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Abstract

The synthesis and characterization of a series of new alkyl dicarbonyl
pentamethylcyclopentadienyl iron compounds, [(1*-C4(CH,);)Fe(CO),R], is the starting point for
an investigation of these compounds and their relevance as models for catalytic reactions. The
compounds have been synthesized by the reaction of Na[(n’-Cs(CH,);)Fe(CO),] with the
appropriate n-alkyl chloride or bromide (R =n-C;H, ton-C,,H,). The majority of the compounds
are new and have been fully characterized by microanalysis, IR, 'H, and *C NMR and mass
spectrometry. The data are discussed and some properties and reactions of the compounds are
described. The X-ray crystal and molecular structure of [(1’-C4(CH,)s)Fe(CO),(n-C,H,,)] has
been determined. The compound forms monoclinic crystals in the space group P2,/c and has a
Fe-C(alkyl) bond length of 2.07A with the alkyl in an extended conformation. The structure is
compared with similar structures retrieved from the Cambridge Crystallographic Database
(CSD). The structure, conformation, and B-hydride elimination of [(n’-C;H;)Fe(CO),(CH,CH,)]
are investigated by ab initio Molecular Orbital (MO) and Density Functional (DFT) calculations.
The ethyl group is predicted to exist in two different conformations that have relative energy
differences of less than 0.5 kcal.mol”. This finding is verified by the existence of both
conformations in structures retrieved from the Cambridge Crystallographic Database. B-hydride
elimination is predicted to occur spontaneously following the loss of one CO ligand, and the
overall reaction is found to be endothermic by +35.3 kcal.mol (DFT) and +38.8 kcal.mol
(MP2). The B-hydride abstraction reaction of [(n’-CsH)Fe(CO),(CH,CH,)] by CH," is
investigated by DFT calculations and found to be exothermic by -117.4 kcal.mol™.

The X-ray crystal and molecular structure of [(n’-C;H,)Fe(CO),(C(O)CH,)] has been determined.

The compound forms triclinic crystals in the space group P1 and has a Fe-C(acetyl) bond
length of 1.98A with the acetyl ligand in a conformation with the C-C=0 plane of the acetyl
orientated to minimise interaction with the cyclopentadienyl ligand. Comparison of the structure
with iron acyl structures retrieved from the CSD is made. Intermolecular C-H---O hydrogen
bonding is observed in the crystal and influences the crystal packing. The rotational barrier of the
acetyl ligand is investigated by DFT and MP2 calculation and compared to crystal structure data
and previous calculations. The methyl migration reaction of [(1*-CH;)Fe(CO),CH,] is predicted
by DFT to occur with a barrier of +19.9 kcal.mol™” and the overall reaction is exothermic with
a reaction energy of -17.9 kcal.mol”. The effects on the reaction of the alkyl chain, ligand

substitution, metal substitution, and the functional employed in the calculation are presented.
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Scope of the Thesis

Catalysis involving transition metals is of great importance inmodern industrial chemistry. Many
of the reactions may involve transition metal alkyl species as intermediates. The study of
transition metal alkyls and their transformations are thus fundamental to understanding these
reactions. Iron is an active catalyst in the Fischer-Tropsch reaction, which is employed on a large
scale in South Africa for the conversion of coal and natural gas to liquid fuels and chemicals. The
Fischer-Tropsch process remains one of the only commercialized routes from coal and gas to
liquid fuels, and the plants in South Africa are the largest of their kind in the world. Iron alkyl
intermediates are proposed intermediates in the reaction, presenting a rationale for investigation
of such sj)ecies in the present study. Transition metal alky! species are also involved in many

other important reactions

The work presented here explores the chemistry of a particular class of iron complex, which may
be a model for alkyl species in a catalytic reaction. Organometallic complexes are useful in such
investigations as they are well defined and more easily characterized than species on a catalyst
surface. A new series of model iron alkyl complexes are thus synthesised and characterized.
Structural studies were Aemployed to give information on bond lengths and bond angles, as well
as information on the conformational preferences of the organic ligands. New structures were
determined for representatives of the model complexes. Although it is easier to study
organometallic complexes than species on a catalyst surface, there is nevertheless information
which cannot be obtained purely by experiment. For this reason molecular modelling was
employed to yield more information on possible intermediates in two important reactions of iron
alkyls, and to give values for the relative energies of some of the species. Conformations within
the structures are investigated and compared with X-ray crystal structure data, and previous
predictions. This multi-faceted approach (i.e. synthetic, structural, and molecular modelling) was

employed to obtain more complete information of the system under investigation.

Chapter 1 infroduces the Fischer-Tropsch reaction and the quantum mechanical methods
employed later in the thesis. Chapter 2 presents an overview of iron alkyl compounds and the

synthesis, characterization, and reactions of a new series of iron complexes. Chapter 3 examines
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the structures of iron alkyl and acyl compounds and reports two new structures, one in each of
these classes. Chapter 4 examines theoretically the formation of alkenes via B-hydride
elimination from the alkyl. Chapter 5 examines the formation of acyl complexes from the

migratory insertion of CO into the alkyl bond. Chapter 6 presents a summary and conclusions of

all these investigations.
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Basis Set Superposition Error
barrel

Configuration Interaction
Carbon Monoxide
Cyclopentadienyl
Pentamethylcyclopentadienyl
Cambridge Structural Database
Density Functional Theory
Dimethylsulfoxide

Effective Core Potential
Extended Hiickel Theory
Gaussian Type Orbital
Hexamethylphosphoric Acid
Infrared

Linear Combination of Atomic Orbitals

Million Floating Point Operations Per
Second -

Million Instructions Per Second
Molecular Orbital theory
Moller-Plesset second order correction
Nuclear Magnetic Resonance
Potential Energy Surface
Triphenylphosphine

Restricted Hartree-Fock
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Chapter 1

If I have seen farther it is by standing on the shoulders of giants
' - Isaac Newton

Introduction

Transition metal alkyi compounds are important as catalytic intermediates in many industrially
significant reactions. Iron is an active catalyst in the Fischer-Tropsch reaction, which is employed
on a large scale in South Africa for the conversion of coal and natural gas to liquid fuels and
chemicals. The work presented here explores the chemistry of a particular class of iron complex,
which may be a model for alkyl species in a catalytic reaction, from a synthetic, structural, and
molecular modelling perspective. This Chapter introduces the Fischer-Tropsch reaction and the
quantum mechanical methods employed later in the thesis. Chapter 2 presents an overview of
iron alkyl compounds and the synthesis, characterization, and reaction of a new series of iron
complexes. Chapter 3 examines the structures of iron alkyl and acyl compounds and reports two
new structures, one in each of these classes. Chapter 4 examines theoretically the formation of
alkenes via B-hydride elimination from the alkyl. Chapter 5 examines the formation of acyl
complexes from the migratory insertion of CO into the alkyl bond. Chapter 6 presents a summary

and conclusions of all these investigations.

1.1.  The Fischer-Tropsch Synthesis

1.1.1. History

The hydrogenation of oxides of carbon (usually carbon monoxide) over a catalyst to form
hydrocarbons and/or alcohols, the chains of the molecules being predominantly straight in the
range C,-C,, has come to be called the Fischer-Tropsch synthesis [1]. The reaction of carbon
monoxide and hydrogen over a catalyst was first observed by P. Sabatier and J. D. Senderens in
1902 when they formed methane from the hydrogenation of carbon monoxide over a nickel

catalyst. This reaction is now referred to as methanation.

It was not until 1913 that Badische Anilin und Soda Fabrik (BASF) in Germany showed that a

mixture of hydrocarbons and oxygenates could be synthesised by reacting a mixture of hydrogen
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and carbon monoxide (synthesis gas) over a cobalt catalyst [2]. Later in 1923 Frans Fischer and
Hans Tropsch observed that alkalized iron turnings at 100-150 atm of hydrogen and carbon
monoxide and 400°-450° C catalysed the production of “synthol” - chiefly oxygenated
compounds with a small amount of hydrocarbons [3]. BASF had obtained a patent for this
reaction at high pressure causing Fischer and Tropsch to work at atmospheric pressure. In 1925
they announced the synthesis of higher hydrocarbons at atmospheric pressure. Cobalt and nickel
seemed to be the best catalysts; iron catalysts were mistakenly thought to be active at higher
pressures for the production of oxygenated compounds only, and at atmospheric pressure for the
production of hydrocarbons. This delayed the development of useful iron catalysts for many

years.

By the 1930s Fischer had refined his catalyst enough for construction of a pilot plant, and by
1935 a commercial plant had been built using a cobalt catalyst. This was the same year that Hans
Tropsch died. Commercialization of the process was driven by the need for Germany, which
lacked its own petroleum reserves, to be self sufficient in fuels. The history of the process since
then has similarly been driven by the political and economic fortunes of nations. To understand
the reasons behind the building of the few commercial Fischer-Tropsch plants that have been
built and the considerable research efforts that have been expended to understand and improve
the process, it is necessary to view it in the context of the oil and chemical industry as a whole

and its development through the twentieth century.

Crude oil was first exploited on a large scale in Pennsylvania, USA, after discoveries of oil wells
there in the 1859. Commercial use of the oil was initially driven by the increased need for oil for
lighting and heating, driven by the industrial revolution. Petroleum thus replaced whale oil,
which was the main source of oil at the time. Shale oil was also being used, and a refining
process was patented by a Scottsman, James Young, in 1851. It was not until the early twentieth
century that petroleum found use as a fuel for transport (gasoline). The refining of crude oil to
produce gasoline resulted in various by-products being produced. These included ethylene and
propylene. The petrochemical industry was thus born in the 1920s when chemicals such as
ethanol and isoprdpanol were first prepared from these by-products [4]. The petrochemical
industry based on the seven basic chemicals: ethylene, propylene, benzene, toluene, methanol,

butadiene, and xylene soon grew to an enormous industry in its own right [4]. Today products
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from paints to pharmaceuticals are all derived from petroleum. Nevertheless the usage of
petroleum in the petrochemical industry amounts to less than 10% of the total worldwide

petroleum usage [5]. The main usage is for energy as a liquid fuel (e.g. gasoline, diesel, fuel oil).

Against this background of the increasing importance of petroleum, it was essential that Germany
in the 1930s have an alternative source of liquid fuels and chemicals if it were to enter a war and
keep its armies supplied with fuel. The Fischer-Tropsch process provided the solution and by the
beginning of World War II nine plants had been built in Germany, producing 16 000 barrels/day
(1 barrel = 0.159 m®), using a cobalt based catalyst [6]. So important was this self sufficiency in
fuels, that when the synthetic petroleum plant at Leuna was heavily bombed in 1944 it
contributed substantially to ending the war [7]. Japan also used Fischer-Tropsch technology
during World War II, operating three plants with a combined capacity of about 2 500 bbl/day [8].

After World War II the vast oil reserves of the middle east began to be fully exploited and the

Fischer-Tropsch process became uneconomic in Germany and Japan. Interest in the process

[$ money of the day |l § 1997
World Sumatra Fears East Texas Suez Iranian
ovents Production shortage field crigis revolution
begins in USA discovered
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Figure 1.1 Crude oil prices since 1861 expressed in both actual US dollars and
equivalent 1997 US dollars. Major events which influenced price are
also displayed [50].
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remained however, particularly in the United States of America and South Africa. South Africa
has no oil of its own but has extensive coal deposits which could be utilized to produce liquid
fuels. The United States on the other hand had both oil and coal reserves. The oil reserves were
finite though and the large reserves of the Alaskan North Slope had yet to be discovered.
Predictions of decreasing production on the continent, and ever increasing demand led to
searches for alternative sources of liquid fuels. In 1950 a Fischer-Tropsch plant (8 600 bbl/day)
was built in Texas, USA based on natural gas and using an iron catalyst [8]. Increasing gas prices

forced the plant to close after only a brief period of operation.

In South Africa a mining company obtained rights to two processes: one developed in Germany
by Ruhrchemie and Lurgi, and the other in the United States of America by M. W. Kellogg
Corporation. The project was not able to be financed privately, so a government backed company
was formed in 1950, the South African Coal, Oil and Gas Corporation . This company, later
renamed South African Synthetic Oil Limited (SASOL), built two reactors, one based on the
German technology, the other on the American technology. At the time of the formation of
SASOL the cost of South African coal was U$0.60/ton compared to U$1.50/barrel
(i.e. U$10.87/ton) for oil. These plants became operational in 1955 [9]. Problems with the iron
catalyst in the American process and the stability of world oil prices prevented any further
Fischer-Tropsch plants being built. Attempts were made around this time to build a Fischer-
Tropsch plant in the United States of America based on natural gas. These however proved

uneconomic at the time.

In 1973 the world price of crude oil increased substantiall}}, in the wake of the Yom Kippur war
and the Arab oil embargo, reaching U$11/barrel. The SASOL plant was at this stage producing
a wide range of chemicals in addition to liquid fuels and was showing a profit albeit under
protective govemmeht tariffs. It was decided to build a second much larger plant (ten times
bigger than the original plant) based on the SASOL Synthol process (See Figure 1.3) which was
developed out of the original American process. Before this second (SASOL ) plant was
completed the Iranian revolution, in 1979, sparked another world oil crisis and crude oil prices
increased further (See Figure 1.2). South Africa was at this time subject to increasing
international isolation énd sanctions due to the policies of Apartheid. It was thus decided to built

a third plant (SASOL III), identical to the second on an adjacent site. This approach enabled
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decline in crude oil prices led Sasol to

move in the direction of increased

chemicals production from the Fischer-Tropsch process as these could be sold for much higher

prices [11]. Expansion into Fischer-Tropsch based chemicals production is today a major aim of

Sasol [12]. At present Sasol produces 150 000 bbl/day of fuels and over 120 other chemical

products including a-olefins [13], paraffins,
methyl isobutyl ketone (MIBK), acrylonitrile,

alkylamines, and specialty waxes.

In 1989 Sasol introduced a new advanced
reactor (Advanced Synthol Reactor)
[14]which is based on a Fixed Fluidized Bed
(FFB) configuration. This reactor costs less
than half what the original Synthol
Circulating Fluidized Bed (CFB) cost, uses
less catalyst, and operational costs are about
a quarter of those for the CFB [12].

Tail gas

Cyciones
Settling hopper

Catalyst

Stand-pipe

Slide valve Gas and catalyst

Feed-gas

Figure 1.3 The SASOL Synthol Circulating Fluidized
Bed (5-CFB) reactor which was employed
in the SASOL I, 1T & IH plants [2].

*Net-back pricing effectively ended the era of fixed crude oil prices introduced by OPEC., It gave the
refiners a fixed profit no matter what the selling price of oil and was introduced by the Saudis to regain lost

market share.
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Although South Africa has no commercially exploitable oil, off-shore natural gas fields have
been found. In 1992 the South African government built a new Fischer-Tropsch plant (Mossgas)
based on the off-shore gas fields located in the Indian Ocean off the south coast of the country.
The technology for this plant was provided by SASOL and was oriented to the production of
gasoline (petrol) and diesel fuels. Total capacity of the plant is 21 600 bbl/day of product [8].
Production of chemicals from the process is limited by the licensing agreement with SASOL

[15].

Other companies around the world, notably the Royal Dutch/Shell group and Exxon have been
active in Fischer;Tropsch research. This research was driven by the desire to find alternatives to
crude oil and to realize value for remotely situated natural gas reserves. Shell completed a
Fischer-Tropsch plant based on natural gas in Sarawak in 1992. The plant is built on Shell’s
Middle Distillate Process (SMDS) and has a capacity of 12 000 bbl/day of mainly gasoline and
fuel 0il [16]. Shell’s approach is somewhat different to the Sasol approach. In order to minimize
the limitations of the Anderson-Shultz-Flory distribution of products, the process is optimized
to produce longer chain hydrocarbons in the wax range. These products are then catalytically
“cracked” to produce the desired products. Shell’s production costs on commissioning were
approximately U$ 5/bbl for the natural gas and US$ 4/bbl for production costs. This excludes the
cost of the plant which was U$660 million. The plant suffered an explosion in December 1997
[17] and is expected to resume production in the year 2000 [18].

There are currently a number of companies pursuing Fischer-Tropsch technology either through
research, pilot plants, or planned large scale plants. The companies include Syntroleum, Rentech,
Exxon, Texaco, ARCO and Enron. Some of these developments and prospects for future Fischer-

Tropsch plants are discussed in section 1.1.7.
1.1.2. Synthesis Gas (Syngas) Formation

Synthesis gas (syngas), a mixture of carbon monoxide and hydrogen, is the feedstock for all
Fischer-Tropsch processes. It is also used in the production of a wide variety of chemicals. Its
use in chemicals production in fact far exceeds its use in Fischer-Tropsch processes. Syngas is

used in the production of ammonia, methanol, and in the Oxo synthesis as well as many others
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(See Figure 1.4) [19]. The reaction is thus of fundamental importance to the chemical industry
and has been well studied and optimized. As a basic building block for the production of

chemicals and fuels, syngas is often in competition with petroleum based processes. It remains

Oxo products

Combined cycle
district heating

el gas
Hydroquinone / /’
acetic acid

Other
- synthesis

Methanol

Ethanol

Fischer—
Tropsch
synthesis

hanation 7'

Ethylene
glycol

Ammonia
{fertilizer)

Methane Paraffins
{SNG) Olefins

Figure 1.4 Syngas as a building block for the chemical industry [19].

the best alternative for the conversion of fossil fuels (i.e. coal and natural gas) to fuels and
petrochemicals. With the decline in world oil prices (See Figure 1.2) over the last 20 years
however, many efforts in this area have been scaled back to research stage. Despite this several

arguments can be but forward for continued research into this area of syngas conversion:

. Given that there are pleyntiful low cost coal and natural gas reserves in the earth,

they will be necessarily utilized as raw materials. As processes can take 10-20
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years from bench to commercial scale, the need for research in this area is
obvious.

. Oil reserves will eventually be exhausted and will become more expensive as the
most economic reserves are utilized first.

. Alternative feedstocks will ease monopoly positions of crude oil suppliers.

. Countries without oil may choose to utilize coal or natural gas in order to ease
shortages of foreign currency.

. Research may lead to cost effective production of chemicals which can compete
with petroleum derived products (eg. acetic acid, esters, and Fischer-Tropsch

derived a-olefins).

Syngas is obtained by reforming coal (coal gasification) or natural gas with steam. Syngas
formation from coal may be endothermic or exothermic depending on whether oxygen is added
to the reaction (Equations 1and 2). The reformation of natural gas (essentially methane) is given
in Equations 3 and 4. For chemicals production the CO/H, ratio may be adjusted as required by
employing the water gas shift reaction (Equation 5) which converts CO and H,0 to H, and CO,.
In syntheses such as the reaction of H, with N, to produce NH, (Haber process) all the CO may
be converted to H, and CO,.

C + H,0 - CO + H, (AH = +131 kJ/mol) (1)
5C + 3H,0 + O, -~ 3CO + CO, + H, +CH, )
CH, + H,0 -~ CO + 3H, (AH = +205kJ/mol) (3)
CH, + %0, - CO +2H, (AH = -35kJ/mol) 4
CO + H,0 - H, + CO, (5) |

From the above reactions it can be seen that the endothermic conversion of coal and natural gas,
and the exothermic conversion of natural gas with added oxygen all produce the desired syngas
only. The exothermic conversion of coal however results in a 25% loss of carbon. It should be
noted however that carbon loss can occur in all four types of conversion through the water gas

shift reaction.
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1.1.3. Fischer-Tropsch reactions

In the Fischer-Tropsch reaction syngas reacts over a catalyst to produce a number of different
products. The proportion of these products depends on the CO/H, ratio, the catalyst employed

and the reaction conditions. The reactions to form some of these products are given below:

nCO + 2nH, ~ C,H,, + nH,0 | (6)
nCO + 2n+1H, - C,H,, ., + nH,0 (7
nCO + 2nH, - C,H,,.,OH + (n-1)H,0 | (8)

The reactions given are for the formation of olefins, paraffins and alcohols respectively.
Significant quantities of methane are often formed in the Fischer-Tropsch synthesis and this is
ordinarily reformed to produce syngas which is then recycled. The Fischer-Tropsch reactions are
all highly exothermic, with product formation being accompanied by a substantial fall in standard

free energy.
1.1.4. Mechanisms

The Fischer-Tropsch reaction yields predominantly straight chain hydrocarbons and has been
termed a methylene polymerization reaction where the monomer unit (-CH,-) is not initially
present. The overall reaction consists of monomer generation, chain propagation, and chain
termination. Analyses of the product distributions show that they obey what has become known
as Anderson-Schuliz-Flory chain-length statistics:

logtw/i) = A + B, )]
where
w; is the weight fraction of product,
i is the length of the hydrocarbon chain,
A and B are constants depending on temperature, catalyst, CO/H, ratio
and pressure.

The mechanism for the Fischer-Tropsch reaction must therefore be consistent with the Anderson-

Schultz-Flory distribution, although modifications may be necessary to take account of the nature
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of the catalyst particles [20,21]. Many proposals for the reaction mechanisms for the formation
of the various product types (i.e. hydrocarbons, 1-alkenes, alcohols, etc.) have been made [22],
and there is still some debate as to which mechanism is correct [6]. The task of elucidating the

mechanism is made more difficult by a number of facto;s:.

J The reaction produces a large number of different products, making the study of the
formation of a single compound more difficult.

o Direct observation of the species reacting on the catalyst surface is often not possible.
Most observation techniques require low temperature and/or pressure conditions which
are far removed from actual reaction conditions.

. A wide variety of catalysts are active for the reaction, including iron, cobalt, ruthenium,
and rhodium. It is not always clear whether a proposed mechanism on one type of catalyst
is necessarily applicable to other catalysts. This is made more complex by the effects of

catalyst supports and promoter effects.

One way of overcoming the difficulties of observing intermediates directly on the catalyst surface
is to synthesize and study well defined organometallic species which resemble the proposed
intermediates. The validity of this relationship between organometallic chemistry and chemistry
occurring on metal surfaces is now widely recognised [23-26].This method has been extensively

employed by researchers and many of the results are referred to in the following discussion.

The majority of the products of the Fischer-Tropsch synthesis aré linear hydrocarbons, and it is
the mechanism for their formation that we shall discuss first. As stated above the Fischer-Tropsch
reaction may be viewed as a polymerization of methylene units. This implies three distinctive
mechanistic steps: initiation to form the methylene units, chain growth, and chain termination
to form the hydrocarbon product. Several mechanisms have been proposed, including
mechanisms involving hydroxymethylene species, carbonyl insertion [27], carbide/methylene
species, and alkenyl species [26,28-30]. The hydroxymethylene and carbonyl insertion
mechanisms have largely been discredited due to the fact that hydroxymethylene surface
intermediates have not been detected. The CO insertion mechanism has lost favour due to the

observation that all catalysts active for the Fischer-Tropsch reaction also dissociate CO when it
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is absorbed on the surface. In addition studies have confirmed that the species C, CH, and CH,

can exist; for example see [31].

The presence of C, CH, and CH, species supports the carbide (or niethylene) mechanism. This
mechanism (See Figure 1.6) involves both the CO molecule and H, molecule becoming absorbed
onto the surface and dissociating into their constituent elements on the surface. This is supported
by both experimental evidence and theoretical study [32]. Reaction of surface hydrogen atoms
with surface carbon (carbide) atoms leads to the formation of surface methylene. There is ample
evidence for the existence of methylene species from both experiments on catalysts [33], and a
number of model compounds which have been made and characterized [34-38]. The methylene
units thus formed are the monomer units of the overall polymerization reaction. Surface hydrogen
can react further with the methylene to form a surface methyl group. This step has been
demonstrated for a ruthenium complex [39], and alkyl complexes containing metals used in
Fischer-Tropsch catalysis have been known for some time [40]. The formation of a surface

methyl group completes the initiation step of the mechanism.

Adsorbtion
';‘2 (-':O sz Dissociation r(‘ '!1 ? (l) (ﬁHz (H;H;2 r|1
SN T T T T T =777 T 77777
lnitiationl
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R = n-alkyl
COM,
R CH H CIR
! 1 2 27 Termination N
J7 77777 777777 > RCH,
\/ H /‘
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Propagation/Chain Growth VA

Figure 1.5 The Carbide/Methylene mechanism for chain growth in the Fischer-Tropsch synthesis is the
currently preferred mechanism.
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The propagation, or chain growth, step of the mechanism involves the ‘insertion’ of surface
methylene species into the metal-methyl bond of the surface methyl group to form a surface ethyl
group [39]. This in turn can react with further methylene units sequentially, thus effecting chain
growth. Experiments have been devised to isolate these surface alkyl intermediates [41], and
complexes with alkyl groups extending to more than six carbon atoms in the chain have been

synthesized and characterized [42,43].

Termination of the chain growth occurs when surface hydrogen reacts with the alkyl species to
form an alkane. Other products may be formed through different termination reactions. 1-Alkenes
(a-olefins) may be formed through a f-elimination reaction, in which a hydrogen on the 3-carbon
transfers to the surface, forming a double bond between the a and P carbons [6,22,33,44] (See
Figure 1.6). The weakly coordinated alkene leaves the surface yielding the product. Support for
the mechanism has been shown from the thermal decomposition of iron alkyl complexes. These

yield a-olefins [45-47], however the alkene hydride intermediate has not been isolated.

—H

. ) WM
R H H,C=C.
A HG=Cn R
HoG” TH 2§ R | H

5 H i

M - —M Y

/S S i /S S

Figure 1.6 Possible mechanism of chain termination via B-elimination to form
a-olefins.

Ethylene can also be formed through the coupling of two surface methylene species, followed

by desorption from the surface.

Oxygenates in the Fischer-Tropsch reaction may be formed through a CO insertion reaction with
a surface alkyl species to form a surface acyl species. Acyl compounds of Fischer-Tropsch active

metals have been synthesised [40], and characteristic acyl bands have been identified by in-situ
IR studies [6].

An alternative to the barbide/methylene mechanism, which has been proposed by Maitlis and is
based on work involving a rhodium catalyst, is the alkenyl mechanism [26,28-30]. This

mechanism, shown in Figure 1.7, is initiated in the same way as carbide/methylene mechanism
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described above by the formation of surface methylene groups. The chain growth is proposed to
occur through the reaction of a surface vinyl group with a surface methylene to form an allyl
species which undergoes isomerization to yield a vinyl species which may react further (i.e. chain

growth). Termination occurs when the surface vinyl species reacts with surface hydride to form
the free alkene.

H H
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: o
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Propagation/Chain Growth
H . H
C=CHR LC—CHR
HaC H(1: ] ‘Termihation
P -
JT 77777 J7 77777 RHC=G=CM,
: a-Olefin
v )
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Double Bond Isomerization s

Figure 1.7 Alkenyl mechanism for the formation of ¢-olefins.

Both the alkenyl and p-elimination mechanisms are plausible and both are supported by studies
on the catalyst and on model compounds. Further research is clearly necessary to gain more
information on each of these mechanisms and how they may be effected by the use of different
metals. The work presented later in this thesis is directed towards providing more information

on one of these mechanisms, namely f-elimination.
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1.1.5. Product Distributions

The many hydrocarbon products produced in the Fischer-Tropsch reaction obey approximately
the Anderson-Shultz-Flory distribution (See page 1-9). This distribution is dependent on the
probability of chain growth and chain termination, which in turn are determined by the catalyst
and operating conditions such as temperature and pressure. A theoretical depiction of this is

given in Figure 1.8. A clear consequence of the Anderson-Shultz-Flory distribution is the wide

40
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Figure 1.8 Theoretical Anderson-Shultz-Flory distribution for
hydrocarbons in the Fischer-Tropsch reaction.

spectrum of products obtained in the reaction. This is not usually desirable, as all products may
not be wanted in the proportion they are produced, or at all. Both SASOL and Shell have had to

address this limitation but have done so in different ways.

SASOL predominantly use their Synthol or advanced Synthol reactors which produce mainly

light products as illustrated in the following table.
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Table 1.1
Selectivities obtained in the SASOL Synthel reactor, 325°C [2].
Product % (C atom basis)
CH, 10
CH,
CH,
CHq : i2
CH; '
C.H;
CH,;, 2
C,to C,; (gasoline) 40
C,, to C,; (diesel) T
CptoCy
Cuq to Cy4 (medivm wax) 4
> Cy; (hard wax)
Water soluble chemicals 6

Some of the lighter products are oligdmerized to produce hydrocarbons in the gasoline range,
~ however SASOL have found it advantageous to use certain products such as ethylene and
propene as feedstocks for polymerization production and other downstream processes. SASOL
also bperates low temperature reactors for the production of waxes which are marketed

internationally.
The Shell Middle Distillate Synthesis is based on a fixed bed reactor and uses a cobalt catalyst.
The reaction produces mainly heavy hydrocarbons and waxes. Roughly half of these products are

selectively “cracked” to yield middle distillates. In addition to fuels, Shell also markets waxes

obtained in the synthesis.
1.1.6. Fischer-T ropsch as a Source of Fuels and Chemicals
1.1.6.1. Infrodac;z'on

Historically the Fischer-Tropsch process has been used for the production of transportation fuels

(See section 1.1.1). The reaction products obtained in the process also include compounds such
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as alcohols, ethylene, propylene, a-olefins, and waxes. These products are worth significantly

more as building blocks for the chemical industry than as fuels (See Table 1.2 for comparison).

(] , Table 1.2 |

I Selected fuel and chemical prices (1990) [48]. [

: l Product . Comment Quoted Price US/Metric Ton Source
Crude Oil Average World FOB 17.39 $/bbl 126 a
Gasoline NY, 87 octane 21.63 $/bbl 194 a
Heating Oil © No. 2 (Diesel proxy) 24.51 $/bbl 186 a
LCO High aromatic 19.30 $/bbl 128 c
Fuel Oil No. 6 17.75 $/bbl 124 a
Benzene Baytown, Tex. 1.25 $/gal 373 b
Toluene Baytown, Tex. 077 $/gal © 223 b
Xylenes “Baytown, Tex. 0.85 $/gal 259 b
Ethylene ‘ Contract, delivered 0258 551 b
Propylene Gulf Coast 0.16 $/b 353 b
l1-octene g-olefin (.40 $/Ib . 8832 ¢
{-octanol . Tanks, FOB 0.92 §/ib 2,028
FT wax Vestowax FT-300* 1.23 $/lb 2,712
Notes: ‘ :

a. Oil and Gas Joumal (November 27, 1989)

b. Chemical and Marketing Reporter (November 27, 1989)
¢. UOP estimate

d. Price quote from Durachem, Harrison, NY, Jan. 16, 1990
*Vestowax is a trademark of Chemische Werke Huels.

1.1.6.2. a-Olefins

a-Olefins are used in a variety of processes in the petrochemical industry such as the manufacture
of soaps. The usual method of producing these compounds is through the oligermerization of
’ethylene such as in the Shell Higher Olefin Process (SHOP). The process begins by using a nickel
catalyst to produce higher alkenes. The double bond is then isomerized to the a position with a
manganese catalyst to produce the a-olefins; it should be noted that only even carbon numbered
oligomers result. The whole process involves three steps: the formation of ethylene from crude
o‘il (naphtha cracking), oligmerization, and isomerization. ¢-Olefins produced in the Fischer-
Tropsch process require only two steps: syngas formation, and synthesis. Although there is still
some debate over the exact mechanism of formation (See section 1.1.4), these products are being

produced commercially by SASOL [13] with plans for further expansion [49].
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1.1.6.3. Oxygenated compounds

Oxygenated compounds produced in the Fischer-Tropsch reaction include alcohols, aldehydes,
acids, and ketones. The majority of the products are linear with terminal functionality. Ethanol

is the principle oxygenate formed followed by methanol, n-propanol, and acetic acid®.
1.1.6.4. Waxes

Waxes are one of the highest value products obtained from the Fischer-Tropsch reaction
(See Table 1.2). Waxes are used in coatings for fruit, vegetables, and a variety of packaging.
They can also be used as hot-melt adhesives, and for candles. Both SASOL and Shell produce

waxes from their respective plants, and market these worldwide.

Chemically the waxes are long polymethylene chains, identical to polyethylene but with shorter

chain lengths.
1.1.7. Future of the Fischer-Tropsch Process

The future of Fischer-Tropsch is inextricably linked to the future of the oil industry. In particular
the use of Fischer-Tropsch technology for the production of synthetic fuels is dependent largely
on the prevailing price of crude oil. The price of crude oil is in turn dependent on remaining oil
reserves and their economic exploitablity. It is also dependent on political factors, and the
economics of supply and demand. These factors taken together would seem to make a long term
prediction for oil prices, nothing more than guess work. Indeed history bears the marks of this
unpredictability. The decline or rise in Fischer-Tropsch technology and its widespread use
however, is dependent upon this very price, as it has been in the past (See section 1.1.1). It is thus
necessary to examine some of these factors more closely so that Fischer-Tropsch can be seen in

context and research appropriately directed.

®This depends on the catalyst and operating conditions (figures given for an iron catalyst at 220° C

[8).
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World oil reserves and consumption

In 1997 seventy two million barrels per day of oil were consumed (i.e. 26.13 billion barrels for

the year). The total reported proven oil reserves® in existence are 1 037.6 billion barrels [50], or

nearly 40 years supply at current consumption levels. There is an estimated 550 billion barrels

of oil still to be discovered on earth [51], bringing the total exploitable oil available to 1 587

billion barrels, which adds another 21 years supply. On the surface therefore it appears there will

be oil available well into the next century. Barring other factors, oil prices might be expected to

remain at or near their current levels. Recent research however, suggests that matters are not that

simple for the following reasons [51,52]:

Current reserves may be overestimated due to revisions by OPEC? countries which may
be motivated by countries desire to increase their quotas.

Production of oil will begin to decline long before reserves are exhausted, perhaps within
twenty years. This will drive up prices of oil as supply struggles to keep up with demand.

Over sixty five percent of current world oil reserves (as stated) are located in the Middle
East and over seventy five percent of world oil reserves are controlled by OPEC [50].
This control of a large segment of the world’s oil reserves by a few countries may lead
to a manipulation of oil prices in future.

Against these potentially negative factors relating to world oil reserves, must be balanced the -

following positive influences:

New techniques for oil recovery such as directional drilling, and off-shore oil platforms
operating in increasingly deeper water may increase the amount of recoverable oil [53].
These effects are already noticeable, and have helped reduce oil prices [54].

There exist substantial alternative oil sources, such as the tar sands located in Canada,
which are already being exploited [55], and the heavy oil slu