. 

This first improved value of u, can be used to obtain a first improved 



.. 

value of (Sj,J by means of equation (9), once again using the 
i =I 00 

These first improved values of a, and C (S,,J are then used to esti- 
j=1 

mate first improved values for n and C (SIP,) by means of equations 
j =I 

(1 2) and (9) respectively, sticking to the initial guess for a,. 

If these first improved estimated values of n and C (S,,,) are 
j =I 

substituted into equation (1 41, a second improved value for a, can be 

estimated. Repeating the procedure described in the two preceding 

paragraphs, will result in second improved values for 
00 00 

This iterative process should be continued until a set of refined values 
m m 

for a,, n, C (S,,), and C (Sj,J 
i=l i =I 

is obtained, that will satisfy 

equations (1 '? ) and (1 3) kimultaneously. 

m m 

Estimated values of a,, n, C (Sj,,), and C (Sj,J that satisfy this 
j =I j =I 

criterion can therefore be regarded as the optimum values associated 

with the initially chosen value of a, (i.e. 0.6). 

In order to optimize the estimated value of a,, the principle of 

minimization of the sum of square errors was used. The sum of 

square errors was defined as : 

m 
X [In (Sn/n) - In Snln)] * 

n =3 
m QD 

NOTE: The optimum values for a,, n ,  C (S,,,,, and C (93) 
j =I j=l 

are estimated for every newly selected value of a,, in the 

same manner as outlined above. 



'This model thus provides a modus operandi for determining the 
00 00 

optimum values of a,, a,, n, C (Sj,,,, and C (Sje2) based on the 
j=1 j=1 

experimental selectivity data of C, - C,. 

Visual confirmation of the success of these estimated model 

parameter values can be obtained by 'the superimposition of the 

Schulz-Flory derived plot (i.e. In (S,/n) versus n) and the 

experimentally determined corresponding plot (i.e. In (g,,/n) versus n). 

Experience with this model has been satisfactory as is illustrated by 

Figure 4.1, which serves as an illustration of the success with which 

empirical selectivities can be described by this "double a" model. The 

data selected for this illustration stems from one of the cobalt 

catalysts investigated during this study li.e. 100Co/3Th0/10 

Mg0/100 SiO,; run number D l  5). 



FIGURE 4.1 
SCHULZ-FLORY PLOT OF 'THE CSTR SLURRY 

Co/Th02 IMgOISi02 RUN 

CARBON NUMBER n 
- = DOlVlVELLY MODEL + =GC-FID DATA 

As has been stated already, a, is anticipated to dominate the 

distribution of the high molecular weigh products. It is therefore 

expected that the contribution of a, to the reactor wax (1 C2,) 

selectivity, should be negligible. This implies that the Schulz-Flory 

plot for the high molecular weight products should be linear. This is 

being supported by Figure 4.2 which is based upon a GC analysis of 

a sample taken from the slurry medium during the run performed on 

a 100Co1461 Si0, catalyst investigated during this study (i.e. run 6). 

It could be added that this particular run was started with squalane as 

slurry medium, implying that only hydrocarbons synthesized during 

this run contributed to Figure 4.2. 



FIGURE 4.2 

SCHULZ-FLORY PLOT OF SLURRY LIQUID 

CARBON NUMBER, n 

Similar linear relationships, for the normalized Schulz-Flory plots of 

slurry mediums were published by Satterfield [(Satterfield, 1 991 a)]. 

Satterfield [(Satterfieldf1990b)] also concluded that the chain growth 

probability estimated from a linear regression of the data between C,, 

and C,, of an analysis of slurry medium, corresponded very well with 

the a, value estimated by means of the applications of the "double a" 

model to the GC analysis of the overhead gaslvapour products. 

The presence of the break, however, necessitates the postulation of 

at least two chain growth probabilities, in order to describe the entire 

Fischer-Tropsch product spectrum satisfactorily. Dry [(Dryfl990b)l, 

for example, asked the questions: "If ,there can be two alpha values, 



why not more?" Fact of the matter is, that with the postulation of 

two growth probabilities, the mathematical treatment of experimental 

data is still fairly straight forward. The objective with the application 

of the model need not be to deduce fundamental truths, but could be 

(as is indeed the case in this publication) the obtaining of a reliable 

tool for predicting wax selectivities as well as possible. In this regard 

Stenger [(Stenger,l985)1 has proven that the postulation of a 

distributed site model is equivalent in its ability to fit experimental 

Fischer-Tropsch product distributions to the simpler dual site (rather: 

dual growth probability) model. It can thus be accepted that nothing 

is to be gained, with respect to the matter of predictability (i.e. 

extrapolation), by opting for the more complicated distributed growth 

probability model. 

One of the important requirements of this "double a" model in this 

publication therefore was the accurate prediction of experimental 

selectivities for Fischer-Tropsch products containing more than m 

carbon atoms. The appropriate equation for this purpose can be 

derived from equation (3) substituted into S, = S,,, + Sn,2, viz: 

If this equation is successful in its prediction, it should also be 

effective in predicting the % carbon atom selectivity of particular cuts 

of the Fischer-Tropsch product spectrum, say 2 C,. The predicted 

selectivity can be derived from equation (1 5), viz: 

a w a 

E (SJ = [war1 '  - (w-I) a:] E (S,,,) + [war1 '  - (w-I) a:] E (SIJ (I 6) 
n=w j=1 j=1 

C,, + has been published[(Dry, 1981 a)] as being representative of the 
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so-called hard wax fraction, although it should be remembered that 

the hard wax fraction is determined experimentally by means of 

distillation. Hard wax is for this purpose defined as the bottom when 

the distillation temperature has reached 31 2 O C  at a total pressure of 

5mm Hg. With this information in mind it was proven [(van 

Bergef1989a)l that the "double a" model, as presented in this 

publication, was successful in predicting the experimentally 

determined (i.e. through vacuum distillation) hard wax selectivity. 

The conclusion was reached that this "double a" model, as applied to 

the entire Fischer-Tropsch product distribution, can be used to predict 

hard wax selectivities (or any cut for that matter) on the basis of a 

quantitative analysis of the Fischer-Tropsch overhead gaslvapour 

products (i.e. C, to about C15). 

LOW TEMPERATURE Fe BASED FISCHER-TROPSCH 

SELECTIVITIES 

The quantification of relationships between gas composition, 

temperature, and hydrocarbon selectivities during Fe based Fischer- 

Tropsch synthesis is still plagued by uncertainties. 

Dry [(Dry, 1981 all rejected the proportionality : Methane selectivity = 

k(PHJPco), as an oversimplification, and proposed a more complex 

function of Py, P,, and/or PC02. Dry's first speculative 

attempted relationship ignored any selectivity influence exerted by the 

water partial pressure. The proposed relationship being: 

Methane selectivity = 
a pi2 

b pio + c P& 

A rationalization was attempted based upon the notion that the 

chemisorption of both CO and CO, enrich the surface with 

polymerization building blocks, thus enhancing chain prolongation. 



In later publications [(Dry, 1990b)(Dry, 1991 )I Dry did not want to  rule 

out water as an important selectivity influencing parameter. The 

apparent earlier incorrect conclusion was ascribed to  data scattering 

and/or water-gas-shift complications, correlating PHP and Pco2. 

The laboratory continuous stir tank slurry runs utilized for the 

derivation of the shape of the kinetic expression (i.e. table 3.9) were 

also subjected to  a product selectivity analysis. No success was 

achieved by having attempted to  fit Dry's[(Dry, I 990b)(Dry, 1981 a)] 

proposed methane selectivity correlations (or any other err~pirical 

relationship) to  the data of table 3.9. 

The emphasis was therefore shifted to the applications of Donnelly's 

"double u" model in order to try and correlate wax selectivities with 

process conditions. The data presented in table 3.9 were therefore 

subjected to this double chain growth probability model, and the 

results of this exercise is presented in table 4.1. 



TABLE 4 . 1  

Estimated % C-atom hard wax (C,, + 1 selectivities as a function of partial pressures pertaining to the standard Arge type catalyst slurry 
CSTR run at 2 1  bar and 250°C. 

ANALYSIS NUMBER 

Time on line (h) 

Feed gas space velocity 
(m3,/kg catlh) 

% Syngas conversion 

Feed gas composition (~01%)  

"2 

CO 

co2 
Ar 

Reactor partial pressures (bar) 

"2 

CO 

co2 
" 2 0  

% C-atom methane selectivities 

Chain growth probabilities 

Q1 

Q2 

Estimated % C-atom 
Hard Wax (C,, + ) selectivities 

A 1  

123 

1.085 

48.5 

38.1 

23.3 

0 

38.6 

6.4 

2.3 

1.4 

1.3 

2.4 

0.70 

0.950 

29.8 

A 2  

180 

1 .I08 

55.2 

30.9 

32.8 

0 

36.4 

4.6 

3.7 

2.4 

1 .O 

1.8 

0.71 

0.964 

41.6 

A 3  

270 

0.965 

42.8 

60.6 

25.4 

0 

14.1 

12.1 

2.3 

1.6 

2 .O 

2.8 

0.73 

0.942 

22.1 

A 4  

310 

1.253 

47.7 

29.4 

19.8 

0 

50.8 

4.6 

2.0 

1.1 

0.9 

2.4 

0.74 

0.946 

25.6 

A 5  

388 

1.210 

49.4 

34.3 

30.2 

0 

35.6 

5.4 

3.7 

1.8 

1.2 

1.9 

0.71 

0.959 

37.0 

A 6  

533 

0.733 

52.6 

34.8 

28.0 

0 

37.2 

5.8 

2.7 

2.1 

1 .O 

3.7 

0.69 

0.934 

14.3 

A 7  

693 

1.201 

49.2 

34.2 

30.2 

0 

35.7 

5.7 

3.4 

2.1 

0.9 

3 .O 

0.71 

0.969 

39.8 

A 8  

875 

1.775 

38.3 

41.7 

44.3 

5.4 

8.6 

7.6 

7.2 

3.6 

1 .O 

2.6 

0.71 

0.971 

43.6 

A 9  

945 

1.519 

25.7 

61.1 

11.5 

21.7 

5.6 

12.0 

1 .O 

5.5 

1.3 

9.9 

0.73 

0.904 

4.1 

A 1 0  

1015 

1.327 

50.0 

10.8 

9.3 

19.3 

60.6 

1.4 

0.9 

4.8 

0.3 

4.9 

0.76 

0.954 

19.3 

A l l  

1115 

1.587 

29.6 

71.3 

22.6 

3.7 

2.4 

15.3 

2.3 

2.2 

1.2 

9.9 

0.67 

0.883 

1.4 

A 1 2  

1180 

1.018 

51.8 

28.6 

27.9 

0 

43.5 

4.8 

2.8 

2.3 

0.4 

4.5 

0.68 

0.936 

13.6 

A13 

1260 

1.748 

30.7 

52.3 

18.4 

18.5 

10.9 

10.3 

2.0 

5.5 

1 .O 

7.9 

0.68 

0.859 

0.9 



From table 4.1 it can be deduced that the following reactor partial 

pressure ranges were covered: 

H2 I .4 - 15.3 bar 

CO : 0.9 - 7 .2 bar 

H,O : 0.3 - 2.0 bar 

CO, : 1.1 - 5.5 bar 

Seen in the light of the weak correlations between the partial 

pressures of CO, H,, CO, and H,O (as displayed b y  table 3.91, the 

following err~pirical relationship was derived w i th  statistical 

significance. Its application should also be restricted to  Arge type 

catalyst CSTR slurry Fischer-Tropsch at 250°C, as well  as reactor 

partial pressures falling within the above-mentioned partial pressure 

ranges: 

% C-atom hard wax  (C,,+) selectivity = 

1 1.53 + 5.62 Pco - 3.1 6 PH2 + 18.48 PHz0 

NOTE: Partial pressures are to  be expressed in terms of bar 

Figure 4.3 visualizes the success of this empirical relationship. 



FIGURE 4.3: 

PARITY PLOT IN ORDER TO VISUALLY ILLUSTRATE THE SUCCESS WITH WHICH 

THE EMPIRICAL EXPRESSION (1  1.53 + 5.62 Po - 3.1 6 PH2 + 18.48 P,,, ) 

DESCRIBES THE OBSERVED SELECTIVITIES OF STANDARD ARGE' 

70 1 CATALYST CSTR SLURRY OPERATION AT 2 5 8 ~  

In chapter 3 the influence of increasing the relative water-gas-shift 

activity (i.e. relative to the Fischer-Tropsch activity) with respect to 

broadening the operability range of Arge catalyst based slurry CSTR 

operation, was discussed. It was concluded that a doubling of the 

water-gas-shift activity is not expected to impact significantly on the 

Fischer-Tropsch productivity. 

Equation / I  8) can now be used in order to estimate the possible 

influence that a relative doubling of the water-gas-shift activity might 

exert on the hard wax selectivity of Arge type catalyst slurry CSTR 

operation at 250°C and 20 bar. For this purpose table 4.2 was 

compiled with the help of the CSTR Fischer-Tropsch model presented 

in appendix 1 1 .  



TABLE 4 . 2  

Estimated influence of increased water-gas-shift activity in the case of standard Arge type catalyst slurry CSTR operation at 250°C and 2 0  bar. 



Figure 4.4 was derived from table 4.2 and clearly illustrates that the 

bringing about of relative increased water-gas-shift activity (2x1, w i th  

respect t o  the Fischer-Tropsch activity, is likely t o  cause a significant shift 

in selectivities t o  lighter hydrocarbons. This is, t o  be expected if it is 

accepted that  wax  selectivities are decreased by [(Dry, 1 991 ) I :  (a) increased 

H,/CO ratios in the reactor, and (b) decreased water partial pressures, 

precisely the effects brought about by a relative increase in water-gas-shift 

activity. 

FIGURE 4.4: 

ESTIMATED INFLUENCE OF INCREASED WATER-GAS-SHIFT ACTIVITY 

(2x) ON THE MASS% HARD W A X  SELECTIVITY IN THE CASE OF 

STANDARD ARGE TYPE CATALYST SLURRY CSTR OPERATION AT  

250°C AND 20 BAR 

0 1 I 1 I I I I I I I I I I 1 
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+ = normal WGS activity = doubled WGS activity 



LOW TEMPERATURE CO BASED FISCHER-TROPSCH SELECTIVITIES 

Factors governing selectivities in the case of cobalt based Fischer- 

Tropsch are also the topic of intensive debate as a result of a fair deal 

of conflicting viewpoints. The most debated issue seems to  be the role 

that secondary reactions of a-olefins might be playing in the 

determination of wax (or high molecular weight product cuts) 

selectivities. This debate is more evident in the case of cobalt based 

Fischer-Tropsch than in iron based Fischer-Tropsch, because of the 

general believe that secondary olefin insertion is more prevalent in Co 

than Fe[(Schultz, l 9 7 0 ) l .  Although a significant amount of literature 

support (discussed in detail in chapter 5) does exist questioning the 

significance of secondary olefin insertion, Iglesia[(lglesia,l992)1 for 

example, explained the break in experimental Schulz-Flory plots entirely 

in terms of a-olefin incorporation. This matter is, however, far from 

being resolved, and in this publication the notion is supported that the 

readsorption of oiefins is not to be regarded as a viable method of 

altering Fischer-Tropsch product distributions. By having opted in 

favour of the viewpoint that only ethylene and propylene are regarded 

as being capable of being significantly incorporated during Fischer- 

Tropsch, the break in the experimental Schulz-Flory plot can also be 

described satisfactorily (refer chapter 5), thus by not having to  make 

use of the above-mentioned notion propagated by Iglesia. 

A second issue that is also under discussion in cobalt based Fischer- 

Tropsch synthesis is that of the influence of water. As mentioned 

already, it is believed that relative high water partial pressures enhance 

high molecular weight selectivities in the case of iron based Fischer- 

Tropsch. Should this effect also be at play during cobalt based Fischer- 

Tropsch, i t  could be exploited to  a much greater extend because of the 



known resistance of cobalt towards re-oxidation during Fischer-Tropsch 

synthesis. Exxon[(Kim,l989)] has observed that the addition of water 

into a Fischer-Tropsch hydrocarbon synthesis reaction zone, employing 

a catalyst comprising promoted or unpromoted cobalt supported on 

titania, resulted in increased CO conversion and C,+ hydrocarbon 

production accompanied by a decrease in methane production. A t  a 

reactor pressure of 2 0  bar, it was determined that the optimum reactor 

water partial pressure is -7  bar, resulting in a 3 fold higher activity 

whilst the C,+ selectivity could be improved by  - 1 0  percentage 

points. 

Satterfield[(Satterfield, 1 990b)l, on the other hand, speculated about the 

possibility that increased readsorption of water could increase chain 

termination, thus suppress high molecular weigh product selectivity. 

'The notion that increased reactor water partial pressures suppresses 

t h e  h y d r o g e n a t i o n  c a p a b i l i t y  o f  F i s c h e r - T r o p s c h  

catalysts[(Boelee,l988)1, however, argues in  favour of  

Iglesia's[(lglesia, 199211 conception that increased a-olefin readsorption 

results in increased high molecular weight product selectivities. The 

positive selectivity influence of increased water partial pressure could 

thus be rationalized in terms of water inhibiting hydrogenation, thus 

favouring a-olefin insertion as competition reaction, thereby improving 

high molecular weight product selectivities. 

As a third issue, the notion that cobalt based Fischer-Tropsch 

necessarily implies a relative narrow temperature range[(Schulz, 1 978) l  

(1  8 0  - 205OC) could be considered. Higher temperatures are generally 

associated w i t h  high methane selectivit ies[(Dry,1981a)l. 

Satterfield[(Satterfield,1990b)lt however, observed no influence of 

reactor temperature (220°C - 240°C) on hydrocarbon selectivities for 

total synthesis gas conversions between 31 and 33%. Reference was 

also made t o  similar results reported by Schulz[(Schulz,l980)1 on C,,+ 



selectivities in the case of temperatures ranging from 1 70°C to 1 90°C. 

Fischer-Tropsch synthesis runs performed at Sastech R&D[(van 

Berge,1993)1 on a Co/AI,O, catalyst also tended to support the 

conclusion that at a predecided % syngas conversion level and 

constant reactor pressure (i.e. implying comparable reactor partial 

pressures), temperature will have a negligible effect on hydrocarbon 

selectivities. 

The above mentioned apparently conflicting observations/interpretations 

could conveniently, and perhaps rightfully so, be related back to 

differences in the cobalt catalysts investigated (e.g. different 

preparation techniques or different support materials etc.) 



EXPERIMENTAL SELECTIVITY DATA AND DISCUSSION 

Reactor wax selectivities 

Tables 4.3 and 4.4 provide the best fitted "double a" model parameter 

values of the individual analyses performed on the Fischer-Tropsch 

slurry cobalt runs selected for this publication. 

TABLE 4 . 3  

Double a model parameter values for the CoISiO, Slurry Micro Reactor Runs A and 
B at 210°C 



TABLE 4.4 

Double a model parameter values for the Co/ThO,/MgO/SiO, Slurry Micro Reactor 
Run C at 210°C 

When the objective is the optimization of high molecular weight 

products, the following goals are to be reached. 

ANALYSIS NUMBER 

Partial pressures (bar) 

"2 

CO 

" 2 0  

co* 
Time on stream (h) 

01 

0 2  

c (shl) 
j=1 

c Cs,d 
j=1 

% Reactor wax selectivity (2C2,) 

Suppression of methanation and/or hydrocracking 

(hydrogenolysis). 

ANALYSIS NUNIBER Dl D3 

5.1 

13.5 

1.8 

0 

144 

0.37 

0.916 

6.7 

94.7 

37.0 

D6 ------- 

5.2 

10.0 

4.2 

0 

249 

0.73 

0.963 

17.2 

82.2 

64.0 

Panial pressures (bar) 

Hz 

CO 

Hz0 

co2 

T ~ m e  on stream (h) 

0 1  

az - 
c (shl) 

j= l  

= (U 
j = l  

% Reactor wax selectivity ( BC,,) 

Dl1 

19.9 

7.6 

9.4 

0 

481 

0.68 

0.937 

19.9 

77.0 

42.5 

D8 

7.4 

3.8 

6.8 

0.1 

312 

0.71 

0.943 

14.3 

82.3 

49.5 

D4 

7.3 

11.1 

2.0 

0 

201 

0.62 

0.928 

12.6 

86.4 

41.1 

D7 

6.5 

6.7 

5.6 

0 

269 

0.74 

0.957 

18.0 

80.0 

57.9 

7.0 

3.5 

7.6 

0.1 

96 

0.64 

0.934 

10.0 

86.9 

45.6 

Dl2 

10.5 

30.6 

0.2 

0 

599 

0.54 

0.913 

7.5 

93.3 

34.3 

D9 

8.5 

2.4 

6.8 

0.1 

338 

0.66 

0.925 

10.1 

81.6 

36.9 

D 1 0 ~  

16.2 

14.2 

7.8 

0 

458 

0.64 

0.939 

10.0 

89.5 

50.3 

Dl 3 

20.5 

5.0 

11.4 

0 

648 

0.63 

0.921 

12.9 

81.2 

34.3 

21.6 

5.6 

10.3 

0 

696 

0.63 

0.913 

13.3 

80.4 

29.6 

Dl4 

20.0 

17.5 

2.7 

0 

744 

0.21 

0.891 

20.6 

92.7 

22.7 

Dl 5 

20.3 

17.7 

2.4 

0 

767 

0.43 

0.895 

11.3 

89.5 

23.7 

10.8 

6.5 

3.1 

0 

817 

0.50 

0.91 1 

6.2 

87.0 

31.0 

11.2 

6.8 

2.9 

0 

893 

0.51 

0.913 

7.1 

86.6 

31.9 



i i) Increasing the influence of a, on the total product spectrum, 

i.e. minimizing the contribution of a,. 

iii) Maxirrlizing the value of a,. 

These three goals imply that ideal Schulz-Flory behaviour (i.e. one chain 

growth probability describing the whole product spectrum, including C, 

and C,), could not be beaten. 

In order to compare the two cobalt catalysts, with respect to their 

proximities to ideal Schulz-Flory behaviour, figure 4.5 was constructed. 

The predicted wax selectivities were determined by means of equation 

(1 6), whereby wax was defined as the > C2, fraction[(Dry,l981 a)]. 

The corresponding values are listed in Tables 4.3 and 4.4 

FIGURE 4.5: 

REACTOR WAX SELECTIVITIES AS FUNCTION OF 
CHAIN GROWTH PROBABILITY 

100 

0 
0,8 0.82 0,84 0.86 0.88 0.9 0.92 0,94 0.96 

WAX CHAIN GROWTH PROBABILITY 
= Co/Si02 0 = CoIThO,/MgO/SiO2 

- = IDEAL SCHULZ-FLORY SELECTIVITY 



NOTE: In the case of ideal Schulz-Flory behaviour, the following well 

known equation was considered: 

In (W Jn) )- n In a + In ( (I -a)*/ or) 

This equation can be converted to : 

From Figure 4.5 it can be concluded that the ThO,/MgO promoted 

catalyst approached ideal Schulz-Flory Fischer-Tropsch behaviour more 

than the unpromoted cobalt catalyst. 

In order to explain this observation, the following conclusions from 

literature can be considered: 

i High metal dispersion enhance the Fischer-Tropsch reaction, 

and low dispersions (large crystals) allow methanation and 

hydrogenolysis[(SchuIz, 1 977b)I. 

ii) The specific activities of supported ruthenium catalysts for 

methanation, decrease with increasingdispersion[(King, 1 978)l. 

iii) The important role of ruthenium carbonyls in the polymethylene 

synthesis[(Pichler,1964)1 ( CH, (CH,), - Ru(CO), was identified 

by IR) could be seen as strong evidence that the Fischer- 

Tropsch chain growth takes place on single mononuclear sites, 

which can be regarded as the extreme case of high dispersion. 

In the light of this information, in combination with the opinion that 

cobalt is not as responsive to chemical promoters as iron[(Dry,l990b)l, 

one is inclined to ascribe the more ideal Schulz-Flory behaviour of the 



ThO,/MgO promoted catalyst to a higher metal dispersion degree. This 

speculative conclusion is made with the knowledge of contradictory 

published observations, such as reported by Bell[(Be11,1982)1. 

In this regard Iglesia's[(lglesia,l993)1 rationalization that the 

maintenance of initial high active site density could be considered. It  

is argued that cobalt Fischer-Tropsch catalysts are known to  suffer 

from significant deactivation during the initial few turnovers. Inhibition 

of this loss of up to  75% of the total amount of active sites associated 

with the freshly reduced catalyst (poisoning by carbonaceous 

deposits?) through Co - Ru bimetallic effects, has been proposed. A 

sustained high active site density, in turn, ensures increased 

intraparticle transport restriction of reactive olefins, resulting in 

increased intraparticle residence times, implying enhanced readsorption, 

and thus incorporation. The end result being higher molecular weight 

product selectivities. 

Whatever school of thought (i.e., suppressed crystallization or initial 

poisoning of active sites by carbonaceous deposits) is correct, fact of 

the matter seems to  be that cobalt based catalysts could be improved 

significantly by means of the introduction of non-chemical promoters 

such as MgO, Tho, Re, or Ru. 



4.3.1.2 Methane selectivities 

The relationships proposed by Dry[(Dry, I 990b)(Dry, 1 981 a)] were 

considered, without success, in the evaluation of the Co/SiO, and 

Co/ThO,/MgO/SiO, methane selectivities, as provided by tables 4.5 and 

4.6. 



TABLE 4.5 

% C-Atom Methane selectivities of the CoISiO, Slurry Micro Reactor Runs B and C at 210°C 

TABLE 4.6 

ANALYSIS NUMBER 

Reactor partial 
pressures (bar) 

Hz 

CO 

Hz0 

coz 
Methane selectivity 

% C-Atom Methane selectivities of the Co/ThO,/MgO/SiO, Slurry Micro Reactor Run D at 210°C 

ANALYSIS NUMBER I D l  1 0 2  1 D 3  

B1 

12. 
1 

5.6 

2.3 

17. 
1 

Reactor partial pressures (bar) I I I 

Methane selectivity 1 6.0 1 48.8 1 3.8 

8 2  

9.5 

9.1 

1.7 

16. 

8 3  

7.5 

12. 
4 

0.9 

17. 
0 9 8  

8 4  

11. 
9 

5.6 

2.5 

16. 

B5 

4.1 

16. 
0 

0.7 

13. 
5 

B6 

11. 
9 

5.5 

2.5 

19. 
3 

B7 

10. 
4 

9.2 

1.2 

18. 
8 

B8 

13. 
1 

5.9 

1.5 

0 0 0 0 0 0 0 0 0 . 1 0 0 . 3 0 0 0  

22. 
3 

B9 

11. 
8 

0.6 

4.7 

65. 
6 

C1 

11. 
1 

5.7 

2.8 

16. 
5 

C2 

4.3 

0.7 

5.2 

45. 

C3 

7.7 

4.1 

1.7 

16. 

C4 

7.5 

3.8 

2.1 

15. 
5 8 2 0  

C11 

19.8 

7.4 

2.8 

0 

24.5 

C12 

11. 
9 

5.6 

2.9 

0 

16. 
7 

C5 

9.9 

6.8 

0.8 

33. 

C6 

11. 
1 

8.7 

0.7 

38. 
2 

C7 

13. 
6 

0.7 

3.3 

100 

C8 

7.7 

6.3 

4.8 

0 0 0 0  

11. 
5 

C9 

14. 
7 

13. 
6 

1.7 

24. 
9 

C10 

17.7 

10.6 

2.0 

0 

23.4 



In the case of the Co/Si02 run (Table 4.5), the proportionality : 

Methane selectivity = ( P ~ $ P ~ ~ ~ ) ~ ' ~  , could be fitted with statistical 

significance. This is, however, only possible when the data are 

divided into two groups, distinguished on the basis of CO reactor 

partial pressure, as can be seen from Figure 4.6. 

FIGURE 4.6: 

METHANE SELECTIVITIES OF ColSi02 SLURRY RUNS AT 210°C 

= PCo> 1 bar A = PCo < 1 bar 

Indications, therefore, exist to believe that methanation. and/or 

hydrogenolysis (hydrocracking) become dominant under particular 

reactor gas compositions. 

Hydrocracking of all paraffins (e.g. : C,H,, + Hz - > CH, + C,H,) 



is thermodynamically possible[(Schulz, 1978)], and was observed with 

cobalt as catalyst. The reaction is furthermore strongly inhibited by 

CO chernisorption[(Novak,1984)1, and this is also underlined by the 

polymethylene synthesis performed on ruthenium catalysts, despite 

of the fact that ruthenium is a very active hydrogenolysis 

catalyst[(Schulz, 1 977b)l. 

In the light of this information, it is very likely that methanation was 

responsible for the high methane selectivities, under conditions of 

relative low CO partial pressures. The contribution of hydrocracking 

is therefore regarded as negligible. This is a notion supported by 

Schulz[(Schulz,l993)1 in havirlg stated that chemisorbed carbon 

monoxide can be converted to methane on non-Fischer-Tropsch 

hydrogenation sites producing so-called "extra-methane". 

To ascribe the excessive methanation only to low CO partial 

pressures, is questionable, and is also refuted by the well-known 

normal pressure application of cobalt as Fischer-Tropsch catalyst. 

The three points of Figure 4.6, associated with the extraordinary 

methane selectivities, also have high H,/CO reactor ratios (>6)  in 

common. 

Conditions, favouring methanation, did not harm the CO/SiO, catalyst, 

and normal Fischer-Tropsch behaviour was regained. 

Efforts to correlate the methane selectivities of the 

CO/ThO,/MgO/SiO, run (Table 4.6) with the partial reactor pressures, 

failed. It can, however, be said that this 'rhO,/MgO prorr~oted 

catalyst, was also not excused from conditions favouring 

methanation, as is proven by analysis D2. 



4.3.1.3 Branching characteristics 

Chain branching during Fischer-Tropsch synthesis is 

reported[(Schulz, 1 988b)l to be strongly dependent on carbon number 

and reaction conditions. It was concluded that the influence of 

reaction conditions are[(Schulz, 1 977a)l: 

i) Increased branching with increased temperature. 

ii) Decreased branching with increased pressure. 

iii) lncreased branching with increased H,/CO ratio. 

It was further deduced ,that branching degrees are constant for carbon 

numbers larger than 8[(Schulz, 1977a)1, which is in contradiction with 

a conclusion reached by Le Roux[(Le Roux, 1974)l that Sasol Fischer- 

Tropsch synthesis wax produced at 225OC showed that the degree 

of branching decreased with increasing carbon number. 

Pichler[(Pichler,l968)] reported mass % mono-methyl branched 

products of 30 - 40% for the carbon atom number fraction C,-C,,, in 

the case of 100 Co/18 Th0,/1 00  SiO, normal pressure synthesis at 

1 90°C. Because of the assumed fact that branching degrees are 

approximately constant for carbon atom numbers larger than 8, the 

mol % share of the mono-methyl branched products could also be 

taken as 30 - 40%. 

In comparison to this published branching degree, the values obtained 

during this investigation were remarkably low, and not much different 

for the two cobalt catalysts investigated. The content of the 

branched hydrocarbons of the diesel fraction, varied between 1 and 

7 mol %, and this was obtained for relative broad partial pressure 

ranges, viz: 



1 bar < PC, < 30 bar and 5 bar < P,, < 22 bar. 

The total reactor pressure was, however, never lower than 14  bar. 

It can therefore be concluded that the branching degrees of cobalt 

medium pressure Fischer-Tropsch, compare well with the reported 

value of 5 mass % for iron fixed bed operations at 220°C and 20 

bar[(Pichler, 1968)], and also confirms the reactor pressure influence 

on branching degrees. Rosch[(Rosch,1980)] reported that branching 

degrees decrease significantly with increased reactor pressures for the 

range 1 - 9 bar in the case of a Tho, promoted CoISiO, catalyst at 

1 75OC, with 1,6 5 H,/CO I 1,8. Reactor pressures larger than 9 

bar, had no further inhibiting influence on branching degrees. Rosch, 

however, didn't vary the relative reactor partial pressures, but the 

results of this investigation indicate towards diminished H,/CO ratio 

influence at medium reactor pressures. 



4.4 WAX SELECTIVITY COMPARISON BETWEEN Fe AND Co LOW 

TENIPERATURE FISCHER-TROPSCH 

I n  t h e  w o r k  p u b l i s h e d l p a t e n t e d  b y  S h e l l  

[(Sie, 1991 )(Sic, 1 985)(SHELLll 98611 it can be assumed that the 

catalyst used in the Fischer-Tropsch plant in Bintulu (Malaysia) is cobalt 

based. This deduction is based on Shell's claim[(van Wechem,l990)] 

of a catalyst life of several years. Shell has thus far not been very 

specific about selectivities achieved, but Figure 4.7 has already been 

published a number of times[(Sie,I 985) l .  

FIGURE 4.7: 

Product distribution in Fischer-Tropsch Syntt~esis , 

o<- Probability of cl lain grourlh 
Class~ciil catalyst 

New catalysl - ------ _----------- 
catalvsl 

+ 
developmenl 



In accordance with Figure 4.7 a major breakthrough in Fischer-Tropsch 

catalyst development was claimed by Shell, and in several papers the 

cobalt based catalyst is presented as having higher chain growth 

probability values than the so-called "Classical Fischer-Tropsch 

catalysts". In this vein Shell can be accused of "self glorification", and 

this accusation is based on the following two remarks: 

i) Surely the iron based Arge catalyst must qualify as a member 

of the so-called "classical Fischer-Tropsch catalysts", and chain 

growth probabilities of 95% is fairly common in the case of this 

catalyst. Reason therefore exist to believe that Shell has 

chosen to ignore Sasol's Arge process. 

ii) Figure 4.7 can be reproduced almost exactly based upon the 

following assumptions: 

- an ideal Schulz-Flory Fischer-Tropsch catalyst, implying 

that the whole product spectrum (including C, and C2) 

can be described by a single chain growth probability 

(i.e. equation (1 9)). 

- Accepting the following classification, which agrees well 

with the boiling point ranges specified by Shell: 

Wax c19 - C, 

Gas oil C13 - 
Kerosine : c9 - c12 

Reason therefore exists to believe that Figure 4.7 is rather to be seen 

as maximum theoretically attainable selectivities (i.e. the product 

spectra to be expected from an ideal Schulz-Flory Fischer-Tropsch 

catalyst). 



Despite this expressed scepticism of Shell's published selectivities 

attained with cobalt based Fischer-Tropsch catalysts, i t  is realistic to  

believe that cobalt could match iron with respect to  high molecular 

weight product selectivities. In order to  illustrate this notion, the 

"double a" model was used to estimate the hard wax (C,,+) 

selectivities attained with the t w o  catalysts: Arge type slurry catalyst 

(Table 4.1) and the ThO,/MgO promoted Co/SiO, catalyst (Table 4.4). 

These estimated % hard wax selectivities are superimposed in Figure 

4.8 together with the so-called ideal Schulz-Flory selectivities (equation 

(1 9)). 

FIGURE 4.8: 

WAX CHAIN GROWTH PROBABILITY 
n = ARGE TYPE'CAT 0 = Co/ThO2/MgO/SiO2 

- = IDEAL SCHULZ-FLORY SELECTIVITY 

HARD WAX SELECTIVITIES AS FUNCTION OF 
CHAIN GROWTH PROBABILITY 
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From Figure 4.8 it should be clear that a well designed cobalt based 

Fischer-Tropsch catalyst (operated at suitable conditions) could match 

(even outperform) the current commercial Sasol Arge type slurry 

catalyst as far as hard wax selectivities are concerned. 

NORIIENCLATURE 1 DEFINITIONS 

W, 

a 

n 

Sn 

Sn 

Sn,, 

Weight fraction of all products containing n carbon atoms per 

molecule, calculated with respect to the whole product spectrum 

(i.e. carbon number 1 to carbon number a) that allows itself to be 

completely described by the Schulz-Flory model. 

Chain growth probability fraction. 

Carbon number. 

Experimentally determined % carbon atom selectivity of the Fischer- 

Tropsch products aimed to be described by a Schulz-Flory based 

model. 

Thus: For every 100 mol CO molecules being converted to Fischer- 

Tropsch products (i.e. all products excluding CO,) Sn mol CO 

molecules are incorporated into product C, (i.e. all products 

containing n carbon atoms per molecule aimed to be 

modelled) 

Best fitted predicted values of 5, for all n>3. The values of Snt for 

all n~{1,2,3 ...... oo), are to be derived from the application (directly or 

indirectly) of a Schulz-Flory based model (classical or the preferred 

double u proposal). 

The contribution that ai makes to S,. 

In the case of a double chain growth Schulz-Flory model (i.e. a, and 

a, as the only two probabilities) it follows that: S, = S,,, + S,,, 



Sb 

m 

k 

Carbon number where the contribution of the 2 chain growth 

probabilities are equal, thus: S,,, = S ,,,, 

also known as the Schulz-Flory break point. 

Maximum carbon number that can be analysed quantitatively by the 

analysis technique employed. 

Proportionality constant between Sn and Snl (i.e. k=Sn/Snl), where 

Snl being directly deducible from a Schulz-Flory model, assuming 
00 

x s.'=roo 
n =l 



CHAPTER 5 

A MODIFIED VERSION OF THE "non-trivial-surface-polymerization" 

FISHER-TROPSCH MODEL BASED UPON A MECHANISTIC REVIEW 

OF THE PROCESS. 

5.1 INTRODUCTION 

As pointed out in chapter 3, doubt has been cast over the justification 

of using an overall rate equation (mostly empirical) in order to support 

a particular Fisher-Tropsch mechanism. 

In this regard attention was paid to the identification of more 

fundamental attempts thus far published. The "non-trivial- surface- 

polymerization" model caught attention, mainly because of a title such 

as "Kinetics of Fisher-Tropsch Selectivity" that was used in one of 

Schultz's publications[(Schulz, 1988a)l. Closer investigations revealed 

that this title could be regarded as a little misleading in that this model 

(in its current published state) does not attempt to derive kinetic 

information from detailed product analyses. It is therefore not possible 

to estimate overall CO consumption rates from the finally estimated 

model parameters. Reliable empirical overall rate equations are thus 

still imperative from an engineering point of view in order to assist in 

scaling up calculations with respect to reactor design. 

The "non-trivial-surface-polymerization" model is simply a selectivity 

model, which attempts to describe the experimental product 

composition, with special emphasis on the methyl branched 

compounds. The objective is to correlate growth, desorption, and 

branching probability parameters with condition variables such as 

catalyst composition, reactor temperature, and reactor partial 

pressures. Another envisaged spin-off could be the extrapolation of 



branching degrees to high molecular weight product cuts, such as 

wax. This will, however, only be justifiable if the model is capable of 

accurately describing the experimentally quantitatively analyzable C,- 

C,, product cut, which is being placed in doubt by this author with 

respect to this model in its current published state. Model adaptations 

are therefore proposed in this chapter that were aimed at addressing 

this identified shortcoming. 



5.2 A LITERATURE REVIEW O N  THE PUBLISHED "non-trivial-surface- 

polymerization" MODEL. 

The model is based upon the generally accepted understanding that 

the Fischer-Tropsch synthesis is a chain growth reaction, which 

proceeds through the addition of a C,-monomer to a surface species, 

as developed by Anderson[(Anderson, 1 956) (Storch, 1 95 1 )(Anderson, 

1984)(Anderson, 1950)1, who also considered the option of 

branching. Schulz [(Schultz11987a)1 refers to this process as a "non- 

trivial-polymerization". The term "non-trivial" implies that monomers 

participating in this stepwise prolongation by one carbon atom, are 

formed in situ through a set of elementary reaction steps. 

Schulz[(Schultz, 1987a31 regards the nature of this monomer not of 

great importance, because of the notion that the characterization of 

the Fischer-Tropsch system, is not so much a function of which 

building block finally adds to the growing chain, but that the chemi- 

desorption of the polymer products is the essential step that 

determines the product distribution. 

'The version of the model to be presented here, could be seen as a 

further development on the one published in 1988 [(Schulz, 1988b)], 

and is to be regarded as the model used by Schulz's group during 

1991. The 1988 [(Schulz, 1988b)l version assumed all rate 

constants, except the branching rate constant, to be carbon number 

independent. The 1991 version abandoned this restriction by 

postulating that only the rate constant for chain prolongation needs 

to be considered as carbon number independent [(Schulz, 1990)l. It 

is, however, impossible to calculate absolute rate constants, only 

ratios and their dependence on carbon numbers can be estimated. 

The statement made by Schulz [(Schulz, 1990)l that the "non-trivial- 

surface-polymerization" model, as a kinetic model, has been used to 



calculate rate constants could therefore be questioned. 

It is thus appropriate to describe these models as Fischer-Tropsch 

selectivity models, attempting to realistically represent the Fischer- 

Tropsch product composition, without disclosing detailed kinetic 

information. 

This desired flexibility is regarded by Schulz[(Schulz, 1990)l as a 

necessity for obtaining a real model, contrary to the ideal system 

(Schulz-Flory) in which the whole Fischer-Tropsch product spectrum 

is attempted to be described by a single parameter, viz: the 

probability of chain growth. 

Seeing that the objective is the development of a realistic model, it 

can be deduced that one of the shortcomings of the 1 988[(Schulz, 

1988b)l model is the outcome that only chain branching is responsible 

for causing the break in the Schulz-Flory plots. Thus: Should 

branching be absent, the model will not predict any break, and even 

with the presence of branching the break is underestimated 

This state of affairs led Erich[(Erich, 1990)l to incorporate the 

possibility of re-adsorption (because of increased solubilities) of 

reactive primary products, containing more carbon atoms than the 

carbon number associated with the position of the break, say n * .This 

assumption, as implemented by Erich[(Erich, 1990)1, resulted in a 

discontinuous change in the chain growth probability going from 

carbon number n * - I  to n* .  (common values for n *  are 8 - 10). 

Erich[(Erich, 1990)l did propose that it would be more appropriate to 

allow the chain growth probability to change gradually over a range 

of 3 to 4 carbon numbers. 

This approach of explaining deviations in terms of secondary reactions 



influencing primary selectivities (thereby implicitly accepting that the 

model provides a satisfactory description of the primary product 

distribution) was also emphasized by Schulz[(Schultz, 1 987a)(Schulz, 

1988a)l. In this regard it was stated that the experimental product 

distribution can seriously be affected by secondary reactions of 

compounds which are produced through the Fischer-Tropsch 

synthesis [(Schultz, 1987a)], and that only these products of primary 

nature allow for conclusions with respect to reaction rates of 

individual reaction steps within the reaction network of the Fischer- 

Tropsch conversion [(Schulz, 1988a)l. This can be regarded as a 

shortcoming of the model, seeing that a primary product distribution 

requires short residence times of primary products, which could be 

obtained through high gas hour space velocities, with the inevitable 

consequence of low syngas conversions. The solubilities of reactive 

high molecular weight products in the slurry mode of operation, 

further hamper attempts to obtain primary product distributions. 

Schulz[(Schulz, 1 988a)l succeeded in producing Fischer-Tropsch 

products of primary nature with respect to the olefin and paraffin 

compounds. The 1988[(Schulz, 1988b)l version of the model was 

nevertheless adapted by extending the carbon number dependency to 

all reaction step rate constants, excluding the chain growth steps. 

This can be interpreted as an acknowledgement that the 

1 988[(Schulz, 1 988b11 version of the "non-trivial-surface- 

polymerization" model also failed in successfully describing primary 

product distributions. 

The adapted version of the "non-trivial-surface-polymerization" model 

is based upon the following assumptions. 

(i) The compounds (products as well as reaction intermediates) 

are grouped together in a kinetic scheme (scheme 5.1) 



according t o  the principle of similar C-skeletal characteristics. 

In order to  illustrate this assumption, the prorrrinent members 

of Sp4, Pr4, Sp5(3), and Pr5(2) are listed: 



CH, CH3 
I I 

CH3 CH3 I CH3 I 

sp5(3)- PI, HC-CH, TH2 HC-CH, FH2 
I 

CH 
I 

C=O 

1 
I 

2 HC-OH 
* I 

I * I * I * I I 

- 

YH3 YH3 F H 3  CH, {H jH3 
Pr5(2)= 

7H2 
HC-CH, 

jH2 
C-CH3 

FiH CiH2 
C-CH, HC-CH, HC-CH, 

I 
CH3 I 

II 
CH2 AH3 

I 
CH3 

I 
HC=O 

HCOH 
I 

HC=O 
I 7H3 

CiH2 
HC-CH, 

'iH 2 

HC-CH, HC-CH, 
I I 

H ,C-0 H CH, 



This assumption can be criticized as being an oversimplification by 

postulating that all the members of Pr5(2) are to be regarded as a 

direct product of the chemi-desorption of the members of Sp5(3) and 

Sp5(2) which are typified by the chemisorbed intermediates : 

It can, however, be regarded as a simplification of practical value. In 

order to get hold of all the members of Pr4, Pr5(2), or especially the 

higher molecular weight products (from a detailed analysis of the GC 

chromatogram) is very difficult, if not impossible. By using the option 

of selectively prehydrogenating the Fischer-Tropsch sample, to be 

injected into the capillary GC column, the problem is solved. The idea 

is thus to exclusively hydrogenate all the members of Pr5(2) to 2- 

methylbutane. This is a method that was already employed by Pichler 

in 1967[(Pichler, 1967b)], and is discussed in detail by Beck[(Beck, 

1985)J. 

(ii) Only methyl branched products (including mono-, di-, tri-, 

etcetera) are considered possible. 

(iii) Branching may only occur on the adjacent-to-end carbon of the 

chemisorbed species, as proposed by Anderson[(Anderson, 

1 95611. 

(iv) The presence of quartenary carbon atoms does not occur in the 

Fischer-Tropsch product spectrum, and is therefore assumed 

not allowed. 

This restriction, combined with the acceptance that branching 
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is only limited to the adjacent-to-end carbon of the 

cherr~isorbed species, prohibits consecutive branchirlg. 

(v) The kinetic scheme, as illustrated in scheme 5.1, also implies 

the assumption that the chemisorbed species SplV(j) (where 2 

I j I N - 3), has the same growth, desorption, and branching 

probabilities as SpN. 

(vi) The probability for branching in the case of chemisorbed 

intermediates containing more than - 1 1 carbon atoms, is 

negligible (P,,,,,, = 0 for all IV 2 12). The number 11 was 

selected arbitrarily in this discussion, but can be regarded as a 

safe choice seen in the light of the fact that it can be assumed 

that the branching rate constants decline exponentially with 

increasing carbon number [(Schulz, 1988b)l. 

Experimental support for this assumed decrease in branching 

probability with increased carbon number, is also to be found 

in the observation that the degree of branching (per carbon 

number) is constant for carbon numbers larger than 8[(Schulz, 

1977a)l. Had the branching probability been carbon number 

independent, the degree of branched products, per carbon 

number, would not have levelled off. 

Schulz[(Schulz, 1988b)l attempted to rationalize this 

phenomenon by considering the following sequence of reaction 

steps for the process: 



SPN > S p N  + 1 (IV - 1 )  

A decrease of chain branching probability with increasing chain 

length could then be explained by means of a shielding effect 

of the chain. 

One of the problems with this explanation is that it should also 

apply to Schulz's[(Schulz, 1988a)l proposed mechanism for the 

process: 

SPN > SpN + 1, viz: 

thus resulting in a decreased probability for linear chain 

prolongation with increased carbon number. 



(vii) The probability for desorption of a chemisorbed intermediate, 

containing m or more (m > 1 1 )  carbon atoms, is independent 

of the carbon number. The choice of m depends on the 

reliability of the GC chromatogram (P,,, = P,,,,, for all N 2 m). 

(viii) All rate constants of chain prolongation steps are equal, 

implying that the rate constant for chain growth is being 

postulated as carbon number independent. 



SCHEME 5.1 

KINETIC SCHEIVIE OF THE "NON-TRIVIAL SURFACE 

POLYMERIZATION" MODEL 

Prl Pr2 Pr3 Pr4 Pr5 Pr6 



By adopting the convention of expressing all probabilities as fraction, 

and not percentages, probabilities can be related directly to product 

mol fractions, as was done in table 5.1. 

I TABLE 5.1 : PRODUCT DISTRIBUTION FUNCTIONS 

N-1 

Mpd = Pd,, , and Mpm = ( 7T, P g ,  ) P d ,  for all N 2 2 
1=1 

---------------------------------------------------------------------------------------------------- 

'"'~(2) = Pg,l P g 2  Pg,br,3 Pd,pbr,4 

and 
j N-1 

M~~~ = ( 7C 'g,i ) Pg,br,j+l Pg,pbr,j+2 ( 'IC pd,N 
i=l i = j+3 

for all N = 2j and j 2 4 

for all N 2 6 

Mpm(3) = '9.1 '92 'g,3 [ 'g.br.4 'g.pbr.5 ( 'IC 'g,i ) ' d ,  + 
l=6 

N-3 

( 'IC 'gj ) 'g.br,N-2 'g,pbr,N-1 ' d , ~  1 
i=4 

for all N 1 7 



N-j N-1 

( 71: P9,, ) P g ~ r . ~ - j + l  Pg,pbr,N-i+2 ( p9.j ) P ~ , N  ] 
i=j+l i=N-j+3 

for all N 2 2j + 1 and j 2 4 

MprN and MprNb, are to be determined experimentally, and this 

information is then to be used in the estimation of the various reaction 

rate probabilities. 

For this purpose Schulz's groupt(persona1 communication)l only - - - - - - 
utilized Mprl, Mpr2, Mpr,, ........., M ~ r  m + l r  and M ~ r 4 ( ~ , ,  M ~ r , ( ~ ~ ,  M ~ r , ( ~ ) ~  - .......... M,,,,,,,, through the application of the following derived set of 

- - 
MP,+l/MP, = (P,,N Pd,N+l) 1 Pd,, for all N 2 1 (1 

r 4 ( P r 4  = (Pg,br,3/Pg,3) ('/(I - Pg,br,4)) @I 

for all N 2 4 

P,,N + P ~ , N  = 1 where 1 1 N 1 2  
and P , N  + P~,N + Pg,br,N = I for all N 2 3 

P g , ~ b r . ~  + Pd.pbr.~ = 1 for all N 2 4 



NOTE: The derivation of equations (2) and (3) is only possible with the 

acceptance of the following additional assumption. 

Consecutive branching is prohibited by assumption (iv) of the "non- 

trivial-surface-polymerization" model. This implies that Sp4(2) differs 

from Sp4 with respect to the absence of a branching step of the 

former. 

'THUS: 

~ p 4  - and 

The assumption is now being made that: (z) = ( :*::4 ) 
The combination of this assumption with Pd,,,,,,+ P,,,,,,, = 1, results 

in: 
1 

In general: 

for all N 2 4 



Estimation of Pd,  and P,, for all N r m: 

From model assumption (vii) and equation (1) follows: 

Assumption (vi), combined with the knowledge that m > 11, as well 

as equation (4), imply: 

Equations (5) and (6) thus allow for the estimation of P,,, and P,,,. 

This information, combined with model assumptions (vi) and (vii), 

imply that the following set of probabilities have in fact been 

determined by means of equations (5) and (6). 

P,,, for all N 2 m (all equal to P,,,) 

P,,, for all N 1 m (all equal to P,,,) 

Estimation of P,, and P,,, for all 12  5 N 5 m-1 , provided m > 12: 

Equation (1 implies : 

Equation (4) implies : P,,,-, + P ,  ,-, = 1 

These two equations can thus be used to calculate P,, ,-, and P ,  ,-,. 

The estimation of P,,, and P,,, for the remaining 12 5 N 5 m-2 is 

analogous. 



Estimation of Pd,ll, Pg,ll, and P,,,,,,, : 

Equation (1) implies : Pd,l, - 

Equation (3) implies : Pg,br,ll 

Equation (4) 

These three equations enable the calculation of Pd ,,, P,,,,, and Pg,br,ll 

Estimation of Pd,lo, Pg,lo, and Pg,br,lo 

P r o  Pd,ll 
Equation (1) implies : Pd,lo - 

- ( mpnl ) pg*10 

Equation (4) 

These three equations enable the calculation of Pd,,,, P ,  ,,, and Pg,br,lo. 



Estimation of Pd,,,Pg,, and P,,,,,, for all 4 r N r 9 : 

Equation (1) implies : P,, = (Zpw:+l ) P~.N 

Equation (4) : Pg ,  + P,, + PgVbr,, = 1 

These three equations enable the calculation of P,,,, P,,,, and P,,,,,, for 

all 4 I N I 9, on condition that it is been executed in the sequence: 

Estimation of P,,, P,,,, and P,,,,, : 

Pdq3# Pg.31 and P,,,,, can thus be calculated directly from these three 

equations. 



Estimation of P,,, and P,,, for N = 1 and N = 2 

Equation (4) : P,,, + Pd,, = 1 

The respective calculations of P, ,  and P,,, for N = 1 and N = 2 are 

therefore straight forward. 

The above-mentioned explained algorithm can thus be employed in 

order to directly calculate the reaction step probabilities associated 

with the "non-trivial-surface-polymerization" model, based upon the 

experimentally determined quantities: 

- II - II 21 II 

.......... . , ......"', MPrl MPrZl MPrm+l and Mp,,,2,, MPr5,,, 1 M~r1312) 

These estimated reaction step probabilities can in turn be substituted 

back into the equations listed in table 5.1, in order to obtain the 

model predicted product composition. This predicted product 

composition should agree well with the experimental distribution, from 

which the model parameters (i.e. reaction step probabilities) were 

deduced in the first place. This check could be used to substantiate 

the published claim that the model is capable of describing the 

experimental product distribution satisfactorily[(SchuIz, 1988b)l. 

In order to estimate reaction step rate constants, assumption (viii) of 

the model is considered. Thus: 



Furthermore: 

Therefore: 

for all N 1 3 

But: Rate of step SpN 9 PrN = kd,N [ SPN I 

Rate of step SpN 9 SpN+1 = kg [ S p N ]  

Rate of step SpN 9 SpN+ 1(2) = kg,,,, [ SpN I 

Thus: Pd,, = N , + kg + 

PdVN , Pg,N , and PgSbr,, are t o  be calculated through the presented algorithm, 

but this does not allow for the determination of the absolute values of the 

respective rate constants. One way of circumventing this is t o  adopt the 

convention of expressing all the rate constants in terms of kg units ( =  9 kg 

= 1). 



With the help of this convention it follows that: 

- 
- ('g,br,N p g , ~ )  

It can also be deduced that: 

kd,~ = P ,  / P ,  for all N 2 3 

and 

kd,~ = P,,, / (1 - P,,,) for N = 1 and N = 2 

NOTE: - - By having postulated that kg,,,,,, - kg,,,,,, - ......... = kg, it can 

- be shown that k,,,,,,, - k,,, , for all N 2 4. 'The post 

branching steps can thus also be described by the rate 

constants kg and k,,,, for all N 2 4. 

With respect to the carbon number dependence of the branching rate 

constant, the following exponentially declining function has been 

proposed[(Schulz, 1988b)l: 

kg.,,,, = kg,,,,, fN-,, for all N 2 4 

The fudge factor, f, is to be estimated from a best fit of the experimentally 

derived values of kg,,,,, for all N 2 4. Equation (8) also implies ,that k,,,,,, is 

to be estimated separately. 

In the published applications of this model, special emphasis was placed 

upon the branching characteristic parameters, i.e.: 

(i) Branching probability as a function of carbon number 



(ii) The value of the fudge factor, f, in equation (8). 

The reason for this is to be found in the notion that chain branching, during 

Fischer-Tropsch synthesis, is stronalv dependent on reaction conditions, 

with the following generalities [(Schulz,1977a)]: 

- Branching degree increases with increased temperature 

Branching degree increases with decreased pressure 

- Branching degree increases with increased H,/CO syngas 

ratio 

Because of the belief that chain branching is strongly dependent on carbon 

number and reaction conditions, an investigation of branching 

characteristics, in dependence of catalyst properties and reaction conditions, 

should yield great insight to the Fischer-Tropsch system [(Schulz, 1988b)I. 

Therefore, by adopting the "non-trivial-surface-polymerization" model as the 

method of choice for Fischer-Tropsch data processing (thereby extending the 

data base), should result in a deeper understanding of the surface reactions 

[(Schulz, 1990)1, and this knowledge could eventually turn out to be useful 

in the development of catalysts with desired selectivities. 

The objective with the application of this model is thus focused on the 

carbon number dependency of the branching probability (P,,,,,,), as well as 

how this dependency varies with [(Schulz, 1988a)l: 

(i) Reactor conditions, such as partial pressures of reactants and 

products, and reaction temperature. 

(ii) Catalyst properties, such as active metals, promoters, technique of 

catalyst preparation, catalyst pre-treatment, surface area, dispersion, 



phase composition, etc. 

This published model was evaluated with the help of experimental product 

distribution published by Schultz [(Schulz, 1988b)(Beck, 1985)(Pichler, 

1967b)l (as illustrated in section 5.4 of this chapter) which proved that this 

model is incapable of reproducing absolute mono-methyl branched product 

fractions. Seeing that the dimethyl, trimethyl, etcetera branched products all 

have chemisorbed mono-methyl branched species as common intermediates, 

it can be accepted that the "non-trivial-surface-polymerization" model (in its 

current state) will also fail in predicting the distributions of these highly 

branched products. A consequence of this conclusion is that this model 

cannot be used to predict branching degrees of high molecular weight 

product cuts (e.g. wax) by means of extrapolations. 



5.3 THE ADAPTED "non-trivial-surface-polymerization" MODEL 

5.3.1 BACKGROUND 

In order to improve on the "non-trivial-surface-polymerisation" model, 

one might attempt to incorporate more mechanistic details. The 

literature on Fischer-Tropsch is inundated with mechanistic 

information, sometimes paradoxical, that could be combined and 

integrated into such an irr~proved model. The problem with an 

approach of this nature is that it is likely to result in a too complicated 

model with too many parameters (constants). Simplified assumptions 

are therefore essential in order to keep the model manageable. 

One of the major problems in the investigation of heterogeneously 

catalysed reactions (such as Fischer-Tropsch) is the gaining of an 

understanding of the nature of molecular species and processes which 

respectively are formed or take place on the active site of the catalytic 

surface. Despite the extensive study of the Fischer-Tropsch 

synthesis, many of the mechanistic details remain poorly understood. 

This state of affairs indicates towards the chemistry of the Fischer- 

Tropsch process being very complex. Endeavours to untangle these 

complexities are further motivated by a believe that much progress in 

Fischer-Tropsch research could be achieved by improving the 

understandiqg of individual surface reactions[(Schulz, 197811. 

One popular way of attempting to materialise this goal, is through the 

study of appropriate model organo-metallic complexes. Ugo[(Ugo, 

1 97511 supported the direct link between heterogeneous catalysis and 

organometallic chemistry, based upon the following observations: 

- The direct characterization of surface species and intermediates 

(through the spectroscopic methods of IR, LEED, ESCA, 

AUGER, etc.) gave more support to the chemical description of 



the chemisorption bond, which relates chemisorbed species 

and intermediates, formed on the surfaces of heterogeneous 

catalysts, to co-ordination or organometallic complexes. 

- Recent developments of homogeneous catalysis by organo- 

metallic complexes, have shown that some catalytic cycles can 

be afforded not only by surfaces, but also by soluble and 

simple mononuclear metal complexes. 

Although this approach will be supported in this publication (in a way 

analogous to that published by Henrici-Olive and Oliv6[(01iv6, 1984)]), 

caution must be exercised, as should be evident from remarks made 

by Hoffmann[(Hoffman, 1988a)(Hoffmann, 1988b)l. In this regard it 

was stated that although surface phenomena will bear resemblances 

to other forms of matter : bulk, discrete molecules in the gas phase, 

and various aggregated states in solution, it will also have differences. 

Just as important it is to find the similarities, it is also important to 

note the differences. The similarities connect the chemistry of 

surfaces to the rest of chemistry, but the differences make life 

interesting and make surfaces economically useful. These 

differences, however, do not make life in the solid as simple as in 

discrete mono-nuclear complexes. In the case of solids, each metal 

orbital spreads out into a band, implying that symmetry limitations are 

not so strong as in discrete mononuclear complexes. 

The Fischer-Tropsch mechanism adopted in this publication is based 

upon the following review of Fischer-Tropsch mechanistic 

phenomena. 

i 1 Surface Mobilities 

For heterogeneous catalysis knowledge of the barriers for the 
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migration of adsorbed fragments is fundamental to the 

unders tand ing of the mechanism o f  sur face 

reactions[(Hoffmann 1 988a)l. 

a) Hydrogen 

The mobility of hydrogen on metal surfaces is well 

documented[(Schulz, 1 978)(OIive, 1 984)],  and is 

demonstrated most convincingly by the so-called 

spillover effect. 

b) Carbon monoxide 

Several observations[(Ertl, 1 976)(ErtI, 1 980)(Yates, 

1980)l were interpreted as confirrr~ing ,the metal surface 

mobility of CO. 

C) CH, species 

Theoretical extended Hijckel band calculations[(Hoffman, 

1988a)l resulted in the following conclusions with 

respect to the mobility of CH, surface species on metal 

surfaces (e.g. Co(0001)): 

- The migration of * CH, will require relative high 

temperatures. 

- The migration of * CH, occurs with no barriers. 

- The migration of a + CH fragment is relatively 

facile. 

In accordance with these deductions (although only 

theoretical) it is postulated that * CH, (or 

*CH2(CH2),CH3) is immobile, whilst chemisorbed species 

such as *CH2 (or * CH(CH2),CH3) are mobile. 



ii) Polymerization Building Blocks 

Since the early work of R B Anderson[(Anderson,l956)1, 

Fischer-Tropsch chain growth is regarded as a repeated process 

of the stepwise addition of a species containing one C-atom to 

a chemisorbed hydrocarbon. 

Schulz[(Schulz,l987a)l regarded the nature of this monomer 

not of great importance with respect to the "non-trivial-surface- 

polymerization" model, because of the notion that the 

characterization of the Fischer-Tropsch product distribution is 

to be seen as a function of the chemi-desorption of the polymer 

products. 

In a more detailed mechanistic based selectivity model, it might 

prove useful to specify the C, monomer(s). The discussion on 

possible chemisorbed monomers, however, does since long 

reflect much imaginative speculation, as well as progress in 

sophisticated methods of investigation. This topic is therefore 

still associated with a fair amount of uncertainty, stemming 

from apparently conflicting conclusions. 

Some authors favour the original proposal made by Fischer and 

Tropsch[(Fischer,l926)1, according to which the synthesis 

proceeds via the formation of carbides, as a result of 

dissociative chemisorption of CO. These carbides are then 

assumed to hydrogenate to CH, groups[(Brady,l980)(Bell, 

1981 a)], which in turn combine to form hydrocarbons. The 

carbides involved here are not to be seen as bulk carbides, as 

was shown by 14C tracer studies performed by 

Emmett[(Kurnmer, 1 948)l. 



The capability of the Fischer-Tropsch catalyst to hydrogenolyse 

the CO bond, is being regarded by Schulz[(Schulz,l977a)] as 

of such great importance that it is to be included in the 

definition of Fischer-Tropsch. Indications exist to believe that 

only molecular CO chemisorption is to be observed in the case 

of carbonyl organo- metallic complexes[(0live,l 98411, in 

contradiction to Fe, Co and Ru metal surfaces. The latter 

allowing for molecular as well as dissociative CO chemisorption 

at elevated ternperatures[(Olive,l984)1. This could explain why 

homogeneous systems have thus far failed to produce 

significant amounts of Fischer-Tropsch chain growth[(Olive, 

1984)l. 

The ability of * = CH, and * = CH (produced from the exposure 

of CH,CI, and CHCI, to cobalt based Fischer-Tropsch catalysts) 

to recombine to form longer chain hydrocarbons, have been 

illustrated by van Barneveld[(van Barneveld,l983)1. It was also 

concluded that * -CH, groups failed to recombine[(van 

Barneveld,1983)1. This could be interpreted as experimental 

support for Hoffmann's[(Hoffmann, 1 988b)l deduction that * - 
CH, is to be considered relatively immobile. This explanation 

of the reluctance of*-CH, to recombine, is complicated by the 

fact that CH,/D, exchange (comprising of the repeated 

conversion: 

+ * -* - *-CH, - * = CH, + H - * z== *- CH,) occurs 

easily[(Kemball, 1 959)(Kemball, 1 971 11. I t  can therefore be 

stated that the species * =CHI * = CH,, and * -CH, are 

interconvertible, but Frennett[(Frennett,19741] concluded that 

the interconversion of * =CH, and * =CH on Rh catalysts is 

faster than the interconversion of * =CH, and +-CH,. In 

spite of the rapid exchange, it is also much more difficult to 



remove hydrogen from adsorbed CH, species, than to add to it, 

implying that the equilibrium lies much to the side of the less 

dissociated species * -CH,. 

The well known experiments of Petit and Brady[(Brady, 1980)1, 

where gaseous diazomethane (CH2N2) was passed over 

supported Fe, Co and Ru catalysts, provide additional strong 

support for the carbide mechanism. Exposure of CH,N, to 

these surfaces at temperatures ranging from 25 - 250°C only 

resulted in ethylene and N,. The presence of H,, however, 

facilitated polymerization to typical Schulz-Flory product 

distributions. These findings support the notion that +-CH, is 

to be considered as the chain initiation species, whilst + = CH, 

is being capable of inserting. 

One objection against this mechanism being the only 

possibility, is to be found in the fact that it cannot account for 

the formation of oxygenated products. As early as 1958, it 

was suggested that the chain growth in the Fischer-Tropsch 

synthesis might involve the insertion of CO in the metal-carbon 

bonds[(Anderson, 1958)l. Pichler and Schulz[(Pichler, 1 970)l 

pursued this idea by being the first to have published a detailed 

reaction mechanism involving CO insertion into metal-H 

(initiation), and metal-alkyl bonds (chain growth). 'This proposal 

was based upon the conclusion (which was already made in 

194O[(Pichler1l940)]) that the reaction conditions of the 

Fischer-Tropsch synthesis are close to those conducive to the 

formation of carbonyls from the catalytically active metals. In 

this regard, Fe and Co at medium reactor pressures ranging 

from 10  to 30 bar, Ni already at 1 bar, and Ru at reactor 

pressures larger than 100 bar. The tendency of lower reaction 

temperatures, which enhance carbonyl formation (cobalt 



carbonyl species, for example, start decomposing a t  

temperatures higherthan 1 27°C[(lVakamura,1 988)1), favouring 

the synthesis of high molecular weight hydrocarbons[(Pichler, 

1970)1, could also be ascribed to an increased influence of CO 

insertion. This opinion is also strongly supported by the fact 

that ruthenium carbonyls (as verified by IR) must play a very 

important role in the high pressure and low temperature 

polymethylene synthesis[(Pichler, 1 964)l. 

Ponec[(Ponec, l978)1, however, warned against completely 

abandoning the contribution that the dissociative chemisorption 

of CO could be making towards the Fischer-Tropsch synthesis. 

It was pointed out that the initiation step proposed by Pichler 

and Schulz[(Pichler,l970)] could be regarded as controversial 

seeing that there is relative agreement amongst organo-metallic 

chemists (contradicted by Henrici-Olive and Olive[(OIiv~, 

1984)l) that the insertion of CO into a metal hydrogen bond is 

a rather difficult step. Ponec[(Ponec, 1978)l proposed that both 

dissociative and non-dissociative CO chemisorption are 

essential for proper Fischer-Tropsch synthesis. The 

dissociative CO necessary for producing chain initiation species 

(e.g. +-CH,), and non-dissociative CO exclusively for chain 

prolongation through CO insertion into these metal-alkyl bonds. 

The metallic character, which is absent in organo-metallic 

complexes, is thus seen as a facilitator for chain growth 

initiation. 

Ponec[(Ponec,1978)] supported the notion that the species 

+=CHI + =CH,, as well as + -CH,, are not to be seen as 

contributing to chain growth. There is relative consensus in 

Iiterature[(van Barneveld,I 983)(CavaIcanti, 1988)l with respect 

to the inability of the species + -CH, to contribute significantly 



to linear chain growth through insertion, but the picture with 

respect to *=CH, is not that clear. Biloen and 

Sachtler[(Biloen, 1 981 )I supported the notion of * = CH, 

insertion into *-CH,-R, when both are bonded to the same 

metal atom. 

Thus: 

R R 

\ \ 

CH2 CH, CH2 CHz 

\ // / 

M M 

The mechanism to be adopted in this publication will therefore 

opt for the compromise proposal[(Schulzrl978)(Nakarnura, 

1988)l  that chain growth is possible through both CH, and CO 

insertion. With respect to the species * -CH,, it is accepted 

that this intermediate is an immobile chain initiator. 

Literature[(Schulz, 1 988b)], however, does propose a 

mechanism by which CH, can be added to a mobile * =CH-R 

species, viz 

CH CH, > HC-CH, 

II + I * * I * 

Further growth, via CO or CH, insertion, could then result in 

increased branching as confirmed by CH,I co-feeding 

experiments performed during a Ru based Fischer-Tropsch 

investigation[(Cavalcanti, 1988)l. Erich[(Erich, 1990)l also 

supported the notion that * -CH, intermediates result in 

increased branching. 



iii) The Nature of the Fischer-Tropsch Active Site 

The observation that multi co-ordinated ruthenium carbonyls 

(CH,(CH,),-Ru(CO).) play an important role in the 

polymethylene synthesis[(Pichler,1964)1, presents strong 

evidence that the Fischer-Tropsch chain growth resides on 

single, mononuclear metal sites with an incomplete co- 

ordination sphere. This could also explain why the occurrence 

of unwanted non-Fischer-Tropsch methanation, during the 

polymethylene synthesis, is a function of catalyst preparation, 

which was assumed to be related to the dispersion degree of 

ruthenium. In combination with results obtained from cobalt 

based catalysts, it was concluded that high dispersions 

enhance Fischer-Tropsch ( =  > chain prolongation), and low 

dispersions allow methanation and/or hydrogenolysis[(Frohning, 

1977)l. 

Dispersion (defined as the percentage accessible metal, capable 

of chemisorbing Hz or CO, of the total amount reduced 

metal[(Bartholomew,l985)1) need not be the only criterion. If 

less metal-metal co-ordination, and hence more available sites 

for reactant co-ordination, is the real important variable, crystal 

irregularities (e.g. steps kinks, holes, etc.) or amorphousity 

should also be beneficial. Support for this notion could be 

found in the fact that the structural promoter Tho, and/or MgO 

are effective for cobalt based Fischer-Tropsch[(Schulz, 

1 978) (Fischer, I 932)], possibly by suppressing crystallization 

of the catalytic active phase during the relative high 

temperature catalyst pretreatment steps (i.e. calcination and/or 

reduction). 

Literature is, however, somewhat contradictory[(Fukushima, 



1 985)(Be11,1982)] with respect to the anticipated positive 

e f f e c t  o f  a h i g h  d e g r e e  o f  d i s p e r s i o n .  

BarthoIomew[(BarthoIomew, 1 984)  (Bartholomew, 1 985 ) l  

explained similar conflicting observations by pointing out that 

it is difficult to produce, by conventional preparations (e.g. 

impregnation with NO, salts), catalysts which are both highly 

dispersed and highly reduced. One way of attempting to 

circumvent this dilemma, is the use of cobalt carbonyls as 

starting material for catalyst preparations[(Bartholomew, 

1989)l. The fact that cobalt is already in the zero-valent state, 

should imply that decomposition is expected to result in well 

dispersed metallic cobalt. Care should, however, be exercised 

to dehydroxylate (650°C, vacuum, 16h) the support material, 

seeing that hydroxyl groups are capable of oxidizing cobalt 

during the decomposition of cobalt carbonyls. 

In the light of the above-mentioned discussion it was decided 

to adopt the notion of mononuclear active Fischer-Tropsch 

catalyst sites with at least three available co-ordination 

positions, in the mechanistic model to be utilized in this 

publication. This assumption is in agreement with the proposal 

made by Henrici-Olive and Oliv6[(01iv~,1984)]. 

iv) Primary Products 

Investigations performed by Pichler[(Pichler,l967b)l clearly 

illustrated that linear a-olefins are to be considered as the main 

primary Fischer-Tropsch product, seeing that its contribution to 

the total product corr~position increases significantly with 

increased space velocities (i.e. shorter residence times of 

primary formed a-olefins). 



The observation that a-olefins do constitute approximately 95 

mol % of the primary Fischer-Tropsch products[(Schulz, 

1982)], might lead to  the conclusion that paraffinic products 

are being formed by secondary hydrogenation of these olefins. 

Although this is certainly true for the majority of the saturated 

products, a fraction of the paraffins could result from direct 

hydrogenation (i.e. hydrogenolysis of the metal-carbon bond) 

of chemisorbed intermediates[(Pichler, 1 967b)], implying 

primary formation[(Stenger, 1 986)l .  

It is generally regarded that a-olefins are the result of a 13-H 

abstraction step[(Olive, 1984) 1. From homogeneous co- 

ordination and metal-organic chemistry i t  is known that this 

reaction requires a free co-ordination site, viz: 

H - C - H  H 

+ RCH = CH, 

* - CH, * 
The chemi-desorption of an alkyl species as a paraffin (through 

the hydrogenolysis of the metal-alkyl bond), on the other hand, 

does not require a free co-ordination site. 

Increased syngas pressure and/or decreased reactor 

temperature is thus expected t o  favour paraffinic chemi- 

desorption, in accordance with Schulz's[(Schulz, 1988a)l 

observation that primary olefin selectivity increases with 

increased reaction temperature and decreases with increased 

reactor pressure. 

I t  is, however, assumed that the hydrogenolysis of the metal- 

alkyl bond is not of great importance under normal Fischer- 



Tropsch operating conditions, and that an inhibition of the 13-H 

abstraction step (through the maintenance of a high reactor 

pressure, ensuring that CO and/or H, will occupy all the co- 

ordination sites) would favour the chain growth probability via 

CO and/or CH, insertion. Support for this line of though is 

being provided by the polymethylene synthesis which is 

enhanced dramatically by very high reactor pressures, whilst, 

on the other hand, the same type of catalyst (Ru based) 

produces a "normal" Schulz-Flory Fischer-Tropsch product 

distribution at 240°C and 1 bar[(Bell,1981 b)]. 

Pichler[(PichIer,1967b)l also concluded, as a result of 

experiments carried out during which space velocities were 

varied, that primary alcohols are to be seen as primary 

products. When it is assumed that an alcohol is a direct 

consequence of CO insertion, it is reasonable to accept that the 

required oxidative additions of H2[(Oliv6, 1 98411 to these acyl- 

intermediates ( * -  C - R), must also result in the formation 

II 
0 

of aldehydes as primary Fischer-Tropsch products. 

With respect to the branched products, there exist reason to 

believe that methyl branched products c o ~ ~ l d  be formed as 

primary Fischer-Tropsch products via a combination reaction 

step with chemisorbed CH,[(Schulz, 1 988b)(Erich, 1 99011, thus: 



(immobile)[(Hoffman, 1988al1 (mobilel[(Hoffman. 1988al1 (further growth by CO and/or CH, insertion) 

This paragraph can therefore be summarized by adopting the 

assumption that linear and methyl branched a-olefins, paraffins, 

aldehydes, and primary alcohols are formed as primary Fischer- 

Tropsch products. 

V) Secondary Products 

As a general statement it has already been mentioned in 

literature that secondary reactions, of reactive primary Fischer- 

Tropsch products, could seriously influence the finally obtained 

product distribution[(Schulz, 1 987a)I. Schulz[(Schulz, 1 988a)l 

also stated that only product distributions of primary nature 

allow for conclusions with respect to reaction rates (or rather 

reaction probabilities?) of individual reaction steps within the 

reaction networkof the Fischer-Tropsch synthesis (i.e. Schulz's 

"non-trivial-surface-polymerization" model). One of Schulz's 

objectives in the application of this model, could thus be seen 

as the generation of experimental Fischer-Tropsch product 

distributions[(Schulz,l988a)1 of primary nature. In this regard 

a-olefin hydrogenation is looked upon as a monitoring tool for 

identifying the presence or absence, of secondary reactions. 

Seeing that a-olefins are thermodynamically instable against 

hydrogenation up to very high temperatures[(Schulz,l978)] 

(e.g. 700°C at 1 bar, and 940°C at 20  bar), it is not surprising 

that a-olefin hydrogenation is generally considered as one of 

the main culprits obscuring primary selectivities. 



This monitoring of a-olefin hydrogenation (as practised by 

plotting the molar olefin content per C-number versus C- 

number[(Schulz,1988a)]) is also coupled to the monitoring of 

the extent of double bond isomerization. This is actually to be 

seen as a second independent check on whether secondary 

reactions are present or not, because of the opinion that 

secondary hydrogenation and double bond isomerization 

proceed through a common intermediate[(Schulz,1982)1. 

Internal olefins are indeed regarded as secondary Fischer- 

Tropsch products because of the observation that the n-olefin-1 

content is, as a rule, higher than the value prescribed by the 

thermodynamic equilibrium[(Pichler, 1 967b) (Anderson, 1 950)l. 

This phenomenon is illustrated in Figure 5.1 which clearly 

shows that typical n-pentene-21 n-pentene-1 ratios for the two 

commercial Fischer-Tropsch processes, i.e. Arge and Synthol, 

are much smaller than the corresponding thermodynamic 

equilibrium values. 



FIGURE 5.1 : ILLUSTRATION OF THE EXTENT OF 

DEVIATION FROM THERMODYNAMIC 

EQUILIBRIUM BETWEEN THE STRAIGHT 

CHAIN C, OLEFINS. 
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The modelling by Schulz's group of preferentially primary 

product distributions, could be regarded as a shortcoming, 

seeing that a primary product distribution requires short 

residence times of reactive primary products, which are likely 

to be obtained through high gas-hour-space-velocities, with the 

inevitable consequence of low syngas conversions. It can also 

be achieved by means of a relative inactive catalyst, which will 

be of even less interest to industry. It is therefore the intention 

of this publication to adapt the "non-trivial-s~lrface- 

polymerization" model to such an extent that commercially 

interesting Fischer-Tropsch product distributions can be 

described satisfactorily. This seems only to be possible by the 

incorporation of the known major secondary reactions. 



Oxygenates 

The interconversion of alcohols and aldehydes, containing the 

same number of carbon atoms, is usually fast in the Fischer- 

Tropsch system and the corresponding equilibria are 

approximately to be observed in the products[(Schulz, 

1 978)(Nakamura, 1 988)(Kummer, 1953)l. This result is also 

supported by the observation that internal alcohols could also 

equilibrate with the corresponding ketones (e.g. 2-propanol and 

acetone) on iron surfaces[(Schulz, 1 977a) (Schulz, 

1 976)(Benzinger, 1980)l. 

Schemes 5.2 and 5.3 were constructed from literature[(Olive, 

1 984)(Tau,1 99211, and could provide insight into the secondary 

chemical interaction between alcohols and aldehydeslketones. 



SCHEME 5.2 : 

PROPOSED MECHANISM PERMITTING ALDEHYDE 

AND ALCOHOL EQUILIBRIA 



SCHEME 5.3 : 

PROPOSED MECHANISM PERMITTING KETONE AND ALCOHOL EQUILIBRIA 



The following explanatory notes provide motivation for the 

proposed mechanisms put forward in schemes 5.2 and 5.3 

1 )  Formaldehyde, as model compound for aldehydes, has 

been reported to be n-bonded to a metal[(Olive, 1984)l. 

This is in contrast to CO which is generally bonded 

"end-on" to a metal. 

II) As model reaction the insertion of formaldehyde in a 

metal-H bond was taken. Observations made in the field 

of homogeneous organo-metallic complexes[(Oliv~, 

1984)l support both addition modes, i.e. 

H OH 

I 0 I 
M ---- I I - > M - CH2 , and 

CH2 

H 

I CH2 
M ---- I I > M - OCH, , although the former 

0 

seems to be the more frequent one. 

Ill) Tau et al.[(Tau,1992)1 investigated the co-feeding of 

labelled 1 - and 2-propanol to a Fischer-Tropsch feed, and 

identified relative large quantities of labelled carbon in 

the product propane, compared to propene. The 

proposed dehydration of the alcohol, as depicted in 

schemes 5.2 and 5.3, resulting in the chemisorbed 

species : 

* 

I 
CH,-CH2-CH,-* and CH,CHCH,, could not explain this 



phenomenon. The reason for this being that the 

preferred chemi-desorption of these 2 species is via C3-H 

abstraction, resulting in predominant propene 

formation[(Schulz, 1 982)l. 

Tau et al.[(Tau,1992)] have therefore proposed an 

alternative parallel reaction for the exclusive formation of 

propane, i.e. direct hydrogenolysis of the alcohol, in 

support of Schulz[(Schulz, 1 977a) 1. The hydrogenolysis 

of the alcohol is also thermodynamically more probable 

than the formation of olefins from alcohols (e.g. 

n-butanol-1 -> n-butene-1 + H,O)[(Schulz, 

1977d)(Schulz, 1 978)l. 

IV) Tau et al.I(Tau,1992)l1 in their isotopic labelled co- 

feeding Fischer-Tropsch studies, have proposed this 

direct route for the formation of CO, in the case of 1- 

propanol readsorption. Seeing that labelled CO, was 

detected in the absence of labelled CO, indirect CO, 

formation (e.g. via water-gas-shift) had to be ruled out. 

This observation also supports the chemisorption of an 

alcohol to form an alkoxide. 

Labelled CO, was, however, not observed in the 

experiment where labelled 2-propanol was co-fed. 

V) This step in the dehydration process has frequently been 

included in Fischer-Tropsch mechanistic schemes 

proposed by Schulz[(Schulz, 1978)(Pichler1l970)1. Tau 

et al.[(Tau,1992)] have, however, shown that the co- 

feeding of 2-propanol initiates chain propagation 

producing largely iso-products, whilst the co-feeding of 



1 -propano1 initiated chain propagation that mainly 

produced normal-products. Schulz[(Schulz, 1 977a11, 

however, concluded exactly the opposite by having 

observed that 2-methyl-hydrocarbons are not being 

favoured by the co-feeding of acetone and/or iso- 

propanol during cobalt normal pressure Fischer-Tropsch 

synthesis. 

This difference between the propagation by 1- and 2- 

propanol, as observed by Tau et al.[(Tau,1992)1, rules 

out the formation of a common intermediate from these 

initiators. From scheme 5.2 it can be deduced that 1- 

propanol will mainly produce normal products upon CO 

or CH, insertion of the intermediate CH,CH,CH,- * . 
Scheme 5.3, on the other hand, suggests CH3CHCH, as 

I * 
the corresponding intermediate of 2-propanol 

incorporation, which upon direct chain growth through 

CO or CH, insertion, will result in iso-products. A 

seemingly valid criticism against this notion is the 

question: Why don't these two C3 intermediates 

interconvert and equilibrate?. Thus: 

* * - H  * 
Schulz[(Schulz, 1978)l proposed this as a likely 

equilibrium, which is also the mechanism that permits H- 

D exchange in olefins. Tau et al.[(Tau,l992)1 doubt the 

possibility that this exchange would be slower than CO 

or CH, incorporation, and a different mechanism for 

chain propagation was proposed, viz: 



CH3 CH3 

I I 
and CH3 - CH - 0 + CH,- CH, - CH - CH, + 0 

I I I I I * * 
1 

* * * * 

Data are, however, not available to assume that the rate 

of the H-D exchange equilibrium of propene is faster, or 

comparable, to the rate of CO or CH, insertion. Fact is, 

that if schemes 5.2 and 5.3 are to be adopted, the 

assumption that the rate of this C, interconversion 

equilibrium is negligible with respect to CO or CH, 

insertion is imperative, in order to reconcile this 

mechanistic proposal with the observations made by Tau 

et al.[(Tau, 1 992)l. 

Support for this notion is also provided by Henrici-Olive 

and Oliv6[(Oliv6,1984)1 who are of the opinion that the 

migratory CO insertion for a linear alkyl (i.e. normal 

Fischer-Tropsch growth) takes place before any other 

reaction (e.g. double bond migration) can occur. The 

fact that the concentrations of a-olefins are generally 

much higher than that corresponding to the 

thermodynamic equi l ibr ium dur ing Fischer- 

Tropsch[(Anderson, 1950) (Pichler,? 967b)l could beused 

as further support for this statement. The situation with 

iso-alkyl ligands are, however, not that clear, seeing that 

the migratory CO insertion is much slower for an iso- 

alkyl ligand than for a linear alkyl ligand[(Oliv6,1977)1. 



The iso-alkyl groups are thus more prone to 

hydrogenation and double bond migration. 

Fischer[(Fisher,l943)1 observed that methanol decorr~poses into 

CO and H, during Fischer-Tropsch synthesis. This observation 

is supported by the fact that the equilibrium : 

CO + 2 H, - - CH,OH (AH, = -90,8 kJImol), 

is catalysed by metal oxide or metal[(Oliv~,l984)1. The fact 

that CH,OH is interconvertible with CO and H,, gives substance 

to mechanistic proposals, such as the one presented in scheme 

5.4, for the formation of the CH, building block 

SCHEME 5.4 : 

A MECHANISTIC PROPOSAL FOR THE FORMATION OF THE 

FISCHER-TROPSCH BUILDING BLOCKS 

H-C-H 

NOTES: - The steady state concentration of a surface 

intermediate such as * - C - H is to be 

assumed very low, seeing that it is 

p resumab ly  n o t  d e t e c t a b l e  b y  

infrared[(Biloen,l981)1. 



The process, through which CH, is formed 

via the dissociative chemisorption of CO, is 

not ruled out by the proposal of Scheme 

5.4. The dissociative chemisorption of CO 

is thus considered as an alternative route, 

viz.: 

+ *  + H  + H  

COww C-w CH#*CH,  

+o 

The proposal of Scheme 5.4 is in accordance with the 

conclusions made thus far, i.e. 

i) alcohols and aldehydes containing the same number of 

carbon atoms are interconvertible. 

i i )  CH,OH and CO + 2 H, are also interconvertible. 

Extending this mechanistic proposal to the higher molecular 

weight alcohols results in Scheme 5.5. 



SCHEME 5.5 : 

CH3 CH3 $Hz CHz $Hz 
kHz kHz $Hz & H ,  $HZ 

$Hz 

+ H 
$Hz 

' +CO ' +H ' +H CH, + CH, +C=O +C=O +HCyO +HC-OH 
I I I I I 
+ +-CO * -  H * - H  

I 
+ -  H 

Scheme 5.5 implies that the species propene, butanal, and 

1 -butanol are interconvertible. Support for this notion could be 

read in the observation that the addition of propene to the feed 

of a Fischer-Tropsch investigation on CoIY-AI,O, at 1 1 bar and 

200°C, resulted in a high yield of 1-butanol whilst the butanal 

production increased as well[(Nakamura,l988)]. Satterfield et 

al.[(Satterfield, 1 988a)l also observed an increased 1 -propano1 

selectivity with an increased ethylene partial pressure during an 

iron based Fischer-Tropsch investigation. The mechanistic 

proposals embodied in schemes 5.4 and 5.5 are therefore 

accepted in this publication. 

In the discussion on possible Fischer-Tropsch polymerization 

building blocks (i.e. chain propagators) only CO and CH, were 

considered. It might, however, be argued that alcohols, or 

rather species derived thereof, could also serve as chain 

propagators. A possible mechanism could be[(Schulz,l978)1: 



R1 

-H20 + *  R2 1 
R, CH2CH20H > RICH =CH2 > * CH2-CH-R2 

Although the probability of chain prolongation via a-alkene 

insertion is discussed in more detail in the following section, it 

suffices to state that the study performed by Tau et al.[(Tau, 

1992)l provided additional confirmation of the notion that 

normal or iso-alcohols do not participate in chain propagation 

to any measurable extent. 

The formation of carboxylic acids and ketones are assumed to 

result from secondary reactions of aldehydes, for example via 

the mechanism of aldol condensation, which is apparently 

facile over oxide catalysts[(Sreerama, 1 988)l. The relative 

higher organic acid selectivity associated with iron based 

Fischer-Tropsch, in comparison to cobalt, could be explained in 

this way, seeing that reoxidation of iron (during Fischer- 

Tropsch synthesis) is widely accepted[(Dry, 1990b)l, contrary 

to cobalt. 

Paraffins 

Hydrocracking reactions of paraffins (e.g. : C,H,, + H2 - > 
CH, + C,H,) are thermodynamically possible[(Schulz, 1 978)l. 

Ruthenium is the most active hydrogenolysis/hydrocracking 

catalyst of the known Fischer-Tropsch catalysts[(Frohning, 

1977)], but this reaction is also observed with cobalt as 

, catalyst[(Schulz, 1 97811. Hydrogenolysis/hydrocracking is, 

however, of little importance with iron which is only a weak 

catalyst for these reactions[(Schulz,l978)1. 

Hydrocracking of paraffins is strongly dependent on reaction 



conditions and is generally strongly inhibited by CO 

chemisorption[(Frohning,1 977)(Schulzl1 970a)l. Hydrocracking 

on transition metals is thus to be regarded as negligible under 

typical Fischer-Tropsch conditions[(Novak, 1 984)l. 

Catalytic cracking of paraffins is also not favoured under 

conditions of hydrocarbon chain growth. The temperature is 

usually too low for catalytic cracking, which commonly takes 

place between 450°C and 550°C, and a large amount of 

steam is formed during Fischer-Tropsch, which can poison acid 

sites[(Novak, 1 98411. 

Skeletal isomerization of paraffins is also to be regarded as an 

unimportant secondary reaction in Fischer-Tropsch on cobalt as 

well as iron[(Schulz, l970a) l .  

In the light of this synopsis, the assumption can be made that 

paraffins do not undergo secondary reactions during the 

Fischer-Tropsch synthesis. 

Olefins 

With respect to understanding the role played by a-olefins in 

Fischer-Tropsch, Henrici-Olive and Oliv~[(Oliv6,1984)] 

described an apparent enigma in the form of the following 

question: 

"Why do ,the metal-alkyl species occurring in the course of 

chain growth, resist hydrogenation and isomerization, whereas 

those proceeding from the co-ordination of a-olefins to metal- 

hydride species do undergo these reactions?" 



An elegant explanation was presented based upon the 

observation that with group Vlll metals, there exist a 

remarkable tendency to the "anti-Markownikoff" mode of 

insertion, viz: 

H CH3 

I I 
++ CH, = CHR = * - CH 

I 
R 

As already stated, CO insertion is much slower for an iso-alkyl 

ligand than for a linear ligand[(Oliv6,1977)1. Thus, whereas in 

normal Fischer-Tropsch growth, CO and CH, insertion take 

place before any other reaction can occur, the iso-alkyl group, 

proceeding from the secondary co-ordination of a-olefins, is 

prone to hydrogenation and double bond migration. This 

suppressed CO and CH, insertion could nevertheless result in 

increased branching. It is therefore expected that increased a- 

olefin (excluding ethylene) readsorption is to result in increased 

branching. The branched product content of the total Fischer- 

Tropsch product spectrum does decrease with increasing space 

velocities, indicating that at least a portion of the branched 

products are indeed formed through secondary 

reactions[(Pichler, 1 967b)l. 

The addition of propene to the feed gas of Fischer-Tropsch 

synthesis performed over 100Co/18Th02/1 OOkieselguhr, did in 

fact result in the preferential formation of mono-methyl 

branched products[(Pichler, l 9 6 7 b ) l .  Schulz[(Ertl, 

1980)(Schulz,l977a)I did not ascribe this phenomenon to 

chain initiation by the chemisorption of propene, but rather 



through a mechanism of propene insertion. Thus: 

R 

I 
CH - CH3 
I 

R CH - CH, CH2 

I + II ' I  

If the insertion mechanism of a-olefins into metal-alkyl bonds 

is the preferred mechanism through which secondary Fischer- 

Tropsch reactions contribute to increased branching, it is 

lirr~ited to propene since butene, for instance, would lead to the 

formation of ethyl branched products, which are very 

rare[(Pichler, 1967b)l. 

The usually low branching degrees obtained during Fischer- 

Tropsch are also seen as an indication that propene insertion is 

not to be regarded as very typical for Fischer-Tropsch 

catalysis[(Biloen,l981 I]. Tau et al.[(Tau,1990b)] additionally 

concluded that C,, alkene incorporation takes place via chain 

initiation and not chain propagation (i.e. insertion). 

Seeing that ethylene is to be regarded as more reactive than 

propene, because of its small size and great surface 

mobility[(Schulz, 1988a11, Schulz[(Schulz, 1976)l also proposed 

secondary ethylene insertion into metal-alkyl species. This 

conclusion was based upon 14C labelled ethylene co-feeding 

experiments, during which it was shown that the amount of 14C 

built into growing chains increased linearly with carbon 

numbers. This could be explained by ethylene insertion, 

implying that the chance of this to happen should increase 

linearly with the number of growth steps that a chain 



undergoes during its existence. 

Biloen[(Biloen, I 981 )I suggested that this is not to be regarded 

as a conclusive deduction, because of the fact that one can 

also imagine a mechanism through which ethylene can transfer 

its 14C atom to a mono-carbonic species, which is then 

inserted. This can, for instance, be accorr~plished 'through a 

metathesis reaction, which according to Schulz[(Schulz, 1976)l 

is feasible, viz: 

14CH2 = CH, 14CH2 --- CH2 14c~, CH2 
I 

+ A '  1 ,  - I I - II + II 
I 

* - CHR .Y ---- CHR Y CHR 

Arcuri et al.[(Arcuri,1987)1 also observed the selective 

transformation of the alpha carbon atom in I-pentene to a 

methylene species in the case of medium pressure (8 bar) 

Fischer-Tropsch synthesis over a Co/SiO, catalyst at 250°C. 

This suggestion of Biloen[(Biloen, 1981 )I was followed up, and 

substantiated by Bell et al.[(Be11,1992)] in Fischer-Tropsch 

synthesis experiments (performed on ruthenium) during which 

12C2H4 was co-fed with 13CO/H2. The conclusion was made 

that ethylene serves as an effective chain initiator, as well as 

a source of C, monomer species, which participate in chain 

propagation. No evidence was observed for the participation 

of C, species in chain propagation. There are, however, 

indications in literature that this conclusion could be catalyst 

dependent. Bell et al.[(Bell, l 992 ) l  performed their studies over 

a ruthenium based catalyst. Tau et al[(Tau,I 990a)l deduced 

that only 15% of the incorporated ethylene was inserted in the 

case of iron based Fischer-Tropsch, and Schulz[(Schulz,l970b)l 

has stated that olefin insertion is more prevalent in the case of 



Co than Fe. 

Boelee[(Boelee,l989)] observed that ethylene is the only alkene 

capable of being significantly incorporated during Fischer- 

Tropsch. This ability of ethylene is strongly supported by 

various publications[(Pichler,1970)(Smith, 1 930)(Golovina, 

1990b)l. In general, Satterfield[(Satterfield,l983)] concluded 

that the addition of olefins to the reactant stream is not to be 

regarded as a viable method of altering molecular weight 

distributions over iron based Fischer-Tropsch catalysts. 

A popular proposition in literature[(Erich,l 990)(Dry11 990b)l is 

the notion that the incorporation of a-olefins containing more 

than + 10 carbon atoms contributes to the commonly 

observed break in the experimental Schulz-Flory plots, because 

of increased solubilities in the hydrocarbon liquid phase. 

Satterfield[(Satterfield,l988a)l1 however, concluded that co-fed 

1-eicosene did not incorporate markedly more than the lighter 

1 -alkenes in the slurry mode of Fischer-Tropsch operation. The 

deduction was thus made that under a set of conditions, in 

which the double product distribution has been clearly shown 

to occur, only very slight degrees of incorporation upon 

addition of various a-olefins occurredl(Satterfield, 

1 988a)(Satterfield, 1 987)l. 

Satterfield presumably contradicted this conclusion in a more 

resent publication[(Satterfield,l 990b)l, where it was stated 

that conditions favouring relative high 1 -alkene concentrations 

(i.e. increased space velocities resulting in less hydrogenation 

and double bond isomerization), benefit high molecular weight 

selectivities through a mechanism of readsorption, resulting in 



chain incorporation (or rather chain3 initiation). These 

observations were based on an investigation of a Co/MgO/SiO, 

catalyst. Further speculative proof of 1 -alkene incorporation is 

presented by the observation that increased CO partial 

pressures inhibit double bond isomerization (an observation 

contradicted by Schultz[(Schulz, 1993)1, thus resulting in 

relative higher 1-alkene concentrations at high CO partial 

pressures, implying increased incorporation thus increased high 

molecular weight selectivities. lglesia et al[(lglesia,1993)] also 

attached significant value to 1-alkene chain incorporation via 

readsorption. The break in the experimental Schultz-Flory plots 

is entirely explained in terms of 1 -alkene readsorption[(lglesia, 

1 992)1, which is (amongst other variables) positively influenced 

by high active site densities, imposing intraparticle transport 

restrictions, resulting in increased intraparticle residence time 

of reactive olefins. The conclusion is thus made[(lglesia, 1993)l 

that maintained high active site densities (i.e. not poisoned 

during the initial phases of synthesis) promotes higher 

molecular weight selectivities. 

Another possible way mentioned in literature through which 

ethylene could influence the Fischer-Tropsch product 

distribution is via olefin polymerization, most likely to be 

observable at relative high ethylene partial pressures. 

Snel[(Snel, 1987)l regarded this possibility as negligible, whilst 

Bell[(Bell, 1986a)l observed that the carbon number distribution 

of the C,, products oscillated so that products with an even 

number of carbon atoms dominated, upon ethylene addition. 

Nakamura et al.[(Nakamura,l988)1 also observed the 

occurrence of ethene oligomerization in the case of a Fischer- 

Tropsch investigation performed over Co/Y-AI,O, at 270°C at 
- low partial pressures : PC, = PH2 - PC2HI = 0.1 32 bar. This 



phenomenon was not observed with other alkenes[(Nakamura, 

1 988)] (i.e. propene and I -butene). 

The generalized notion that a-olefin co-feeding exerts little 

influence upon Fischer-Tropsch product distributions is further 

supported by the observation made by Boelee[(Boelee,l98931 

that the hydrogenation is the most important secondary 

reaction of ethylene. It was also stated[(Boelee, l 9 8 9 ) l  that the 

ratio : 

(C2= hydrogenated) I (C2= incorporated) is being dictated by the 

prevailing partial pressure ratio : PCZHL I PCO, where a relative 

high ethylene partial pressure is beneficial for incorporation. In 

an attempt to substantiate this claim, data were extracted from 

literature (Table 5.2). 



TABLE 5.2 : TABLE RELATING Pc71Pco AND 

(C,'HYDROGENATED)/(C,= INCORPORATED), AS DERIVED FROM ETHYLENE 

CO-FEEDING FISCHER-TROPSCH INVESTIGATIONS PERFORMED ON 

IRON BASED CATALYSTS 

Although the data of Table 5.2 are insufficient to derive a 

relationship between ( P P )  and (C2= hydrogenated)/(C,= 

incorporated), it can be concluded that the effects reported by 

Snel and Espinoza[(Snel,l987)1 differ significantly from the 

rest. This observation was also made by Boelee[(Boelee, 

1989)], which referred to the degree of incorporation reported 

by Snel and Espinoza[(Snel, 198711 as unique with respect to 

the fact that it by far exceeds other published effects. 

PC: 1 pco 

0.0545 - 0.97 

0.008 

0.1 90 

0.1 18 

0.293 

0.08 

0.0263 - 0.1 577 

0.0359 - 0.1667 

REACTOR 

TEMPERATLIRE 

(OC) 

248 

300 I 250 

(C,= HYDROGENATED) 

(C,= INCORPORATED) 

2.33 - 4.00 

9.27 

2.56 

4.0 1 

3.86 

25.03 

0.31 

0.28 

REFERENCE 

[( Satterfield,l988a)] 

[( Dwyer,l979)1 

I [(Boelee, I 98911 

I(Sne1,1987ll 



The proposed proportionality between Pc;/Pc, and 

(C2= hydrogenated)/(C,' incorporated) is corroborated by .the 

observation made by Satterfield[(SatterfieldIl988a)] that, at 

relative low CO conversions the only observable product was 

ethane (i.e. negligible incorporation), whilst Boelee[(Boelee, 

1989)l concluded that at higher CO conversions added a- 

olefins are being increasingly converted to higher molecular 

weight hydrocarbons. This phenomenon was explained in 

terms of competition chemisorption between CO and ethylene, 

which could also be complicated by the basicity of the catalyst, 

seeing that Satterfield[(Satterfield,l983)] has observed that an 

increased potassium content resulted in less C2= incorporation. 

The observation that secondary hydrogenation of ethylene still 

occurs at conditions where the competition chemisorption 

between CO and ethylene has completely suppressed ethylene 

incorporation, could be rationalized in terms of the presence of 

separate hydrogenation sites. Schulz[(Pichler, 1 970)(Schulz, 

1970a)l has also postulated the necessity of the presence of 

separate hydrogenation sites, to be distinguished from Fischer- 

Tropsch sites. If it is further assumed that water and CO, do 

not inhibit the Fischer-Tropsch activity (which is certainly true 

for Co and Ru, and likely to be true for Fe*) the observation 

that the hydrogenation capability is suppressed by H20 and 

C02[(Boelee, 1988)1, could be interpreted as additional support 

for the notion of two distinguishable sites in Fischer-Tropsch 

systems. 

NOTE: If secondary hydrogenation of a-olefins is to take 

place predominantly on non-Fischer-Tropsch sites, 

Satterfieldl(Satterfield.1990a)l raised the possibility that water in the case of iron based Fischer-Tropsch could be a consequence 
of the formation of inert surface oxide, brought about by water. 



there exist reason to believe that secondary 

double bond isomerization should also be limited 

to these so-called separate hydrogenation sites. 

The reason for this deduction being 

Schulz's[(Schulz, 1 982)l believe that secondary 

olefin hydrogenation as well as secondary olefin 

double bond shift proceed through a common 

intermediate. This could then be regarded as 

additional support for the supposition made earlier 

that the Fischer-Tropsch sites show little 

inclination towards facilitating the interconversion 

of the species: 

CH3CH2CH2 and CH3CHCH3 

Seeing that hydrogenation can be regarded as the main 

secondary reaction of primary formed a-olefins[(Schulz, 

1970a)l, it can be argued that the co-feeding of ethylene could 

scavenge the surface of chemisorbed hydrogen, likely to result 

in decreased methane selectivities. Ethylene should be 

particularly suited because of its relative high hydrogenation 

reactivity in comparison to propene and 1-butene[(Snel, 

1 989)(Schulz,1 988a)I. The higher molecular weight 1-alkenes 

(C,,) should then again be more suitable than C3= or 1-C,=, 

because in this region increased adsorbability with increasing 

carbon number should result in increased hydrogenation 

activities[(Schulz, 1 988a)l. An alternative explanation is the 

scavenging of C, chemisorbed intermediates by means of 

ethene incorporation[(Boelee, 1 989)l. Boelee[(Boelee, 1 989)l 

regarded the latter explanation as more important, because of 

the following observations: 



- Methane inhibition is proportional to ethene 

incorporation. 

A strong decrease in chemisorbed hydrogen is expected 

to lower the CO conversion, which is generally not the 

case in ethene addition investigations, as supported by 

Satterfield[(Satterfield,l988a)]. 

This phenomenon was patented by Exxon[(EXXON, 

1 985)(EXXONl1988)1, and the claim was made that the co- 

feeding of a-olefins of ten carbon atoms or less (including 

ethene), is a viable method of reducing the methane selectivity 

during Fischer-Tropsch synthesis. In their 1985 

patent[(EXXON,1985)] no mention was made of the fate of the 

added a-olefins. It can, however, be assumed that valuable a- 

olefins are being "wasted" (i.e. hydrogenated) in order to 

suppress unwanted methane production. This assumption 

seems to be supported by the fact that Exxon has subsequently 

issued an additional patent[(EXXON,1988)] on this topic, in 

which it was proposed to introduce the a-olefins to a fixed bed 

reactor at a point one third of the total bed length from the top 

of the reactor bed. This implies that the a-olefins are being 

introduced a t  a position where the CO partial pressure has 

already been lowered somewhat, implying relatively more 

incorporation for the same a-olefin feed. But an evaluation (by 

this author) of the patented data[(EXXON,1988)] for the cobalt 

based catalyst, showed that for every single mol of methane 

produced less (by this proposed improved method), - 9 moles 

of ethene still need to be "sacrificed", i.e. hydrogenated to 

ethane. 

An additional possible side reaction, that has received some 



attention in literature, is the hydrocracking of ethene. This 

reaction is to  be considered negligible over iron at Fischer- 

Tropsch synthesis conditions[(Snel, 1 987)(Boelee, 1 989)], whilst 

i t  might play a minor role in cobalt based Fischer- 

Tropsch[(Snel, 1 987)(Boelee, 1 98911. 

In general it can be stated that the hydrocracking of olefins is 

enhanced by an increased H,/CO ratio (as i t  is strongly inhibited 

by CO) as well as an increased temperature[(Schulz, 1977a)l. 

The interconversion of branched and normal olefins are also to 

be neglected as a possible secondary Fischer-Tropsch 

reaction[(Schulz,1978)1, which is in agreement with 

paraffins[(Schulz, 1 970a)l. 



5.3.2 CONSOLIDATION OF THE FOREGOING DISCUSSED PUBLISHED 

FISCHER-TROPSCH MECHANISTIC CONCLUSIONSIOBSERVATIONS 

The objective is to consolidate the available mechanistic information 

in such a way that it can be used as a basis for adapting the "non- 

trivial-surface-polymerization" model developed by Schulz[(Schulz, 

1987a, 1 988b,1 987b, 1990)(Erich, 1990)(Beck, 1985)l. -The strategy 

decided upon is entirely centred around the introduction of alternative 

mechanistic views, that possessed the potential of reshaping the 

existing model, so as to provide a better description of Fischer- 

Tropsch product distributions, by having concentrated on the 

shortcomings of the existing model, as already highlighted. 

The mechanistic principles that have been selected for this 

publication, are therefore (in certain cases) deliberately selected to be 

different to some of those assumed to have been used in the 

derivation of Schulz's "non-trivial-surface-polymerization" model. 

Although it is readily admitted that a great deal of subjectivity was 

involved, all of the adopted mechanistic principles are backed up by 

published support. The large amount of "contradictory" mechanistic 

observationsldeductions in the field of Fischer-Tropsch (as illustrated 

in the foregoing discussion), does make it very difficult, if not 

impossible, to stay completely objective in an exercise of this nature. 

The main areas of difference with Schulz's model are: 

i) Schulz regarded the surface intermediates, represented by the 

symbol SpN, as the set of surface species that, upon chemi- 

desorption, results in all straight chain hydrocarbons and 

oxygenates containing N carbon atoms, represented by the 

symbol PrN. 



Thus: propanol, propanal, propene, and propane are all 

members of Pr3, possibly originating from the surface 

species: 

* CHCH2CH3, * CCH,CH3, and * CH2CH2CH3, which are 

I I I 
OH 0 

all to be regarded as members of Sp3. 

A fair assumption to make is that all members of SpN are, not 

necessarily in thermodynamic equilibrium, but at least easily 

interconvertible. In this regard a significant amount of literature 

supports the notion that the surface species : 

*CHCH2CH3 , *CCH2CH3 , and * CH2CH3 , are interconvertible 

I II 
OH 0 

by means of the following steps: 

y 3  CH3 I CH3 
I 

CH3 
I 

CH3 +CO CH3 :Hz + H CH, + H CH, + H CH, 
I I I I I 
CH, z C H , = C = O z = C = O  H C T O  = H C - O H  

'The next step, i.e. dehydration, is then postulated to be 

irreversible[(Olive, 1 984)l. Thus: 

CH3 
I 

CH3 
I 

CH3 
I 

CH3 
I 

(34, -H20 CH, + H  CH, 
I I I 

CH2 
I 

HC-OH - CH = CH = CH* 

'This conception implies that the surface species : 



* CH2CH2CH3, and * CCH2CH3, are not considered to be 

I I 
0 

interconvertible, contrary to the irr~plicit assumption made by 

Schulz. 

This revised view of .the members of SpN has a direct bearing 

on the members of PrN. For example : ethene, ethane, 

propanol and propanal are all considered to be members of Pr2. 

This is not a new innovation, and was already proposed by 

Bell[(Bell, 1986b)l. The observation that methanol is 

interconvertible with H, and CO can also be interpreted as 

support for the notion that methanol (as well as formaldehyde) 

is not to be seen as a member of Prl . 

Outgoing from this proposal, the practise of pre-GC 

hydrogenation[(Pichler, 1 967b)][(Beck, 1985)1, as a method for 

determining MPrN, is to be regarded as fundamentally wrong. 

In defence of this practise it could be argued that pre-GC 

hydrogenation is simply a continuation of the very likely 

secondary Fischer-Tropsch reaction of alcohol hydrogenolysis, 

e.g. propanol > propane + water. Seeing that 

secondary alcohol hydrogenolysis is in any case going to cloud 

the puristic picture, further damage incurred by pre-GC 

hydrogenation might be traded off against the gain of much 

more certainty with respect to GC chromatogram interpretation. 

It is therefore anticipated that the introduction of this model 

adaptation is not likely to result in a significant improvement 

(especially in the instances of high alcohol hydrogenolysis 

activities) in the model description of experimental Fischer- 



Tropsch product distributions. 

ii) The second adopted mechanistic principle is much more 

contentious, viz: The assumed difficult interconvertibility of the 

surface species * -CH2CH2CH2R, and * -CHCH2R on 

I 
CH3 

Fischer-Tropsch synthesis sites. Pro's and con's for this 

notion, as discussed in detail in the foregoing sections, can be 

quoted from literature, and may be summarized as follows: 

Pro's: - According to Tau[(Tau, 1 992)l the co- 

feeding of 2-propanol produces largely 

branched products as a result of chain 

propagation, whilst the co-feeding of 1 - 

propanol initiated chain propagation that 

mainly produced normal products. 

- Henrici-Olive and Olive[(Olive, 1 984)l 

expressed the opinion that the migratory 

CO insertion for a linear alkyl takes place 

before any other reaction (e.g. double bond 

migration). 

- n-olefin-1 contents (in comparison to 

internal olefins) are, as a rule, higher than 

the values prescribed by thermodynamic 

equilibrium constants. 

- Double bond isomerization proceeds 

through a common intermediate with 

secondary olefin hydrogenation, which is 



Con's: 

believed t o  occur on separate 

hydrogenation sites. 

Schulz[(Schulz,l977a)] observed that 2- 

methyl-hydrocarbons are not being 

favoured by the co-feeding of acetone or 

iso-propanol. 

- Hydrogen exchange of olefins, occurring 

through the mechanism of double bond 

isomerisation, is generally accepted as a 

facile reaction. 

- Migratory CO insertion for an iso-ligand is 

much slower than for a linear alkyl ligand. 

It is therefore assumed that the interconversion of the species 

CH3 

I 
*-CH2CH2CH2R, and * -CHCH2R does not occur on Fischer- 

Tropsch synthesis sites via a mechanism involving the 

interconversion of alpha and internal olefins, which is believed 

to be limited to separate hydrogenation sites. 



iii) The principle accepted under point ii) paves the way for 

postulating a separate branching mechanism for the formation 

of primary branched products, viz: 

Sp4 
7 CH3 

y~~ CH, F H 3  +C,+ $H, 
-CH, ' CH3 

CH, @ :Hz 5 $34, @$Hz $Hz 6~ CH 
I I I I y"' y"-' CH2 

* I 
*-CH, * *=CH, * 



This is a significant deviation from Schulz's p~~bl ished model in which 

no distinction was drawn between SpN and SpN(N-1). Sp5(3) was 

therefore assumed to originate directly from Sp4, which implicitly 

accepts the interconvertibility of the s~~r face species : 

* -CH2CH2CH2CH3 and * -CHCH2CH3. 

I 
CH3 

NOTE: The step SpN-1 > SpN(N-1) depends on the 

combination of an immobile species * -CH, with a 

mobile species * = CH2CH2---CH, (N-1 carbon atoms). 

The experimental observation that the branching 

probability of surface alkyl species decreases with 

increasing carbon number[(Schulz, 1977)(Schulz, 

1988b)1, can be rationalized in terms of the chain length 

(i.e. value of N-1) possibly retarding the surface mobility 

of the species * = CHCH,---CH, (N-1 carbon atoms). 

Additional mechanistic principles that are accepted in this publication, 

as well as being largely reconcilable with Schulz's published model, 

can be summarized as follows: 

- The surface species * CH, and those originating from 

dissociative H, and molecular CO chemisorption are mobile, 

whilst the surface intermediate * CH, is immobile. 

- The surface species * CH, and * CO are taken as the only 

Fischer-Tropsch building blocks, i.e. species capable of 

inducing chain propagation via insertion. 

- The surface intermediate * CH, is regarded as the Fischer- 

Tropsch chain initiator, as well as the species being responsible 



for the primary formation of methyl branched hydrocarbons 

upon combination with the mobile surface species * =CH-R. 

By approximation only methyl branched products (besides 

normal hydrocarbons) are considered allowed. 

- The presence of quartenary carbon atoms do not occur in the 

Fischer-Tropsch product spectrum, and are therefore assumed 

not allowed. 

Fischer-Tropsch chain growth resides on single mono-nuclear 

metal sites with an incomplete coordination sphere, i.e. as 

many as 3 available coordination positions. 

Primary Fischer-Tropsch products are mainly restricted to linear 

as well as methyl branched a-olefins, paraffins, aldehydes, and 

primary alcohols. The mechanistic scheme to be adopted in 

this publication also allows for the primary formation of 13- 

olefins via the chemi-desorption of the surface intermediate 

* -CH-CH2-R 

I 
CH3 

through a 13-H abstraction step. 

- Internal olefins, with the possible exception of 13-olefins, are 

considered to be secondary Fischer-Tropsch products, assumed 

to be formed on sites different to the Fischer-Tropsch synthesis 

sites. 

- The interconversion of alcohols and aldehydes, containing the 

same number of carbon atoms, is fast under Fischer-Tropsch 

synthesis conditions. 



Paraffins do not undergo secondary reactions during the 

Fischer-Tropsch synthesis. 

- Although a case c o ~ ~ l d  be made out for ethylene and propene 

insertion into metal-alkyl bonds, this effect is neglected. Not 

only out of convenience, because the inclusion of this as a 

possible secondary reaction in a Fischer-Tropsch mechanistic 

scheme is very bothersome, but also because of literature 

indications that this is not to be seen as a typical Fischer- 

Tropsch reaction. 

Olefins are therefore not regarded as chain propagators (i.e. 

Fischer-Tropsch building blocks). 

- Because of the notion that the readsorption of olefins is not to 

be regarded as a viable method of altering Fischer-Tropsch 

molecular weight distributions, (supported by published a-olefin 

co-feeding investigations, but contradicted by Iglesia's 

rationalization of the dependence of hydrocarbon selectivities 

on structural parameters that enhance intraparticle residence 

times of reactive olefins.) it must follow that the potential of 

olefins to initiate further chain growth upon readsorption is also 

to be regarded as very limited. The only possible exceptions 

being ethylene and propylene. Ethylene is generally regarded as 

the only alkene capable of being significantly incorporated 

during Fischer-Tropsch. 

Ethylene and propylene are therefore taken as the only alkenes 

able to initiate further chain growth as a result of readsorption 

on Fischer-Tropsch synthesis sites. 

- Hydrogenation of olefins on separate sites (considered to be 



the same as those responsible for double bond isomerization) 

is postulated as the predominant secondary Fischer-Tropsch 

reaction. 

This approach also accounts for the enigma mentioned by 

Henrici-Olive and Oliv6[(01iv6,1984)] regarding the strong 

tendency of a-olefins to hydrogenate and isomerire upon 

readsorption, which they explained in terms of a remarkable 

tendency towards the "anti-Markownikoff" mode of insertion 

into metal-hydride species. 

- The following possible secondary Fischer-Tropsch reactions are 

all regarded as insignificant with respect to their potential 

influence on product distributions. 

a) Olefin polymerization/oligomerization 

b) Olefin hydrocracking 

C) Interconversion of branched and normal olefins. 

5.3.3 PROPOSED REACTION SCHEME 

All the adopted mechanistic principles can be integrated and 

presented as a Fischer-Tropsch reaction scheme, which shows 

promise in providing a potential tool whereby experimental product 

distributions can be described satisfactorily. A statistical method for 

estimating significant parameter (i.e. relative "reaction step" rate 

constants) values has also been developed successfully. 

Scheme 5.6 provides a detailed description of a particular window of 

the overall reaction scheme. As already mentioned the approach was 

to include all interconvertible species as members of SpN, or SpN(j) 

for that matter. In agreement with this convention, reactive products 

capable of interconverti~g via readsorption (thus still present in ,the 



reactor) are also considered to be members of SpN (or SpN(j)). 

Products answering this requirement are bracketed in scheme 5.6, 

and only become part of PrN (or PrN(j)) once they have left the 

reactor. 



SCHEME 5.6 

AN ARBITRARILY SELECTED WINDOW OF THE OVERALL REACTION SCHEME PROVIDING MECHANISTIC DETAIL 
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The simplified version of the selected detailed window presented in  

Scheme 5.6, would be: 

In the application of this scheme, the following rate equations are 

proposed, in agreement wi th  the approach followed by Schulz: 

r (~p4 -> Spb) = k (~p (  -> Spb) @ * Cl-$CH$H$H3 

r ( ~ p 4  r Spq4)) = '(SM r S ~ W )  @ * C ~ C ~ C ~ C H ~  

- 
r ( ~ p 4  -> ~ r 4 )  - ~ ( S M  r ~ t l )  0 C ~ V ~ C %  



CH3 

I 
where * CH,CH,CH,CH, and * CHCH,CH, have been postulated as 

the surface species that respectively typify Sp4 and Sp4(3). 

This is, however, a simplistic approach that could create the 

impression that the corresponding "rate constants" are simply 

functions of temperature. This is a misconception as is clearly 

illustrated by means of the derivation of the respective expressions 

from a more detailed mechanistic scheme, such as scheme 5.6, viz: 

k,sp4 -> ~ r 4 )  = [k ,+k5+(kBK,0/@H + k 7 K 1 1 K s ) ~ 7 ~ 6 K 5 ~ ~ @ 2 ~ 0 c o l  

etc. 

In order to provide further clarity wi th  respect to  the individual 

members of PrN and PrN(j), as prescribed by the mechanistic proposal 

provided by scheme 5.6, the following examples might be of help. 



Prl E { CH, , CH,CH,OH , CH,CHO } 

etc. 



CH3 CH3 CH3 

I I I 
Pr5(2) 1 { CH,CH,CHCH, , CH, = CCH$H, , CH,C = CHCH, , 

CH3 (3"' 

I I 
CH,CHCH = CH, , CH,CW,CHCH,CH,OH , 

CH3 CH3CH, 

I I I 
CH,CHCH2CH2CH20H , CH3CHCHCH,0H , 

CH3 CH3 

I I 
CH3CH,CHCH,CH0 , CH,CHCH,CH,CHO , 

CH,CH3 

I I 
CH,CH CHCHO ) 

etc. 

The adapted "complete" kinetic scheme to be fitted to experimental 

Fischer-Tropsch product distributions is presented in scheme 5.7. 



KINETIC SCHEME OF THE ADAPTED "NON-TRIVIAL-SURFACE-POLYMERIZATION" MODEL 

SP 1 1Sp8 + 

Prl  Pr2 Pr7 



NOTES: - Sp3(2) , Sp4(3) , Sp5(4), etc. are prevented from 

being converted into Sp4(2,2), Sp5(3,3), and 

Sp6(4,4) respectively, because of the fact that 

the dotted reaction steps in the following reaction 

scheme, would lead to  products containing the 

disallowed quartenary carbon atoms. 

CH3 
I 

Sp5(2,2) wit1 lead to products of the type R-C-R 
I 

CH3 

which are ruled out as Fischer-Tropsch products. 

A distinction is being drawn between two  

different chemi-desorption "rate constants", viz: 

k, and k,'. 

kci Chemi-desorption of the surface 

species typified by the metal-alkyl 



species: + CH,R, where R can be a 

saturated straight chain hydrocarbon 

or a saturated (mono or mutti) 

methyl branched hydrocarbon. 

The "rate constants": k,,, kd,, and 

kd,31 are considered to be special 

cases of k,, likely to adopt different 

values because of phenomena such 

as methanation and incorporation as 

a result of readsorption 

k', : Chemi-desorption of the surface 

intermediate typified by the rnetal- 

iso-alkyl species: * CHR, where R 

I 
CH3 

can be a saturated straight chain 

hydrocarbon or a saturated (mono or 

rnulti) methyl branched hydrocarbon. 

A distinction is being drawn between t w o  types 

of chain growth "rate constants", viz : kg and k,,,. 

kg 
Chain prolongation of the surface 

intermediate typified by the metal- 

alkyl species: w (CH,),CH,, where m 

> 0. - 



kg.n : Chain prolongation of the surface 

intermediate typified by the metal- 

iso-alkyl species + (CH,),,-,,CHR, 

I 
CH3 

where n > 1. Small values of n 

imply steric inhibition of CO and CH, 

insertion. This effect will, however, 

be negligible for large values of n, 

implying : 
lim 
-ao kg., = kg. A relationship 

answering this requirement is : 

kg,, = k, - (kg - k,,,)B'n-l), where I3 is 

a fudge factor to be selected 

between 0 and 1. 

- The so-called branching "reaction steps" are 

characterized by the branching "rate constants" 

kg,,,,. Experimental support exists to assume that 

branching probabilities decrease with increasing 

carbon number[(Schulz, 1977a)l. In agreement 

with this conclusion it was assumed that 

branching rate constants decline exponentially 

with increasing carbon number[(Schulz, 7 988b)l. 

Thus: kg+,,, = k,,,,'Y '""I, for all n 2 3 where ?' is 

a fudge factor between 0 and 1. 

Experience with this model has indicated 

that it is best to assume kg,,,, 

individually[(Schulz, 1988b)l. 



The total mol fractions of the products being associated wi th  each 

other in the model (e.g. M,,,, M,,,, etc.) can be expressed as functions 

of the appropriate "rate constants" as depicted in scheme 5.7. These 

relationships are listed in table 5.3, and are to  be used in the 

estimation of best fitted values for the various "rate constants", and 

thereby characterizing the Fischer-Tropsch product spectrum in terms 

of "elementary" steps. 



TABLE 5.3 

PRODUCT DISTRIBUTION FUNCTIONS 

Generalization: 

for all N E { 6,7,8 ....... } 



Generalization: 

for all N = 2  j and j E {5,6,7,8 .......) 





Generalization: 

for all N E ( 7,8,9,10 ........ 3 



The equations listed in Table 5.3 are based upon probabilities, and do 

not  al low for the evaluation of the absolute values of  the respective 

"rate constants". One way  to  circumvent this problem is t o  adopt the 

convention of  expressing all the various "rate constants" in terms of, 

say, k, units. This implies : k, = 1 

By further assuming the empirical relationships: 

kg." = kg - (kg - k , , ) 1 3 ' ~ - ' ~ ,  for all n r { 1,2,3,4 ....... ), 

- and k,,,., - kg,,,, 7' Ln-31 , for all n 6 { 3,4,5,6 ,...... 

where F3 and Y are fudge factors t o  be estimated between 0 and 1, 

the number of parameters t o  be evaluated by  a numerical statistical 

approach is being limited t o  10, viz: 

The experimentally determined values of the variables:fiprN and m,,,,, 
could be used for this purpose. 

If on-line gaslvapour samples are t o  be analysed ( e .g .  gas 

chromatography) and used for the empirical determination of  a,,, and 

fipr,,,.then a quantative analysis up t o  C,, is reasonable. This implies 

that  a potential pool of  5 7  empirically determined variables can be 

used in order to  estimate the 10 listed model parameters, through the 

application of the equations listed in table 5.3. Table 5.3, however, 

only provides the relevant equations for 32 of these variables - 
(i.e. : MPrN for all 1 I N I 15, 

W,,,, for all N = 2j and 2 < j < 7, 

and f?IkN,,, for all 5 5 N 5 15). 

but  can easily be extended t o  include the remaining 25 equations. 



5.4 EVALUATION OF THE PUBLISHED AND ADAPTED "NON-TRIVIAL- 

SURFACE-POLYMERIZATION" MODEL PRESENTED IN THE 

FOREGOING DISCUSSIONS 

As was mentioned already a statistical approach for numerically 

estimating significant parameter values has been developed. An  

experimental Fischer-Tropsch product distribution, published by 

Schulz's group, was utilized in the development of this numerical 

method. The selected empirical product distribution is reproduced in 

table 5.4 

TABLE 5.4 

Published Fischer-Tropsch product distribution[(Schulz, 1988b)(Beck, 

1985)l as obtained with a 100 Fe I 1005 Mn  I 27 K20 catalyst, 

exposed t o  the conditions : H2/C0 feed ratio = 1.7 ; space velocity 

= 125ml, syngas I ml cata1yst.h ; reactor pressure = 10 bar; reactor 

temperature = 250°C. 

CARBON 
NUMBER 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 

IPrN(5) 

0.000255 
0.000276 
0.000202 
0.0001 63 
0:000151 
0.000091 

a, 
0.276 
0.21 4 
0.167 
0.0884 
0.0541 
0.0360 
0.0267 
0.01 93 
0.01 52 
0.01 09 
0.0086 
0.0068 
0.0052 
0.0049 
0.0040 

- 
M ~ ~ ( 2 )  

0.00717 
0.01 01 
0.00389 
0.0021 9 
0.00146 
0.001 14 
0.00081 7 
0.000636 
0.000487 
0.000371 
0.000308 
0.000239 

8 ~ ( q  

0.00282 
0.00241 
0.00169 
0.00129 
0.00091 1 
0.00071 0 
0.000546 
0.000423 

%rN(, 

0.00072 
0.00077 
0.000482 
0.000360 
0.000277 
0.000208 
0.0001 68 
0.0001 40 



With respect to the adapted model presented in this publication, the 

proposed 10 model parameters (i.e. kg; kg,,; 13; k,,,; k,,,; k,,,; krd; kg,,,,,; 

kg,,,, and Y ) were considered initially 

The model was programmed in MATLAB[(The Mathworks Inc.PC- 

MAT LAB^^ for MS-DOS Personal Computers; The Mathworks Inc; 

Natick; MA; 1990)l and routines from the Optimization 

Toolbox[(Grace, 1990)l were used to obtain a fit. It was necessary 

to use a routine that constrained the variables to physically realistic 

values (i.e. all variables positive, and 13 and 7 less than 1 ). Great 

difficulty was experienced in obtaining a solution. Examination of the 

Jacobian at the solution revealed that only nine parameters were 

independent, which explains why the numerical behaviour was so 

erratic. The parameters kg,, and ktd were both very close to zero at 

the solution. However, the ratio kg,,/krd was well determined, which 

implies that neither kg,, and k', can be expressed accurately in terms 

of k, units. kg,, could therefore be expressed in terms of k', units, 

eliminating k', as an individual model parameter, implying that the 

number of model parameters was reduced from 10  to 9. 

This behaviour indicated that the same fit to the data is obtained by 

replacing 

kg,, = kg - (kg - kg,,) 131n'1' for all n 2 1 

with : kg,, = kg ( 1 - 13'"-"), for all n 2 2, combined with the individual 

estimation of kg,, . 

This modification resulted in a nine-parameter model and presented no 

numerical difficulties, and could in fact be solved by an unconstrained 

minimization method. 



Because of the fact that the values of m,,,,, are much smaller than 

m,,,, a straightforward least square fit is to be regarded as 

inappropriate, because of the fact that these smaller numbers will 

practically be neglected. It was therefore decided to use: 

[ 1 { Pn G p r N  - f n  MP,, }' + 1 { Pn mprN,j, - Pn MprNIj, }' ] , as the 

objective function to be minimized. 

With respect this criterion a minimal value of 0.483 was obtained 

during the fit of the data presented in table 5.4. The corresponding 

parameter values are: 

kg = 4,29386 kd 

k g  = 0,371 714 ktd 

13 = 0,434664 
- 

k d , ~  - 1-,65489 k, 
- 

kd,2 - 2,17199 k, 
- 

kd,3 - 1,79833 kd 

kg.br.2 = 0,815436 k, 

kg.br,3 = 0,939068 kd 

Y =  0,580325 

From this set of optimum parameter values, it can be concluded that 

kg,, approaches kg for relative small values of n (e.g. : kg,, = 0.56 kg 

; kg,3 = 0.81 kg ; and kg,, = 0.92 kg). This is not surprising, 

especially since deviation from kg has been postulated to be a result 

of steric hindrance exerted by the methyl group inhibiting growth via 

CO/CH2 insertion. This explanation could perhaps still be put forward 

with respect to the surface species : 



+CH2CHR (i.e.k,,, < kg), but is unlikely in the case of the surface species: 

CH3 

+CH,CH,CHR, implying that kg,, = kg for all n> 3. 

I 
CH3 

A more realistic model would therefore be to let kg,, and kg,, be 

arbitrary, whilst kg,, is equated to kg for all n 2 3. This implies the 

abandonment of: kg,, = kg (1 - t3'"-"), for all n 2 2, combined with 

the individual estimation of kg,,. This approach still results in a nine- 

parameter model, the model parameters being: kg,, ; kg,, ; kg ; k,,, ; k,,, 

; k,,, ; kg,,,,, ; kg,,,,; and Y . This adapted model also performed 

substantially better than the previous one (a minimum objective 

function value of 0.364 compared to the previous value of 0.483) 

when applied to the full set of available data listed in table 5.4. This 

model is thus proposed as the adapted model of choice to be 

presented in this publication. The corresponding best fitted parameter 

values, with standard errors, resulting in the objective function value 

of 0.364, are: 

kg = (4,34639 * 0,194255) k, 

k g  = (0,371 809 0,056927) ktd 

k g  = (1,90539 * 0,16331 9) k, 

k ,  = (1,66188*0,173526)kd 

kd,2 = (2,17158*0,24155)kd 

k ,  = (1,82275 * 0,307939) kd 

kg,,,,, = (0,810471 * 0,137895) k, 

kg,,,,, = (1,01206 +_ 0,14024) k, 

Y = 0,573466 * 0,0149649 

These parameter values compare remarkably well with those obtained 

from the model which was based on the assumption that 

k g ,  = kg (1 - t3'n"l) for all n 2 2. This could be seen as an 



indication that the model parameters are well determined in both 

cases. 

Two criteria (viz.: the similar values of the Jacobian and the 

correlation matrix) were examined with respect to the independence 

of the parameters of the selected adapted model. The ratio between 

the smallest and largest singular values is approximately 2%, which 

indicates that there is still a considerable amount of dependence 

between the variables, although not critically so. This conclusion is 

confirmed by the partial correlation coefficients: there are a few large 

coefficients (as high as go%), but no really critical cases. The 

coefficient between kg,,,,, and k,,,,,, is 90.27%, which might indicate 

that it is not really necessary to estimated kg,,,,, individually. This 

option was, however, not pursued. 

In order to substantiate any claim that the proposed model 

adaptations did result in an improved description of Fischer-Tropsch 

product distributions, a direct comparison between the published and 

adapted models was drawn based upon the data presented in table 

5.4. 

Figure 5.2 is a superimposition of the following data: 

- The empirically determined mono-methyl branched product 

distribution (represented as points) 

- The mono-methyl branched product distribution predicted by 

Schulz's published model applied to the data of table 5.4 

(represented as lines) 

Figure 5.3 is a superimposition of the following data: 

- 'The empirically determined mono-methyl branched product 

distribution (represented as points) 

- The mono-methyl branched product distribution potentially 



attainabl'e by the application of the presented adapted "non- 

trivial-surface-polymerization" model to the data listed in table 

5.4 (represented as lines) 
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Figure 5 .4  and 5.5 depict the absolute product distributions, contrary 

to figures 5.2 and 5.3 where the mono-methyl branched products 

were expressed as fractions of the straight chain hydrocarbons per 

carbon number. 

FIGURE 5.4 

GRAPHICAL ILLUSTRATION OF THE SUCCESS WITH WHICH THE PUBLISHED 
MODEL DESCRIBES THE FISCHER-TROPSCH PRODUCT DISTRIBUTION 

1 

Carbon number, N 
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GRAPHICAL ILLUSTRATION OF THE SUCCESS WITH WHICH THE ADAPTED 
MODEL DESCRIBES THE FISCHER-TROPSCH PRODUCT DISTRIBUTION 

1 

5 1 0  15  
Carbon number, N 

Experimental : X = PrN X = PrN(2) X =PrN[3) X =PrN(4) X = PrN(5) 
A 0 * A 

X = PrN X =PrN(2) X = PrN(3) X = PrN(41 X = PrN(5) 
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From figures 5.2, 5.3, 5.4 and 5.5 it can be deduced that the adapted 

model does indeed provide a superior description of the mono-methyl 

branched product distribution. 

To determine the influence of this conclusion on the "reaction step" 

probabilities (e.g. growth and branching), figures 5.6 and 5.7 were 

constructed. These figures are also based on the data provided in 

table 5.4 



FIGURE 

% GROWTH (I-INEAR) PROBABILITIES OF THE SPECIES SpN 
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5.7 

% BRANCHlNG PROBABlLlTlES OF THE SPECIES SpN 

Carbon number, N 

+ = Published model --&- = Adapted model 



It is clear from figure 5.6 that, although the same trends are 

identifiable, the two models do estimate the absolute values of the 

growth probabilities differently. There is, for instance a + 5  

percentage points difference between the chain growth probabilities 

of the high molecular weight hydrocarbons. A GC analysis of, for 

example, the wax cut, could therefore be used as an independent 

method of empirically determining this chain growth probability, which 

in turn could be used to further validate the adapted model. 

With respect to figure 5.7 it is clear that the inability of the published 

model to accurately describe the mono-methyl branched hydrocarbons 

(figures 5.2 and 5.4), also impacts on the % branching probability of 

SpN as a function of carbon number. It is therefore questionable 

whether significance can be ascribed to the absolute branching 

probabilities as estimated by means of the published model. Whether 

this identified shortcoming of the published model will cast doubt over 

its application in the identification of trends (e.g.: branching 

probability versus process conditions), in a qualitative way, remains 

to be seen. 

In conclusion it can be said that the adapted "non-trivial-surface- 

polymerization" model holds promise of establishing itself as a useful 

Fischer-Tropsch data interpretation tool, enabling the reliable 

determination of synthesis parameters such as: 

- Evaluation of the influence of process conditions (e.g. partial 

pressures, temperature, catalyst characteristics, etc.) on 

branching probabilities expressed as function of carbon 

number. 

- Prediction of the mono-methyl, di-methyl, tri-methyl, etc. 

product composition per carbon number, solely based upon a 



GC analysis of the readily detectable linear and mono-methyl 

branched Fischer-Tropsch products. 

- Extrapolation of the mono-methyl, di-methyl, tri-methyl, etc. 

product compositions to higher molecular weight product cuts 

(e.g. diesel and wax) simply based upon a quantitative gas 

phase GC analysis of the reactor tail gas up to C,,. 

AN APPLICATION OF THE ADAPTED "non-trivial-surface- 

polymerization" FISCHER-'TROPSCH MODEL. 

The data from a run performed using an impregnated 30 

Co/l.5Re/l OOAI,O, catalyst was used to illustrate the applicability of 

this model. This catalyst was prepared along the guidelines provided 

in a STATOIL patent [(Eri,I 987)l. 

Two runs were selected in such a way as to provide support for ,the 

notion that reaction conditions (i.e. reactor pressure and/or space 

velocity) can be employed in order to fine tune cobalt based wax 

selectivities and quality. 

Both runs were performed a t  222OC a t  a fixed H,/CO reactor ratio of 

1.7. During one of these runs the reactor pressure was kept at 4 bar 

(referred to as the low reactor pressure run), whilst the reactor 

pressure was maintained at 20 bar during the second run (referred to 

as the medium pressure run). 

The products of these two runs were analysed according to the 

adapted "non-trivial-surface-polymerization" model, the success of 

this description being illustrated in figures 5.8 and 5.9. 
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FIGURE 5.9 
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Figures 5.8 and 5.9 can therefore be used as addisional support for 

the belief that the adapted "non-trivial-surface-polymerization" 

Fischer-Tropsch model holds great promise of providing a successful 

mathematical description of all Fischer-Tropsch product distributions. 

Having verified the applicability of this adapted model with respect to 

the two selected runs under consideration, the % growth as well as 

% branching probabilities for each chemisorbed species: SpN (with 2 

I N I 20), was determined. The outcome of this exercise is 

graphically presented in figures 5.10 and 5.1 1 . 
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From figure 5.10 follows clearly that the reactor pressure exerts a 

significant influence on the chain growth probability that dominates 

a t  high molecular weight (i.e. a,), implying increased wax selectivities 

at increased reactor pressures. 

Figure 5.1 1, on the other hand, illustrates that this increased wax 

selectivity (brought about via increased reactor pressure) is also 

accompanied by a marked decrease in branching probabilities of 

chemisorbed hydrocarbons. This implies an improvement in wax 

quality. 



NOMENCLATUREIDEFINITIONS 

SPN 

SpN(j) 

SpN(i,j) 

PrN 

PrNU) 

The chemisorbed surface intermediate typified by the linear 

......................... . species : * -CH, CH, CH, - CH3 

(N) (N-1) (2) (1) 

The chemisorbed surface intermediate typified by the mono- 

methyl branched species: 

CH3 

I 
- .............. ............... * -CH, CH, CH CH3 

(N-1) (N-2) U) (1) 

'The chemisorbed surface intermediate typified by the di-methyl 

branched species: 

CH3 CH3 

I I 
* -CH, - CH, .............. CH ............... CH ..................... CH3 

(N-2) (N-3) U) (1) (1 

The chemi-desorbed product typified by: 

CH3 - CH, - CH, ..................... - CH3 

(1) (2) (3) (N) 

The chemi-desorbed product typified by: 

CH3 

I 
CH, - CH, ........................ CH -................ - CH3 

(1) (2) 0) (N-1) 



PrN(i,j) 

4 

Mx 

k d , ~  

(adapted 

model) 

kd 

(adapted 

model) 

The chemi-desorbed product typified by: 

CH3 C"3 

I I 
CH3 - CH, - ................. - CH - ................ - CH - ............. - CH, 

(1) (2) 0) (i) (N-2) 

The experimentally determined mol fraction of the Fischer- 

Tropsch product X (e.g. PrN, PrlV(i), and PrN(i,j)) with respect to 

the complete product spectrum aimed to be described by the 

"non-trivial-surface-polymerization" model. 

The model estimated mol fraction of the Fischer-Tropsch 

product x (e.g. PrN, PrN(i) and PrN(i,j) with respect to the 

complete product spectrum aimed to be described by the "non- 

trivial-surface-polymerization" model 

The "rate constant" of the chemi-desorption "reaction step": 

SpN -> PrN, for all N { I ,  2, 3, ) 

The "rate constant" of the chemi-desorption of the surface 

species: 

i) SpN, for all Nz 4 

ii) SpN(j), for all 2 5 j 5 N-2 and N 2 4 

iii) SpN(i,j) for all 2 1. i 5 N-3 

and 2 I j I N-3 

and i j  j 

and N 2 6 



k,' 
(adapted 

model) 

ko 
(adapted 

model) 

Gr 
(adapted 

model) 

ko.br,~ 

(adapted 

model) 

k d , ~  

(published 

model) 

k~~~ 
(published 

model) 

kg,br,N 

(published 

model) 

The "rate constant" of the chemi-desorption of the surface 

species: 

i) SpN(j), for all j = N-1 and N 2 3 

ii) SpN(i,N-2) for all 2 i 5 N-3 and N 2 5 

The "rate constant" of the growth "reaction steps": 

i) SpN -> SpN+1, for all N 1 1 

The 'rate constant" of the growth "reaction steps": 

i) SpN(N-n) -> SpN+l(N-n), for all n I 1 and N 2 2+n 

ii) SpN(i,N-n-1) -> SpN+l (i,N-n-1), for all 

i 
2 5 i 5 N-n-2 

and n 2 1 

and N r 4+n 

The "rate constant" of the branching growth "reactions steps": 

i) SpN -> SpN+1 (N), for all N 2 2 

ii) SpN(j) -> SpN+l(j,N-I), for all N 2 4 and 2 5 j 5 N-2 

The overall reaction step rate constant of the desorption of 

chemisorbed intermediates containing N-carbon atoms. 

The overall reaction step rate constant of the further linear 

growth of chemisorbed intermediates containing N-carbon 

atoms. 

The overall reaction step rate constant of the (further) branching 

of chemisorbed intermediates containing N-carbon atoms. 



OY 

n* 

m 

P g , ~  

P ~ , N  

Pg,b,N 

'd,pbr,N 

P g , ~ b r , ~  

Surface coverage fraction by the chemisorbed species y 

(e.g. * H, * CO, * CH2 * CH,, etc.) 

The carbon number associated with the break in the Schultz- 

Flory plot. 

The carbon number for which it can be assumed that the chem- 

desorption for all intermediates containing more than m carbon 

atoms are equal. 

Probability of SpN to be converted to Sp(N+I). 

Probability of SpN to be converted to PrN. 

Probability of SpN to be converted to Sp(N+I )(N-1 ). 

Probability of SpN(N-2) to be converted to PrN(2). 

Probability of SpN(N-2) to be converted to Sp(N+I)(N-2). 



CHAPTER 6: CONCLUSIONS 

In this comparative low-temperature-medium-pressure slurry phase Fischer- 

Tropsch investigation favouring wax production between iron and cobalt, the 

following conclusions were reached: 

i) A macro kinetic investigation on iron based catalysts is more 

complicated than on cobalt, possibly because of aspects such as 

oxidation and/or carburization playing a much more proniinent role in 

the case of the former. This state of affairs resulted in a lack of 

generality with respect to published rival iron based kinetic equations. 

It was thus proven that claims with respect to so-called superior 

derived rate equations are not necessarily above criticism upon closer 

scrutiny. It is, however, believed that the Fischer-Tropsch kinetic 

behaviol-~r of standard Arge catalyst, in the slurry mode of operation 

can be described by: 

r, = (k, Pco I ( Pco + b PHp) , thus ruling out any inhibition 

by CO,. It has also been shown that this kinetic equation is 

not distorted by the use of partial pressures instead of the more 

appropriate option of solubilities. 

ii) A macro kinetic investigation on the supported cobalt based catalysts 

tested during the course of t t~ is  investigation, confirmed .the rate 

equation proposed by Satterfield, viz: r = ( k P c 0 P 2 ) ( 1  + b~, )~ .  

It is therefore believed that this equation holds promise of being 

generally applicable to cobalt based Fischer-Tropsch catalysts. The 

absence of water inhibition, in contrast to iron based Fischer-Tropsch, 

combined with cobalt's resistance towards reoxidation during 

common Fischer-Tropsch synthesis conditions, renders cobalt an ideal 

high per pass conversion catalyst. 

iii) Through the application of a CS-TR model it was proven that sufficient 



activities per unit mass of catalyst (i.e. Co at 21 O°C comparing 

favourably with Fe at 240°C) could be achieved with cobalt based 

catalysts.The relative strength of cobalt with respect to iron is also to 

be found at relative low space velocities, thus implying relative high 

syngas conversion levels per pass. 

iv) Selectivity wise, the so-called "double a" Schulz-Flory model (first 

published by Donnelly) proved to be very suitable in reliably 

estimating wax selectivities through the extrapolation of the data 

obtained by means of quantitative GC analyses of .the volatile 

overhead phase (i.e. C, * C,,). In this regard it was illustrated that 

cobalt could match iron with respect to high molecular weight 

selectivities. 'This was achieved at medium pressures (i.e. 20 bar), 

and strong indications exist that even better results could be obtained 

through high pressure cobalt application, although it must be 

remembered that > 50 bar cobalt operation is likely to result in 

deactivation via the formation of volatile carbonyls. 

v) Attempts in this investigation to substantiate the published claim that 

high water reactor partial pressures enhance wax selectivities in the 

case of cobalt based Fischer-Tropsch failed. It could also not be 

deduced that high water partial pressures are detremental for cobalt 

based wax selectivities. Indications, although not realy conclusive, 

existed to believe that water partial pressures exerts little inluence on 

cobalt based Fischer-Tropsch selectivities. 

In the case of iron based Fischer-Tropsch synthesis, on the contrary, 

it was proven that higher water partial pressures do favour increased 

wax selectivities. The problem, however, with iron based Fischer- 

Tropsch, is that high water reactor partial pressures (>  2 bar ? )  are to 

be avoided because of the fact that bulk oxidation results in sintering 

(i.e. loss of surface area), thus irreversible deactivation. The option 



of increasing the relative water-gas-shift activity of the iron based 

synthesis (e.g. through the co-mixing of a low temperature water-gas- 

shift catalyst), thereby enforcing low water partial pressures, was 

evaluated. Although it was found that a doubling of the relative 

water-gas-shift activity would not harm the hydrocarbon production 

rate, a significant selectivity shift to the lighter molecular weight 

products can be expected. 

vi) Although the derivation of reliable empirical overall kinetic equations 

are important and imperative for scale-up calculations with respect to 

reactor design and the selection of optimal process conditions, the 

justification of using such an equation in order to support a particular 

mechanism is to be placed in doubt. The methodology of linearization 

commonly used in discriminating between rival rate equations 

including. the estimation of best fitted parameter values, has been 

proven (i.e. through the use of non-linear regression methods) to be 

inappropriate in the case of Fischer-Tropsch, possibly because of the 

likelihood that current Fischer-Tropsch kinetic data is of insufficient 

accuracy, implying that linearization leads to unjustified conclusions. 

vii) This gained insight, as described in point vi), combined with the lack 

of generality with respect to an overall rate equation in the case of 

iron based Fischer-Tropsch, has resulted in a search for more 

fundamentally based approaches. In this regard the "non-trivial- 

surface-polymerization" Fischer-Tropsch model caught attention, 

fuelled on by the published claim that this mechanistic based model 

has been used to calculate rate constants. A closer investigation, 

however, revealed that the model does not allow for the calculation 

of absolute rate constants, but only for the estimation of rate 

constant ratios. It is therefore more appropriate to describe this 

model as a Fischer-Tropsch selectivity model, attempting to 

realistically represent the Fischer-Tropsch product composition with 



special emphasis on methyl branching. 

viii) The published "non-trivial-surface-polymerization" Fischer-Tropsch 

model was evaluated in the light of its potential of accurately 

estimating branching characteristics of wax products by means of 

extrapolations from a detailed quantitative analysis of the C, e C15 

product cut. It was, however, concluded that the model, in its 

current published state, does not describe the C, to C15 product cut 

accurately enough in order to justify the above-mentioned 

extrapolation. 

ix) In order to improve on the "non-trivial-surface-polymerization" model 

the incorporation of more mechanistic details was successfully 

attempted. In this regard recognition of the notion that the 

interconversion of the surface species: 

* - CH,CH2CH2R and I 
CH3 

, does not occur on Fischer- 

Tropsch synthesis sites via a mechanism involving the interconversion 

of alpha and internal olefins (believed to be limited to separate 

hydrogenation sites), was proven to be crucial. With this 

phenomenon built into the model, it was proven that: 

- An accurate description of the Cl e C15 Fischer-Tropsch 

product cut has been achieved, allowing for the accurate 

estimation of branching characteristics of high molecular 

weight product cuts (e.g. wax) through the process of 

extrapolation. 

- The well-published break in experimental Schulz-Flory plots can 

be modelled accurately without having to resort to the 

questionable supposition of increased high molecular weight 



(C,, +) alpha-olefin readsorption resulting in secondary chain 

growth initiation. 

In conclusion it can be stated that, through an exercise of having critically 

evaluated the "tools" c~~rrent ly  available to the bench scale researcher in the 

field of Fischer-Tropsch, cobalt based catalysts (despite higher cost) should 

seriously be considered as an alternative to low temperature iron based 

catalysts. Cobalt low temperature and medium pressure operation is capable 

of producing high molecular weight products on par with iron (i.e. selectivity 

and branching degree wise), provided that cobalt catalysts of s~~ff ic ient  

stability are used in order to ensure long life times to help compensate for 

relative high costs. In this regard in-situ regeneration (i.e. pure H, treatment 

in order to induce hydrocracking of carbonaceous deposits) is a strong 

option, provided sufficient care is taken in ensuring, ideally speaking, sulphur 

free synthesis gas. The strong advantage of the cobalt option is to be found 

in applications where high per pas syngas conversion levels are desired, an 

option not possible with iron which will require gas recycle in order to knock- 

out water, implying added compression costs. 



CHAPTER 7: SUGGESTIONS FOR FURTHER RESEARCH 

i) At  relative low syngas conversion levels the Anderson-Dry rate 

equation simplifies to r, k, PH2, whilst the equation proposed 

in this thesis reduces to r, E P:~~ in the case of iron based 

Fischer-Tropsch synthesis. In order to further discriminate between 

these two proposed rate equations, a kinetic investigation at high 

reactor pressures ( -  40 to 50 bar), whilst maintaining low syngas 

conversion levels, might prove to be helpful. 

i i )  Seen in the light of the fact that the absolute value of the kinetic 

parameter, b, in ,the Co-based Fischer-Tropsch rate equation [i.e. 

r, = (k, Pco P y ) l  (I + b Pco)2 1 is important with respect to 

reactor pressure influences, more precise determinations of this 

parameter, as function of reactor temperature, should be undertaken 

(i.e. an expansion on Satterfield's initiatives). 

iii) More insight into the absolute reactor water partial pressures (in likely 

relationship with the reactor partial pressures of Hz, CO and possibly 

CO,), that can be tolerated by commercial iron based Fischer-Tropsch 

catalysts (i.e. not resulting in bulk oxidation/sintering/loss in surface 

area), should be gained. The influence of reactor temperature on this 

phenomenon should also be quantified. 

iv) The possible positive influence of reactor pressures (partial 

pressures?) on cobalt based Fischer-Tropsch wax selectivities must 

be quantified together with its influence on branching characteristics. 

This will enable product tailoring through the adjustment of synthesis 

conditions, an avenue with limited scope in the case of iron based 

Fischer-Tropsch. 

v) Deactivation mechanisms (i.e. reversible versus irreversible) should be 



studied quantitatively with great care in the case of cobalt based 

Fischer-Tropsch. The importance of this topic is to be found in the 

requirement of extended cobalt based commercial runs, in order to 

help compensate for the higher cost of cobalt with respect to iron. 

This investigation should include aspects such as: 

- low level sulphur poisoning 

- carbonaceous deposits 

crystallization/sintering during synthesis, etc. 

vi) Broadening the application of the adapted "non-trivial-surface- 

polymerization" model, in order to establish its credentials as a tool 

for the successful quantification of Fischer-Tropsch branching 

characteristics over a wide range of conditions, involving a variety of 

different catalysts. In this attempt, the objective should also be an 

improved understanding of the Fischer-Tropsch mechanism, made 

possible by properly interpreting the relationships between reaction 

step probabilities and aspects such as 

- synthesis conditions 

- catalyst compositions, etc. 



APPENDICES 

APPENDIX I 

MODUS OPERAND1 FOR OBTAINING THE COMPLETE SET OF OPERABLE 

KINETIC SYNTHESIS CONDITIONS 

The modus operandi in order to obtain the complete set of operable 

conditions, was to start off by considering all possible combinations of the 

partial pressures of H,, CO, CO,, and H,O, within the limits decided upon in 

table 3.8, with predetermined intervals. 

From this complete set of conditions, those that violated the following two 

restrictions, were rejected outright. 

i '( pHz I 'co) 1 

ii) PH2 + PCO + PC02 + PHlo < 20 bar 

At this stage of the experiment, however, enough conditions (decided upon 

through cautious selection) were already investigated, in order to enable the 

preliminary estimation of parameter values for all the proposed kinetic 

models. Because of the fact that these initial conditions were selected 

cautiously, thus deliberately avoidirlg conditions that were on the border of 

operability, the preferred model was still unknown. One of these models 

was, however, selected subjectively in order to predict r, as well as rwGs for 

the complete set of conditions that have passed the above-mentioned first 

round of eliminations. 

The partial pressures, together with the predicted values for r, and rwGs, 

were used in order to calculate the anticipated values of: 

i) Total % CO conversion 

ii) Mass flow meter settings 

iii) Total dry outlet gas flow 



On the basis of these anticipated values, additional conditions were rejected, 

namely those that violated the laid down constraints as listed in table 3.8. 

It is therefore imperative to express the variables: Total % CO conversion, 

mass flow meter settings, and total dry outlet gas flow, as functions of 

P  P o  P  P o  r s  andlor other known independent variables 

such as P,, 4, etc. 

NOTE: The following equations are only applicable in the case where 

the fresh feed gas consists only out of any mixture of the pure 

gases H,, CO, Ar and CO,, and can therefore not be used in 

situations of ethene addition for example. 

i l  Total dry outlet gas flow ( y ) 

The following statements can be made: 

a (4.6398 x 1 y )/R mol dry gas leaves the reactor per second. 

bl M(r, - r,,,,,,) mol water is formed per second. 

C) 416.48 x 104 mol water is pumped into the reactor per 

second. 

The following equation can be deduced from these three conclusions: 

Rearranging this equation results in an expression for y : 

The constraint being: 0.5 < y < 2.0 (refer table 3.8) 



ii) Total gas flow at reactor outlet ET 

From the first three statements made in the derivation of y , follows: 

cT = [(4.6398 x I o - ~  y )/R + M (rFT - rWS) + 616.48 x I 04] rnol/s 

iii) Individual gas flows at reactor outlet f, 

Combining fT  , P, , PHz0 , Pco , Pco2 , and PHI gives: 

From the fact that (M r,) mol Fischer-Tropsch building blocks (-CH,-) are 

formed per second, and that represents the average number of carbon 

atoms per molecule in the Fischer-Tropsch product spectrum, it can be 

deduced that (M r,)/ii mol Fischer-Tropsch product molecules are 

approximately formed per second. 

Seeing that no Fischer-Tropsch products are part of the ,fresh feed, it can be 

deduced that the total Fischer-Tropsch product gas flow, at the reactor 

outlet, is approximately equal to (M r,)/n molls. 



Assumption: 

ET = E l r  + E H ~ O  + ECO + Eco2 + E H ~  + EFT-products 

Thus: 

E l r  = ET - I[, + ECO + fco2 + + E,-prajucts] 

iv) Individual gas flows at reactor inlet 6, 

The following statements can be made: 

a) M(r,, + rwGs) mol CO is converted per second to Fischer-Tropsch 

products and carbon dioxide 

b) M(2r, - rwGs) mol H, react per second 

C) M(rwGs) mol CO, is beirlg formed per second. 

The individual gas flows at the reactor inlet can be deduced from these three 

conclusions, combined with the individual flows at the reactor outlet. 

3 Thus: 6, = 21.55 R [ M ( r, + rwGs) + E,] dmn/min 

In the case of argon: 

The mass flow meters are calibrated in terms of dm3,/min, and are obtainable 

in different ranges. The various % settings are thus dependent on the 

ranges of .the mass flow meters that are being used. In .the case of this 

investigation 0 - 2 dm3,/min mass flow meters were used for the pure CO, 



H,, and CO, streams, whilst a 0 - 0.5 dm3,/min mass flow meter was used 

for the pure argon stream. 

The various constraints were thus: 

i 1 5 i [ I 0 0  6,,]/2 i 9 5  

ii ) 5 r I100 6,,]/2 r95  

iii) 5 i 1100 6 m 2 ] / 2 i 9 5  

iv) 5 r [ 1 0 0  6h] /0.5 i95 

V) Total % CO conversion 

From the CO reactor inlet and outlet flows follows: 

[tico/ (21.55 R ) - em] 2155 R 
Total % conversion = 

, and the constraint being: 

CONCLUDING REMARKS OF APPENDIX I 

All the above-mentioned constraints, viz: 1 i Pq/Pco r 7, as well as 

equations (1 3),  (1 4), (1 5), (1 6), (1 71, and (1 91, were considered for the 

whole set of conditions, and those conditions that violated one or more of 

these imposed limitations, were rejected. The remaining set of conditions 

were all used in the statistical approach, in order to design the best 

attainable conditions for either model discrimination or parameter 

improvement in the case of the preferred model. 

The option of water addition was included in this appendix although this 

option was not employed in the kinetic investigation on crushed standard 



Arge catalyst at 250°C. This option could be used in order to assist in 

breaking down possible correlations between PC% PHp PH2, and dm. 

NOTE: The symbols, as defined in chapter 3, applies. 



APPENDIX II 

THE DERIVATION OF A FISCHER-TROPSCH CSTR ACTIVITY MODEL 

The objectives with a model of this kind is the estimation of Fischer-Tropsch 

activity (i.e. % syngas conversion) as well as the prevailing reactor partial 

pressures of H,, CO, CO, and H,O as a function of the process conditions: 

reactor pressure, reactor temperature, total catalyst inventory, vol % fresh 

feed composition, and total feed rate. 

In this endeavour mass transfer was not considered to be rate limiting, 

implying that the overall consumption rate of syngas is a sole function of the 

intrinsic kinetics associated with the catalyst. In this respect intrinsic 

catalytic behaviour (activity and selectivity) of various catalysts can be 

compared directly. 

The model is based upon the following simplifying assumptions: 

i )  The fresh feed consists out of a combination of Hz, CO, CO, and/or 

inert compounds such as N,, CH,, etc. Possible Fischer-Tropsch 

reactive compounds, such as a-olefins, as well as water, are 

excluded. 

i i  The reactor is considered as a CSTR, thus ruling out any gradients 

(e.g. gas composition, pressure or temperature). It is also understood 

that the syngas consumption rate is only a function of intrinsic 

catalytic kinetics. 

iii) A Fischer-Tropsch H,/CO usage ratio of 2 is assumed. 

The following expressions for the reactor partial pressure of CO, H,, CO, and 

H,O can be derived with the help of the above-mentioned simplifying 



assumptions: 

P_-  = P, 17.43 x 10b P, (CO) 6, - M (r, + rWGS)] 
' CO 

17.43 x l 0 - ~ 6 ,  - (2 - 1 / i )  M r,] 

' "2 [7.43 x 10-~6, - (2 - 11;) M r,] 

- - P, 17.43 x ni (cod a, - M rwGsl Pco2 
17.43 x I O - ~ ~ ,  - (2 - 1 /i) M r,] 

- - IPR (TFT - r ~ ~ ~ ) I  
'li20 

17.43 x a, - (2 - 1 1s) M r,] 

The only unknown parameters, in these four equation, are the partial 

pressures of H,, CO, CO, and H,O, and should therefore be numerically 

solvable. This, however, depends on a guessed value for li. An arbitrarily 

selected value of 3 was considered for this discussion, and proved sufficient. 

With the partial pressures determined, and substituted back into the 

corresponding expression for r,, % syngas conversions could be estimated. 



VERIFICATION OF THIS MODEL THROUGH AN APPLlCATl'ON TO 

MEASURED EXPERIMENTAL KINETIC DATA 

i) Standard Arge type slurry catalyst 

Table 11-1 was constructed from table 3.9. 

TABLE 11-1: Experimental and CSTR model estimated data used in the 

construction of the parity plot in order to  visually illustrate the 

success with which the kinetic equation: 

rFT = JbT PCO I (PCO + 1-63 Pn20)o), 
describes the experimental data of an Arge type catalyst in the 

slurry micro CSTR, at 250°C and 21 bar. 
- 

Analysis 

number 

A1 

A2 

A3 

A4 

A5 

A6 

A7 

A8 

A9 

A1 0 

A1 I 

A1 2 

A1 3 

Space Velocity 

(m3, feed gaslkg catlh) 

1.085 

1 . I 0 8  

0.965 

1.253 

1.21 0 

0.733 

1.201 

1.775 

1.51 9 

1.327 

1.587 

1.01 8 

1.748 

Feed Gas 

Composition 

H2 

(vol %) 

38.1 

30.9 

60.6 

29.4 

34.3 

34.8 

34.2 

41.7 

61.1 

10.8 

71.3 

28.6 

52.3 

% Syngas Conversion 

CO 

(vol %) 

23.3 

32.8 

25.4 

19.8 

30.2 

28.0 

30.2 

44.3 

11.5 

9.3 

22.6 

27.9 

18.4 

Observed 

48.5 

55.2 

42.8 

47.7 

49.4 

52.6 

49.2 

38.3 

25.7 

49.8 

29.6 

51.8 

30.7 

Model 

Predicted 

45.5 

50.8 

40.2 

45.2 

47.1 

57.1 

47.2 

35.6 

24.4 

52.1 

28.9 

52.9 

29.8 



Figure 11-1 was constructed from table 11-1 and clearly illustrates the success 

wi th  which the experimental intrinsic activities (expressed as % syngas 

conversion) can be reproduced by  this CSTR model. 

FIGURE 11-1 : 

PARITY PLOT IN ORDER TO VISUALLY ILLUSTRATE THE SUCCESS 
WlTH WHICH THE CSTR MODEL DESCRIBES THE EXPERIMENTAL 
RESULTS OBTAINED WlTH AN ARGE TYPE SLURRY CATALYST 

EXPERIMENTALLY OBSERVED % SYNGAS CONVERSION 

ii) The Co/-rhO,/MgO/SiO, slurry phase catalyst 

Table 11-2 was constructed from the intrinsic kinetic investigation 

performed on this co-precipitated catalyst in the slurry CSTR.(refer 

table 3.20) 



TABLE 11-2: Experimental and model estimated data used in  the construction of 

the parity plot in  order t o  visually illustrate the success wi th  which the 

kinetic equation: 

1.0 x 10" [mol/(g.s. bar2)]P,Py 
rFT = 

[I + ( 0.39 bar -' ) P, j2 

describes the experimental data of the ColTh021Mg01Si02 catalyst i n  

the slurry micro CSTR at 210°C and 21 bar. 

Figure 11-2 was constructed from table 11-2 and underlines the success wi th  

which this CSTR model can be used t o  describe experimental intrinsic 

kinetics in a slurry CSTR. 

Analysis 

number 

D l  

D2 

D3 

D4 

D5 

D6 

D7 

D8 

D9 

Space Velocity 

(m3, feed gaslkg catlh) 

0.1622 

0.2291 

0.2381 

0.201 5 

0.1962 

0.1 175 

0.1398 

0.1622 

0.1 845 

Feed Gas 

Composition 

"2 

(vol %) 

66.7 

76.7 

37.5 

54.5 

33.3 

54.5 

61.5 

66.7 

71.4 

% Syngas Conversion 

CO 

(vol %) 

33.3 

23.3 

62.5 

45.5 

66.7 

45.5 

38.5 

33.3 

28.6 

Observed 

68 

67 

22 

36 

22 

51 

59 

66 

67 

Model 

Predicted 

66 

60 

19 

39 

19 

52 

60 

65 

68 



FIGURE 11-2: 

PARITY PLOT IN ORDER TO VISUALLY ILLUSTRATE THE SUCCESS 
WlTH WHICH THE CSTR MODEL DESCRIBES 'THE EXPERIMENTAL 

RESULTS OBTAINED WlTH THE ENGLER-BUNTE PREPARED 
Co/Th02/MgO/Si02 CATALYST 

110 

EXPERIMENTALLY OBSERVED % SYNGAS CONVERSION 

NOTE: - The symbols, as defined in chapter 3, applies. 



APPENDIX Ill 

TYPICAL GC-FID FISCHER-TROPSCH CHROMATOGRAMS AND THE 

STATUS OF PEAK IDENTIFICATION 

The identification of the GC peaks, resulting from the separation achieved 

with a Petrocol DH column (i.e. a 150m long x 0.25mm ID capillary column 

coated with a l p m  methyl silicon stationary phase film) was initially based 

upon the published [(Erich,I 99011 experience gained by Schulz's group, in 

the field of Fischer-Tropsch and MTG, at the Engler-Bunte Institute 

(Karlsruhe University, Germany). 

Kovats indices (computed for a presumed isothermal analysis up to hexane), 

and linear retention indices (calculated for hexane up to heptadecane), as 

published by Supelco (Switzerland), were used in order to refine and extent 

Schulz's GC peak identifications. This approach was also supplemented by 

means of the GC analyses of selected standard mixtures. 

The temperature program decided upon in this report, especially designed for 

the ampoule sampling technique, started off at -90°C, held for 3 minutes, 

after which it was increased at 20°C per minute to -20°C, and then 

immediately raised at 2OC per minute to 280°C. Table 111-1 supplies 

additional GC conditions. 



TABLE 111-1 

GC CONDITIONS EMPLOYED IN THIS PUBLICATION 

With the help of the published indices by Supelco, and the analyses of 

various selected standard mixtures, having used Schulz's group experience 

as point of departure, the identified chromatograms (depicted in figures 111-1, 

111-2, and 111-3) were derived. These 3 identified chromatograms relate 

respectively to  representative product spectra of: 

Column 

Length 

ID 

Film thickness 

Inject temperature 

Detector 

Detector temperature 

Carrier gas, column f low at 25OC 

Pre-column pressure (gauge) 

ii ) 

iii) 

Petrocol DH 

150m 

0.25mm 

250°C 

FID 

250°C 

H,, 40 cmls 

200 kPa 

High temperature (330°C) iron based Fischer-Tropsch (i.e. Synthol) 

Low temperature (240°C) iron based Fischer-Tropsch (i.e. Arge) 

Low temperature cobalt based Fischer-Tropsch. 



FIGURE 111-1 : TYPICAL HIGH TEMPERATURE Fe-BASED FISCHER-TROPSCH 

PRODUCT SPECTRUM (i.e. SYN'THOL) 
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FIGURE 111-2: TYPICAL LOW TEMPERATURE Fe-BASED FISCHER-TROPSCH 

PRODUCT SPECTRUM (i.e. ARGE) 
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FIGURE 111-3: TYPICAL LOW TEMPERATURE LOW PRESSURE CO-BASED 

FISCHER-TROPSCH PRODUCT SPECTRUM 
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