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Synopsis

The Fischer-Tropsch synthesis is the catalytic conversion of hydrogen and carbon monox-
ide into higher hydrocarbons. Although ruthenium is the most active catalyst in Fischer-
Tropsch synthesis, the lower cost metals iron and cobalt are used commercially. Generally,
increased catalyst performance is achieved with increased metal surface area and disper-
sion, though recent literature reports that cobalt, iron and rhodium crystallites below
a certain size in the nanometer range display lower metal surface area specific activity
and a high methane selectivity. There have also been several attempts to investigate the
possibility to conduct a homogeneously catalysed Fischer-Tropsch synthesis, which can
be considered as an extreme case of metal dispersion.

The aim of this study is to investigate Fischer-Tropsch activity and selectivity on well-
defined nano-sized ruthenium crystallites and supported organometallic clusters with
varying nuclearity, and to compare/bridge the obtained findings by subdividing it into
a) catalyst preparation and characterisation, b) Fischer-Tropsch performance of model
catalyst (including post-reaction catalyst characterisation), and ¢) theoretical investiga-
tions of the feasibility of Fischer-Tropsch reactions on mono- and diatomic ruthenium
complexes.

In catalyst preparation, model catalysts with narrow ruthenium crystallite sizes rang-
ing from 2 to 10 nm were successfully prepared by applying the reverse micelle technique.
Crystallite sizes remained largely unaffected upon reduction of the catalyst, emphasiz-
ing a stability in their model character. These catalyst systems prepared with the re-
verse micelle technique were ideally suited to investigate the effect of crystallite size
during Fischer-Tropsch synthesis in the nanometer-sized (“heterogeneous”) range. Ad-
ditionally, for comparison with “heterogenized homogeneous” Fischer-Tropsch catalysts
organometallic compounds with ruthenium nuclearity varying from 2 to 6 were synthe-
sized and deposited on an alumina support.

The Fischer-Tropsch activity and selectivity were monitored continuously through-
out the experiment. Nano-sized crystallites showed decreased activity in the Fischer-
Tropsch synthesis for smaller crystallites both initially and at steady-state. Decreased
methane selectivity, increased formation of longer chain hydrocarbons, and an increased
olefin formation were obtained at steady-state on larger crystallites. The product ob-
tained on small crystallites was richer in hydrogen with enhanced paraffin to olefin ratios
and increased alcohol to aldehyde ratios.

The main findings regarding Fischer-Tropsch performance on the supported organometal-
lic compounds were that formation of typical Fischer-Tropsch products (C-Cy4 hydro-
carbons) were obtained on all clusters, indicating their ability for C-C bond formation
and C-O bond cleavage. However, no direct evidence was found that gas phase car-
bon monoxide was activated for the formation of organic products. Product selectivities
showed relatively high methane selectivity, low chain growth probabilities and high olefin
selectivities.

By comparing initial cluster and steady-state crystallite activities as function of number
of exposed metal atoms, it was noted that the two series connect almost continuously,
which may indicate that the organometallic clusters are valuable model systems to study
steps of product formation in Fischer-Tropsch synthesis.



Theoretical investigations on proposed reaction mechanisms illustrated that a mini-
mum of two adjacent metal atoms is required for C-O bond cleavage and chain growth

required for Fischer-Tropsch. The CO-insertion mechanism seems to be thermodynami-
cally most feasible.
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Chapter 1

Introduction

The Fischer-Tropsch (FT) synthesis, named after the two German scientists Franz Fis-
cher and Hans Tropsch, has been of industrial and academic interest ever since its first
discovery in the 1920’s (Fischer et al. (1923), Fischer and Tropsch (1923a), Fischer and
Tropsch (1923b), Fischer et al. (1925), Fischer and Tropsch (1926)). A variety of catalyst
systems has been tested, with cobalt and iron currently being the commercially used
ones. Particularly in the years of oil crises FT synthesis proved to be a booming technol-
ogy supplying the opportunity to generate petrol, diesel, waxes and chemicals from coal,
natural gas and biomass.

This heterogeneous polymerisation reaction follows a complicated series of primary and
secondary reactions, leading to a broad product spectrum ranging from methane to heavy
waxes (Anderson (1956), Schulz and Claeys (1999a)). The product classes formed include
predominantly linear paraffins, o-olefins and oxygenates.

Current research in the field of the FT synthesis focuses mainly on improving product se-
lectivity and catalytic activity. It is understood that the metal crystallite size on support
material can be very important to develop a catalyst, which meets the activity, stability
and selectivity requirements of a particular catalytic process (Boudart and McDonald
(1984), Lin et al. (1986), Abrevaya et al. (1990)). Whereas older perceptions suggested
that an increase in catalyst surface area, generating more available active centres, leads
to an increase in activity (on a mass basis), recent publications describe a different be-
haviour for very small crystallites of rhodium, iron and cobalt, which below a certain metal
crystallite size were less reactive for FT synthesis than larger crystallites (Ojeda et al.
(2004), Mabaso (2005), Barkhuizen et al. (2006), Bezemer et al. (2006), Mabaso et al.
(2006)). This structure-sensitivity was ascribed to structural and electronical effects by
Boudart (1969). In this structure-sensitive range, change in selectivity was also observed
with increased methane selectivity (Mabaso (2005), Barkhuizen et al. (2006), Bezemer
et al. (2006), Mabaso et al. (2006)) and increased paraffin to olefin ratios (Bezemer et al.
(2006)) on catalysts with small crystallites. Tests to study such effects require supported,
well-defined, nano-sized metal crystallites with narrow crystallite size distributions.

The preparation of such catalysts is not straight forward. Conventional impregnation
and precipitation deposition techniques often lead to the formation of catalysts with very
broad crystallite size distributions. Moreover, it is normally very difficult to vary the
average crystallite size using these techniques. In recent years, studies to prepare narrow
crystallite size distributions, like the novel “reverse micelle” technique were reported in
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the literature (Abrevaya (1990), Eriksson et al. (2004)). The reverse micelle technique
allows control of crystallite size over a wide nanometer range (2-18 nm (Mabaso (2005),
Barkhuizen et al. (2006), Mabaso et al. (2006)). Crystallites smaller than 1-2 nm are
generally difficult to prepare and characterise. The behaviour of very small crystallites,
i.e. with a small number of ruthenium atoms, can however be studied using organometallic
compounds of different nuclearity. These Angstrgm-sized compounds can be supported
and then regarded as heterogenized homogeneous FT model catalyst systems.
Homogeneously catalysed reactions are known for their high selectivity towards specific
products at mild reaction conditions, making them ideally suited for organic or medici-
nal chemistry applications. However, despite several attempts to develop a homogeneous
FT catalyst (Bradley (1979), Dombek (1980), Keim et al. (1980)), stable homogeneously
catalysed FT synthesis has not yet been reported as feasible, although recent work on FT
synthesis using organometallic ruthenium compounds supported on silica suggests that
F'T products can be formed from such compounds if they contain at least two adjacent
ruthenium atoms (Claeys et al. (2000a,b)).

The aim of this study is to compare/bridge findings obtained in FT tests on supported
organometallic model compounds of varied nuclearity and ruthenium crystallites of dif-
ferent crystallite sizes. These tests should lead to a better understanding of the charac-
teristics of the sites required for the reactions occurring in FT synthesis.



Chapter 2

Literature Review

2.1 Fischer-Tropsch Synthesis

It is widely understood that crude oil has a limited future of approximately 30 years,
whereas hundreds of years of coal, tar sands, natural gas as well as biomass reserves are
available around the globe at commonly projected energy and fuel needs. All of these
hydrocarbon sources can serve for the generation of synthesis gas, a mixture of hydrogen
and carbon monoxide, which is the feedstock for FT synthesis.

The importance of this process is underlined by a large number of recent journal and
patent publications as well as strong research and development activities in most petro-
chemical producing countries which now have led to construction of new FT plants in
Quatar (SASOL and Shell) and Nigeria (SASOL) in addition to existing plants in South
Africa (SASOL and Petro SA) and Malaysia (Shell).

2.1.1 General - History and Development

The first hydrocarbon synthesis reaction, reported by Sabatier and Senderens (1902),
was the methanation reaction of synthesis gas over nickel and cobalt catalysts. In the
following years, various groups worked on this promising reaction. Several years later,
for instance, the 'Badische Anilin und Soda Fabrik’ (BASF) patented the preparation of
hydrocarbon and oxygenate products by high pressure hydrogenation of carbon monoxide
on oxide catalysts (BASF (1913, 1914, 1921)). The next breakthrough in this field was
the synthesis of higher hydrocarbons under atmospheric pressure on cobalt, iron and
nickel catalysts by Fischer et al. (1925). Fischer and Tropsch, both working at the
“Kaiser-Wilhelm-Institut fiir Kohleforschung” in Miihlheim, developed their synthesis at
low pressure conditions, because BASF had patent rights for the high pressure synthesis.
From 1935 onwards the FT synthesis was operated commercially by the Ruhrchemie
AG (Oberhausen) in Germany using cobalt catalysts. Starting at atmospheric pressure,
catalyst performance and lifetime was increased by increasing to pressures of 5-20 bar
(Dry, 1981). By 1938 nine FT plants were operating in Germany with a capacity of
600-10° tons per annum (Dry, 1996).

After World War II commercial FT operations were discontinued in Germany. However,
in the 1940’s and 50’s the US Bureau of Mines revived interest in the FT technology
by replacing the expensive cobalt catalysts with cheaper iron catalysts. First attempts
with iron catalysts had already been done in Germany by the Fischer group in the mid
1930’s (Fischer and Pichler (1937), Pichler (1952)). The usage of iron catalysts was
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further improved in the United States of America (Storch et al., 1951). The next stage
in FT history was the involvement of South Africa in the 1950’s. The SASOL company
(Sasolburg, South Africa) built a coal-based plant (Lurgi dry ash gasifiers) for synthesis
gas generation, consisting of fixed-bed (Ruhrchemie/Lurgi) and circulating fluidized-bed
(Kellogg) reactors for FT synthesis (Dry, 1996). The so-called “SASOL One” FT plant
in Sasolburg had a capacity of 700-10° t/a.

Due to the oil crisis in the 1970’s, SASOL developed the FT technology further and
built SASOL II and SASOL III in the early 1980’s. At present, SASOL uses two modes
of FT operation with a combined capacity of 6000-10% t/a. The high-temperature (300-
350°C) FT process (HTFT) with iron based catalysts is used mainly for the production of
gasoline and linear, low molecular mass a-olefins, while the low-temperature (200-240°C)
FT process (LTFT) with either cobalt or iron catalysts is used for the production of high
molecular mass linear waxes (Dry, 2002), which can be processed further to maximize
middle distillate yields of the overall process to up to 80 wt% (see below).

Petro SA (formerly Mossgas) in Mossel Bay, South Africa, commissioned FT technology
based on natural gas in 1992 with a plant capacity of 900-10° t/a. The natural gas is
transformed into synthesis gas via steam reforming, followed by HTFT synthesis for fuel
production.

A further development in the field of FT synthesis aims at monetising “stranded natural
gas reserves” which is converted into easily transportable fuels. High yields of middle
distillate are achieved by hydrocracking and isomerisation of longchain products (wax).
In 1993, such a process was commercialized as the “Shell Middle Distillate Synthesis”
(SMDS) in Bintulu, Malaysia. Further such so-called “Gas-to-Liquid” plants are currently
being commissioned and constructed at different places such as Quatar (SASOL and Shell)
and Nigeria (SASOL) and the potential construction of more plants has been announced
frequently, highlighting the important role F'T technology will play in times of high oil
prices and depleting oil reserves (van der Laan (1999), Steynberg (2004), Steynberg et al.
(2004)).

2.1.2 Stoichiometry of the Fischer-Tropsch Reaction

The FT synthesis is the reaction of synthesis gas (H/CO), over a metallic catalyst, to
give higher hydrocarbons. This highly exothermic reaction can be represented stoichio-
metrically as follows:

CO + 2 Hy — {CHp) + H,0 AHp (443 K) = -158 kJ/mol (2.1)

Water is a by-product of the FT synthesis. The stoichiometry of this polymerisation
reaction usually implies a hydrogen to carbon monoxide ratio of 2:1. It is a polymerization
reaction with a broad product distribution (see Section 2.1.3, p. 6). Linear a-olefins and
paraffins are the main products. The product spectrum also contains minor quantities
of oxygenates such as aldehydes and alcohols and branched products (predominantly
“methyl-branched”).

Depending on the catalyst, different side-reactions can occur. The water gas shift reaction
(WGS)
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H;0 +CO = CO; + Hy  AHp (443 K) = -40.5 kJ/mol (2.2)

is mainly catalysed by iron while cobalt or ruthenium catalysts have nearly no WGS
activity.

Other side-reactions are methanation (equation 2.3) and the Boudouard reaction (equa-
tion 2.4). In particular, the Boudouard reaction {or carbon monoxide disproportionation
reaction) can be problematic as it can lead to the formation of carbon on the surface of
the catalyst, that can cause deactivation (see Section 2.2.2, p. 16).

3H, + CO - CHy + H;0  AHp, (443 K) = -212 kJ/mol (2.3)

2 CO — C + CO, AHpn (443 K) = -175 kJ/mol (2.4)

Methane is the thermodynamically most stable FT product (Schulz and Cronjé (1977),
Anderson (1984)). All other hydrocarbons are not thermodynamically preferred at typical
FT conditions. The broad FT product spectrum with higher hydrocarbons therefore
indicates that the FT reaction is kinetically and not thermodynamically controlled.

2.1.3 Fischer-Tropsch Products
2.1.3.1 Classification of Fischer-Tropsch Products

Since the early years of the F'T synthesis, scientists have been investigating the different
products obtained in this reaction. The FT synthesis includes the formation of paraffins
and olefins as well as oxygenates such as alcohols, aldehydes, ketones and carboxylic
acids (Anderson, 1984). The product spectrum is often affected by secondary reactions
as olefins and oxygenates can readsorb on the catalyst surface and undergo secondary
reactions such as hydrogenation or double bond shift (Schulz and Claeys, 1999b).

Already in the 1920’s it was found that the main products using cobalt catalysts are
linear paraffins and olefins (Tropsch and Koch (1929), Koch and Hilberath (1941)).
In addition a small amount of non-linear products, consisting of predominantly mono-
methyl branched compounds, was described. The olefin fraction typically mainly consists
of o~ and f-olefins. The large quantity of c-olefins in this fraction (>95 wt%) led to
the conclusion that they are the primary products of the FT synthesis (Friedel and
Anderson, 1950). Further work in this field by Pichler (Pichler et al. (1964, 1967))
reported an increase in a-olefin content in the product with increasing space velocity.
At high residence times the primarily formed o-olefins are hydrogenated to paraffins in
secondary reactions. Madon et al. (1995) concluded from their residence time studies that,
in addition to n-paraffins and a-olefins, small amounts of cis-2-olefins are also primary
FT products. Depending on reaction conditions more than 60 wt% olefins can be present
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in the total FT synthesis product (Jager and Espinoza (1995), Dry (1999), Schulz and
Claeys (1999b), Steynberg et al. (1999)). In the presence of severe secondary olefin
hydrogenation, paraffing can become the dominant product.

Little is known about the formation of oxygenates (Kellner and Bell, 1981b). Up to
around 10 wt% oxygenates can be found in the total product of commercial FT synthesis
processes (Dry, 1999). Oxygenates formation is accounted for in different proposed mech-
anisms, namely in the enol (see Section 2.1.4, p. 8) and the CO-insertion mechanism (see
Section 2.1.4, p. 9). They can be generated in primary and secondary reactions. Hydro-
formylation can, for example, lead to the formation of oxygenates from olefins during FT
synthesis (Pichler and Roelen, 1957).

Branched compounds are also minor products of FT synthesis and can comprise up to
40 wt% of the HTFT process product (Jager, 1997). The majority of these products
are mono-methyl branched compounds, mainly 2- and 3-methyl branched (Pichler et al.,
1967). The formation of branched products can be explained by primary and secondary
reactions (see Section 2.1.4, p. 7). The latter includes incorporation of primarily formed
olefins such as propene (Pichler et al. (1967, 1968)).

In the HTFT process significant amounts of aromatic products are found (15 wt%,
Steynberg et al. (1999)), but it is not known how these products are formed mechanisti-
cally.

2.1.3.2 Fischer-Tropsch Product Distributions

The F'T reaction is a surface polymerization following the principles of Schulz-Flory ki-
netics (Schulz (1930), Flory (1936)) in FT synthesis commonly referred to as Anderson-
Schulz-Flory (ASF) kinetics, which mathematically expresses the weight content of prod-
ucts of a certain carbon number as a function of carbon number (equation 2.5).

Ig (\g’—g) =Nc - 1g(pg) +18 ((—1;—;)‘)) (2:5)

g
The chain growth probability, pg,

Ty
= 2.6
Pg Tg + 1a (2.6)

can be extracted from the slope of the straight line obtained in semi-logarithmic plots of
the molar product distribution, where rg is the rate of chain growth and rq is the rate of
desorption.

However, this ideal case is often not observed in experimental FT data. The methane
content, for instance, is often relatively high, particularly when using cobalt, nickel and
ruthenium catalysts (Nie (1996), Claeys and van Steen (2002)). The molar C;-content
can be relatively low, due to incorporation of the very reactive ethene in secondary FT
reaction steps (Schulz and Claeys, 1999b). The chain growth probability, pg, can show
apparent chain length dependency, leading to a curved ASF distribution plot with pre-
ferred formation of long chain hydrocarbons. This trend has been explained by increased
readsorption and incorporation of long chain olefins due to their increased carbon num-
ber dependent residence time which is a result of their increased solubility (Schulz and
Claeys, 1999b) and/or decreased diffusivity (Iglesia et al., 1993).

Factors, such as gynthesis gas ratio, temperature, pressure and residence time, can affect
the FT product selectivity (Schulz and Cronjé (1977), Claeys and van Steen (2004)).

6
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Methane selectivity and chain growth are generally oppositely affected. Methane selec-
tivity increases at higher temperstures and with an increase of the hydrogen to carbon
monisdde ratio and shorter residence times, Higher reaction temperatures also favour
carhon deposition on the active catalvst. High pressure has a positive ellect on chain
arowth and oxygenate selectivity and leads to smaller amounts of branched products.

2.1.4 DNlechanisms in Fischer-Tropsch Synthesis

Dilferent pathways have been suggested as reaction mechanisms for the FT synthesis.
Kev steps in all of these are a) the generation of the chain starter, b) the chain growth
{propagation} and ¢} the chain growth termination {desorption) steps. The genersl per-
ception ig that not o single, but rather multiple parallel operating reaction pathways may
exigt in F'T synthesis. The four mast accepted reaction mechanisms are the "alkyl”, the
“alkenyl”, the “encl” and the “CO-insertion” mechanism {Dry (19831}, Anderson (1984},
Clagys and van Steen (2004)).

2.1.4.1 Alkyl Mechanism

The alkyl mechanism (Scheme 1) is currently the most accepted one {Claeys and van
Steen, 2004). It was developed from the so-called “carbide-mechanism, which was the
first proposed FT reaction mechanism (Fischer and Tropsch (1926), Craxford and Rideal
(1939)). The chain initiation entails a dissociative CO-chemisorption to form ecarbon
and oxygen atoms on the metal surface. The surface oxygen rescts either with adsorbed
hydrogen to form water or with adsorbed earbon monoxide to form carbon dioxide. In
a sequential reaction the surface carbon (“carbide”} is hydrogenated to CH, CH; and
(H; hvdrocarbon species. The CH, species is considered the meonomer and the CH;
is regarded as chain initiator. Chain growth then takes plaee via incorporation of the
monomer into surface alkyl species. The primary termination step includes exther 5-H
ehimination to form an olefin or H-addition to form g parafin. Formation of oxygenates
cannot he explained by the alkyl-mechanism. although, Johnson et al. (1991) suggested
invalvement of surface hwdroxy! groups in their generation, The coupling of & surface
hydroxyl group with an alkyl group may lead to the formation of aleohols.

cQ C CH H- CH;
Chain nuibiation: ﬁ%ﬁﬁih “Lh- LI--*

L

|
E CHE I

Chain growth: ﬁ — *

Scheme 1: Alky] mechanisn.

2.1.4.2 Alkeny]l Mechanism

Maitlis and co-workers proposed the alkenyl mechanism (Maitlis (1989), Maitlis et al.
(1996, 1399)), based on studies on crganometallic model systems {see Scheme 2}, The
first step, the generation of a surface CH, species. is the same ag in the alkyl mechaniam

{i
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(see above). The surface CH, spccies, viz. methylidene (CH) and methylene (CHj)
speeics, reacts in a {lrst C-C carbon bond formation to form the chain tnitiator, which
i believed to be a vinyl surface specics (CH=CH;). Chain propagation involves the
addition of o methylene species to a surface vinyl species yielding a surface allyl species,
followed by isomerisation to a surface alkenyl species, Addition of hydrogen then leads to
desorption of the product 8s an a-olefin. Primary formation of paraffins is not explained
by this reaction mechanism.

co ;
; L R IH =N
Chain iniration; *““H—Dh- AL T
H

11 CH» i‘IH:
N

HR HsR
fﬂl }H H
CH: H; 1
Chain growth: &__.. -

Scheme 2: Alkenyl mechanism.

2.1.4.3 Enol Mechanism

The enol mechanism, proposed by Storch et al. (1951), involves an enol species (M=CHOH)
as the chain initiator. Its generation ineludes surface H-addition to chemisorbed carbon

monoxide on the metal surface. Condensation reactions of two neighbouring enol species

result in chain growth. Termination of those species can then yield oxygenates or a-olefins,

The formation of n-paraffins is described as a secondary reaction by hydrogenation of pri-

marily formed olefins. The primary formation of n-paraffins would require an alternative

reaction pathway.

‘l{ /OII
Chain initiation: ﬁ 45 A &

ST T

—
5 - +21
Chain growth: s PR S

- H:D

Seheme 3 Enol mechuanisni-
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2. 144 CO-Insertion Mechanism

The CO-nsertion mechamism is often believed to be the main reaction pathway leading
to the foriuation of exygenates in FT synthesis {Anderson and Ekerdt {1885, Dry (1990},
Hindermann ot al. (1993)). It was eriginally forinulated by Stemberg and Wender {1959)
and Roginski {1965} and further refincd by Pichler and Schulz (1970). In this mechanism
chemisorbed carbon moncxdde is considered the monomer. Reaction with activated hy-
drogen leads to the formation of the chain initiator, viz. a surface alkyl species. Chain
growth takes place via CO-nsertion in a moethyl-alkyl bond leading to a surface acyl
species. The C-O bond cleavage generates the longer chain surface alkyl species. Des-
urption of these species can either lead to the formation of a-olefins or n-paraflius, as
already proposed in the alkyl-meehanism, or to the formation of aldehydes and aleohols
from oxygen containing surface spocics.

?H

0 CH;
Chain mihiation: i...i :[r;
E OH
N

R\ /)) i
% 0 E H,
Cham growth:  § — T “iH .;:} ‘

Scheme 4: {kinsertion mechanisn.

CH;

2.1.5 Different Catalysts for Fischer-Tropsch Synthesis

In principle, all transition metals have the ability to catalyse the FT synthesis; although
the most studied ones are cobalt, iron, nickel and ruthenium.

Cobalt and iron are the conunereially used I'T' catalysts. Ounly iron is used in HTFT
synthesis whercas both metals are suitable for the LTFT process (sce Section 2.1.1, p.
4}). Potassium promotion is required in iron based FT to increasc activity and improve
selectivity, Cobalt does not reguire chemical promoters, but it is usyally supported on
a carrier to increase its dispersion and small quantities of noble maotals are often added
as reduction promoters. Although cobalt is more expensive than iron, it is probably the
future FT catalyst of choice due to its “cleaner” performance in terms of its FT' product
spectruin (less side produets) and its potentially longer catalyst lifetime (Schulz, 1993).

In the 1930 offorts wore made to prepare commercially nseful nickel eatalysts. However,
nickel forms velatile earbonyls, such as the toxic Ni{CO)y, at higher opurating pressurcs
(Shen et al., 1981). Nickel catalysts also often show a tendeney for extensive methanc
formation (Mills and Steflzen, 1973).

Initial investigations using ruthenium as catalyst for FT synthesia wete done by Pichler
and Bufflch (1936). The reaction variables pressurc and temporature strongly influcneed
the hydrocarbon ehain length of the product. It was obscrved that low tcmperatures
and high pressures led to the synthesis of very high molecular weight waxes (M, > 100
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000 g/mol}. This process is also known as polymethylene synthesis (PMS). At lower
pressures ruthenium shows FT product distributions similar to those obtained on cobalt
catalysts {Iglesia et al. (1991, 1992), Madon ct al. {1993}}, however it is often accompanied
by a relatively hugh methane selectivity.

Buthenium is not only active in water, but alse in diluted acids, cmphasizing its high
activity and low tendency to oxidize (Fischer ot al, 1939). Water added during FT
synthesis can cven decrease methane selectivity and improve chain growth, as reported
by Claeys and van Steen (2002).

McKee {1967) and Shultz et al. {1967) showed that amongst the platinum group metals
ruthenium is by far the most active catalyst for FT CO-hydrogenation, Sceveral years
later Vannice (1975a) showed the same trend for the proup VIII metals, to which the
commercially used iron and cobalt belong.

Buthenium catalysts are active over a wide range of operating conditions: temperatures
from 100 to 300°C and pressures from 1 to 2000 bar. In contrast to the other tested
group VIII metals it can yicld high average moleeular weight produets and the largest
Cyp-fraction (=75 wt%) even at atmospheric conditions (Anderson, 1984).

Ruthenium as & catalyst can be used as a pure metal, without any promoters, thus
providing the “simplest catalytic system of FT synthesis” (Schulz, 1999). This means that
mechanistic conclusions hbased on using ruthenium 28 catalyst should be the simplest. In
fact, Okukara et al. (1985) showed that potassium, a promoter often used in iron catalysed
FT synthests, lowers the reaction rate with this metal, Another advantage of ruthenium
is that it does not form any carbides like iron does (Bahr and Jessen, 1933}

However, due to its high costs, when compared to iron or cobalt, ruthenium has never
been used as a commercial catalyst in a FT process (Dry, 2002).

2.1.6 Effcct of Crystallite Size in Fischer-Tropsch Syuthesis

In structure-sensitive reactions catalyst activity and selectivity are dependent on the
metal crystallite size of the eatalyst. For instance, they can cause a decrease in activity
for smaller crystallites.

Early systematic investigations on surface speeifie activity go back to the 1950z with
work done by Boreskov and Karnaukhov (1952), who studied the adsorption of hydrogen
and nitrogen on platinum surfaces in platinized silica gels. Boudart et al. {1966) were
the first to look into changes of specific activity with crystallite size for & platinum based
hydrogenation of cyclopropene. Several yoars later this group stated that one must take
note of possible effects of metal particle size and metal-support interactions in heteroge-
neous catalysis reactions {Boudart, 1969).

[n ruthenium based FT synthesis, early studies on specific activity were done using In-
frared (IR} studies of carbon monoxide chemisorbed on the active ruthenium metal {Bly-
holder (1964), Lynds (1964), McKee (1967), Kobayashi and Shirasaki (1973), Dalla Betta
{1975}, Brown and Gonzales (1976}, Kellner and Bell (1981a}, Fukushima et al. (1985)).
Publications by Lynds {1964} stated an oceurrence of linear and bridged CO-groups on the
metal. This was followed by Kobayashi and Shirasaki (1973}, who reported the formation
of Bu{CQ)z and Ru(CO}2 groups on the metal surface. The first structure-dependency of
CO-chemisorption was reported by Dalla Betta (1975). They found a single adsorption
band for larger crystallites in IR spectra of ruthenium catalysta pretreated with carbon
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monoxide, whereas smaller crystallites showed two different adsorption bands. They ex-
plained these findings by the different strengths of the C-O bond at different coordinating
sites. On low-coordinating edge and corner sites the CO-adsorption is weaker than that
on plane faces. In addition, multiple CO-adsorption occurs on these faces, producing
species such as Ru(CO), on the surface. Brown and Gonzales (1976) explained these dif-
ferent adsorption bands with change in metal crystallite size by the incomplete reduction
of the smaller crystallites under the operating conditions. Therefore, they proposed that
this is not a crystallite size effect.

In the 1970’s and 80’s various groups worked on ruthenium based FT synthesis, aiming
specifically to investigate a possible structure-sensitive behaviour of ruthenium. These
studies led to different conclusions.

The first paper by Dalla Betta et al. (1974) described a structure-insensitive initial FT
activity of ruthenium on alumina catalysts when varying the ruthenium particle size from
<1 to 9 nm. No change in specific catalyst activity and methane selectivity, expressed as
turnover numbers® (TON), was found with different ruthenium crystallite sizes and the
apparent activation energy for methanation remained constant with varying crystallite
size. Merely a year later, the same group reported that the specific steady-state FT activ-
ity on the same catalysts increases with increase in metal crystallite size, thus displaying
structure-sensitivity (Dalla Betta et al., 1975). Similar observations were reported by
various other groups in the following years.

King (1978) studied the methanation and the Cyi-activity for ruthenium catalysts on
several different supports. These catalysts were in the crystallite size range between 2.2
and 6.1 nm. They stated that support-interactions could influence the electronic structure
of the metal. They also found a decrease in specific activity with smaller metal loadings
and proposed that a more intimate contact of the metal on the support occurs in this
case.

Kellner and Bell (1982) also reported an increase in FT activity with increasing ruthenium
crystallite size supported on alumina. They measured the C,-Cy4 production for different
carbon monoxide conversions at 1 and 10 bar. The specific activity for methane formation
dropped drastically when ruthenium dispersions exceeded 70%, which corresponds to a
crystallite size of 1.9 nm. The increase in activity with crystallite size for ruthenium
dispersions less than 70% was ascribed to an increase in the number of planar sites on
the ruthenium crystallites. The drastic change for ruthenium dispersions of more than
70% was ascribed to changes in the crystallites’ electronic properties.

In a study on the FT activity of two highly dispersed alumina supported catalysts by
Abrevaya et al. (1990) it was observed that smaller crystallites (2-4 nm) are less ac-
tive than larger ones (4-6 nm). Due to the higher methane generation on the smaller
crystallites, it was stated that smaller crystallites are less effective in promoting the CO-
dissociation step, causing an enhancement of other reactions that do not require this step.
One of these is the formation of Ru(CO), compounds, that lead to a loss of ruthenium
during the reaction due to the formation of volatile ruthenium compounds.

Ragaini et al. (1996) investigated which atoms are most active in F'T' synthesis, following
up on the theory by Boudart (1969) that metal atoms situated on the plane faces of
the crystallites can be more active than those on edges and on corners. Their studies
on a ruthenium on alumina catalyst (crystallite size range: 0.9-4.8 nm) suggested that

#The turnover number, TON, is defined as the number of moles per unit time of a compound converted
per number of moles of surface metal atoms,
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atoms with a higher number of nearest neighbours in flat faces and edges are more
active than those on vertexes and edges at lower numbers of neighbouring atoms. Larger
crystallites decompose carbon monoxide more easily than smaller ones, whereas formation
of hydrocarbons does not strongly depend on the metal crystallite size. These authors
concluded that FT synthesis is structure-sensitive for the initial step, though it is quite
structure-insensitive when considered over the whole reaction time.

In contrast to this, Iglesia et al. (1992) described a structure-insensitive F'T reaction at
conditions that favour the formation of Cs.-hydrocarbons. The catalyst systems studied
were cobalt and ruthenium on different supports with crystallite sizes ranging between
2.2 and 14.8 nm. They found the activity to be proportional to the number of exposed
ruthenium surface atoms, and to be independent of crystallite size or support. This was
ascribed to a possibility of a rate-limiting surface step that does not depend on local
surface structures. Iglesia (1997a) further stated that cobalt crystallites smaller than
5-6 nm may become inactive for F'T' synthesis, as they might oxidize in the presence of
the product water.

Despite such experimental findings, Baetzold (1973) and Boudart and McDonald (1984)
gave mechanistical and quantum mechanical reasons why all group VIII metals are ex-
pected to be structure-semsitive in FT synthesis. The structure-sensitivity is based on
changes in the atomic surface arrangement at crystallite sizes smaller than 5 nm (van
Hardeveld and Hartog, 1969). This change is described as a combination of electronic
and structural effects. According to various groups (Boudart and McDonald (1984), Fre-
und et al. (2000), Ciobica and van Santen (2003), Ciobica et al. (2003), Zaera (2004),
Mabaso (2005), Barkhuizen et al. (2006), Bezemer et al. (2006), Mabaso et al. (2006)) a
minimum amount of adjacent surface metal atoms, defined as “ensembles” or “domains”,
is required for certain surface reaction steps. A decrease of crystallite size below a specific
diameter leads to a significant decrease of these “ensembles” or, in other words, of the
“active sites” of the catalyst. Schulz et al. (2002) proposed that the different reactions
occurring during FT synthesis might take place on different sites, e.g. chain growth on
peak sites and mountain sites of low coordination with several free valences for binding
surface species and “ligands”, CO-dissociation at hole and valley sites of high coordi-
nation, and CO-insertion steps on top sites with low coordination. These sites would
start to form on the fresh catalyst during the initial stages of FT synthesis and the com-
position/distribution would be thermodynamically controlled and dependent on the gas
environment (partial pressures of reactants and products).

For the investigation of crystallite size effects it is crucial that the metal crystallites are
well-defined; most experimental data described above were generated on catalysts with
relatively broad or unknown crystallite size distributions.

The crystallite-size dependency on well-defined rhodium, iron and cobalt model catalysts
for FT synthesis was recently shown by Ojeda et al. (2004), Mabaso et al. (Mabaso (2005),
Barkhuizen et al. (2006), Mabaso et al. (2006)) and Bezemer et al. (2006). Ojeda et al.
(2004) explained this effect by a dependency of the CO-dissociation rate on the density
of surface defects, which increases until a certain particle size is reached. This trend has
been substantiated by molecular modelling work of van Santen and co-workers (De Koster
and Van Santen (1991), Ciobica and van Santen (2003), Ciobica et al. (2003)). It has
been proposed that on-top sites are preferred for CO-adsorption on Ruf0001] surfaces
of which smaller crystallites have more (Michalk et al., 1983). However, some believe
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that product desorption, and not CO-dissociation, is the rate-determining step in FT
synthesis (van Steen and Schulz, 1999) and effects of CO-activation could therefore not
account for the generally observed lower activity of smaller crystallites. Mabaso (2005)
and Bezemer et al. (2006) explained their findings with the “ensemble theory” (see above)
and, alternatively, with possible oxidative deactivation of small metal particles - an ef-
fect which has been substantiated by theoretical work on the thermodynamic stability of
cobalt crystallites of different size in Hy/H,0O atmospheres (van Steen et al., 2005). In
both studies selectivity aspects related to metal crystallite size have also been discussed.
Smaller crystallites were found to generate more methane and a lower chain growth prob-
ability was observed in FT experiments. Furthermore, increased paraffin to olefin ratios
were reported for smaller crystallites in the study by Bezemer et al. (2006).

No systematic study on the effect of well-defined and characterised ruthenium crystallites
of different size (fresh and spent) on FT activity and selectivity has been reported in the
literature yet. Such an investigation therefore forms part of the section of this work which
deals with nanometer sized ruthenium crystallites. In addition, temporal changes in the
performance of model catalysts during a FT experiment are reported.

2.1.7 Homogeneously Catalysed Fischer-Tropsch Synthesis

Homogeneously catalysed processes have a number of advantages over heterogeneously
catalysed ones, including:

e adjustment of selectivity control by, for example, changing ligands
o relatively easy removal of the reaction heat

e sulfur tolerance of homogeneous catalysts®

o relatively simple reactor construction

A possible disadvantage is the difficulty of separating the catalyst from the products
(Anderson (1984)).

Several attempts have been made to develop homogeneously catalysed FT synthesis.

Muetterties (1975) suggested the use of multinuclear metal clusters as catalysts. They
stated that these cluster systems are defined as multinuclear approximations of metal
surfaces. On these metal cluster systems more carbon monoxide could be coordinated
than on metal surfaces. Carbon and oxygen in carbon monoxide could even adsorb on
two different adjacent metal atoms, weakening this bond. Hydrogen transfer is then
favoured and chain growth can take place. Different ruthenium-carbonyls have been used
in homogeneous FT synthesis studies. Generally, homogeneous F'T reactions are believed
to require severe pressure conditions, usually more severe than those of heterogeneous
FT synthesis or the methanol synthesis (Anderson (1984)).

Bradley (1979) tested different organometallic ruthenium complexes, viz. Ruz(CO);2,
H4Ruy(CO);2, HzRuy(CO)y2~ and RugC(CO)16°~, dissolved in tetrahydrofuran (THF)

bSuifur as FT poison is described in Section 2.2.1, p. 15.
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at temperatures between 225 and 275°C, and high pressures of 1300 bar. Only the
formation of the C;-oxygenates methanol and methylformiate was detected in this study.

By using a more polar solvent, such as acetic acid and N-methyl-pyrrolidone (NMP),
additional formation of 1,2-ethylene-glycol was found, principally indicating the ability
of these complexes to promote a C-C coupling reaction, but no C-O bond dissociation
(Dombek (1980), Keim et al. (1980)). In addition Keim et al. (1980) tested various
group VIII metals in an attempt, to develop an activity profile similar to that described
in previous work by Vannice (1975b) for heterogeneous FT catalysts (Section 2.1.6, p.
10). They found that rhodium is more active than ruthenium, followed by iridium and
cobalt in the polar solvent NMP, whereas cobalt seemed to be the most active catalyst
followed by ruthenium and rhodium when using the less polar solvent THF'. Following the
same trends, oxygenates and glycols were the only products obtained in homogeneously
catalysed reactions on other organometallic complexes with other metals (such as iridium,
iron, manganese, nickel and osmium) tested at similar reaction conditions (T = 200-
225°C, P = 200-3000 bar) (Feder and Rathke (1978), Daroda et al. (1980), Fahey (1981)).
The absence of hydrocarbon product species indicates that a C-O bond cleavage might
not be preferred upon product desorption on such organometallic clusters. The authors
continue to propose that methanol and ethylene glycol are primary products that can
form acetic acid, ethanol and higher alcohols and acids in secondary reactions which may
include a one-step homologation reaction in which formaldehyde may play a crucial role
in analogy to CQO-insertion in the well-known “Oxo-synthesis” which was discovered by
Roelen (Friedrich et al., 1939).

Hydrocarbons as main products were found in studies by the group of Muetterties in which
a Lewis acid was added as co-catalyst to organometallic complexes in CO-hydrogenation
at 180°C and 1 bar. The co-catalyst reacted with the catalyst generating reactive inter-
mediates, enhancing C-C bond formation. CO-hydrogenation on Irs(CO),,, dissolved in a
NaCl-AlCls melt, showed formation of C,-Cy4 linear hydrocarbons as well as the branched
products isobutane, neo- and isopentane, Cy and Cg methylcycloalkanes, trimethylbutane
and dimethylcyclohexane (Wang et al., 1981). Similar products were obtained in CO-
hydrogenation on Os3(CO);; and BBr; (Choi and Muetterties, 1981) at similar reaction
conditions (T = 170-180°C, P = 1 bar). Henrici Olivé and Olivé (1979) even reported the
formation of alkyl benzenes when using W(CO)s and AlCl; as catalysts tested at 200°C
and 120 bar.

Recent work in this field was focused on immobilization of the organometallic cluster on
a support and testing the possible FT activity and selectivity of these model catalysts.
Claeys et al. studied different organometallic ruthenium complexes on silica support at
2 bar and 170°C as model catalysts (Claeys et al. (2000a,b)). They found that only
ruthenium complexes with a nuclearity of two or higher produced products that have
more than one carbon atom. No FT activity was observed on a monoatomic ruthenium-
dendrimer, whereas the two different diatomic ruthenium complexes tetracarbonylbis-(5-
cyclopentadienyl)-diruthenium and tetracarbonylbis-(pentamethyl-5-cyclopentadienyl)

~-diruthenium and the triatomic dodecacarbonyl-triruthenium showed FT activity and
the formation of C;-Cs hydrocarbons. This activity, which was based on the exposed
ruthenium atoms, was much lower than that of a conventional heterogeneous FT catalyst
and was restricted to the very initial phases of the experiments, indicating the complexes
to be relatively unstable. It was uncertain whether the carbon found in the products
originated from the synthesis gas or the CO-ligands in the original complexes, in other
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words it was uncertain whether o catalytie process indeed took place. It can, howoever,
be assumed that modification of the ligands or clusters of high nuclearity may show
improved performance in CO-hydrogenation and such studies may aid to understand the
dgite requirements for different reastions occurnng during F1' synthesis

2.2 Catalyst Deactivation

One of the major problems in catalysed reactions is the “deactivation® of the catalyst,
which is defined as a loss in catalyst activity as the rcaction progresses. Recently, three
overview articlea regarding deactivetion have been publizhed, highlighting the importance
of this topic {Forzatti and Lietti {1999}, Bartholomew (2001), Moulijn et al. {2001}).
There are several mechanisms of catalyst deactivation, which can be classilied into fve
different types;

* poizoning

fouling

thermal degradation (sintering, evaporation)

s vapour commpoind formation accotnpanied by transport

s vapour-solid aod;/or solid-zolid reactions

2.2.1 Poisoning

Poisoming 18 defined as deactivation by strong adsorption of, usually, impurities in the feed
(Moulijn et al., 2001). Whereas inhibitors are generally weakly and reversibly adsorbed
on the catalyst surface, polsons are substances whose interactions with the active sites
are very strong and irreversible (Forzatti and Lietti, 1999). There are two different kinds
of polsoning, namely selective and non-selective poisoning - as schematically showmn in
Scheme 5 (Moulijn et al. (2001)). Common poisons and their specific type of metal
interactions arc listed in Fable 2.1

Scheme 5: Sclective (top} and non-selective {foftom) polsoning in heterogeneous catalysis.
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Table 2.1: Qverview of common poisons classified by chemical structure {Bartholomew {2001)).

Chemical type Examples Type of interaction with
metals
Groups 15 and 16 N, P, Az, Sb, O, 5, Through s- and p-orbitals;
Se, Te shielded structures are less toxic
Group 17 B, @ Br. 1 Through s and p-orbitals;

formation of volatile halides

Toxic heavy metals As, Pb, He, Bi, Sn, Occupy d-orbitals; may form

and ions Zn, Cd, Cu, Fe allays
Molecules which 0, NO, HCN, Chemisorption through multiple
adsorb with multiple  benzene, acetylene, bonds and back bonding
bhonds other unsaturated
hydrocarbons

Organic bases and ammonia are typical poisons for acidic catalysts, such as zeolites used
in cracking reactions, while ammounia as well as sulfur- and arsenic-contaiming compounds
are typical poisons for metals in hydrogenation, dehydrogenation and steam reforming.
Metal containing organic compounds are peisons in catalytic cracking and hydrocrack-
ing. Typical FT eatalyst poisons are Ha5, COS, NH; and metal carbonyls of which sulfur
poisoning in particular is the most challenging problem {Bartholomew, 2001}, In FT syn-
thesis coal is often the starting compound for the synthesis gas production and, being an
organic material, it contains a significant amount of sulfur. Due to this, sulfur poisoning
is one of the biggest issues in commerctal FT synthests. Sulfur as F'T poison has already
been described by Fischer and Tropsch (1926] in the early years of this process. Studies
by several groups indieate that sulfur concentrations in the parts per billion range can
cause a significant loss in activity and lifetime of the catalyst (Shultz et al. (1962}, Dry
{1981), Anderson (1984), Bromfleld and Coville (1899), Duvenhage and Coville (2006)).
Chlorine in the form of RuCls, used during the synthesis of the catalyst, can also act as
FT poison if it is not completely removed in the calcination and reduction steps {Iyagba
et al,, 1990).

2.2.2 Fouling

Fouling is the physical or mechanical depogition of species from the fluid phase onto
the catalyst surface, resulting in a loss of activity due to blockage of sites and/or pores
{Bartholomew, 2001).

An important example of fouling is eoking. Coking, the formation of carbenacecus
residuc overlayvers on the sctive catalyst surface, is a typical deactivation mechanism for
catalytic reactions involving hydroearbons such as the FT proecss, Coke deposits may
amount to 15 or cven 20% of the eatalyst surface and therefore the catalyst might alse
deactivate due to blocking of the catalyst pores (Forzatti and Lietti, 1999). Various mech-
anisns of coke formation on metal catalysts from carbon monoxide and hydrocarbons are
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known. The first step is the formation of a C, carbon, which is defined as adsorbed
atomic carbon. This can react further to a polymeric carbon Cg. The most stable and
most difficult to remove form of carbon is graphitic carbon generated from polymeric
carbon (Bartholomew, 2001).

2.2.3 Thermal Degradation

Thermal degradation is a physical process leading to catalyst deactivation because of a)
loss of catalytic surface area due to crystallite growth of the catalytic phase, b) loss of
support area due to support collapse and/or c) loss of catalytic surface area due to pore
collapse in crystallites of the active phase.

Sintering is a form of thermal degradation. It is defined as a loss of catalytically ac-
tive surface due to crystallite growth of either the support material or the active phase
(Moulijn et al., 2001). Initially, the atoms may be present as small clusters of atoms or as
small metal crystallites. In a sequential process, surface diffusion of the atoms firstly leads
to two-dimensional clusters, and at a later stage to three-dimensional particles. These
particles can grow into larger ones through several mechanisms. Particles might move
and coalesce or atoms may move from one particle to another, either by volatilisation or
by surface migration, also known as Ostwald ripening (Datye et al., 2006). The typical
sintering mechanisms are schematically shown in Scheme 6 (adapted from Moulijn et al.
(2001)).

Sintering processes are strongly temperature dependent (Moulijn et al., 2001). The tem-
perature at which sintering occurs, defined as the Hiittig or Tamman temperatures, is
directly related to the melting point of the metal. Atoms located at defects in the crystal
structure become more mobile at the Hiittig temperature and atoms from the bulk at
the Tamman temperature while atom mobility will be so high at the melting point that
liquid-phase behaviour is observed. Equations 2.7 and 2.8 are semi-empirical relations
for the calculation of the Hiittig and Tamman temperatures respectively.

T}iiittig =0.3- Tmelting (27)
TTamman = 0.5 - Tmelting (28)

Table 2.2 highlights the Hiittig, Tamman and melting temperatures for metals and sup-
port materials relevant to FT synthesis as published by Moulijn et al. (2001).

It must be mentioned that the temperature at which mobility occurs for small particles
may be lower than that indicated by Tuuwg and Tramman (Moulijn et al, 2001). In
contrast to this, small metal clusters are often stabilized on the support by anchoring
them via chemical bonds that hinder their movement and therefore minimize effects of
sintering.

Another problem is that the melting point of some materials is not always well-defined.
Some supports may decompose even before Tyiig 8nd Trammen are reached. The choice
of support material is crucial as some support materials can start to sinter before the
metal crystallites which are deposited on it. Supports which are suitable for typical
heterogeneous reaction conditions are often referred to as thermostable supports. Wanke
and Flynn (1975) stated that metals can also sinter relatively quickly under an oxidizing
atmosphere, whereas the process is slower under reducing or diluted atmospheres.
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Table 2.2: Thetings Trattig 800 Thamman of metals and supports relevant for the FT synthesis.

Compound Tmelting THﬁttig Tramman
in K in K in K

Ru 2723 817 1362
Fe 1808 542 904
Co 1753 526 877
Ni 1725 518 863
Al, O3 2318 695 1159
Si0q® 1986 596 993
SiO,P 1883 565 942
2 Crystobalite
b Quartz

B mmmmme A=

Single atoms 2-dimen. cluster 3-dimen. particle
on support on support on support
% &9
Particles migrate coalesce
vapour =

s, — S

Interparticle transport

ting
b,

l

metastabile

stable

Scheme 6: Different stages in the formation and growth from single atoms to three-dimensional
particles on the support surface (Moulijn et al., 2001).
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Dry (1981} pointed out that sintering is probably the main reason for FT catalyst deac-
tivation and thus it i3 of special interest in this study.

2.2.1 GGas-solid and Solid-solid Reactions

In pas-solid and solid-solid reactions the catalyst deactivation can alse be caused by a
chemical reaction {Bartholomew, 2001).

Metal logs through gas-solid reactions, for example via the formation of volatile com-
pounds, e.z, metal carbonyls, can be significant over a wide range of operating conditions,
meluding retatively mild conditions (Bartholomew, 2001},

In ruthenivm based F'T synthesis there are some documented examples of a loss of the
catalytically active metal as volatile compounds, due to reaction with cerbon monoxide,
Goodwin et al. (1986) reported metal logs of up to 40% due to the [ormation of volatile
ruthenium carbenyls, such as Ru(CO);. A schematic drawing of the formation of the
volatile Ru(CO}s is illustrated in Scheme 7. Similar losses of metal have been reported
on nickel eatalysts, where metallic nickel reacts to Ni{CQ}y, a toxic, volatile compound
(Shen et al., 1981].

Gas phase co
Volatile metal
carbomny]
ﬁdburhl.d Co : T

Scheme 7: Formation of Lie vobalile moheniumepenlacarbony], Bu(C0) s, via surface reaction of
corhon monoxide with metallic ruthenium,

p_) I/% /“O Subearbonyl
(]

Solid-solid reactions, including phase changes or reactions of the metal compound with
the support, can also canse deactivation. In some eases this can also lead to an inerease in
catalytic activity, In iron based F'T synthesis for instance, it is widely thought that some
carbides such as Fey 3C, Fe, ! and Fe; Gy, which form a5 the FT reaction progresses, are
FT active. Oxides, however, seem to be inactive for FT synthesis (Dry (1981}, Anderson
{1984]] and iron catalysts are known to deactivate through phase fransformation from
iron or irom carbide to inactive magnetite, Fe30y (at high conversions due to the high
amount of the FT by-product water). The actual performance of an tron based FT
catalyst 1s therefore often a result of catalyst pretreatment and process conditions. Similar
effects may play a role when using cobalt as FT catalyst. Although a thermodynamic
analysis on bulk cobalt shows that its ocddation is not feasible under FT conditions
{Anderson, 1956}, small erystallites of cobalt may be oxidized by the water by-produet
at F'I' conditions as proposed by lglesia (1897h). Recently, a thernodynamic analysis
on the cxidation of small cobalt clusters indeed confirtned that cryvstallites smaller than
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4-5 nm ay oxidize under typical FT conditions because the thermodynamics of the
avstem is changed by their relatively more significant surface enerpies compared to the
overall energics of the systern {van Steen et al., 2005).

2.3 DPreparation Methods for Heterogencous Catalyst
Syslems

Industrially uscd metal catalysts consist of one or several active component(s) often
deposited on a2 high surface area support. The main purpose of using a support is to
achieve an optimal dispersion of the catalyiically active component(s) and to stabilize it
(them) [Che et al., 1997).

Commonly, during catalyst preparation immohilization of the metal compound on the
support is followed by a caleination and sn activation step.

2.3.1 Conventional Preparation Techniques

Apart from ion exchanpe, there are three major preparation methods for heterogeneous
catalysts, impregnation, precipitation and deposition of organometallic compounds on a
support material,

2.3.1.1 Impregnation Technigues

In impregnation techoiques the catalytically active specics are introduced into the pote
space of a suppert material. The support material is chosen based on its desired specifica-
tion, size and shape. There are two different known methods of impregnation, depending
on whether the pore space of the support containg only sar or gas at the start or whether
it 15 alrcady filled with the solvent of the impregnation solution. The first method is
known as capillary impregnation and the second as diffusional impregnation.

The capillary impregnation technique is characterised by its exothermicity. Pressure
is built-up inside the support pores resulting in a very fast preparation method. A special
capillary impregnation technique is the “incipient wetness impregnation” (Adesina, 1996},
This technigue is used for supports with low adsorption capacity of the metal precursor
{(Huang and Schware (1987b}, Calleja et al. {1991)). In this case, the amount of water
used to dissolve the metal salt a8 eatalyst precumsor equals the amount of water needed
to fill the suppert pores completely. The catalytically active compound is immediately
transported onte the support via capillary-type forees or by diffusional effects.

The diffusional impregnation techuique is neither exothermic nor fast (Che et al.,
1997). In this technique, the pore space of the support is filled with the solvent used m
the impregnation solution and it is therefors also known as “dipping” or “wet-soaking”
impregnation (Adesina, 1996). The driving force iz always the concentration gradicnt
between the extra-granular selution and the advancement front of the seluble precurser
in the intra-granular solution (Che et al., 1997). This technique is virtually never used
for preparing catalysts where there is no appreciable interaction between the precursor
and the support (as described by Huang and Schwarz (1987a}).

It iz generally not easy to prepare catalysts with high metal loadings using impregnation
techniques, and therefore multiple impregnation steps are often necessary. More impor-
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tantly, the resulting crystallite size distributions on the support are often relatively wide
and catalysts prepared in this manner are normally not well-suited as well-defined model
catalysts or as catalysts with well-defined metal crystallites on the support surface (Dry
(1981), Anderson (1984), Adesina (1996)).

2.3.1.2 Precipitation Techniques

In precipitation techniques, the precursors of the active metals are dissolved in a sol-
vent such as water and then precipitated onto the support (Geus and van Dillen, 1997).
This precipitation step can be forced by changing the pH value of the solution, causing
the formation of less soluble salts from the precursor. The pH adjustment can either
be done in the presence of a support material or the support material can be formed
via, co-precipitation. In the co-precipitation method, the support material is formed via
a simultaneous precipitation with the corresponding precursor or metal salt. The ad-
vantage when compared to impregnation techniques is that the obtained composition
on the support is much more homogeneous (Dry (1981), Anderson (1984)). Reuel and
Bartholomew (1984), for instance, showed that cobalt catalysts prepared via precipitation
can form much smaller metal crystallites on the support than in impregnation techniques.
It is also possible to prepare catalysts with a high metal loading on the support in only
one single preparation step. Crystallite size distributions obtained using precipitation
techniques are typically much narrower than those obtained using impregnation. It is,
however, not easy to adjust the average crystallite size, which is a crucial requirement
for preparation of model type catalysts with varied average crystallite size as required in
this work.

2.3.1.3 Synthesis from Organometallic Compounds

Literature suggests two different methods to synthesise supported organometallic com-
pounds: a) the deposition of metal via decomposition of organometallic compounds in
order to produce uniform metal crystallites and b) the deposition of organometallic com-
plexes on the support and use their as such (Adesina, 1996).

To give examples, the deposition of metallic iron using iron carbonyl complexes and its
use as model catalyst for CO-hydrogenation was reported by Johnston et al. (1999). The
organometallic iron complexes were dissolved in THF and impregnated onto an alumina
support, followed by reduction in hydrogen, generating well-defined metal crystallites
on the alumina support. Similarly Ru3(CO);2 and RugC(CO);; were used as catalyst
precursors and the reduced catalysts were used for F'T synthesis, creating well-dispersed
model systems (Kuznetsov and Bell (1980), Kellner and Bell (1982), Okuhara et al.
(1985)).

The preparation of unreduced organometallic ruthenium complexes on a silica support
was studied by Claeys et al. (2000a,b). These model systems were tested for FT activity
under moderate reaction conditions of 170°C and 2 bar in a fixed-bed reactor (results
see above in Section 2.1.7 on p. 14). The interactions of adsorbed Ru3(CQO);, on an alu-
mina support was extensively studied by the Zeccina group (Guglielminotti and Zecchina
(1982), Zecchina and Guglielminotti (1982)) They reported that, in the absence of oxy-
gen, the surface hydroxyl groups act as oxidizing agents, leading to a variety of oxidized
ruthenium species. The original triatomic framework of Rug(CQO);2 remains, while true
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bonds form between the ruthenium and the support. Asakura et al. (1985) identified
these surface species by Extended X-ray Adsorption Fine Structure (EXAFS) analysis.

2.3.2 Microemulsion Technique

The term microemulsion was coined by Schulman and Friend (1949). Decades later
the idea of using these microemulsion systems for catalyst preparation was suggested
by Gault in collaboration with Friberg (Eriksson et al., 2004). Boutonnet et al. (1982)
reported the preparation of metal nano-particles with this novel technique. In comparison
to the conventional preparation methods, this technique allows the preparation of well-
defined small metal nano-particles, due to the specific structure of the microemulsion
(Boutonnet et al. (1982, 1987), Eriksson et al. (2004)). Importantly, the size of the
resulting crystallites can be varied by changing the composition of the microemulsion
and other preparation parameters.

2.3.2.1 Definition of a Microemulsion

Microemulsions are optically isotropic and thermodynamically stable systems consisting
of a polar solvent, an non-polar solvent and an amphilic surfactant. The surfactants are
molecules with a polar head and a non-polar tail. Three classes of surfactants are known,
namely ionic, non-ionic and amphoteric. The polar head of the surfactant is hydrophilic
and interacts with the water phase, whereas its non-polar tail is hydrophobic and it there-
fore interacts with the non-polar oil phase (see Scheme 8). The most commonly used sur-
factants in the microemulsion preparation are sodium bis-(2-ethylhexyl)-sulfosuccionate
(AOT), sodium dodecy! sulphate (SDS) and cetyl trimethyl ammonium bromide (CTAB).
These ionic surfactants contain sodium and sulfur, which, depending on its use, can have
negative effects on the resulting catalyst. An alternative path with non-ionic surfactants,
e.g. penta-ethyleneglycol-dodecylether (PEGDE), is thus often used instead. Sometimes
co-surfactants, such as primary alcohols, are added to modify the rigidity of the micelle
core, thus allowing for modification of transport processes through the core (Stenius et al.
(1984), Boutonnet et al. (1987), Targos (1987), Pileni (1993)).

The stability of a “micelle” or reverse micelle is determined by the ratios of its con-
stituents. At a high water concentration, the internal structure of the microemulsion
consists of small oil droplets in a continuous water phase (see Figure 2.1). This system is
called a “micelle” or “normal micelle”. The oil core is stabilized with the non-polar tail of
the surfactant in the oil phase. However, with increased oil concentration a bicontinuous
phase without any clearly defined shape is formed. At high oil concentrations, this bicon-
tinuous phase is transformed into a structure of small water droplets in a continuous oil
phase. These systems are now called “reverse micelles”. Here the water core is surrounded
by the polar headed groups of the surfactant (see Scheme 8).

These systems are very sensitive with respect to temperature, particularly in the case of
non-ionic surfactants. At higher temperatures the oil droplets will be destroyed, while
the water droplets will be destroyed by a temperature decrease. Outside of the “micelle”
and “reverse micelle” area, a two-phase system exists (Eriksson et al., 2004).
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non-polar surfactant tail
N\ polar surfactant head

non-paelar selvent = “opil”

Scheme 8: Schematic disgram of 8 “reverse micelle” system,

Sorfactant

Normal micclle Reverse mieelle

Polar solvent T Non-polar solvent
‘I'wo phascs

Figure 2.1: Schematic Letnary-phase disgram of surfactant-oil-water system {Maliase (20037).

2.3.2.2 Preparation of Nano-particles

The dissolved reverse micelles have Lhe auilorm internal diameter of Lhe nanomeler sized
water droplets. This makes shem ideally suiled lor the preparstion of well-delined and
highly dispersed nano-particles. Water soluble metal salts can be incorporated into Lhe
aqueous phase of the reverse micelle, which is “dissolved” in the organic phase via the
surfactant.
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There are different ways in which the nano-particle preparation can oceur inside the
revorse micelles. The more common one is the precipitation of the precurser, often a
mctal salt, in the reverse inicelles and the impregnation of it onto a support in & sccond
step, This preparation of the nanc-particle ingide & reverse micelle can oceur by mixing
of two reverse micelle solutions with each other, one containing the precursor (Reactant
A} snd the other the precipitating agent (Reactant B). By adding and mixing these
two microcmulsions, the reactants A and B come in contact with cach other, due to
collision and coalescence of the droplets, and form the precipitate AB. This precipitate
iz confined to the interior of the microemulsion droplets and the size and shape of the
particle formed reflects the interior of the droplet. This process is schematically shown in
Scheme 9 (Pillal et al. (1995}, Eriksson ot al. (2004)). Another way is the direct addition
of a precipitating or a reducing agent to the reverse micelle solution containing the motal
precursor. Here the synthesis of nano-particles 1s based on the principle of confining the
precipitation or reduction of the precursor to the water droplets of these reverse micelles
{Pileni (1993), Pillai et al. {1995}}. Common agents are hydrogen or weak bases such as
hvdrazine (Eriksson et al., 2004) or (NH,}:CO5 (Mabaso, 2005).

I bath rethods the reverse micelles behave as microreactors. The sige of the precipitated
nano-particles is dependent on the size of the water droplet in the reverse micelles (Pileni
{1893}, Mabaso (2005)). By decrcasing the water to surfactant ratio, for example, the
generation of smaller reverse micelles s epected and vice wverse. The homogeneous
size of the reverse micelles in the oil phase at a certain mixing concentration will lead
to the formation of well-defined nano-particles. The reverse micelle structure therefore
provides a reaction template in the appropriate size range. The droplets are defined by
the Brownian motion and collide continuously, leading to the formation of short-lived
dimers and to the vxchange of the aqueons eontents in the micelles (see Scheme 9. The
erystallite size can be influenced by different parameters, such as reaction time, chemical
nature of the precursors and constituents of the micelle gystem. Also, similar to other
preparation techniques, the drying or ealeination temperature can play an important role
{Boutonnet et al. {1982), Stenius ct al. (1984), Boutonnet et al. (1987}, Pileni (1993),
Pillai et al. (1995), Song and Kang (2000]). At optimized conditions high purity nancsized
crvstallites can be produced.

Particularly in the field of catalysis, the usc of the reverse micelle technique to prepare
supported nanc-patticles is important. Kishida et al. (1996} and Heyashi et al. (2002)
preparcd supported nano-particles by dn-sifu formation of the support in the reverse
micelle solution by precipitation of a support precursor. This can, however, lead to
undesired encapsulation of metal crystallites by support material, Another possibility is
combining the nano-particle precipitate and the support material while the reverse micelle
systems sre still intact followed by breakage of the reverse nicelles, causing the nano-
particles to settle onto the sapport. This technique was described by Mabasgo (2005} for
iron particles. However, a problem with this technique is that some of the nano-particles
are not taken np by the support and the anticipated loadings is sometimes not achieved,

The preparation of supported nano-particles without the precipitation of the mets] salt
is also possible. Inm this case the support i3 added to the metal precursor in the reverse
micelle solution. By interionic interaction the support takes up the metal salt inside the
reverse micelles followed up by micolle break up, This method has been deseribed by
various groups (Stenjus et al. (1984), Abrevaya (1990), Abrevaya et al. (1990}, Eriksson
et al. (2004)).
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Generally, little work has been done using reverse micelle derived model] catalysts to study
the effect of crystallite size in catalysis, particularly in FT synthesis, Ojeda et al. (2004)
did work on rhodium calalysts and hMabase (2005) on iron catalysts, both varying the
metal crystallite sizes from 2 to 20 nm. With ruthenium as metal only the preparation
and catalytic tests of crystallites with 4 and 6 nm has been reported in a patent by
Abrevaya (1990},






Chapter 3
Scope ol the Thesis

Although ruthenium is known to be the most active catalyst for FT synthesis it has never
been used commercially due to its high costs compared to iron and cobalt. For optimum
performance it i3 important to achieve maximum metal utilisation, particularly when
cxpensive metals like rutherium are used. In principsl, the smaller the metal crystallites
in & catalyst are, the more metal atoms are present on the surface and therefore avail
able to catalyse the FT veaction, However, recent work published on well-defined modcl
catalysts of supported eobalt, ircn and rhodium (Ojeda et al. (2004), Mabaso (2008),
Barkhuizen et al. (2006), Bezemer et al. (2006), Mabaso et al. {2008)), showed that crys-
tallites smaller than a certain size in the nanoweter wonge (Peritical diameter”™) display
lower metal surface agea speeifie activity, expressed as turnover frequency, and inferior
FT product selectivity with high methane selectivity. Similar studies are available for
ruthenium based [T synthesis, but the catalysts used in these studies were gencrally
poarly characterized and crystallite size distributions woere not reported. These observed
effects might be duc te structure-sensitivity of the FT synthesis on these metals. There
have also been several attempts to investigate the possibility to conduct & homogeneously
catalysed FT synthesizs using organometallic compounds. Such studies can be considered
as cxtreme cascs of metal dispersion with all metal atoms cxpeosed to the reactants.

Experimental and theoretical methodologies are used in this work.

The cxperimental approach atms te compare/bridge the activities and selectivitics ob-
tained i F'T tests on a series of supported organometallic rutheninm compounds with var-
ied nuclearity (two to six) and supported ruthenium erystallites of different, well-defined
zsize. The challengcs are the preparation, characterisation and FT application of these
model-type well-defined catalysts.

The first task focuscs on preparation of well-defined supported nanc-sized crystallites
referred to as “heterogeneons” catalyst systems. The preparation methed chosen is the
reverse micelle techninue, as deseribed by Abrevaya (1880), which has to be modified to
increase the range of prepared crvstallite sizes. All prepared samples, fresh and spent, will
be fully characterised using stondard catalyst charseterisation methods such as Temper-
ature Programmed Reduction (TPR), Transmussion Elcetron Microscopy (TEM), X-ray
Diffraction Spectroscopy (XRD)Y snd CO-chemisorption. Organemetallie clusters of dif-
ferent nuclearity are to be prepared and impreenated onte the same support material as
to be used above. This approach will lead to model eatalysts with metal frameworks in
the Angstvem range, referred to as “heterogenized homogeneous” catalyst systems.
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FT performance of all model systems will be tested with particular emphasis en FT
activity and selectivity as function of metal crystallite or cluster size respectively. Ad-
ditional focus will be on temporal changes of product formation. The integrity of the
model catalyst system has to be investipated by characterisation of the spent catalysts.
As most of the above tests are to be conducted at relatively mild reaction eonditions in
order to avoid rapid decomposition of mmodel clusters as well as to foree hack effects of
crystallite sintering. some experiments with the “heterogencous” catalyst systems are {o
he performed at more reahstic T eonditions.

In addition to this experimental approach, theoretical work using molecular modelling
calculations will be conducted to investigate the minimum mumber of adjacent ruthenium
atoms which are theoretically required for the FT reaction to take place. These calcula-
tions should be done on intermediates proposed in the moncatomiec and diatomic reaction
mechanizms, including only elementary reaction steps with intermediates known from the
Literature.

The combination of the experimental and theoretical work will give important insight
into the effect of ruthenium metal crystellite/cluster sizes in the FT reaction and pos-
sibly the site requirements for different reactions occurring during FT' synthesis, The
advantage of ysing ruthenium rather than iron or cobalt, apert from its high activity, is
the relative stability of the organometallic cotnplexes and the simplicity of the product
spectra, making it easier to interpret the trends in activity and selectivity when varying
the metal crystallite size or the cluster nuelearity.
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Chapter 4

Experimental Methodology

4.1 Calalyst I’reparation

A broad spectrum of model catalysts with average ruthemium erystallite sizes in the
nanometer range to ruthenium clusters in the Jamgstrﬁm range has heen prepared as
deseribed below.

4.1.1  Supported Nano-sized Crystallites

Supported rutheninm on alumina model catalysts with narrow crystallite size distribu-
tions in the nanometer range were prepared by means of the reverse micelle technique
(see Section 2.3.2, p. 23).

Penta-ethyleneglycol-dodeeylether (PEGDE] was used as the surfactant in the reverse
micelle system in this work and n-hexsne as the organie phase. Both components were
mixed in an Erlenmever flask and left overnight. The mixture was than filtered to re-
move any particulates or cloudiness that might be present and an agueous ruthenium
chloride solution was added, followed by stirring for two hours at room temperature.
The mixture was then left overnight to generate and stabilize the reverse micelles. The
alumina support [Puralox, see Appendix A.1, p. 154) was added while stirring the mix-
ture (overhear stirrer: 800 rpm), resulting in an immediate uptake of the ruthenium salt
onto the support surface, which ways directly visible from a discolourarion of the dark-
brown micelle svstem. After 60 minutes the suspension was decantaterd and the solid was
washed several times with acetone, In this siep, any residual PEGDE was removed and
the reverse micelle systems were broken up, The process of catalyst preparation using
this method is schematically depicted in Scheme 10, The solid was dried i1 a rotary
drier at 60°C' and 300 mbar for an hour and at 50 mbar for an additional hour. Cal-
cination in air in a fuidized-bed reactor {16 hrs, T = 300°C, heating rate of 2°C/min,
V{Air) = 30 ml(STP)/min, GHSV(Air) = 6 ml(STP}/(min-g)) followed immediately.
During caleination, the ruthenium salt on the alumina was transformed into ruthenium
dioxirle.

The stability region of the reverse micelle system used, as established by Targos {1987) and
Mabaso {20053) via titration at room temperature, is shown in a ternary phase diagram in
Figure 4.1. It shows the composition of the reverse micelle systems which were used in this
work to prepare the different madel catalysts. Table 4.1 lists compositions of the reverse
micelle svatems used as well as the ruthenium chloride concentrations in the agueous
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Scheme 10: Schematic representation of the preparation of rotheninm nano-particles by means of the
reverse tnicelle technique.

phase. The catalysts were numbered according to their post-calcination crystallite sizes,
i.e. the smallest crystallite size was numbered EM-1 and the largeat RM-13. The sizes of
the resulting supported crystallites were varied by changing preparation conditions such
as the composition of the reverse micelle system and the ruthenium chloride concentration
in the aqueous phase, In the preparation of model catalysts RM-5 to RM-10 and RM-12
and RM-13, the metal salt concentration in the agueous phase was kept at a constant
value of (.34 g/g while the surfactant to n-hexane ratio was vaned. In experiments RM-1
and RM-2, the metal zalt to water ratio was changed, keeping the composition of the
reverse micelle system constant. RAM-11 and BM-12 alzo vary only in the metal salt
concentration in the aqueoys phase. The preparation of RM-10 and RM-13 inchuded
the same reverse micelle composition, but RM-13 was calcined at a higher temperature
(400°C) than RM-1{ to encourage sintering to larger crystallites.

4.1,2 Supported Organomctallic Compounds

COrganometallic complexes were used to generate model catalyst svstems with Angstrem-
sized metal clusters as model systems for very small ruthenium crystallites. Organometal-
lic complexes with different nuclearity varying from two to six ruthepium atoms were
synthesised. A monoatomic compound was not included beeause it has been shown that
these do not appear to be active for FT synthesis (Claeys et al., 2000a). The ligands only
contained carbon, hydrogen and oxyeen atoms with the CO-ligands dominating. Three
diatomic complexes were prepared with different ligands in order to affect the catalyvst
stability and possible catalyst FT performance. Figure 4.2 dopicts the struetures of all
the synthesised organometallic comnpounds. These organcmetallic clusters were deposited
on an alumina support analogously to the nanometer sized crystallites (see below on p.
37},

T]i}e following Section describes the synthesis of the different organometallie compounds
and their immobilization on the support material.
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4.1, CATALYST PREPARATION

Table 4.1: Amounts of QuCly, HyO, PEGDE and n-hexune lor preparation of diffeeenl ahoming sup-
porled naus-aizged crvatallites.

Sample Mo Il a0 Mpprans Mp—pexane LAT03
core ing ing n g in g ing
RM-1 0.3 3.8 42.7 4978 a0
-2 0.3 1.0 1.7 124.4 ath
Ri-3 0.3 71 17.8 124 .4 a.th
RM-4 0.3 8.9 222 124.4 a.0)
RM-5 0.3 1.0 10.0 4m.1 a0
RA-{ 0.3 t.0 40.0 05.1 ath
EM-7 03 1.0 my 480 R
RLI-8 0.3 1.1 10.7 8.9 5.0
RA-9 0.3 1.1 3.2 480 L0
RKI-10 0.3 1.4 T4 Ao N
BiI-11 0.4 1.4 11.1 4.0 £,
BiI-12 0.3 14 11.1 480 ]
RuI-13% 0.3 1.4) 7.6 47.4 o

S T
calcination temperature: A0 0

N AVAVAYS A\

AVAV.AVAR
N/
AN
\/

AR

T 73 T T 8 g5 BE 0™ a4 97 1
wi%a

Figure 4,1: Ternsey-phase dingram of watcr-PEGTDE-n-hexane reverse micelle systemn indiceting the
stability region for the reverse micelles (as establiched by Aabaso (2008} and the compo-
sitaon of the reverse micelle gyaterns RM-1 b0 M-13 used m this work, {Alphabetic codes
correspond to the following catalysts: a: BM-1: b BM-2, o BM-3; d: RM-4; e RA-3;
£ Bb-6; gr BM-T; b BA-8; & BA-9: ;7 RM-10; k: BRM-11; 1: Bb-12; m BM-13)
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Figure 4.2: Structures of the different prepared organometallic compounds varying the number of ruthe-
mum aboms from two to six. (Note: Chemical struetures of Bu-4, u-5 and Ru-6 are shown
beelirwe,

4.1.2.1 Synthesis of Tetracarbonylbis(y*-cyclopentadienyl)-diruthenium
Ruy(CO)y(n’-CsH; )z

Firstly, dicyclopentadiene was eracked over iron filings in a nitrogen atmosphere at 140°C
(Doherty et al., 1990). The cyclopentadiene fraction appeared as a colourless liquid at
43°C. A three neck flask with reflux eondenser and magnetic stirring bar was filled with the
liquid under a nitrogen atmoesphere, Dry, deoxygenated n-heptane (175 ml) was added to
a mixture of 8.75 g of the freshly distilled eyelopentadicne (132.5 mmol) and Bus(CO);2
(4.25 g, 6.5 mmal, for synthesis of Rug(CO});; sce below). The mixture was refluxed
for one hour. Monitoring the reaction by in-situ Infrared® {IR) showed the formation
of |RuH{CO)2(n"-CsH;s)]. After complete disappearance of the Bus(CO}yp bands in the
IR speetrum, the stopper was removed and the solvent volume was reduced to 25 ml
The brown-orange product started to precipitate. An additional 150 ml of n-heptanc
was added, the stopper put back in again and the solution refluxed for an additional
1.5 hours, The mixture was cooled down to room temperature and the product gradually
preeipitated, The solid was then filtered off, washed three times with n-hexane and dried
in vacuo for several hours. The overall yield was 80% (Lit. 90-95% (Doherty et al.,
1990]).

2

5 Rus(COhp + 2 CsHg — 2 RuH{CO}: (#*-CsHs) + 4 CO

2 RUH(CD}Q[HE-C;,H&} — Ruz{CD:]4[ﬂ5-C5H5}g + Hai
The IR spectrum in CHo{Cl; showed bands at 2001 {s), 1966 (3], 1933 (m), and 1769 [} cm ™!,

8This technigue is doscribed in Section 440, po 37,
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indicating the formation of tetracarbonylbis(n®-cyclopentadienyl)-diruthenium (Lit.: 2003
(s), 1966 (s), 1934 (m), 1771 (s) cm™! (Doherty et al., 1990)) and Figure 4.2 shows its
structure (Ru-2a).

4.1.2.2 Synthesis of Tetracarbonylbis(7’-pentamethyl-cyclopentadienyl)
-diruthenium Rug (00)4 (775-05 (CH3)5)2

Following the method of King et al. (1979), nitrogen was bubbled through the solvent
n-decane for 10 minutes. Ru3(CO);2 (1.28 g, 2 mmol) and an excess of pentamethyl-
cyclopentadiene was added to the deoxidized n-decane (40 ml) in a three neck flask with
a reflux condenser. The mixture was stirred for 10 minutes before heating and refluxing for
an additional three hours. During reflux, Ru3(CO);, dissolved gradually and red-orange
crystals precipitated from the solution. The progress of the reaction was monitored with
in-situ IR spectroscopy. The crystallites were isolated from the solution by filtration,
washed with n-hexane and dried in vacuo for two hours, yielding 65% of the desired
product (Lit. 70% (King et al., 1979)).

2
§ Ru:;(CO)lg “+ 2 Cs(CHg)s e RUQ(CO)4(/£—C5(CH3)5)2 + 4 CO

The IR spectrum in CH;Cl; showed bands at 1926 (s) and 1746 (s) cm™!, indicating the
formation of Ru(CO)4(n°-Cs(CHj3)s); (Lit.: 1925 (s), 1744 (s) cm™! (King et al., 1979)).
The structure of Ru(CO)4(n°-Cs(CHs)s)2 is depicted in Figure 4.2 (Ru-2b).

4.1.2.3 Synthesis of y~Carbonyl-u-ethenylidene-bisjcarbonyl-
(n-cyclopentadienyl)ruthenium] Ruy(CO),(u-CO)(u-CHCH;)(7°-CsHs),

Tetracarbonylbis(n®-cyclopentadienyl)-diruthenium (1.00 g, 2.25 mmol) was added to
40 ml of dry, deoxygenated THF in a Schlenk flask with stopper, nitrogen by-pass and
magnetic stirring bar (Doherty and Knox (1990)). After addition of 2.3 ml halide-free
methyllithium in diethyl ether (1 M solution), the mixture was stirred for one hour at
room temperature. The flask was cooled down to -78°C using a mixture of acetone and
liquid nitrogen, and an excess of H[BF4|-OEt; was added and stirred for 30 minutes at
this temperature. An excess of Na[BH,] was added and the mixture was warmed up to
room temperature over a period of 30 minutes. Solvent evaporization in a rotary drier
followed. The residue was dissolved in a 100 ml of CH,Cl, and extracted over an alumina
column. Thin layer chromatography in a 1:1 mixture of CH;Cl, and n-hexane showed
the product fraction as a single yellow band. The yield was 80% (Lit. 89% (Doherty and
Knox, 1990)).

[Ru2(00)4(7)5~05H5)2] + MeLi — [RU2(CO)3C(0)M€(7}S—C5H5)2]— + Lit

[Ruz(CO)sC(O)Me(n*-CsHs)z] ™+ 2 HY — [Ruz(CO)2(u-CO)(u-CMe)(n*-CsHs)2] *+Hz0

[Ruy(CO)2(u-CO)(u-CMe) (n*-CsHs)o]* + H™ — [Ru(CO)s(p-CO)(p-CHMe)(n*-CsHs)s|
The IR spectrum in CH;Cl; showed bands at 1973 (s), 1933 (m) and 1776 (m) cm™! (Lit.:
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1974 (s), 1933 (m), 1776 (m) cm™! (Doherty and Knox, 1990)). The *H-NMR spectrum®
in CDCl; showed a mixture of the trans- and cis-isomer. The resonances for the trans-
isomer were at § = 3.16 (d, J = 7 Hz, u-CHMe), 5.18 (s, CsHg), 5.24 (s, CsHs) and 10.14
(q, J = 7 Hz, u-CHMe) and for the cis-isomer at § = 3.04 (d, J = 7 Hz, y-CHMe),
5.18 (s, 2CsHs) and 10.94 (q, J = 7 Hz, u-CHMe), which are in good agreement with
literature data (Doherty and Knox, 1990).

The chemical structure of this compound with its bridging CO and CHCHj; ligands is
shown in Figure 4.2 (Ru-2¢).

4.1.2.4 Synthesis of Dodecacarbonyltriruthenium Ru3(CO);,

RuCl3 of 2 g (9.64 mmol) was added to 100 ml freshly, over sodium dried methanol
in a 200 ml autoclave (Bruce et al., 1990). The autoclave (Parr) was pressurized with
carbon monoxide to 50 bar, followed by gradual heating to 125°C, causing a pressure
increase in the autoclave to 70 bar. After keeping the autoclave at 125°C and under
continual stirring for eight hours, it was slowly cooled to room temperature overnight.
Orange Ruz(CO);, crystals then formed. They were filtered off using a Biichner funnel
and washed repeatedly with dried methanol. Recrystallization in toluene followed as a
purification step. The crystals were dried in wvacuo for two hours. The reaction solvent
was used as mother liquor in a three reaction sequence to increase the yield (Exp. 75%;
Lit. 70-85% (Bruce et al., 1990)).

3 RuCls-nH,0 + 12 CO 2%, Ruy(CO)yz + 9/2 Cly + n HyO
Note that the stoichiometry of this reaction equation is not understood yet. The IR spec-
trum in CH,Cl, showed bands at 2061 (vs), 2030 (s) and 2011 (m) cm™!, which are in good
agreement with literature values for the desired compound, dodecacarbonyltriruthenium
(Lit. 2061 (vs), 2031 (s), 2011 (m) cm~* (Bruce et al., 1990)).
The chemical structure of dodecacarbonyltriruthenium is shown in Figure 4.2 (Ru-3).

4.1.2.5 Synthesis of Dodecacarbonyl-tetra(y-hydrido)-tetraruthenium
Ruy(p-H)4(CO)y2

A mixture of 1.2 g Ruz(CO);2 (1.78 mmol) and 70 ml freshly dried n-heptane was poured
into a 200 ml autoclave (Bruce and Williams, 1990). The autoclave was pressurised to
75 bar with hydrogen at room temperature and then heated-up to 150°C. After four hours
the autoclave was gently cooled down over a period of several hours. Yellow crystals had
been formed. They were filtered off using a Blichner funnel, washed several times with
n-heptane and dried in vacuo for several hours. The obtained yield was 85% (Lit. 90%
(Bruce and Williams, 1990)).

4 Ru3(CO);53 + 6 Hy — 3 Ruyu-Hy(CO)y, + 12 CO

IR spectroscopy in n-hexane showed bands at 2080 (s), 2068 (vs), 2030 (m), 2024 (s) and
2007 (w) em~! (Lit.: 2081 (s), 2067 (vs), 2030 (m), 2024 (s), 2009 (w) cm™! (Bruce and
Williams, 1990)).

Figure 4.2 shows its three-dimensional metal cluster framework, referred to as Ru-4 in
this work, and Scheme 11 depicts the chemical structure of Ruy(u-H)4(CO)ip with its

b A more detailed description of this technique can be found in Section 4.4.2, p. 38.
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bridging hydride and terminal CO-ligands.
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Scheme 11: Chemical structure of Rug{p-H)4(CO)1a.

4.1.2.6 Synthesis of us-Carbido-pentadecacarbonyl-pentaruthenium
RU5 C (C 0) 15

RugC(CO);7 of 250 mg (0.266 mmol) were added to 50 ml dried n-heptane in a 200 ml
autoclave (Nicholls et al., 1990). The synthesis of RugC(CO),7 is described below. To
remove air from the system the autoclave was pressurized twice with carbon monoxide to
30 bar, stirred for a few minutes and vented to atmospheric pressure. Repressurization
to 80 bar followed. The autoclave was heated to 90°C over a period of 30 minutes. It was
kept at this temperature under strong stirring for an additional 3.7 hours. The autoclave
was cooled down to room temperature overnight and repressurized in a fume hood to
avoid carbon monoxide intoxication. After opening, the red solution was transferred
into a 100 ml round-bottom flask covered with aluminium foil. Inside the autoclave red
crystals had formed. They were washed three times with n-heptane. The red solution
was evaporatively dried on a vacuum Schlenk line at room temperature. The evaporated
reaction solvent, containing the volatile, toxic by-product Ru(CO)s and the solvent n-
heptane, was removed in the cold trap. The remaining red solid in the flask was dissolved
with 50 ml of boiling n-hexane. Crystallization of the product was achieved by keeping
the solution in a freezer overnight. The red crystals were collected by filtration. The
overall yield was 75% (Lit. 93% (Nicholls et al., 1990)).

RusC(CO)y7 + 3 CO — RusC(CO)y5 + Ru(CO)s
The dissolved red crystals in n-hexane showed IR adsorption bands at 2068 (s), 2036 (m)
and 2017 (w) em™! (Lit.: 2067 (s), 2034 (m), 2015 (w) em~! (Nicholls et al., 1990)).

The metallic framework of this pentameric cluster, referred to as Ru-5 in this work, is
shown in Figure 4.2. The chemical structure with its central C-atom and the terminal
CO-ligands is schematically represented in Scheme 12.

35



CHAPTER 4. EXPERIMENTAL METHODOLOGY

Scheme 12: Chemical structure of RusC{(CO)1s.

4.1.2.7 Synthesis of ug-Carbido-heptadecacarbonyl-hexaruthenium
Rus C (C O ) 17

Following the method of Nicholls et al. (1990) 400 mg of Ru3(CO);, (0.623 mmol) was
added to 50 ml of freshly dried n-heptane in a 200 ml autoclave. The autoclave was
pressurized twice with ethylene to 20 bar and vented to atmospheric pressure. This was
to remove air from the autoclave system. Afterwards, the autoclave was pressurized with
ethylene to 30 bar and heated to 165°C for two hours under strong stirring conditions
to completely dissolve the Rus(CQ),,. The autoclave was kept at 165°C for two hours,
before gently cooling it down to room temperature overnight. The pressure was then
released. The orange-red solution was removed immediately. Dark-purple crystals had
formed inside the autoclave. These were washed three times with 10 ml of dry n-pentane.
No further purification was necessary (Yield: Exp. 55%, Lit. 62% (Nicholls et al., 1990)).

2 Ruz(CO) 1z 22, RugC(CO)yr + 6 CO + CO,

The IR spectrum of the purple crystals in CH,Cl, showed bands at 2067 (s) and 2045 (s,
br) cm™!, which is in agreement with literature IR data of the product RugC(CO);7 (Lit.:
2066 (s), 2045 (s, br) cm~! (Nicholls et al., 1990)).

Figure 4.2 and Scheme 13 show the structure of the metal framework‘in RugC(CO)y7
and the chemical structure of this hexameric cluster (Ru-6). The molecule consists of a
central C-atom, one bridging and 13 terminal CO-ligands.

Scheme 13: Chemical structure of RugC{CO)y7.
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4.2. CHARACTERISATION OF WATER-IN-OIL MICROEMULSIONS

4.1.2.8 Impregnation onto Alumina Support

Immobilization of the organometallic compounds was achieved by depositing them onto
support material. To achieve this, the organometallic compounds were dissolved in ace-
tone under reflux. After their complete dissolution, the alumina support was added. The
anticipated ruthenium loading was 3 wt% in all cases. A sequence of two drying steps
followed. The first step served to remove the solvent with a rotary drier at 60°C and
300 mbar, followed by a second step consisting of drying in vacuo at room temperature
for several hours to ensure the complete removal of the solvent acetone from the support
pores. All freshly prepared model catalysts had an orange-yellow colour. Their stability,
judged from their visual appearance, could be lengthened by keeping them in a fridge
under an argon atmosphere.

4.2 Characterisation of Water-in-Oil Microemulsions

An estimation of the sizes of reverse micelles consisting of water-PEGDE-n-hexane mix-
tures was conducted based on viscosity of the microemulsion solution. Viscosity measure-
ments were done on all the different microemulsions using a Lauda viscosimeter (Lauda,
Germany) connected with a S00 spindle at 25°C under a constant stirring speed of 100 rpm
for 5 minutes. Obtained values were expressed as kinematic viscosities (7).

4.3 Characterisation of Support Material

Alumina (Puralox (Batch 9574), SCCa 5-150, Sasol Germany, Sger = 162 m?/g, Vpore =
0.47 cm®/g, dpore = 11.5 nm, particle size: 150-200 um) was used as support material for
all the prepared model catalysts.

The zetapotential of the alumina support was investigated using a Malvern Zeta 4 In-
strument (Malvern, Micron Scientific, South Africa). The zetapotential, ¢, (or Coulomb
potential) is an electrokinetic potential, which indicates the total surface charge. The
surface charge of the support was measured at different pH values. The starting point
was the pH value of 0.1 g of very finely ground support in 100 ml 0.1 M KCl solution. By
adding drops of 10~ M KOH and 10~® M HCI solutions, a range of different pH values
was screened and the { values versus pH recorded, to obtain the isoelectronic point of
the support.

4.4 Characterisation of Organometallic Compounds

4.4.1 Infrared Spectroscopy (IR)

Infrared spectroscopy (IR) is a method which is often used to characterise organometallic
compounds. The FT-IR technique (Fourier-Transform Infrared Technique) records the
interaction of IR radiation with the sample by measuring the frequencies at which the
sample absorbs the radiation and the intensity of this absorption. Photon absorption
can combine the vibrations of CO-ligands in molecules for them to get excited. The
C-O stretch vibrations vary from bridging (C-O triple bond) to terminal (C-O double
bond) CO-ligands. IR measurements were done on a Perkin-Elmer 1000 FT-IR spec-

37



CHAPTER 4. EXPERIMENTAL METHODOLOGY

trometer (Perkin-Elmer, USA) in solution cells with NaCl windows. The solvents used
were CH,Cly, n-heptane and n-hexane, depending on the complex which was studied.

4.4.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

Liquid phase Nuclear Magnetic Resonance spectroscopy (NMR) is a tool to identify the
three-dimensional molecular structure of organic and organometallic compounds. It is
based on the magnetic property of a nucleus in an atom. Atoms with an uneven number
of nuclei display a resulting magnetic moment. This magnetic moment creates a chemical
shift, &, which is characteristic of certain groups. 'H and *C-NMR spectrosopy analyses
were done on an Avance 500 (Bruker, Germany) at 500 MHz frequency for the 'H and at
125 MHz for the **C measurements. The solvent used was deuterated chloroform (CDCl,)
and the calibration was done on tetramethyl-silane (TMS).

4.4.3 Thermogravimetric Analysis (TGA)

In order to determine a suitable reaction temperature for the FT experiments, the ther-
mal stability of the ruthenium compounds was investigated by thermogravimetric analysis
(TGA). This technique records weight changes in materials as a function of temperature.
The measurements were done on a Mettler Toledo Star® Thermal Analysis System (Met-
tler Toledo GmbH, Switzerland). Different gases were used to study the effect of different
gas environments on the thermal and chemical stability of the ruthenium compounds.
These included nitrogen, 5 vol% hydrogen in argon and 5 vol% carbon monoxide in ni-
trogen. The organometallic compounds (m; = 0.01 g) were heated from 30 to 500°C at a
heating rate of 5°C/min and a gas flow rate of 20 ml(NTP)/min.

4.5 Characterisation of Supported Model Catalysts

4.5.1 Inductively Coupled Plasma Spectrometry (ICP)

The ruthenium metal loadings of the spent supported organometallic compounds were
determined by means of Inductively Coupled Plasma spectrometry (ICP). This is an
analytical technique which can be used for the quantitative detection of trace amounts of
metals. The samples were analysed by ICP optical emission spectroscopy using a Varian
Vista-Pro instrument (Varian, USA) with radial torch configuration and scandium as
internal standard.

4.5.2 Transmission Electron Microscopy (TEM)

Crystallite size distributions of the calcined, reduced and spent supported nano-sized crys-
tallites and of the spent supported organometallic compounds, used as model catalysts,
were determined using a transmission electron microscope (TEM). Two different TEM
instruments were used. The model catalysts by means of the reverse micelle method were
analysed with a LEO 912 (Leo, now Zeiss, Germany) operated at 120 kV. A JEM200CX
(JEOL, Japan) TEM operating at 200 kV was used for the characterisation of the sup-
ported organometallic model catalysts.

Sample preparation was done using the so-called “resin” method, where very fine slices of
the sample are made for better visibility under the microscope. Plastic sample holders
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containing minimal amounts of sample were filled with resin. After solidification at 60°C
for two days, the hard resin was cut in an Ultramicrotome LEICA Ultracut S (Leica,
Austria) cutting machine to 0.1 uym thick sample disks. These were transferred onto
Cu-grids before they were put in the microscope. Digital photos of the model catalysts
were taken and later studied using the freely available software IMAGE J for crystallite
size analysis.

To obtain statistically relevant information of crystallite size distribution and average
crystallite size, a minimum of 300 crystallites was measured per sample.

4.5.3 CO-Chemisorption

Chemisorption is used to analyse the metal dispersion of supported crystallites, by mea-
suring the gas-uptake at a specific temperature. Usually a monolayer-formation of the
chemisorbed gas is assumed. The chemisorption stoichiometry is the average number
of surface metal atoms associated with adsorption of each gas molecule at a monolayer
coverage. The dispersion (D) can then be directly obtained from the following equation:

Vchem * XChem. MR.u

D= 22414 - my (41)
with the parameters:
D = Dispersion of the metal atoms
Vehem = Volume of the chemisorbed gas required to form monolayer coverage
Xchem. = chemisorption stoichiometry
Mg, = Molecular mass of Ru (= 101.91 g/mol)
m; = mass of ruthenium in sample

The dispersion is related to the average crystallite size ((-imd_c;,em,) as described in the
following equation:

S \e) (2) (4.2)

dred—Chem. = D

The variables a,, and vy, are element specific lattice parameter constants®.

The measurements were done on an ASAP2020 Micromeritics Analyser (Micromeritics
Instrument Corp., USA) using carbon monoxide as chemisorption gas. The chemisorption
was conducted at 50°C and a stoichiometry of 1:1 carbon monoxide per exposed surface
ruthenium atom was assumed. The catalyst was reduced in-situ at 300°C for five hours
with a heating rate of 2°C/min. An example of a chemisorption reading is shown in
Appendix A.3, p. 158, Figure A.3.

4.5.4 X-Ray Diffraction Spectroscopy (XRD)

The reduced and spent supported nano-sized crystallites as well as the spent supported
organometallic compounds were examined using X-ray diffraction spectroscopy (XRD).
XRD is a common method to investigate crystallinity, phase composition, and average
crystallite size. The measurements were performed on a Phillips X-ray diffractometer
(Phillips PW 1390, USA) with Cu-K,, radiation with a wavelength of 1.540 A at 40 kV

amRu = 13.65 A%, v, py = 6.35 A8
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and 25 mA. The scan range was between 20 and 80°. The diffraction peaks of crystalline

phases were compared with those of standard compounds reported in the JCPDS? data
files.

4.5.5 Temperature Programmed Reduction (TPR)

Temperature programmed reduction (TPR) was used to study the reduction behaviour
of the supported nano-sized crystallites. It was also used to determine the metal load-
ing of these model catalyst samples. The calcined sample (m; = 1.0 g) was placed in
a quartz reactor of a Micromeritics AutoChem 2910 (Micromeritics Instrument Corp.,
USA). 5 wt% hydrogen in argon was the reducing gas (V(Ha/Ar) = 50 mI(NTP)/min).
After drying in argon at 120°C for 30 minutes, the sample was heated in the reducing
gas to 1000°C at a linear temperature ramp of 10°C/min. The hydrogen consumption
was measured with a thermal conductivity detector (TCD) with the assumption that two
moles of hydrogen are needed to reduce one mol of ruthenium dioxide, RuQO,, to metallic
ruthenium and water. The ruthenium amount in the sample could be calculated from the
hydrogen consumed. The instrument was calibrated at regular intervals using standards
of pure NiO and Ag,0.

4.6 Fischer-Tropsch Synthesis Experiments

4.6.1 Reactor Set-up

The experimental set-up for the FT tests is shown schematically in Scheme 14. Scheme
15 illustrates the modified reactor set-up which was used in experiments in which 3C
labelled carbon monoxide was used. The catalyst was placed in the isothermal zone
(Visothermal = 1.5 cm3) of a U-tube fixed-bed reactor (1/4”).

In normal operation, hydrogen, carbon monoxide and the reference gas were fed via mass
flow controllers (Brooks 58508, Brooks Instruments, The Netherlands) into the system.
The reference gas, containing 0.15 vol% cyclohexane, CHx, in nitrogen, was added to the
product stream. It served as internal standard of samples in the gas chromatographic
product analyses. A pressure controlled argon stream was fed before a needle valve (NV-
1) for regulation and control of pressure in the reactor. The argon flow was pressure
controlled and was used to build-up the pressure in the reactor system. The 4-way valve
(4WV) could be set on by-pass position or on reactor position (see Scheme 14). On
the by-pass position, argon flow went through the reactor, while hydrogen and carbon
monoxide by-passed it. This position was used to set the synthesis gas ratio before the
start of the reaction. It was then switched to the reactor position, with hydrogen and
carbon monoxide passing over the catalyst bed in the reactor to start a FT experiment. A
wax trap (W) after the reactor collected products which are liquid at reaction conditions
(“wax”). After pressure release, the product stream was split into an online GC sampling
end and an ampoule sampler (AS), used for offline sampling (see Scheme 17). The whole
experimental structure was designed to monitor very rapid changes of catalyst activity
and selectivity, which often particularly occur in the first minutes of an experiment. The

4 Joint Committee for Powder Diffraction Standards
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Scheme 14: Experimental set-up for FT synthegis. Note: P-1 to P-4: Pressure regulating valves; E-1
to E-4: Line filters; MFC-1, MFC-2 and MFC-4: Mass flow controllers; CV-1, CV-2 and CV-4:
Check valves; V-1 to V-5: One-way valves; 4WV: 4-way valve; NV-1 to NV-3: Needle valves; AS:
Ampoule sampler; CT: Cold-trap; FIC: Flow indicator and control; PI: Pressure indicator; PIC:
Pressure indicator and control; R: Reactor; TT: Temperature indicator; TIC: Temperature indicator
and control; W: Wax trap.

lag time from the reactor to the ampoule sampler using the reaction conditions applied
was around 30 secondes.
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Scheme 15: Modified experimental set-up for FT synthesis using labelled 3C in CO. Note: P-2:
Pressure regulating valve; E-1 and E-2: Line filters; MFC-1: Mass flow controller; CV-1: Check
valve; V-1 to V-4: One-way valves; 3WV: J-way valve; 4WV: 4-way valve; NV-1 to NV-3: Needle
valves; AS: Ampoule sampler; CT: Cold-trap; FIC: Flow indicator and control; PL: Pressure
indicator; PIC: Pressure indicator and control; R: Reactor; TI: Temperature indicator; TIC:
Temperature indicator and control; W: Wax trap.

42



4.6. FISCHER-TROPSCH SYNTHESIS EXPERIMENTS

All lines after the reactor were heated to 150°C to avoid product condensation. The
reactor was either heated with an insulated aluminium jacket in which heating cartridges
had been placed or via a silicon oil bath. The aluminium jacket was used in experiments
with the supported nano-sized crystallites, which were prereduced following use of a
temperature programme. The supported organometallic complexes were not pretreated
and - due to their limited stability - they were heated-up rapidly by dipping the loaded
U-tube reactor into a preheated oil bath (see Scheme 16 in following Section).

In the study with 3C labelled carbon monoxide, premixed synthesis gases (H,/CO =
2) were used (see Scheme 15). A 3-way valve (3WV) in the gas feeding system allowed
for an instantaneous switch-over from one gas mixture to the other one. Helium was
used as a pressure control gas in these experiments, and no reference gas was fed to the
product stream as this was a qualitative study only. This was done in order to increase
concentration levels in the product samples and therefore improve quality of product
analysis in these experiments.

4.6.2 Operation of the Fixed-Bed Reactor Set-up and Reaction
Conditions

The reactor was a U-tube fixed-bed reactor made from stainless steel (1/4”, djpy = 4.4 mm®).

The isothermal section of the reactor (i.e. typical variance in the reaction temperature
+1°C) was filled with 1.26 g of catalyst. Due to the low ruthenium loadings no further
catalyst dilution was necessary as is often needed in experimental FT studies to avoid
hot spots and temperature run away. The reactor inlet side was filled with silicon carbide
SiC (mesh size = 200-250 pm) in order to provide preheating for the reaction gases before
they reached the catalyst bed. Tightly packed glass wool was placed in the outlet side of
the reactor to prevent the catalyst from moving during the reaction (see Scheme 16).
The supported nano-sized crystallites were reduced at 300°C in pure hydrogen for five
hours (V(H;) = 30 ml(STP)/min) before an FT experiment. To avoid sintering of the
small crystallites, the heating rate was set very low (2°C/min). After reduction, the
catalyst bed was cooled down to the reaction temperature.

With the 4-way valve (4WV) in the by-pass position, the reactor pressure, 4 bar, was
set with the pressure controlled argon stream and the flow was adjusted with the needle
valve NV-1 to 12 ml(STP)/min, while hydrogen and carbon monoxide flows were set via
the massflow controllers to 6 and 3 ml(STP)/min respectively; the reference gas flow
rate was 3 ml(STP)/min. The corresponding “Gas Hourly Space Velocity” (GHSV?) is
7 ml(STP)/(min-gcas ).

The same procedure was used for the supported organometallic compounds, but here no
reduction step was applied. Additional tests were done on these complexes where only
hydrogen (6 ml(STP)/min) was used to study their decomposition.

For the test in which *C labelled carbon monoxide was used in the synthesis gas, helium
was used as pressure control gas (pressure: 4 bar). Helium was also used as the carrier
gas for the GC/MS analyses (see Section 4.7.3, p. 46) and therefore does not interfere
with other compounds in these samples which would be the case if argon had been used.
The flow of helium was again set to 12 ml(STP)/min, with the 4-way valve (4WV) in

®dine = internal diameter
"The GHSV equals the volumetric flow of the synthesis gas per minute divided by the mass of the
catalyst.
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the by-pass position. After this the flow of the synthesis gas was set to 9 ml(STP)/min.
During the first 15 minutes on stream the synthesis gas containing labelled ¥CO was
fed into the reactor, afterwards it was switched to the non-labelled gas mixture. Af-
ter 280 minutes on stream it was switched back to the labelled *CO for the remaining
20 minutes until the shut-down of the reaction. In this way the initial behaviour and the
steady-state behaviour of the reactions occurring on the complexes could be studied.

thermocouple

gas in | gas out gasin  gasout glass wool

SiC jﬂglxss wool

Aluminium
jacket

Silicon oil
" "bath
~ e y catalyst
heating cartridges catalyst / v

magnetic stirring bar

Scheme 16: Schematic drawing of the heating-source and the reactor for FT experiments on supported
nano-sized crystallites (left) and supported organometallic compounds (right), used as model catalysts.

In the experiments with the supported nano-sized crystallites, heating was affected us-
ing an aluminium heating jacket (see Scheme 16 left). The reaction temperature in the
experiments on the nano-sized crystallites and the organometallic complexes was 170°C.
This was determined/limited by the thermal and chemical stability of the complexes (see
Section 5.3.1, p. 64). Some of the nano-sized supported crystallites were also tested at
an elevated temperature of 225°C to test their performance at more realistic F'T condi-
tions and higher conversion levels. The temperature was controlled with a thermocouple
placed between the limbs of the reactor tube (see Scheme 16 left). The aluminium jacket
was insulated with glass wool. In the case of the supported organometallic compounds, a
silicon oil bath was used and the temperature was controlled via a thermocouple located
in the silicon oil (see Scheme 16 right). The silicon oil bath was preheated to the reac-
tion temperature, 170°C, before the loaded reactor was dipped into it. In this way the
sample was heated up very rapidly (>200°C/min) to the reaction temperature, a crucial
requirement in the tests with these thermally unstable compounds.

After reaching the reaction temperature, the 4-way valve (4WV) was switched to the
reactor position, followed by immediate product sampling. It was kept at this position
throughout the reaction. To shut-down the reaction, the hydrogen and carbon monoxide
flows were stopped and the catalyst bed was flushed with argon for several hours, to
remove any volatile matter from the catalysts. After this the sample was passivated
in carbon dioxide at room temperature for several hours, before the spent catalyst was
finally removed from the reactor. The duration of a run with the nano-sized crystallites
was typically five days, whereas the organometallic complexes were normally only tested
for five hours.
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4.7 Analytical Procedures

4.7.1 Sampling Techniques

The ampoule sampling technique developed by Schulz et al. (1984) was used for off-
line product sampling. Glass ampoules, prepared from commercially available Pasteur
pipettes, were prepared as sampling devices. These ampoules were formed with capillaries
of a length of 120 mm and around 1.5 mm in diameter. The internal volume of the
evacuated ampoules was approximately 2 ml. During sampling the capillary end was
inserted through an airtight septum into a heated sampling device, shown schematically
in Scheme 17. By breaking the end of the capillary, the volatile compounds were sucked
into the evacuated ampoule in less than 1/10 of a second and the capillary was sealed
immediately afterwards with a butane flame. These samples can be stored and then
analysed using a special ampoule breaking device connected to a gas chromatography
(GC) system (Claeys, 1997).

The advantage of this technique, apart from the separation of sampling and analysis, is
the possibility of rapid sampling at a frequency of less than 10 seconds, which provides
a unique tool to investigate fast activity and selectivity changes, particularly at the
beginning of the FT reaction. In addition to this offline method, larger samples of the
product stream were taken in the test with *C labelled synthesis gas using gas tight
syringes.

The experimental set-up was also connected to a GC system for analysis of inorganic
gases and methane for online sampling (see next Section).

1

Breaking J.
Septum
" d N
gas in
d - —’/
BN - .
Capillary tip
of ampoule
CET “L

gas out

Scheme 17: Schematic drawing of the ampoule sampling device,

4.7.2 Analysis of Inorganic Compounds and Methane

A Thermal Conductivity Detector (TCD) in a Varian 3700 gas chromatograph was used
to analyse the reagents hydrogen and carbon monoxide, the reference compound nitrogen,
as well as the products methane and carbon dioxide.

The GC was connected directly to the outlet flow of the reactor, providing online analysis
via injection by switching a six way valve to introduce the content collected in a gas sample
loop. This technique allows monitoring of the change in hydrogen and carbon monoxide
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Table 4.2: Conditions for gas chromatographic analysis using TCD detection.

Gas chromatograph Varian 3700
Detector four filament thermal conductivity detector
(TCD)

Taetector = 200°C
Thlamens = 250°C
Column packed, stainless steel
l=3m
dint = 2.1 mm
stationary phase: Carbosieve II, 80-100 mesh

(Supelco)
Carrier gas argon
Flow rate 30 ml(STP)/min
Analyses temperature 170°C (isothermal)
Analyses time 10 min

conversion during an experiment. For gas chromatographic conditions see Table 4.2; a
typical TCD chromatogram is shown in Appendix B.1, Figure B.1, p. 165.

4.7.3 Analysis of Volatile Organic Compounds (VOC’s)

Ampoule samples of the compounds which are volatile at reaction conditions (VOC’s)
were either analysed on a Varian 3400 GC or on an Agilent 6890N equipped with flame
ionization detectors (FID). The gas chromatographic conditions of these analyses are
shown in Table 4.2 and examples of typical FID chromatograms are illustrated in Section
6.2.1 (Figure 6.17, p. 94 and Figure 6.26, p. 107) and in Appendix B.1 (Figure B.2, p.
166).

For an analysis the ampoule sample was put into a specially designed ampoule breaking
device (see Mabaso (2005)), in which it was crushed under nitrogen and introduced into
the injector of the gas chromatograph. One minute after this introduction the nitrogen
was replaced by hydrogen as a carrier in which the separation of the organic products,
including the organic standard, cyclohexane (CHx), was conducted on 60 m OV-1 type
capillary columns.

Additional analysis of the organic products was done using a gas chromatograph (Agilent
6890N) coupled with a mass spectrometer (MS, Hewlett Packard 5973N) and an FID.
These analyses were mainly conducted on samples of the experiments dealing with the
supported organometallic compounds. Both ampoule samples and samples taken with
gas tight syringes collected after the ampoule sampler, were analysed on this system. The
injected gas sample was split into two identical columns: one connected to the MS and
the other to the FID. The chromatographic conditions were identical to the ones used
above (see Table 4.3) except that here helium was used as carrier and sample introduction
gas. The mass spectrometer was operated in scan mode (m/z = 2 to m/z = 100) and the
data was processed using the program MSDChem and the NIST library (Version 2.0).
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Table 4.3: Conditions for gas chromatographic analysis using FID and MS detection.

Gas chromatograph

Varian 34007 Agilent 6890N?
Hewlett Packard 5973NP

Detector

Column

flame ionization detector (FID)

mass spectrometer (MS)

Trp = 250°C

Twms = 280°C

RTx-1 (Restek)

fused silica capillary column, 1 = 60 m,

dine = 0.25 mm

stationary phase: 0.5 ym dimethyl siloxane
(crosslinked)

Introduction gas
Carrier gas

Column head pressure

nitrogen (FID)
helium (MS)
hydrogen (FID)
helium (MS)

2.9 bar (absolute)

Injector

split injector, T = 250°C
split ratio: splitless to 1:200 (depending on
amount of hydrocarbons in sample)

Temperature programme FID

Temperature programme MS

-60°C, 3 min, isothermal

at 15°C/min to -35°C, 0 min, isothermal
at 10°C/min to -5°C, 2 min, isothermal
at 2.5°C/min to 25°C, 0 min, isothermal
at 5°C/min to 250°C, 10 min, isothermal
-60°C, 5 min, isothermal

at 10°C/min to 280°C, 0 min, isothermal
280°C, 5 min, isothermal

Temperature of ampoule
bresking device

250°C

* GC
b GC/MS
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4.8 Data Work-up

The quantitative analysis of the GC measurements relied on the reference compounds,
nitrogen and cyclohexane (0.15 vol%), which were fed to the exit stream after the reactor
in known amounts.

Nitrogen was used as internal standard for TCD analysis to quantify the rates of the
inorganic compounds and methane. The molar standards of compound i in the obtained
TCD chromatogram were calculated as follows:

. Ay ,
m; = frep, - ( An ) * DNy, (4.3)
2

with

n; = Molar flow rate of compound i

frep, 1 = Response factor for the inorganic compound i
A; = Area of compound i in chromatogram

An, = Area of N, (reference gas) in chromatogram
ny, = Molar flow rate of N, (reference gas)

The response factors relative to nitrogen for the different compounds i were determined
at regular intervals (i.e. weekly) using a calibration gas mixture of known composition
containing hydrogen, carbon monoxide, methane, carbon dioxide and nitrogen®.

Cyclohexane, CHx, which is not a FT product, was added as reference compound for
the quantification of the formation rates of the volatile organic compounds (VOC’s) from
FID analyses. The molar flow rate of the reference compound cyclohexane, ficyy, equals:

NCHx, ref = C—CH-’(—{;f—-Vji (4.4)
m
with the following parameters:
COHx, ref = Concentration of cyclohexane in the reference gas
Vet = Volumetric reference gas flow rate at STP
Vm = Avogadro volume (22.414 L)

The molar flow rate of the product i on a carbon basis, 1;, ¢, can be expressed as:

) n,c\ . Nonx, ¢ £ A; )
o ¢ = - ‘N, = — - " DCHx 4.5
' © ( NN, ) N Nic fomx: Acux o (45)

with the following parameters:

Nonx, ¢ = Number of carbon atoms in cyclohexane (= 6)
Ni, ¢ = Number of carbon atoms in product i

f; = Compound specific response factors®

Etypical factors: fyop, ne = 0.083; frop, co = 1.0088; frep, cre = 0.290; frop, coz = 0.969

b This equals 1 for hydrocarbons. For oxygenates theoretical incremented response factors (Kaiser,
1969) were used to ensure that the response for all carbon atoms which are not bonded to an oxygen
atom is 1, that the response of carbon atoms with a single bond to an oxygen atom is 0.55 and that
those carbon atoms with C=0 double bonds give no response;

Ng,

f =
" Ngmo 0y + 0.55 - Ng(co)

(4.6)
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Achx = Area of cyclohexane in the GC chromatogram

The molar flow of nitrogen in the reference gas (ny,) is:

. - CNa, ref * vref

N, = _—Vm (47)
with cn,, rer being the nitrogen concentration in the reference gas.
4.8.1 Conversion, Yield and Selectivity
The conversion of a reactant i is generally defined as:

Xi - 4 in — I, out (48)

i, in

The yield (Y;, ¢) and the selectivity (S;, ¢) of a product i on a carbon basis are expressed
as:

Y o= et (4.9)
0¢o, in
_Yic
S, c= o (4.10)

Alternatively a selectivity/carbon content within the fraction of volatile products can be
defined:

0 ¢
S, . 4.11
i, VOO, C E fli, VoG, C ( )
1

4.8.2 Turnover Frequency

The catalyst activity of the different model catalysts was compared using turnover fre-
quencies which express the rate of carbon monoxide disappareance per exposed ruthenium
atom on the crystallite surface (Nexp, tota1) multiplied by Avodagro’s number (N, ):

TOF = 1C0,in — 1ICO, out A (4.12)
Nexp. total

In the case of the organometallic clusters it was assumed that all ruthenium atoms were
on the surface, i.e. accessible to synthesis gas.

In this work, turnover frequencies, reflecting formation rates of a defined carbon number
ranging from C; to C;; for volatile organic compounds, were also used to express catalyst
activities per number of exposed surface atoms. The turnover frequency can be expressed
as:

TOF(C,—Cy) = Lhovos n oo (4.13)
Nexp, total -

The total number of exposed surface atoms in the tested catalysts equals the product

of exposed surface atoms per crystallite of average size, Neyp, eryst (Size determined for
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example by TEM measurement) and the number of crystallites (Neryst) on a catalyst:

Nexp, total = Nexp, cryat Ncryst (4.14)

The number of exposed surface atoms on a crystallite was estimated using a method
described by van Hardeveld and Hartog (1969) (see Appendix A.4, p. 158).
The number of ruthenium crystallites on a catalyst, Ny, can be calculated as follows:

Verya, total (4.15)

Ncryst = Vcryst

with Vi,ys, the volume of a single ruthenium crystallite:

1 -
and Verys, total, the volume of all crystallites in the catalyst loaded:
m
Veryst, total = __%:‘;92{ (4.17)

with mgy, total, being the total ruthenium mass on the catalyst (taking actual loading into
account) and pry, the density of ruthenium.
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Chapter 5

Characterisation Results

5.1 Characterisation of the Reverse Micelle System and
the Catalyst Support

For the reverse micelle systems in this study, stable and optically transparent water-in-oil
microemulsions can only be synthesized in the highlighted region shown in Figure 4.1,
p. 31 (see Mabaso (2005)). Phase separation or cloudy solutions were noticeable outside
these limits.

5.1.1 Viscosity Measurements and Water-pool Size

All microemulsions prepared for this study were characterised by means of their vis-
cosities. Table 5.1 lists viscosities of different microemulsions and calculated volume
fractions, ¢ (i.e. the formation of spherical micelles, comprising water-pool plus surfac-
tant, in the ternary-phase system) based on the viscosity relation developed by Cheng
and Schachmann (Kinugasa et al. (2002); see equation A.6 in Appendix A.5, p. 160).
An almost linear relationship was obtained between water-pool sizes (dyy), calculated
from volume fractions (@), and the water-to-surfactant weight ratios (w.;) (see Figure
5.1). It can be noted that an increase in the water-to-surfactant weight ratio from 0.02
to 0.4, results in only a five times larger water-pool size in the reverse micelle.

This dependency of micelle size with water-to-surfactant weight ratio had earlier also
been reported by others for various microemulsion systems (Nagy et al. (1983), Stenius
et al. (1984), Hall et al. (1998), Mabaso (2005)). Figure 5.1 also shows water-pool sizes
using an idealistical equation derived by Mabaso (2005) (for derivation see Appendix A.5,
pp. 160) which does not include inter-particle interactions and which is independent of
viscosity:

2 ° ts
( g )1/3 _1
Wwt-Os
where py, is the density of water, p, is the density of the surfactant and t, is the effective

length of the surfactant molecule (ts(A) = 1.5 + 1.265 N (Tanford, 1972)) with N being
the number of carbon atoms in the chain.

dwp = (5.1)
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Table 5.1: Viscosity (1) of microemulsion systems and respective volume fractions ($) of dispersed

spheres.
Sample Wyt n P
code ing/g in cp -
RM-1 0.089 0.721  0.0578
RM-2 0.089 0.596  0.0619
RM-3 0.400 0.721  0.1131
RM-4 0.095 0.786  0.1351
RM-5 0.125 0.801  0.1351
RM-6 0.023 1.109  0.2220
- RM-7 0.089 0.828  0.1286
RM-8 0.089 0.636  0.0801
RM-9 0.103 0.756  0.1253
RM-10 0.125 0.714  0.1108
RM-11 - - -
RM-12 0.085 0.834  0.1502
RM-13 - - -
7
6 -
g )
g 5] (@) ¢
§ outliers
b 4
g 47 (®)
$
? 3-
& °
U
8 21 g
-
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Figure 5.1: Water-pool size, dy,, as estimated by viscosity correlation equation by Cheng and
Schachmann, and calculated using equation by Mabaso.

This observed effect might be caused by the fact that, for a fixed amount of surfactant,
the interfacial area, stabilized by the surfactant, is fixed and new water-pools cannot be
formed if the water-to-surfactant weight ratio is increased. Therefore, water-pools must
swell to accommodate extra water added to the system (Hall et al., 1998). At the same
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metal salt concentration a decrease in water droplet size also causes the number of metal
ions per droplet to decrease, which might affect sizes of the resulting metal crystallites
on the catalyst support (see Section 5.2.1, p. 54).

5.1.2 Zetapotential of Support

Using zetapotential measurements, the isoelectronic point of the alumina support material
was determined as being 9.0 (see Figure 5.2) indicating a very positively charged support
surface during the preparation procedure as the used 0.15 molar RuCls-solution is highly
acidic (pH = 1.87) - for preparation details see Section 4.1.1, p. 29. It can thus be assumed
that the ion exchange between O-H bonds on the support surface and the positively
charged Ru®*-ions provide the driving force for the immediate uptake of the ruthenium
salt onto the support surfaces evidenced visually by fast discolouration of the reverse
micelle system upon addition of the support material.

25

20 - ®
154

10 4

Zetapotential in mV

pH

Figure 5.2: Zetapotential of alumina support as function of pH value.
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5.2 Supported Nano-sized Crystallites

The alpha-numeric sample codes for the supported nano-sized crystallites (for details on
the preparation see Section 4.1.1, p. 29) comprise the preparation method identifier RM,
viz. Reverse Micelle, and a numerical indicator increasing towards larger crystallite sizes
in the calcined catalyst.

Calcined catalyst refers to a catalyst in its oxidized state, as obtained after catalyst
preparation and calcination.

Reduced catalysts refer to calcined catalysts that have undergone reductive pretreatment
in flowing hydrogen at 300°C for five hours, a heating rate of 2°C/min and a space
velocity of 24 mI(NTP)/(min-ge,; ). In experimental FT runs this pretreatment was con-
ducted prior to the run in-situ in the fixed-bed reactor. For characterisation purposes the
catalysts were also reduced externally at the same conditions in an external glass tube
fluidized-bed reactor. To allow handling of these samples in air they were subsequently
exposed to flowing carbon dioxide at room temperature for one hour. This commonly
used passivation process is believed to form a thin protective oxide layer around the re-
duced crystallites without affecting the crystallite morphology or size (Mabaso, 2005).
Characterisations of reduced catalysts are crucial to ascertain the phases present after
catalyst pretreatment, to determine the exact metal crystallite size just prior to catalytic
test experiments, and to check for possible hydrogen pretreatment induced changes in
catalyst crystallite size.

5.2.1 TEM Analysis of Supported Nano-sized Crystallites

Transmission electron micrographs of four selected calcined and reduced model catalysts
are shown in Figure 5.3. Crystallites of ruthenium are clearly visible as dark spots on the
alumina support. These crystallites are fairly well distributed over the support indicating
the suitability of this method for preparation of model catalysts. Only little tendency
for cluster formation was observable, mainly in the samples with larger crystallites. The
corresponding histograms in Figure 5.4 depict size distributions based on size evaluation
of a minimum of 300 crystallites from such micrographs (see Appendix A.2, Figure A.1,
p. 155 for samples not shown in Figure 5.4).

Based on these results crystallite sizes in the catalysts ranging between 2 to 10 nm were
synthesized by adjusting the composition of the microemulsions (see Section 4.1.1, p. 29).
The crystallite size distributions were typically narrow with relative standard deviations®
between 15 and 35% for the calcined samples and 16 to 27% for the reduced samples (see
Table 5.2). Negligible changes in crystallite sizes and distributions indicated the absense
of severe sintering upon reductive treatment. Ideally, reduced catalysts were expected to
be smaller than those in calcined catalysts due to the lower density of ruthenium dioxide
(p(RuOz) = 6.5 g/cm®) when compared to metallic ruthenium (p(Ru) = 12.7 g/cm®).
Slightly larger obtained sizes may possibly be explained by sintering of smaller crystallites
to thermodynamically more stable sizes.

aStandard deviations were calculated as follows:

1en,, -
o=\ %3 (-3 (5.2)
j=1

with N the number of crystallites, d the diameter of a single crystallite i and d the average diameter
of N crystallites,

54



5.2, SUPPORTED NANO-SIZED CRYSTALLITES

{b} RM-7

Figure 5.3: TEM inicrographs of four selected alumina sopported vauc-sised orystallites; feft: after
caleimation, wtpht: after reduction and passivation.
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Fignre 5.4: Crystallite size distributions of Ave selecied caleined {closed bars) and reduced (open bors)
aluming supported nano-sized erystallives as determined by means of TEM analysis. [For
erystallite size distributions of remaining supported nano-sized crystallites see Appendix
A2 Figure A1, p. 155}

It must be noted, though, that the Hiittig temperature”, which indicates the probability
of surface atom mobility, was not exceeded during reduction.

"The Hiittig temperature of ruthenium [Tz, ) is 544°C (Moulijn et al., 2001).
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Table 5.2: TEM characterisation results of calcined and reduced supported nano-sized crystallites.

Sample acalc-TEM +o° ared—TEM +o® Nexp-calcc I\Iexp-redc1

code® in nm in nm
RM-1 1.740.6 1.540.3 570 510
RM-2 2.8+0.7 3.94+0.9 1870 3680
RM-3 3.04:0.8 4.1+1.1 2190 3690
RM-4 3.4+0.7 3.8+0.9 2600 3550
RM-5 3.5+1.0 4.1£1.0 2890 3680
RM-6 4.8+0.8 4.7+0.9 5250 5050
RM-7 5.3+0.9 4.9+1.1 6600 5600
RM-8 5.4+1.6 6.3+1.0 7200 9700
RM-9 5.5+1.1 6.7+1.1 7250 10500
RM-10 8.2+4+1.2 8.341.8 16000 16500
RM-11 8.6+1.9 7.9+1.3 17750 15000
RM-12 9.6+2.0 7.7+1.3 23000 14300
RM-13 10.5+2.6 9.6+2.2 27000 22000
8 average crystallite sizes and relative standard deviations of the calcined catalysts obtained from
TEM analyses
b average crystallite sizes and relative standard deviations of the reduced catalysts obtained from
TEM analyses

¢ number of exposed ruthenium surface atoms per crystallite of average size in calcined catalysts
4 pumber of exposed ruthenium surface atoms per crystallite of average size in reduced catalysts

Previous work by Mabaso (2005), in which crystallites of iron oxide were prepared from
the same reverse micelle system as used in this work, showed an almost linear increase of
the prepared crystallites with increasing water-to-surfactant weight ratio and water-pool
size respectively. When plotting the average crystallite sizes of the calcined catalysts
produced in this work over the water-to-surfactant weight ratio no such correlation can
be found (see Figure 5.5).

The two studies, however, differ in their approach in that in Mabaso’s work the crystallite
precursors were obtained by precipitation via combining two reverse micelle solutions (iron
salt solution plus precipitent solution) before support addition, whereas in this work the
ruthenium salt containing reverse micelle solution was contacted directly with the alumina
support. It is evident that the size of the reverse micelle is not, or at least not the only,
determining factor. While in Mabaso’s work precipitate or crystallites respectively form
within the confined space of the reverse micelle, the crystallite formation in this work
only takes place during drying and calcining. From visual observation during catalyst
synthesis of a fast discolouration of the micelle solution upon support addition, it appears
that either the micelles or the aqueous ruthenium chloride solution may have been taken
up by the support.

It should be noted, though, that although the micelles (including the surfactant) should
be small enough to enter the pore system of the support material, which has an average
pore size of 11.5 nm, the pore volume of the support (0.47 cm®/g) would not be able to
accommodate the 4 to 20 times larger combined volume of the water and the surfactant
phase in the preparation. It is therefore more likely that the polar water phase directly
enters the pore system of the support material when the ruthenium gets deposited. (Note
that except in preparations of RM-1, RM-3 and RM-4, where low concentrations of
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Figure 5.5: Average crystallite size of calcined catalyst and the corresponding water-pool size in the
corresponding reverse micelle solution they were prepared from, as function of water-to-
surfactant weight ratio; y-bars indicate width of distribution expressed as standard devia-
tion.

ruthenium salt were used, the water phase amounts to only half of the pore volume of
the support added.) This might then coincide with a collapse of the reverse micelle
system and coalescence of water-pools and the ruthenium ions therein. A combination of
ruthenium atoms from several water-pools is also necessary to account for the formation of
crystallites of the observed size, as, for example, the ruthenium atoms in the largest water-
pool (10 nm) obtained in this study should only generate crystallites sized below 0.8 nm.
Although it is not clear how the ruthenium crystallites form and how the composition
of the reverse micelle system impacts on the size of the crystallites formed, & number
of distinctly different model catalysts could be prepared with this method. No obvious
design parameters could be identified as yet, but it appears that among the wide range
of reverse micelle systems prepared the ones towards the confine of the stability region of
the reverse micelle systems result in larger crystallites (see Figure 5.6).

It may further be noted that the ruthenium salt concentration seems to have no obvious
effect on the resulting ruthenium crystallite size (see samples RM-1 and RM-2, where
increasing the ruthenium concentration by a factor of four only led to a size increase
from 1.7 to 2.8 nm, while a 30% increase in this concentration between samples RM-11
and RM-12 led to a slight decrease in crystallite size). Samples RM-10 and RM-13 were
prepared from reverse micelle solutions with a composition which lies on the border of the
_reverse micelle stability region. Here much larger crystallites were formed than expected
from the described trend. The samples also show the least homogeneous crystallite size
population with almost bimodal distributions as determined by means of TEM analyses
(see Figure 5.4 and Figure A.1 in Appendix A.2, p. 155). It may be speculated that
no homogeneous and stable reverse micelle system was present in these preparations,
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Figure 5.6: Ternary-phase diagram of water-PEGDE-n-hexane reverse micelle system indicating the
stability region for the reverse micelles (as established by Mabaso (2008)), the composition
of the reverse micelle systems RM-1 to RM-13 used in this work and the resulting average
crystallite sizes of the calcined catalysts (in nm). (Alphabetic codes correspond to the
following catalysts: a: RM-1; b: RM-2; ¢: RM-3; d: RM-4; e: RM-5; { RM-6; g: RM-7;
h: RM-8; i: RM-9; j: RM-10; k: RM-11; I: RM-12; m: RM-13)

possibly leading to regions of water-pool regions not fully stabilized by surfactant, which
would impact on the mechanism of ruthenium deposition and crystallite formation.

5.2.2 Chemisorption Analysis of Supported Nano-sized Crystal-
lites

Average ruthenium crystallite sizes on reduced samples were also obtained from CO-
chemisorption analyses (see Table 5.3), assuming spherical crystallite shapes (for calcu-
lation see Section 4.5.3, p. 39). Prior to these analyses the samples were reduced in-situ
in hydrogen at conditions identical to reductions before the start of F'T experiments.

Trends obtained were in qualitative agreement with TEM analyses (see Section above).
However, average sizes obtained for smaller crystallites in particular tend to exceed sizes
found by means of TEM evaluation. This may be because the assumed 1:1 stoichiometry
(see Section 4.5.3, p. 39) of carbon monoxide on metallic ruthenium does not hold for
smaller crystallites, where larger numbers of corner and egde metal atoms could adsorb
larger amounts of carbon monoxide than on a plane face (see e.g. Dalla Betta et al.
(1974)).
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Table 5.3: Dispersion (D) and average ruthenium crystallite sizes for reduced supported nano-sized

crystallites (dco-chem.) by means of CO-chemisorption. Also listed are crystallite sizes
from TEM analyses (see Table 5.2).

Sample D Qred-Chem.  Grea-TEMEO
code in % in nm in nm
RM-1 333 4.0 1.5£0.3
RM-2 35.5 3.8 3.940.9
RM-3 28.2 4.7 41411
RM-4 26.4 51 3.84+0.9
RM-5 34.5 3.9 4.1+1.0
RM-6 20.4 4.5 4.7+£0.9
RM-7 29.4 4.5 4.941.1
RM-8 11.1 12.1 6.3+1.0
RM-9 17.3 7.7 6.7+1.1
RM-10 115 11.6 8.3+1.8
RM-11 8.9 15.0 7.9+1.3
RM-12 16.6 8.0 7.7+1.3
RM-13 n/a n/a 9.6+2.2

5.2.3 TPR Analysis of Supported Nano-sized Crystallites

The reduction behaviour of model catalysts was characterised by means of TPR analyses.
The recorded hydrogen consumption as function of temperature for all 13 samples is
plotted in Figure 5.7.

All curves show a single narrow reduction peak between 150 and 250°C, indicative of the
one-step reduction of ruthenium dioxide to metallic ruthenium (RuO; + 2 H; — Ru +
2 H,0). The narrowness of the peak suggests this transformation to be a fast process
(Koopman et al., 1981). It is evident from the TPR spectra that complete reduction
was obtained in all samples and that the pretreatment in hydrogen at 300°C before the
reaction is sufficient for complete catalyst reduction. There was a slight shift of the
reduction peak towards higher reduction temperatures for the smallest crystallite sizes,
possibly indicating metal-support interactions (King, 1978).

Ruthenium loadings of the catalysts were determined from TPR analyses. 1.4 to 3.2 wt%
metal loadings were obtained at an anticipated 3 wt% metal loading. This indicates a
loss of ruthenium during preparation of some of the samples (see Table 5.4 for analysis
results). This loss was particularly pronounced in samples RM-3 and RM-4 where low
ruthenium salt concentrations and large amounts of water were used.

5.2.4 Further Characterisation of Supported Nano-sized Crystal-
lites

Attempts to measure average crystallite sizes in calcined and reduced samples by means of

XRD analyses were unsuccessful as no ruthenium dioxide or ruthenium diffraction peaks

could be detected (see Figure 5.8 as example of an XRD pattern of calcined sample RM-10
and the pure support material). The ruthenium loading on the samples is probably
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Figure 5.7: TPR patterns of the different alumina supported nano-sized crystallites.
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too low to allow for reliable XRD characterisation.
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Figure 5.8: XRD patterns of calcined sample RM-10 and pure alumina support, including reference
patterns for metallic ruthenium and ruthenium dioxide.

The catalysts were also analysed for the possible presence of any residual organic matter
(e.g. the surfactant) which might still be present on the samples after catalyst prepa-
ration. The effective removal of the surfactant from the catalyst before FT experiments
is crucial as it might hinder access to active catalytic sites, thus impacting on measured
catalyst activities. Washing steps of the uncalcined samples in acetone (for catalyst
preparation see Section 4.1.1, p. 29) may not be effective for complete surfactant removal
(as shown by Mabaso (2005)). Therefore, ampoule samples of the “product” gas were
taken and analysed during reductive pretreatment of the catalysts in the reactor before
commencement of FT testing. Indeed, trace amounts of unidentified organic products
were found during initial stages of the 300°C reduction, probably due to hydrogenolytic
break up of larger molecules, catalysed by metallic ruthenium, which is known to be a
very effective catalyst for this reaction (Carter and Sinfelt, 1978). However, after five
hours reductive pretreatment at this temperature no products could be detected and it
was thus assumed that the reduced catalysts were free of any carbonaceous material.

5.2.5 Summary of Characterisation Results of Alumina Supported
Nano-sized Crystallites

In conclusion, model catalysts with narrow crystallite size distributions and average crys-
tallite sizes ranging between 2 and 10 nm were successfully prepared using the reverse
micelle technique (see Table 5.4). Their model character remained mainly unaffected
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throughout the reductive pretreatment, resulting in ideally suited catalyst systems for
the anticipated experiments. Table 5.4 summarizes data obtained by means of different
characterisation techniques. It also includes the number of exposed ruthenium metal
atoms per average sized ruthenium crystallite as determined by TEM analyses. These
values were used for interpretations of possible size effects obtained at initial stages of
FT experiments.

Table 5.4: Characterisation data of calcined and reduced alumina supported nano-sized crystallites.

TPR _ TEM _ Chemis.
Sample XpuTPR® dealeTEM £  dreaTEM £0  Nepred”  Gred-Chem.
code in wt% in nm in nm in nm
RM-1 2.8 1.740.6 1.54:0.3 510 4.0
RM-2 2.8 2.840.7 3.940.9 3680 3.8
RM-3 1.7 3.0+0.8 4.1+1.1 3690 4.7
BM-4 14 3.4+0.7 3.8:40.9 3550 5.1
RM-5 2.2 3.54+1.0 4.14+1.0 3680 3.9
RM-6 2.1 4.840.8 4.740.9 5050 4.5
RM-7 2.8 5.3+0.9 4.94+1.1 5600 4.5
RM-8 3.1 5.4+1.6 6.3£1.0 9700 12.1
BM-9 3.0 5.54+1.1 6.7+1.1 10500 7.7
RM-10 3.2 8.241.2 8.341.8 16500 116
RM-11 2.7 8.6+1.9 ©7.94+1.3 15000 15.0
RM-12 2.5 9.64-2.0 7.741.3 14300 8.0
RM-13 1.8 10.54+2.6 9.64-2.2 22000 n/a

& yuthenium loading obtained from TPR analyses
b number of exposed ruthenium surface atoms per crystallite of average size in reduced catalysts
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5.3 Organometallic Model Catalysts

Characterisation of unsupported and supported organometallic ruthenium compounds
is described in the following Section. Alpha-numerical sample codes for unsupported
and supported clusters contain “Ru” for Ruthenium, followed by the number of metal
atoms in the cluster framework. Sample codes for the three different diatomic ruthenium
complexes additionally include a letter code, a, b or cd. Fresh catalysts refer to clusters
immobilized on the support (see Section 4.1.2, p. 37).

5.3.1 Thermal Stability of Unsupported Organometallic Clusters
in Different Gases

The thermal stability of the unsupported organometallic clusters was characterised by
means of TGA analysis in nitrogen. The stability increases for larger cluster frameworks
(see Figure 5.9) probably caused by an increasing metallic character in the framework of
larger clusters. The high stability of the diatomic ruthenium compounds can be explained
by their stabilising cyclopentadiene ligands, generating a positive inductive effect (+I-
effect). This enhanced +I-effect increases the electron density on the electron poor metal
atoms thus increasing thermal stability of these complexes.

TGA analyses on the compounds were also done using hydrogen and carbon monoxide
containing gases to study their thermal and chemical stability in these components of
FT synthesis gas. For reasons of instrumental limitations these gases were only used in
dilute form, i.e. 5 vol% hydrogen in argon and 5 vol% carbon monoxide in nitrogen. The
corresponding results of these analyses are shown in Figures A.5 and A.6 in Appendix
A.6, pp. 163 and the observed decomposition temperatures of all TGA analyses are listed
in Table 5.5.

Table 5.5: Decomposition temperatures (Tgecomp) of organometallic clusters in different gas atmo-
spheres determined by means of TGA analyses.

Sample Compound T decomp (°C)
code in N2 in H2 / Ar in CO / N2
Ru-2a RU2 (00)4 (7’]5-05H5)2 235 250 251
Ru-2b  Rup(CO)4(n®-Cs(CHs)s)a 295 >280 259
Ru-2c  Ruy(CO)2(p-CO)(u-CHMe)(n*-CsHs), 232 263 263
Ru-3  Rus(CO)pe 172 179 185
Ru-4 Ru4(p,-H)4(CO) 12 198 202 223
Ru-5 RU5C(CO) 15 205 227 234
Ru-6 R\lsC(CO)n 244 224 232

The gas environment appeared to have only a small effect on the stabilities of organometal-
lic compounds. Based on decomposition temperature of the least stable compound, Ru-3,
the reaction temperature for the FT experiments using these compounds was set to 170°C.

:Ia)= Ru2(C0O)4(n®-CsHs)2; b = Ruz(CO)4(n*-Cs(CHa)s)z; ¢ = Ruz(CO)2(u-CO)(u-CHCH3)(nP-
CsHs )2
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Figure 5.9: First derivative of weight vs. temperature profile from TGA analysis for the different
organometallic complexes in nitrogen.
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5.3.2 Characterisation of Alumina Supported Organometallic Clus-
ters

After impregnation of the organometallic clusters onto the alumina support material, the
model catalysts were investigated by means of TEM analyses. The absence of larger clus-
ter agglomerates suggested preservation of the cluster framework during immobilization
on the support. No loss of compounds was assumed to occur during the impregnation
onto the support, i.e. no further chemical analyses was conducted. Ruthenium loading
was therefore assumed to be 3 wt% in all samples. It was further assumed that all ruthe-
nium atoms in a cluster are “exposed” and therefore available for possible reaction with
synthesis gas in the F'T experiments.

Table 5.6 summarizes characteristics of the supported organometallic compounds indi-
cating the assumed number of exposed ruthenium atoms per gram of supported model
catalyst.

Table 5.8: Summary of alumina supported organometallic compounds.

Sample Compound?® XRu® Nexp®
code in wt%

Ru-2a Ruz( 0)a(n’-CsHs),

Ru-2b 2( ) ( —05(CH3) )

Ru-2¢ RU.2( ) (}.L‘CO)(H-CHMG)( 5-05H5)2

Ru-3 RU3(CO)12

Ru-4  Ruy(u-H)4(CO)y,
Ru-5  RusC(CO)s
Ru-6  RugC(CO)yy

8 supported on alumina
b metal loading of freshly prepared catalysts
¢ number of ruthenium metal atoms in organometallic compounds

O W www
h O b W2 N
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Chapter 6

Fischer-Tropsch Testing of Model
Catalysts

6.1 Supported Nano-sized Crystallites

Catalytic performances of supported nano-sized crystallites were tested in a fixed-bed
reactor with 1.26 g of catalyst loaded. In-situ reduction of the calcined catalyst was done
in pure hydrogen prior to the start of each FT experiment (at 300°C for 5 hrs, heating rate
of 2°C/min). All catalysts were tested at a reaction temperature of 170°C, a total pressure
of 4 bar and a constant synthesis gas flow rate with a hydrogen to carbon monoxide ratio
of 2. In addition, five selected catalysts (RM-2, RM-3, RM-7, RM-9 and RM-10) were
tested at elevated temperatures and pressures (225°C, 20 bar). All experiments were run
over a five day period. In the low temperature/pressure experiments, temporal changes
were monitored from the start to the steady-state of an experiment, whereas only steady-
state data are reported for the elevated temperature/pressure experiments. Data reported
for initial catalysts behaviour refer to crystallite sizes of the freshly reduced catalysts,
whereas at steady-state crystallite sizes of the spent catalysts were used. For clarity some
of the Figures below only show data of selected runs. Relevant reaction data of all the
runs conducted are listed in Tables B.1-B.5, Appendix B.2, pp. 167.

6.1.1 Fischer-Tropsch Activity

FT activity was expressed in terms of turnover frequencies in order to investigate specific
effects of crystallite size on it. The turnover frequencies were based on product forma-~
tion rates per number of metal surface atoms present after pretreatment in hydrogen,
while taking actual metal loadings into account. Note that conversion levels in the low
temperature/pressure experiments were below 1% and therefore activity had to be de-
termined from product formation rates obtained from analyses of organic products using
the internal standard (see Section 4.8, p. 48). The carbon monoxide conversion levels in
the elevated temperature/pressure experiments ranged between 25 and 45% and could be
measured directly via the online GC with TCD detection. No carbon dioxide formation
was detected via TCD analysis, indicating that carbon dioxide selectivities were below
1 C%. Traces of carbon dioxide could be found using offline GC/MS analysis, but these
have not been quantified. Turnover frequencies of the volatile organic compounds (Cy-Cy
hydrocarbons) were obtained from FID analyses only.

Catalyst activities of the low temperature/pressure runs as function of time on stream
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are shown in Figure 6.1 (top). Generally, severe catalyst deactivation was observed over
the first 10-15 minutes. Larger crystallites displayed higher specific activities (TOF),
which appear to peak at earlier stages of the reaction (1-3 minutes) when compared to
activities obtained on the smaller crystallites (maximal specific activities at 2-3 minutes).
Steady-state was reached after ca. 1000 minutes and product spectra showed formation
of C; to Cy, hydrocarbons (see typical chromatogram in Appendix B.1, Figure B.2, p.
166).

Figure 6.1 (bottom) plots the crystallite size dependency of turnover frequencies of the
volatile organic products (VOC's, C1-Cy hydrocarbon-fraction) obtained with all catalyst
samples st maximum initial activity, i.e. after 1-3 minutes time on stream, and at steady-
state after more than 1000 minutes runtime. Steady-state turnover frequencies for the
VOC’s (Cy-Cg) obtained in the tests at elevated temperature/pressure are included in
the bottom of Figure 6.1. All data shown for early runtimes refer to crystallite sizes of
the freshly reduced catalysts while steady-state data take crystallite sizes of the “spent
catalysts”® into account.

Although exhibiting relatively large scatter at, particularly, the initial stages (mainly be-
lieved to be due to the difficulties in capturing the maximum activity) smaller crystallites
generally appeared to be less active than larger ones at all reaction periods and condi-
tions, although apparently less pronounced at elevated temperature and pressure. Similar
steady-state behaviour in ruthenium based FT synthesis has been described on catalysts
with broad or unknown crystallite size distributions (King (1978), Kellner and Bell (1982),
Abrevaya et al. (1990), Ragaini et al. (1996)) and for FT synthesis on well-defined iron,
cobalt and rhodium catalysts (Ojeda et al. (2004), Mabaso (2005), Barkhuizen et al.
(2006), Bezemer et al. (2006), Mabaso et al. (2006)).

In two of these studies clear indications were observed that turnover frequencies levelled
of above certain crystallite sizes, namely around 5-6 nm for cobalt (Bezemer et al., 2006)
and 7-8 nm for iron catalyst (Mabaso (2005), Barkhuizen et al. (2006), Mabaso et al.
(2006)). This was not found in the present work. All studies listed above report catalyst
performances at steady-state conversion, and refer to crystallite sizes or metal surface
areas of the freshly reduced catalyst as determined by means of chemisorption or TEM
analyses. Strictly this is only applicable in experiments in which no severe effects of
crystallite sintering are observed. This study therefore puts large emphasis on monitor-
ing temporal changes of catalyst performance as well as size characterisation of freshly
reduced and spent catalysts.

Figure 6.2 depicts TEM micrographs of four selected samples of spent catalysts with
different ruthenium crystallite sizes tested at 170°C and 4 bar and two selected ones
tested at 225°C and 20 bar. These micrographs are clearly similar to the corresponding
micrographs of the freshly reduced samples (see Figure 5.3, p. 55) that show largely
well dispersed crystallites and some clusters of crystallites present in the samples with
larger crystallites. The crystallite size distributions remained largely unaffected during
runtime, pronounced sintering was only obtained for the small ruthenium crystallites
that were tested (see Figure 6.3 and Figure A.2, p. 157 in Appendix A.2). Similarly, no
significant changes in crystallite sizes were observed in the catalysts tested at elevated
temperature and pressure (see Table 6.1). The catalyst deactivation shown in Figure 6.1,
which was observed for all samples to a similar extent (i.e. a factor 5-10, see

&Gpent catalysts” refer to catalyst samples evaluated after FT testing, overnight subjection to argon
flow and one hour subjection to carbon dioxide flow at room temperature,
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Figure 6.1 (bottom}}, therefore appears not to be specific to crystallites of a certain size
range, but rather to be an effect which impacts equally on the performance of all samples.

Talle 6.1: TEM characlerisation resulls [or recueed and spenl ahunins supporled nano-csized crysial-
lites,

Sample arﬂd"—TE}vI :l:ﬂ' Hsplanx —TEM :El:l' Nactp—rladu NB:':p-—-HpBII.tb

code in nm in nim
_ catalysts tested at 170°C /4 bar
RM-1 1.5=0.3 4.0£1.1 510 3700
RM-2 3.9+0.9 5.6+0.9 3680 7300
RM-3 d: 1] 1 4.940.9 3691 5600
RM-4 3509 g2l 1 3550 2250
RM-5 4.1£1.0 4. 0.6 3695 5000
RM-G 4.7+0.9 6.7£1.2 5050 10500
RM-7 4.9+1.1 B.oxl.1 DU 10200
RM-8 6.3=1.0 T H700 11200
RM-9 6.7£1.1 G.741.2 10500 11100
RM-10 B.3x1.8 9.3x1.6 16500 20670
RM-11 iR i oll 2 T.9+1.3 15000 15500
RM-12 T.7£1.3 T.8=1.1 14300 14500
RM-13 9.6+22 9.8+1.2 22000 23500
catalysts tested al 225°C /20 bar

RM-2 3.09+£0.9 41213 3680 4110
RMb-3 4.1x1.1 4 5414 3690 4950
BM-7 4.9+1.1 6.6£1.2 S600 10445
RM-9 6.7x1.1 7.1£13 10500 12000
RM-10 B.3£1.8 8.6£1.5 16500 22700

B pmber of eposad ruthenium mirface atoms per crystallite of evarage size in reduced cstalysts
b number of exposed ruthenium surface aloma per sryatallite of average dize in apent catalyste

In an attempt to explore the possible origin of this deactivation a sample of the reduced
catalysl. RM-2 was exposed to pure carbon monoxide for 60 minutes at reaction tempera-
ture and 1 bar {carbon monoxide Aow-rate identical to FT test condition) and then tested
for its F'T performance. In fhis experiment low initial FT activities at levels close to the
sleady-state activity were obtained (see Figure 6.4). It is therefore possible that initial
deactivation, which was obtained for all runs in the first 10 minutes time on stream, is
due to inhibition of the FT reaction by imtially adsorbing carbon monoxide. or due o
effects of reconstruction of the metal surface caused by carbon monoxide. The latter
effects, for example, have been evideneed nsing spectroscopic methods by Geerlings et al.
(1991} and Bezemer et al, (2006) and are believed lo account for activity and selectivity
chanpes which can oceur at initial stages of FT experiments (Schulz et al., 2002).

Lower steady-state FT aclivity of small crystallites of cobalt {Iglesia {1997a), van Steen
et al, (2005)) and iron (Mabaso (2005), Barkhuizen et al. (2006), Mabaso ot al. (2008))
had earlier been suspected to be due to the thermodymamically preferred possibility
of their oxidation by product water duc to offects of surface cnergy. Metal oxides are
generally considered to be inactive, or at least, much less active for F'T synthesis (Mansker
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after 5 days
at 170 C/4 har

(d)y RM-10

after 3 days
at 225°C/20 bar

{e) RM-2 B ) RM-3

Figute B.2: TEM micrographs of four selected spent slumina supported nano-sized rutheninm crystal-
lites wfeer FL testing [or Bve days at 170°03/4 bar (a to d) and, respectively, two selected
spet catalvsts affor FT testing for fve days at 235°C 20 bar (2 and £
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et al. (1999}, Bian et al. (2002}, Li et al. {2002)). Thermodynamically, reactions of hulk
ruthenium and FT produets such as water, carbon monoxide and carbon dicxide are not
likely us these renctions have highly positive Gibbs free energies {thermodynamic data

from Knacke et al. (1891]}:

Ru + 2 H30'— RuOy — 2 H, AQL{170°C) = 1215 kJ /mol
Bu 5 00— Ru(C)- AGra(170°C) = +770 kJ /mal
Ru 5 €Oy — (€O | 5/2 Oy AG o (170°C) = 12045 kJ /1ol

Oxidation of rutheniuin should be less likely than that of other FT active metals. This
can also be concluded from the stable activity that was obtained when testing it with
pure water or even acids as solvents in FT tests (Fischer st al, 1939). Furthermore,
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water partial pressure in the present work was extremely low, at least in the low temper-
ature tests {conversion below 1%), compared to conditions of more than 60% conversion
where oxidation of cobalt crystallites smaller than 5 nm might occur (Iglesia (1997a),
van Steen et al. (2005)). One may assume that small erystallites of ruthentum may also
be more prone to the formation of wddes or carbonyls (see also Abrevaya (1990]). Both
ruthenium oxides and ruthentum carbonyls are volatile at reaction conditions, but none
of these compounds eould be detected in the exit stream during the experiments using
GC/MS analysis techniques {see Section 4.7.3, p. 46). This and the observation that
the crvstallites of different sizes are almost equally aflected by catalyst deactivation, i.e.
no preferred deactivation of catalysts with smaller crystallites, probably indicate that a
different effect causes the observed crystallite size dependent activity that was obtained
when testing the catalyst samples at different temperatures and pressures.

Studies on CCO-adsorption showed preferential carbon build-up on gmaller palladium erys-
tallites because of the higher susceptibilities of low coordmation edpe/defect sites (present
in high concentration on small crystallites) to carbon poisoning (Rainer et al., 1996).
This effect can canse formation of different carbon overlayers, of which different types are
known for ruthenjum (Duncan et al. (1985), Winslow and Bell {1985), Zhou and Gulari
{1887)). However, it i3 not clear whether this observation is applicable to a hydrogen
rich atmosphere such as in FT synthesiz. Moreover this effect - unbess it 15 very rapid -
should cause preferred deactivation of very small crystallites, which was not observed in
this study.

It has been suggested that the rate of CO-dissociation might depend on crystallite struc-
ture or size and that CO-dissociation would preferably take place on two well separated
sites to accommodate separated carbon and exygen atoms [De Koster and Van Santen
{1991), Ciobica and van Santen (2003), Ciobica et al. (2003), Ojeda et al. {2004}, Phala
(2004}). On-top sites are proposed to be preferred for CO-adsorption on Rul0001] surfaces
of which smaller crystallites have more of them (Michalk et al., 1983). However, product
desorption and not CO-disspaation has been considered as the rate-limiting step of the
FT reaction by van Steen and Schulz (1999) as otherwise the F'T product composition,
which ig strictly ruled by kinetics, might approach the equilibrium composition of the FT
product, which exceeds 95 C% methane (Anderson, 1984}

It has been reported that certmn catalytic reactions may require sifes which contain
a minimum number of neighbouring metal atoms, that may also have to be present
in gertain configurations, defined as “ensembles” or “domaing” (Boudart and McDonald
(1984), Freund et al. (2000}, Cliobica and van Santen (2003), Ciobica et al. (2003}, Zaera
(2004), Mabaso (2005), Barkhuizen et al. {2006}, Bezemer et al, {2006), Mabaso et al.
(2006)). It is likely that particularly complex reactions such as FT synthesis, in which a
number of reaction steps is involved {activation of hydrogen and CO-hydrogenation, C-C
bond formation and produet descrption), cceur on such ensembles rather than on single
surface metal atoms, If may be speculated that such sites are present in higher relative
densities on larger erystallites and that crystallites smaller than a certain critical size may
display no FT activity at all, an effect which was, for example, observed for very small
ruthenium erystallites (<2 nin} tested for ammonia synthests (Honkala et al., 2005). This
explanation would account for the erystallite size dependent activity observed in this work
and similar FT experiments done by others (Mabaso (2005), Barkhuizen et al, [2006),
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Bezemer et al. (2006), Mabasa et al. {2006)). Tt does however raise questions ag to the use
of expressing catalyat activity in terms of “turmover frequeney”™ as this definition implies
reactions to oceur on single surface metal atoms as deterndned by means of chemisorption
or TEM analysis, while turnover frequency should stoetly relate to the number of surface
ensembles {Schulz, 2006}.

6.1.2 Producl Formation

Spectra of the organic products in the runs condueted at 170°C and 4 bar were recordad
with a high temporal resolution by using the ampoule sampling technique and FID anal-
yeis. Due to the low couversion levels in the experiments of these runs, only very low
vields of organic products were detected and a quantification of side produets such as
branched compounrds and oxygenates was not possible, The formation of these products
is therefore only discussed for the tests done at elevated temperature and pressure. De-
tailed selectivity results of both series are tabulated in Appendix B.2, pp. 167, Reported
methane and Cp, -selectivities are product contents (in C%) in the compounds which are
volatile af reaction conditions, i.e. C; to Cp, (VOC's] as obtained from FID analyses
oitly {see Section 4.7.3, p. 46). Notc that here the selectivities overemphasise methune
formation and underestimate Cs-selectivity as long chain products eould not be taken
mnto acecunt. Methane and Cg-selectivities in the total bydrocarbon-fraction were also
obtaired by either extrapolation of FID results to carbon numbers of 100 by assuming
ideal Anderson-Schulz-Flory {ASF) kinefics at the measured chain growth probabilities
defermined in cach experiment for the low temperature/pressure experiments or from
combining FID analyses and online carbon monoxide conversions obtained from TCD
analyses for tests conducted at 225°C and 20 bar. Due to the very low product yields in
the low temperature/pressure series of experiments, the seatter of these data is relatively
large, but general trends are still clearly observable®.

6.1.2.1 Methane Formalion and Chain Growth

Methane is thermodynamically the most stable product of FT synthesis {Schulz and
Cronjé {1977}, Anderson (1984}). It iz formed via associative desorption of a methyl
species and activated serface hydrogen. Alternatively, the methyl species can act as
chain starter.

CH,

A

CH;

CO/H, —» ﬁ(—ﬂh Chain growth

Methane selectivities in the volatile organie eompounds {(S{CH;lvoc) obtained in exper-
mments conducted at 170°C and 4 bar on five selected model catalysts are plotted as
function of time on stream in Fipure 6.5 {top). High methane selectivities of 80 to 90 C%
were observed during inifial stages of the expernuments followed by a sharp decrease to
virtually constant values of 40-70 C% after 10 minutes time on stream, Generally, higher

PMote, that values reported hers are averaged selectivilies messured between 1 1o 3 mbnules ot Lhiee
to five days respeclively {obvious oulliers have been omitted).
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steady-state methane selectivities in the volatile organie compounds were obtained on the
smaller crystallites (see Figure 6.5 (bottom}). Due to the scatter of the data recorded at
1-3 minutes time on stream it iz not clear whether this trend is present during this stage
of the reaction as well. A strong decline from 70 to around 50 C% was also detected with
increasing crystallite size in the tests done at 225°C and 20 bar.

These observations on methane selectivity are mirrored by selectivities of Cs -products
(8({Csy voe) in the volatile organic compounds which may serve as a measure to char-
acterise chain growth or the formation of valnable long chain products (see Figure 6.6).
These selectivities are mitially very low and inerease with reaction time to constant values
after approximately 10 minutes time on stream (see Figure 6.6 (fop)). Again, a strong
crystallite size dependency could be observed (see Figure 6.6 (bottom)), with steady-
state Cs, -selectivities strongly increasing from below 10 C% to approumately 30 C%
with an increase in rutheninm crystallite size (spent catalyst) for both series. The same
trends were observed in methane and Csy-selectivities in the total formed product for
both series (see Figure 6.7). Diue to high chain growth probabilities of 70 to 90% (as
shown below), significantly lower methane selectivities, ranging from 50 to 30 C% for
the low temperature/pressure series and from 50 to 15 C% at elevated conditions, were
obtained in the total product (C;, -selectivities: 50-T0 C% at 170°C/ 4 bar and 40-80 C7
at 225°C/ 20 bar).

Higher initial methane selectivities and correspondingly lower selectivities for long chain
produets have been reported previously for FT synthesis using eobalt (Nie (1996), Schulz
et al. (2002}, nickel (Nie, 1996) and iron catalysts {Claeys (1997}, van Steen and Schulz
(1999}, Schulz et al. (1999}, Claeys and Schulz {2004)). This observation was attributed to
an inhibition of methane formation while the kinetic FT regime establishes due to effects
of inhibition by carbon monoxide and effects of catalyst reconstruction. Apparently these
processes are completed after approximately 10 minutes runtime. It may be noted that
the model catalyst RM-2. which had been pre-exposed to carbon monedde prior to the
FT test, showed no temporal changes in methane selectivity. ie. low initial methane
selectivity (see Appendix B.3, Figure B.3 (top), p. 177). This might indicate that the
catalyst formation is due mainly to interactions with earbon monoxide.

An increase of methane selectivity and a corresponding decrease of chain growth with
decreasing crystallite size were also reported in FT synthesis on cobalt, iron and rhodimm
{Ojeda et al. (2004), Mabaso (2005), Barkhuizen et al. (2008), Bezemer et al. (2008),
Mabaso et al. (2006)) and this was attributed to effects of structure-sensitivity as in
small crystallites the relative number of “ensembles” needed for chain growth would be
lower than in large erystallites (Mabaso, 2005). In other words, the requirements for an
“ensemble”, which allows chain growth might be such that it is less likely to oecur on
the surface of smaller crystallites which have more corner atoms and less plane surfaces
and terraces, It may be speculated that the formation of methane, which should be
less demanding, would still be possible on simple “ensembles” which can still form on
amall erystallites, therefore accounting for the shift towards lighter products during FT
gynthesis on small crystallites. It has indeed been proposed in the literature that methane
formation sites might be present which are different from FT sites on which chain growth
ean aceur (Schulz et al. (1995), Zaera (2004)). The fact that the chain growth probabilities
of T to 90% obtained from ASF produet distributions {carbon number range from Cy to
Cy) for the two series of this work do not seem to be affected much by crystallite size (see
Appendix B.3, Figure B4, p. 178) while methane selectivity increased pronouncely with
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Figure 6.7: loft: Averape steady-state methane selectivities in the total formed product in F'T synthesis
versus average coystallite size of spent [sleady-state) model catalysts.
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4 bar/20 bar, GHSV = 7 ml(STP)/(min-Zm),

decreasing crystallite size, in particular in the series conducted at elevaled temperature
and pressure, might substantiate that methane formagion sites are more prevalent in
comparison Lo FT chain growth sites on smaller crystallites®,

Turnover frequencies of the volatile organic compeounds shown in Figure 6.1 {hottom)
can Lhersfore be strongly affected by such additional melhane formalion, in particular
for small erystallite sizes.

In order to eliminate this effect, the turnover frequencies of Coy-products in the volatile
organic compounds eblained for the differently sized crystallites of the two series, are
shown in Figure 6.8, The trends observed here, which show a more pronounced increase
wilth crystallite size, can now be interpreted as a true reflection of crystallile size effecls
on F'T activity,

From an economic point of view methane seleelivily in a gas-lo-liquid or ceal-to-liquid
process i3 to be kept as low as possible and, correspondingly, Cs-selectivities as high
as possible. Although the methane selectivilies in this siudy are relatively high and
although, due to its high cests, ruthenium i3 not a catalyst of commercial cheice for
FT synthesis, the findings reported here appear to be in-lipe with those observed by
others using cobalt {Bezemer el al., 2006), iron (Mabaso (2005), Barkhuizen et al. {2006),
Mabaseo et al. {2006)) and rhodium {Ojeda et al., 2004), and are of high fundamental
importance to understand optimisation of FT catalysts.

6.1.2.2 Olefin Formation

Olefins, predeminantly a-clefins, are the main primary organic products of FT synthesis
{Iglesia et al. (1961), Schulz et al. {1999)).

“Nate, that in abseuce of additional methane formetion, the expected methane selectivily according
o ideal ASF kinetics at chain growsh probabilities above 80%, lies below 10 C%, n contrast to e
50 C% obtained for the stnallest crystallite of the series conducted at 225%C and 20 har,
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Olefins are thought to form via dissociative 3-H elimination from an alkyl surface species.
Alternatively, associative desorption of the alkyl species with H-addition can yield paraf-
fins. The step of olefin desorption is reversible as olefins can readserb and undergo
secondary reactions, such as hydrogenation, to corresponding paraffins or incorporation
to grow chains - the former reaction usually dominating (Schulz and Claeys, 1999a).
Paradfin desorption is, however, irreversible. In the absence of such reactions primary
carbon mumber independent olefin contents of 70-80 mol% are expected {Schulz and
Cronjé (1977), Schulz and Claeys (1999b}). These contents may even be somewhat lower
(i.e. around 60 mol%) in ruthenium catalysed FT synthesis {Claeys and van Steen, 2002}
Values significantly lower than this can supply valuable information regarding the extent
of secondary olefin consumption.

The Cs, C3 and Cs-fractions were chosen as representative of other carbon number frac-
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tions to ascertain olefin [onmation and the extent ol secondary hydrogenation and incor-
poration. Figures 6.9, 6.10 and 6.11 [top) show the moelar amount ol ethene, propene
or pentenes respectively in the corresponding linear hydrocarbon-fractions obtained in
low temperature,/ pressure runs with five selected catalysts as function of time on stream.
Typically, very low mitial clefin contents were obtained, which increased with time. The
ateady-state ¢y and Cj-{ractions were crystallite size dependent with values ranging be-
tween 40 and 70 mol% with an increase towards larger crystallites (see Figures 6.9 and
6.10 (bottom)). The Cs-fraction, however, veached erystallite size independent values
of approximately 60 mol% (see Figure 6.11 (bottom)}). All values are typically found
for primary olehn selectivity in ruthenium based FT synthesis. It can [urther be noted
that with reaction time the increage in olefin conteni depends on the crystallite size of
the catalyst. Generally, it occurs that larger crystallites reach steady-state faster than
smaller ones,

Low initial olefin contents, which are indicative ol pronounced secondary olefin hydro-
genation [and incorporation), have previously also been reported {or FT synthesis using
cobalt (Nie (1996), Schulz et al. (2002)), nickel (Nie, 1996}, and iron catalysts {Claeys
{1997}, Schulz et al. (1999), van Steen and Schulz (1999), Clasys and Schulz (2004)) and
hiave been attributed to a more {acile readsorption of olefing on the initially less “popu-
lated” and hydrogen richer metal surface. In addition to the build-up of chemisorbate
and the {ormation of reaclion intermediates, the establishment of the FT regime coincides
with structural changes on the metal surlace.

It is interesting to note that, whereas tumover [requency sud methane selectivity reach
steady-state after 10-20 minutes in all experiments of this series, the olefin content reaches
steady-state at different stuges of the experiments depending on crystallite size, i.e, much
later for smaller crvstallites than for larger ones. Tt may therefore be speculated that sec-
ondary olefin hydrogenation to an extent ogeurs on sites differently affected than those
of FT chain growth.

Indeed it has been proposed by Schulz et al. {Schul and Claeys {199%a,b}, Schulz et al.
(2002)) that olelin hydrogenation and also double bond shift isomerisation might take
place on sites which do not allow [or chain growth. (Effects of double bond shift iso-
merisation are discussed in the Section [ollowing this one.) The catalyst RM-2, which
had been pre-exposed to carbon monoxide before the FT experiment showed slightly
higher initial olefin contents than those observed in the run with the corresponding cata-
lyst RM-2 which was not pretreated in carbon monoxide [see Appendix B.3, Figure B.3
(bottom), p. 177), while the final olefin content remained unchanged. This indicates
that although carbon monoxide pre-exposure ceuses some inhibition of this secondary
reaction and may have caused some sutface reconstruetion, ultimately the sites on FT
catalyats enly develop under the influence of synthesiz gas. With the exception of the
(s-fraction, in this senes of experiments a decrease of molar olefin contents was observed
for smaller erystallites at steady-state (see Figures 6.9, 6.10 and 6.11 {(bottom}}, This
effect, with lower olelin contents on smaller crystallites, was found when testing some of
these catalysts at higher conversion conditions at higher temperatures and pressures (see
Figures 6.9 and 6.10 and 6.11 (bottom}}, Due to the higher product yields the seatter of
data in this seres i3 much less, and an evaluation of other carbon number fractions was
also possible. Figure 6.12 depicts the steady-state olefin contents in the corresponding
linear hydrocarbon-fractions as function of carbon number tor differently sized supported
ruthenium erystallites obtained in the series conducted at 225°C and 2() bar.
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Pentenes in lin. Cs-hydrocarbons

Pentenes in lin. Cs-hydrocarbons

Flyure 6.11: top: Changes in moler contents of pentenes in Cp-fraction of linear hydrocarbens in FT
synthesis at 170°C /4 bar as function of tiroe on stream for Ave selocted alnnina supported
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In the presence of pronounced sceondary olefin hydrogenation (and incorporation) these
curves often show relatively low olefin contents in Cp (sec Cp olefing in low tempera-
ture/pressure runs in Tables B.1-B.5 in Appendix B.2, pp. 167), rcflecting the high
reactivity of ethene compared to longer chain olefins, and a decrease of olefin content
from earbon number Oy onwards, whach 18 believed to be due to effects of carbon number
dependent diffusion rates (Iglesia et al., 1993) and/or carbon number dependent solubil-
ity {Schulz and Claeys, 1999b) leading to higher residence times in the liguid filled pores
of the catalyst and therefore increased readsorption probabilities. Slight deviations from
carbon number independent, olefin contents were indeed found, indicating some secondary
olefin consurption, Overall the extent of sccondary hydrogenation (and incorporation)
appears to be larger on the small erystallites as here the molar olefin contents are lower.
It can be noted, however, that the deviations from carbon number independent, trends
are not very pronounced, and that the shift towards lower olefin eontents observed on the
sinall crystallites may also be due to a shift of primary olefin selectivity.

Generally, the formation of olefins versus parafiing and secondary colelin consumption
¢an be associated with the availability of hydrogen on the catalyst surface and effects of
decreased specific earbon monoxide. It may be speculated that this availability, which
must be seen in relation to availability of carbon monoxide, which is known to specifically
inhihit sccondary olefin hydrogenation (Schulz ot al., 1995), is indeed higher on the small
crystallites. Further, it has been reported that alkyl speeics and olefin readsorption arc
more likely to oceur on sites of low coordination {Schulz et al., 2002}, as present on cdges
and corners of small crystallites, although, in the absenec of earhon monoxide, reactions of
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olefin hydrogenation on Pt/8i0; did not show structure-sensitivity (Derling ot al. (1963},
Klabunde ct al. {1995}).

Similarly, increased paraffin to olefin ratics were observed during FT synthesis on eobalt
erystallites smaller than 5 nm by Bezemer et al. (2006}, while no effecis were found en
supported iton erystallites of different sizes (Mabaso {2005), Barkhuizen et al. (2006),
Mabaso et al. (2006}). It may therefore be speculated that these crystallite size effects
are not only influenced by reaction conditions, as seen in this study, but alse by the metal
used.

a-olefing can also readsorb non-terminally to the catalyst surface and upon desorption
form olefing with intermal double bonds:

R—CTL-CT=CH, % R“CHZ—EH—CH3% R-CH=CH-CH;

This reaciion is known to cccur readily on metal surfaces in the presence of hydrogen
{Getnain, 1969). Alternatively, double bond shife isomerisation can also occur on acidic
sites which mmay be present on suppori material. It is believed that e-clefing as primary
products are formed almost exclusively among olefing in each carbon numnber fraction, i.e.
95 to 100 mol% (Schulz and Gékeebay (1984), Schulz and Claeys (1999a)). The contents
of o-olefins in the carbon number olefin fraction therefore gives an indication o what
extent this secondary reaction hiad cceurred. Figure 6.13 shows the tonporal chanpes of
the l-pentene content in the lincar Ce-olefins observed with model catalysts of different
erystallite sizes in the FT experimnent conducted at 170°C and 4 bar.

Initially very low 1-olefin contents {10 to 40 mol%) which were found in all experimenis
increased to steady-state values between 80 and 100 mol%. Pronounced double bend
shift isomerisation in initial stages in FT experiments were also obtained onh cobalt (Nic
(1996), Schulz et al. {2002)), nickel {Nie, 1996) and iron {Clacys (1997}, Schulz ot al
(1999), van Steen and Schulz (1999}, Claeys and Schule (2004)}) catalysts.

Tlis reaction is believed to be more facile on the freshly reduced catalyst surface, hefore
it 15 filled with surface species and then inhibited upon catalyst reconstruction and Lhe
formasion of the FT regime.

Slightly lower clefin contenls might be present on the sinallest ervstallites, ag shown in
Figure 6.13 {(boliom). A simnilar obgervation is obtained in Figure 6.14, which depicts the
steady-state a-olefin contents in the corresponding fraction of linear olefins as function
of the carbon number of the series measured at 225°C and 20 bar. The lower o-clefin
contents obtained on the small crystallites might, in agreement with the findings described
with respect to olefin hydrogenation (see above), indicate that olefin readsorption and
secondary olefin resclions are more likely to ocour on sinall cryvstallites,
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#.1.2.3 Formation of Oxygenates

Oxygenates, mainly aldehvdes and alcohols, are minor products of FT synthesis and
little is known about their formation routes. Pichler and Schulz {1970) postulated that
an exygen contaming surface species can be formed via CO-insertion to a surface alkyl
group. Johnson and Joyner (1993) proposed that the same species could be formed by
addition of hydroxyl groups to an alkylidene species. Desorption of this species then leads
to formation of alcohels or aldehydes respectively.

R * H
™
CH Gl ##,H,JV Q?H* e

Generally, small amounts of oxypenates were found and these could only be gquantified in
the product spectra of the elevated temperature/pressure series runs (see Figure 6.15).
At steady-state, increasing amounts of the oxypgenates pentanocl and pentanal were found
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6.1. SUPPORTED NANO-SIZED CRYSTALLITES

in the fraction of linear Cs-products as the crystallite size mereased. It has been spec-
ulated that reactions of CO-insertion might preferably occur on metal sites with low
coordination {Schulz et al. (2002), Schulz (2003}}), i.e. on atoms with small numbers
of ncighbours which should preferably be found on corners and edges of small erystal-
lites. Indeed enhanced oxygenate selectivity has been reported in FT synthesis studies
on small crystallites with rhodium {Ojeda ct al., 2004}, cobalt (Bezemer et al., 2006) and
iron (Mabaso, 2005). Unless the reversed trends observed in this study are a reflection
of increased primary oxygenates selectivity, e.g. via the mechanism proposed by Johnson
and Joyner {1993}, the decreasing content of oxygenates towards smaller crystallites may
be an indication that primary formed oxygenates are consumed in secondary reactions
including their hydrogenation and /or incorporation into growing chains, These consceu-
tive reactions are known to occur in FT synthesis as evidenced by c.g. Tau ot al. {1988)
via co-feeding experiments and this obzervation would be in-line with the enhanced sec-
ondary conversion of olefins on small erystallites as discussed above, Preferred formation
of aleohols versus aldehydes was obtained for small crystallites in this series (see Figure
6.15),

Aldehydes are believed to be formed primarily at larger quantities than the corresponding
alechols, but it can casily be converted to the alechol via consceutive hydrogenation
(Dictor and Bell {1986a,b)). Analogously to the observations made with respect to olefins
ati increased relative hydrogen availability on small crystallites might not enly account for
preferred secondary oxygenates conversion, but also for a shift of their primary selectivity
with decreased relative formation of exygen containing surface species or their rapid
hydrogenation to the corresponding alkyl surface species and a shift towards the hydrogen-
richer axygenate, the aleohol, upon desorption of oxygen containing surface species {see
Scheme above).

6.1.2.4 Formation of Branched Praoducts

In addition to linear products, small amounts of branched products were detected. For-
mation of branched hydrocarbons is believed to occur in primary and secondary reaction
pathways {Schulz ct al., 1988), namely via a} combination of an alkylidene and a methyl
surface species or b} sccondary incorporation of e-olefins.

CH— CH=CT; N

\*H‘ JHC  CHy CH
Nl I|
CH;
“H, | +CH; |
CH, AT

|
The formation of branched species 18 thought to be more spatially dernanding than linear
chain growth. It has therefore been suggested to be ideally suited as a probe reaction
to trace back spatial constraints on different reaction pathways in FT synthesis {Schulz

ot al., 1994}, Representative of other carbon number fractions the ratic of branched and
linear products in the Cs-fraction as observed af steady-state for the model catalyats of
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the series conducted at 225°C and 20 bar are plotted against ruthenium crystallite size
in Figure £.16.

Increased branching was found in the product obtained with the small erystallites, which
most likely indicates that, again, secondary reactions, such as incorporation of primarily
formed olefins, oceur preferentially on smaller crystallites and thus leading to the higher
branching probabilities.

6.1.3 Conclusions of Findings of Fischer-Tropsch Experiments on
Supported Nano-sized Crystallites

The results of the studies conducted on the FT performance of the supported nano-sized
crystallites show that activity and product selectivity can be affected strongly by ruthe-
nium crystallite size in the tested range between 2-10 nm. This influence of crystallite
size does, however, vary depending on the stage of an experimental Tun (initial versus
steady-state) and the reaction conditions (temperature and pressure).

An increase of catalyst activity was observed with increasing erystallite size at initial
stages of the experiment and at steady-state conversion at the two different applied tem-
perature,/ pressure conditions, Catalyst deactivation was obtained in all muns. Its extent
did not depend on crystallite size, was not caused by crystallite sintering and most prob-
ably not caused by wadation of the metal crystallites. At steady-state, generally positive
effects obtained are decreased methane selectivity, increased Cr_ -product selectivity and,
at elevated temperature and pressure, increaged contents of olefing (in particular a-olefins}
and oxygenates for larger crystallites. Some of these trends were previously reported for
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CO-hydrogenation on other model catalyst systems including cobalt {Bezemer et al.,
2006), iron {Mabaso (2005), Barldhuizen ot al. (2006}, Mabaso et al. (2006}) and rhodinm
((yeda ot al., 2004), and were ascribed to effects of structure-sensitivity as only certain
“ensernbles/domaing” of surface atoms would catalyse certain reactions occurring during
FT synthesis {Bezemer et al. (2006), Mabaso {2005)).

These different rcactions durnng FT synthesis include snfer alia, complex steps of CO-
dissociation, chain growth and formation of different products {e.g. methane versus chain
growth) and it can be expeeted that the mumber of sites on which the rate determining
step oceurs, will ultimately determine the overall product formation rate, while the prod-
uct selectivity will depend on the relative abundance of such sites on metal crystallites of
different sizea. On small crystallites, a disproportional increase of methane selectivity at
largely unaffected chain growth probabality suggests an inercascd ratio of sites of methane
formation relative to those on which FT chain growth can oceur. It ean be assumed that
sites or “ensembles” required for chain growth are more complex than those for methane
formation and that the ratio of chain growth versus moethane formation sites decreases
with decreasing erystallite size. In addition to preferred methane formation, the product
obtained on small crystallites was richer in hydrogen with enhanced paraffin to olefin
ratios and ineressed aleohol to aldehyde ratios. This may be an indication of increased
relative hydrogen availability on the surface of small erystallites, which can either cange
a shift to primary relative formation of different product classes (e.g, paraffing versus
olefing) and/or affect secondary conversion of reactive products such as olefins and oxy-
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genates,

Readsorption of these compounds might be more facile on metal surface atoms of low
coordination as more prevalent ol the edges and cortiers of small crystallites, therefore
also implying structure-sensitivity of secondary reactions during F'T' synthesis.

Such effects of crystallite size were not ohserved at initial stage in the experimental runs
where secondary reactions dominate, possibly indicating that structure-sensitivity effects
on selectivity only develop with crystallite reconstruction under the influence of synthesis
gas and the development of the kinetic FT regime, Although some analogy to results
ohtained in work on cobalt and iroti could be drawn, it was noted that, no constant level
of specific catalyst activity was obtaned for larger ruthenium crystallites, in contrast to
cobalt and iron where catalyst activity per number of surface atoms did reach constant
values from diameters of 5-6 nm (cobalt] and 7-8 nm (iron) onwards. Assuming a metal
independent “ensemble” size aceounts for FT activity, it can indeed be expected that for
rutheninm, with its relatively large atoms, this threshold erystallite diameter is indeed
much larger than for cobalt and iron. This diameter, however, is likely to depend on the
testing conditions as well.

g2



6.2. SUPPORTED ORGANOMETALLIC COMPOUNDS

6.2 Supported Organometallic Compounds

In an attempt to study the requirements of specific sites/“ensembles” that might play
a role in FT synthesis the supported organometallic compounds of different nuclear-
ity were tested in a modified reactor system, which allowed for instantaneous heating
of the complexes to avoid their decomposition prior to a run. No reduction step was
applied before the start of the FT reaction. The reactions were again performed at a
reaction temperature of 170°C, a pressure of 4 bar and a constant synthesis gas flow of
7 ml(STP)/(min g, ) (Hy:CO = 2). All tests were done over a five hour period and two
selected model catalysts were tested for extended reaction times of five days. Due to the
limited stability of the organometallic compounds in particular, the initial behaviour of
the compounds is of interest as only at this stage of the testing the cluster framework
was still largely intact. Some of the data reported for specific reaction times can be
found listed in Appendix B.2, Tables B.6-B.8, pp. 173. The chemical structures of the
compounds are described in Section 4.1.2, pp. 30. For quick reference the compounds
are again listed below:

Ru-2a R\lg (00)4(?']5-051‘15)2

Ru-2b RU.Q (CO)4(')’)5-C5 (CH3)5)2

Ru-2¢ Ruz(CO),(u-CO)(u-CHCH;) (n°-CsHs)
Ru-3 Rus (CO) 12

Ru-4 RU4(/J~H)4(CO)12

Ru-5 RH5C(CO)15

Ru-6 RUGC(CO) 17

6.2.1 Fischer-Tropsch Activity

Formation of typical FT products, namely linear hydrocarbons ranging from C; to Cy,
could be detected in all experiments (see an example chromatogram in Figure 6.17) and
at longer runtimes hydrocarbons up to C;, g could be detected. Formation of the non-FT
synthesis products cyclopentadiene and cyclopentane was also observed in the spectra of
the runs with the diatomic samples. Their presence indicates loss of ligands from these
compounds and they were not included in the reported catalyst activities.

The catalyst activities were reported in terms of turnover frequencies based on the for-
mation rates of C;~Cy hydrocarbons and the number of ruthenium atoms in the cluster
at a metal loading of 3 wt%. It is therefore assumed that all metal atoms in the clus-
ter frameworks are accessible to a degree comparable to surface atoms in a nano-sized
crystallite. The monitored activities of all compounds went through a maximum be-
tween 1-3 minutes, followed by rapid deactivation (see Figure 6.18 (top)). For clarity,
only the results of the model compound Ru-2a are shown here as representative for the
diatomic compounds. The corresponding diagrams for Ru-2b and Ru-2¢ are shown in
Appendix B.3.2, Figure B.5 (top), p. 180. Some model compounds showed an increase
in product formation rates, namely after 10 minutes for Ru-6, after 60 minutes for Ru-5,
after 300 minutes for Ru-2¢, Ru-3 and Ru-4 (see Figure 6.18 (top)). This effect is more
pronounced for FT synthesis on Ru-5 and Ru-6 where activity at longer reaction times
exceeded the initially produced formation rates.
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Acetone Isopropanol leclohexane
{solvent) {reference)
Methane
trans-Butene-(2)
n-Butene-(1
E“‘egem cis-Buene-(2)
© Propane
Propene
]Jl L.

Figure 6.17: Gas chromatogram of product obtained after 2 minutes of testing compound Ru-6 in
' synthesis gas.
{TReaction = 170°C, P = 4 bar, GHSV = 7 ml(STP)/(min-geas ), (Ha/CO¥n = 2:1)

In order to compare the activity of the different model systems the initial maximum
turnover frequencies observed for the different clusters of varied nuclearity are shown in
Figure 6.18 (bottom). At this reaction time the frameworks of the clusters, which are
known to be of limited stability at reaction conditions as shown via TGA characterisation
(see Section 5.3.1, p. 64), are believed to still be largely intact. An increase in activity
with increase in cluster size was found for the runs Ru-3 to Ru-6, while the activity of
the diatomic compounds varied over a wide range. It can be speculated that this differ-
ent behaviour might be related to their different ligand systems, which already showed
marked effect on the relative thermal stabilities of these clusters (see Section 5.3.1, p.
64). The clusters Ru-3 to Ru-6 contain only CO-ligands, and the observed increase may
therefore be directly related to the number of metal atoms in the cluster.

Due to the limited thermal and chemical stability of the compounds and the fact that
some of the organic ligands seemed to appear in the product it can be assumed that
the organometallic compounds decomposed to some degree. It can be expected that
decomposition of the compounds may result in formation of larger ruthenium clusters
or crystallites. Furthermore, some ruthenium might be lost via formation of volatile
ruthenium-organic compounds. In order to assess these effects the spent catalysts were
characterised by means of TEM analyses to check for crystallite formation and ICP anal-
yses to determine the ruthenium content after an experiment. It was also attempted
to redissolve the compounds after an experiment and characterise them by means of IR

analysis. Volatile ruthenium compounds were searched for in the product stream using
GC/MS analysis.

TEM analyses conducted on samples that had been exposed for five hours indeed indicated
formation of some nano-sized crystallites with diameters in the range of 2 to 3 nm (see

94



6.2. SUPPORTED ORGANOMETALLIC COMPQOUNDS

a5
e Ru-2a A A
304 |0 Ru-3 === .
- A Ru4 = s
E 25 . ‘ RU‘S — A/ A
© A Ru-6 o mm
S
2
o
«
)
S’
B
)
st
1 10 100 1000
Time on stream in min
10
@ Ru-2a ® Ru-6
g, 8 T
‘o
& ® Ru-2b
> .
v;; ® Ru-5
P )
-
9 @& Ru-4
oo 4 a
% @& Ru-3
(=) ® Ru-2c
ot
2 -
O 1 L H] 1] v
i 2 3 4 5 6 7

Number of exposed ruthenium atoms

Figure 6.18: top: Changes in turnover frequencies of Cy-C4 hydrocarbons in FT synthesis as function
of time on stream for five selected alumina supported organometallic compounds.
bottom: Maximal initial turnover frequencies of C;-Cy hydrocarbons in FT synthesis
versus initial number of exposed metal atoms on alumina supported organometallic com-

pounds.

{Note: TOF was calculated from the initial cluster size.)
(Treaction = 170°C, P = 4 bar, GHSV = 7 ml(STP)/(min-gea ), (Hz/COp = 2:1)
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Figure 6.19 (top)). Judging from an apparent increase of their density, the formation
of these crystallites formed preferably with increasing size of the original cluster and in
samples Ru-3 and Ru-4 which were tested in extended runs (see Figure 6.19 (bottom)).

‘The increase in activity with reaction progress and the onset of this increase might there-
fore be related to the stability of the initial cluster structure and the formation of crys-
tallites which display higher activity than the starting compounds. It can be noted that
the sizes of the crystallites in these spent samples were in the same range as the smallest
crystallites of the model catalyst prepared via the microemulsion technique. On some of
the samples, Ru-5 and Ru-6, the activity after five hours was only ca. 20% lower than
the activity of the model catalysts with these crystallite sizes, suggesting that similar
catalysts were present at this stage of testing.

The tendency of crystallite formation on support materials from metallic cluster car-
bonyls is a known phenomenon (Kuznetsov and Bell (1980), Okuhara et al. (1985)) and
has frequently been utilized to prepare highly dispersed model catalysts (e.g. ruthenium
(Kellner and Bell, 1982) and iron (Johnston et al., 1999)).

Apart from the formation of some larger crystallites, there is indirect evidence that the
spent catalysts still contain organometallic frameworks, since all spent samples main-
tained the yellow-orange colours of the original samples. In addition, organometallic
compounds from spent samples of Ru-2¢ and Ru-3 were partially redissolved in methy-
lene dichloride and analysed using IR and MS spectroscopy. Figure 6.20 (top) shows
that IR spectra of the redissolved compound from spent sample Ru-2¢ and that of the
initial organometallic compound Ruy(CO)2(u-CO)(u-CHCH3)(n%-CsHs), are identical.
This finding was substantiated by MS analyses (data not shown). The fact that the
dimer Ru-2c could be extracted may suggest that it was not the catalyst, it may however
also mean that it has at least partially reacted in the initial stages of the reaction and
only the remaining fraction which not reacted is still present, even after five hours of
testing. The IR spectrum for the redissolved material from spent sample Ru-3, which
was tested for five hours, however, varied from the original compound Rus(CQO);2 (see
Figure 6.20 (bottom)). It shows three major adsorption bands at 2080, 2065, and 2021
em™!, which coincide with the main bands that were obtained for the freshly prepared
compound Ruy(u-H)4(CO);2 (the precursor for model catalyst Ru-4), and which are listed
in literature (Bruce and Williams (1990); see also Chapter 4). It must be noted that the
synthesis of Ruy(u-H)4(CO);2 is generally done starting from Rug(CO);2 at high hydrogen
pressure (Bruce and Williams, 1990).

MS analyses of the compound(s) redissolved from the spent sample Ru-3 (after removal
of the solvent) indicated the presence of a tetrameric and a trimeric ruthenium structure,
which have not been characterised in detail. The formation of the tetrameric compound
from the trimeric compound in the presence of hydrogen is to be expected, in analogy to
the preparation of the tetrameric compound. It is not clear whether the trimeric struc-
ture observed in this analysis was present in the sample or formed upon fragmentation
in the MS. Attempts to redissolve other organometallic compounds after their use as
model catalysts were unsuccessful. IR characterisation of the supported samples, which
can be used to identify the status of such clusters, has been reported to show evidence
that such clusters can interact with support materials to varied extents and even form
ruthenium saluminates depending on the strength of this interaction and the reaction
environment (Kuznetsov and Bell (1980), Guglielminotti and Zecchina (1982), Zecchina
and Guglielminotti (1982)). It was, however, reported that in the presence of carbon
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Figure 6.21: M5 histogram of organometallic compound found i the outlet flow of FT performence
of Ru-2a. (Nete: Spectrim identicates formation of monoatomic rutheninm complex
containing a cyvclopentadiene group and two CO-liganda,)

be regained {Kuznetsov and Bell, 1980).

Although some decomposition of the complexcs at reaction conditions is to be antici-
pated, the observations described above provide some evidence that the organometallie
complexes did not undergo complete transformation via such interaction with the sup-
port and/or metallic erystallites, and it can therefore be concluded that they were, in
principle, still available for synthesis gas conversion even after five hours of testing.

Formation of volatile ruthenium compounds {e.g. Ru{CO)s and Ru{CO},), which may
form at reaction conditions, can account for loss of mithenium and loss of activity, There-
fore, product streams were analysed using GC/MS analyses® (scc Section 4.7.3, p. 46)
and metal loadings of spent catalysts were determined using ICT analyses.

Ounly the analysis of the initial products of the tests on Ru-2b showed formation of an
additional peak in the GC/MS chrotnatogram, which had characteristics of a ruthenium
compound containing a cyclopentadiene group and two CO-lipands of volatile ruthenium
compounds identified by means of GC/MS analyses (zee Figure 6.21). ICP analysis
of the spent Ru-2b substantiate the finding that ruthenium loss occurred during this
experiment as only 0.92 wt% rothenium was found in this sample in comparison to the
3.0 wt% initial loading, Although no volatile ruthenium compeounds eould be detected in
product streams of the other compounds, ICT? analvses on corresponding spent samples
showed rutheninm loadings between .45 to 2.5 wt%, therefore lower than the initial
ones, indicating losses of up to 85% (sce Table 6.2}.

u has o unique isotope spectrum with sotopes at 95.91, 96,41, 97.91, 98.01, 90.00, 100.91, 101 594,
102.47 and 103.91 g/mo] (major peaks in M5 histogram: m/z = 102; Perry and Green).
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Table 6.2: Metal loadings of spent supparted organometallic compounds observed from ICP analyses
{loading of fresh samplea: 3 wit%).

Sample Xru{Spent)

code in wit%

Ru-2a (.82
Ru-2b* (345
Ru-2¢ 1.99
Ru-3 2.64
Bu-4 2Th
Ru-5 1.17
Bu-6 1.95

® yolatils ruthenium contalning compoliads
fonnd in the outlet How

In conclusion, the different alumina supported organometallic compounds tested in this
work all showed formation of Cop hydroearbons. The formation of these FT-typical prod-
uets from di- and tri-nuelear ruthenitm compounds supported en silica has previounsly
been reported by Claeys et al. {2000b), while FT produet formation from tetra-, penta-
and hexameric structures additionally observed in this work has not been reported before,
Frameworks of the model eompounds at the final stages of the tests were not well-defined
anymore and spent cafalysts might contain a mixture of original organometallic com-
pounds, medium-sized cluster systems and nano-sized crystallites. The product formation
at the initial stages of the experiments 15 believed to be due to the starting componnd,
therefore indicating the ability of compounds with & minimum of two ruthenium atoms
te promote C-C bond formation. A dendritic mongatomic rutheniym cluster had been
reported to display no activity for FT product formation (Claeys et al., 2000a), and the-
oretical DFT calculations seem to confirmn that indeed more than one ruthenium atom is
required (see Chapter 8 in this work), The nuclearity aud the nature of the ligands seem
to have an effect on the initial specific activity of the compounds, but theyv also impact on
the stability of the clusters at reaction conditions, Their effect on the product selectivity
is discussed in the following Section.

6.2,2 Product Formation

Product &pectra showed maiuly the formation of hydrocarbons (C;-Cy). Oxygenates
ware formed as by-products af negligible amounts and have not been taken into account.
Cyclopentadiene and cyclopentane formation was detected in the experiments with the
diatomic compounds Ru-2a, Ru-2b and Ru-2¢, and these are believed fo originate from
the cluster lipands. Initially acetone and sopropanol were monitered in GU-FID analy-
ges. [t was assumed that these compounds wete not direct products, as acetone was used
as solvent during immobilization of organometallic compeounds on the support (see prepa-
ration in Section 4.1.2, p. 37). Products were analysed using offline GC-FID analysis.
The product vields after the initial maximum {see Figure 6.18 {bottom}} were too low for
reltable determination of selectivity data, The results presented in the following Section
therefore only focus on the selectivity of the products ebserved during the first 3 minutes
of testing. At this early stage the structures of the compounds are believed to be mainly
intact and the observed results should therefore be directly due to the starting structure.
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Dietailed selected activity and selectivity results can be found listed in Appendix B.2,
Tables B.6-B .8, pp. 173. In addition to formation of hydrocarbons, carbon dioxide wag
detected at initial stages of the tests using GC/MS analyses.

£.2.2.1 Methone Formation and Chalu Growth

The average methane contents obtamed in the Cy to Cy-fraction between 1 and 3 minutes
runtime, for the different ruthenium compounds, are shown in Figure 6.22. Generally,
fairly high methane selectivities were found for all compounds, the diatomic complexes
Bu-2a and Bu-2b apparently disptaying higher methane fortnation than the larger clus-
ters.
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Fiewrs 8.22: Average Tnilial mothane selectivities in the C -0y hydrocarbons botween 1-3 wminutes rin-
time in FT synthesia versus initial number of exposed metad atoma on alumina snpported

orpanometallic commpoinds.
{Trosesion = 170°C, P = 4 bar, GHSV — 7 mi(STP}/ (min-guu ). (Hz/COJm = 2:1)

Nonetheless, formation of Cq up to C4 hydrocarbons was ohtained on all the clusters. In
order to characterse their formation, the molar contents of all hydrocarbons detected in
the experiments obtained between 1 and 3 minutes of testing are plotted logarithunically
against carbon number in Figure 6.23. Straight lines in these Anderson-Schule-Flory-
type plots indicate ideal chain growth and the chain growth probability can be derived
directly from their slopes (see equation 2.5, p. £). Remarkably, approximately straight
hnes were obtained for some of the compounds, namely Ru-2b and Ru-6, whereas non-
ideal behaviour was found for the other compounds. Some deviations with relatively high
methane contents and relatively low C; contents are commonly obaerved in F'T-product
distributions, and are generally attributed to effects of additional methane formation and
secondary ethene incorporation {lgtesta (1957b), Schule and Clasys (1959a)). The latter
effect normally coincides with olefin contents in the C-fraction lower than those in the
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Ca-fraction. This was, however, not chserved for the elusters Bu-?a, Bu-3 and Ru-4,
which all show a relatively low € formation in the ASF plots (for Oz and Cs olefin
contents see Figure 6.25 {top and bottom} and Section below). It can also be noted that
relatively large formation of Cy and €y hydrocarbons was observed with the compound
Ru-2¢ (see Figure 6.23 (left}}, which is likely to otiginate from the bridging “CH-CH3"
Ligand present in this cluster. The irregularities of chain growth obtained for the tested
clugters may, to an extent, be due to non steady-state conditions and a rather random
combination of different species that may form on the clusters under synthesis gas fow.
Nonetheless, overall an FT-like produet has been obtained and, albeit possibly not strictly
applicable, chain growth probabilities have been derived from the slopes between C, to
s and Cs to €4 of the graphs in Figure 6.23, and are listed in Table 6.3. In qualitative
accotdance with the relatively high mothane selectivitios obtained in these runs, fairly
low chain growth probabilities, mostly lower than 30%, were found.
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Flyure 6.25: Molar product contents {C; to C4) obtained at 2 minutes runtime io FT tests aa function
of carbon number on aluming supported organometallic compounds (left: Tu-2a, Ru-2b
and Ru-2¢; right: Ru-d, Ro-1, Ru-5 and Ru-6).

(TReaction = }T0°C, P = 4 bar, GHSY = 7 mi{8TP}/(minges), {Ha/CO¥q = 2:1)

Table 6.3: Chain growth probebililies, carbon number raoges €, to Cg and Ci to Cy, obtained
at 2 minutes rumtime in FT $ests on alumina supported organometallic compounds,
(TResctlon = 170°C, P = 4 bar, GHSV = 7 ml{3TP}/{min g, ), {Ha/COJin = 2:1)

Sample  poi_es Py 03-Cd4

code

Ru-2a 0.0g (.28

Ru-2b .08 0.16
Ru-2¢ 0.39 (>1)
Ru-3 0.15 0.34
Ru-4 0.11 0.03
Ru-5 0.37 .56
Ru-6 0.25 0.46

The specific formation rates of the detected hydroearbons with two or more carbon atoms
(i.e. TOF(C4-Cy)) show an increasc with increasing nuelearity of the clusters, suggesting
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that the combination of surfsce species for chain formarion iz woee facile on Lhe larger
clusters (see Figure 6.24).

The findings in this work confirm that two adjacent ruthenivwm atoms can promote C-C
bond formation. Similar work on the clusters Ry-2a, Ru-2b and Ru-3 supported on silica
already demonstrated the feasibility of C-C bond formation (Claeys et al. (2000a,b}),
while tests on monoatomic mathenium on a dendritic structure supported on silica only
resulted in formation of methane, at rates much lower than those recorded with clusters of
high nuclearity. Clusters with four or more ruthenium atoms were shown to display C-C
bond formation sctivity for the first time in this work, but it appears that the methane
selectivity is not affected much for clusters with more than three rutheniam atoms, It
may be concluded that methane selectivity is enhanced on very small clusters, namely
the distomic ones, and largest, 1.c. 100 C%, on monoatomic complexes. It should be
borne n mind, thoush, that the findings reported bere may be greatly aflected by the
ligands attached to the original elusters.
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Figure 6.24: Maximasl initial turnover frequencies of Co-Cy hydrocarbons in FT synthesis tests versus
initial number of exposed metal atmns on aluimitne supported ogelometallic compounds.
{Tu,cm;ﬁnn = 1T, P =4 har, GH5V =T ml[STP},*'[min-gmt], [Hg;'CJDj-m =21

£.2.2.2 {}efin Formation

The Cy and Cy-[ractions were monitored to analyse effects of cluster size on olefin versus
paraffin formation. The average olefin contents in these fractions obtained alter 1-3 min-
utes of testing at FT-conditions are shown in Figure 6.25.
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Except for the ethene content in the Co-fraction on clusters Ru-5 and Ru-6, the olefin
contents in both carbon number fractions on all clusters were between 60 and 80 mol%.
These values are in the range of those typically regarded as for primary selectivity in
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conventional FT synthesis (Iglesia (1997b), Schulz and Claeys (1999a)). It is not clear to
what extent paraffins may have formed via secondary hydrogenation of the olefins. It was
however noted that in all the runs acetone, which was used as a solvent during deposition
of the clusters onto the support, was found in the chromatograms. In addition, with
the clusters containing three or more ruthenium atoms, Ru-3 to Ru-6, iso-propanol was
detected to amounts almost equalling that of acetone. No iso-propanol formation was
detected in the test with the bimetallic clusters. Iso-propanol is believed to be formed
via hydrogenation of acetone and the observations made may be interpreted as a probe
reaction for the “hydrogenation activity” of the clusters. The absense of this activity
for the diatomic compounds suggests that also no secondary olefin hydrogenation has
occurred on these compounds, and the obtained olefin contents may therefore be a true
reflection of primary olefin/paraffin selectivity.

The low olefin contents in the C,-fraction obtained on the clusters Ru-5 and Ru-6 may be
due to hydrogenation of ethene, which is known to be much more reactive than propene
(Iglesia (1997b), Schulz and Claeys (1999a)). It might again be speculated that the
ligands in the clusters, in this case the central carbon atom in the framework of clusters
Ru-5 and Ru-6, impact on this reaction. It is surprising to note, though, that cluster Ru-4,
which contains bridging hydrogen atoms and which should therefore potentially have the
highest hydrogen availability, did not display enhanced formation of paraffins. Generally,
the activation of hydrogen for formation of FT products, including chain growth and
product desorption, seem to be fairly facile on all the clusters tested.

6.2.2.3 Does CO-activation take place on the supported organometallic com-
pounds?

Although C-C formation was observed from initial stages of the tests with all the sup-
ported organometallic compounds, it is not clear whether the carbon in the hydrocarbon
product originated from carbon monoxide in the synthesis gas or just from the carbon
present in cluster frameworks. In order to investigate whether carbon monoxide was ac-
tivated on the clusters, carbon balances were performed in which the sum of carbon in
hydrocarbon products formed over the period of testing a compound, was compared to
the carbon in the cluster (i.e. carbon in the form of CO-ligands, the CH-CHj group in
complex Ru-2c and the central carbon atom in clusters Ru-5 and Ru-6; cyclopentadi-
ene and pentamethyl-cyclopentadiene ligands have not been taken into account). These
carbon balances are listed in Table 6.4.

The products formed over five hours of testing in synthesis gas only contained 2 to 26% of
the carbon originally present in the cluster. Even after five days of testing the clusters Ru-
3 and Ru-4 the cumulative amount of carbon in the products was lower than that in the
clusters, although loss of carbon, including formation of volatile organometallic ruthenium
complexes (see Section 6.2.1) and possibly desorption of carbon monoxide and formation
of carbon dioxide (the latter was detected via GC/MS analyses, but not quantified), has
not been taken into account. This evaluation does not allow for conclusions on the origin
of carbon in the products. Table 6.4 also lists the relative amount of carbon found in
hydrocarbon products in experiments where the clusters were exposed to hydrogen only.
Although generally larger percentages of carbon were detected no full “recovery” of the
ligand carbon was found.

In contrast to the runs conducted in synthesis gas, the spent catalysts of these runs had
a black colour and redissolving of organometallic material from the supports was not suc-
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Table 6.4: Amount of carbon in hydrocarbons formed over five hours of testing the supported
organometallic clusters in synthesis gas and in hydrogen relative to carbon present in lig-
ands of the clusters (excluding carbon in cyclopentadiene and pentamethyl-cyclopentadiene
ligands).

Sample mc Hons/Me, ligy % Mg, HON's/ MG, ligy 0

code tests in H,/CO tests in H,

Ru-2a 3.6 45.9
Ru-2b 2.2 2.4
Ru-2¢ 8.6 36.0
Ru-3 3.5 [30.3]* 20.4
Ru-4 4.9 [29.3]* 13.3
Ru-5 12.1 15.5
Bu-6 26.3 5.8

& after five days testing

cessful. Furthermore, no formation of volatile organometallic ruthenium complexes could
be detected and the ruthenium loading determined by means of ICP analyses showed
that the loss of metal was much lower in these experiments (i.e. around 5 to 30%, see
Table B.9 in Appendix B.4, p. 182) whereas in experiments, where carbon monoxide was
present, up to 80% of ruthenium loss was recorded.

The products and product distributions observed in these experiments, however, resemble
those obtained in the corresponding experiments in which synthesis gas was used, indi-
cating that hydrocarbons do possibly originate from carbon in the ligands. The product
obtained in these experiments was generally more paraffinic than that in the runs where
carbon monoxide was present®. An example chromatogram obtained at 3 minutes run-
time with cluster Ru-6 is shown in Figure 6.26; selected results can be found listed in
Tables B.6-B.7 in Appendix B.2, pp. 173. The clusters tested in hydrogen showed maxi-
mum product formation only at much later reaction times (between 10 to 100 minutes)
compared to the experiments where synthesis gas was used (see Figure 6.27, for example
Ru-3; for other clusters see Figure B.6 in Appendix B.3.2, p. 180). This delay may be an
indication that carbon monoxide affects the stability of the clusters and plays some role
in the activation of the clusters for product formation.

Experiments using *C labelled carbon monoxide in the feed of the synthesis gas were
done on clusters Ru-3 and Ru-6 in an attempt to throw more light on the origin of
the hydrocarbons and the question of CO-activation on the clusters. In these runs the
BCO/H; mixture was flowed over the supported organometallic compounds for the first
15 minutes, and the feed then replaced with unlabelled synthesis gas. After five hours
runtime labelled synthesis gas was again passed over the samples for 15 minutes. During
these 15 minutes episodes product samples were taken and analysed by means of GC/MS
analysis.

¢All clusters have also been tested in argon at otherwise identical conditions, but no formation of
hydrocarbons could be detected.
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Figure 6.26: Gas chromatogram of product obtained after 3 minutes of testing compound Ru-6 in pure
hydrogen.
(Treaction = 170°C, P = 4 bar, GHSV = 7 ml{(STP)/(min-geu})
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Figure 8.27: Changes in turnover frequencies of C;-C4 hydrocarbons in FT synthesis as function of
time on stream for catalyst sample Ru-3, in synthesis gas (#) and in hydrogen (o).
(TReaction = 170°C, P = 4 bar, GHSV = 7 ml{STP)/(min-geas), (Hz/COkp = 2:1)
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No labelled carbon could be detected in the C, to Cs hydrocarbons formed at the initial
testing period, showing that, at least during the first 15 minutes, the carbon in these
products must have originated from the ligands in the clusters. During this period, how-
ever, a marked increase of 1*C was noticed in the carbon dioxide which was formed at this
stage of the reaction, as evidenced by an increase in the 45 to 44 ion mass ratios. The gas
phase carbon monoxide, therefore, seems to have interacted with the clusters resulting
in formation of carbon dioxide. This would indicate that some activation of gas phase
carbon monoxide did take place on the clusters, and this interaction may facilitate the
product formation on the clusters, which showed enhanced initial product formation rates
when tested in environments containing carbon monoxide. Removal of oxygen from the
cluster CO-ligands would potentially result in formation of carbon species which, upon
hydrogenation, could form CH, species required for FT chain growth.

Surprisingly, also after monitoring of the products formed in synthesis gas for five hours
runtime, no evidence of }3C was found in the hydrocarbon product. From TEM character-
isation of spent catalysts it is known that, at this stage of testing, ruthenium crystallites
sized between 2-3 nm are present, and regular FT CO-activation should thus occur. It
is therefore suspected that the 15 minutes of monitoring were too short to investigate
product formation representative of the actual reactant gas composition. This may also
have affected the initial readings. It is therefore recommended to repeat such studies over
extended testing times in future work before it can be concluded whether or not gas phase
carbon monoxide can be incorporated into hydrocarbon products on the organometallic
compounds tested in this work.

6.2.3 Conclusions of Findings of FT Experiments on Supported
Organometallic Compounds

All the supported organometallic compounds tested in this series did display formation of
typical FT products, viz. C; to C4 hydrocarbons. Although some decomposition of the
clusters with formation of volatile organic ruthenium complexes and growth of crystallites
occurred over prolonged testing, product formation monitored in the very first minutes
of testing is interpreted to be representative for reaction steps - which can occur on these
structures. The following important observations and conclusions were reported:

® C-C bond formation on clusters of nuclearities with two to six ruthenium atoms is
possible

o C-O bond cleavage must have occurred on all clusters

® there is no direct evidence that gas phase carbon monoxide has been activated on
the clusters for FT product formation. Carbon monoxide does, however, seem to
interact with the clusters and enhance initial product formation rates

e the activity of the clusters for product formation seems to depend on the nuclearity
of the clusters and the chemical nature of the ligands

e the product selectivity obtained on these clusters generally shows very high methane
contents (>80%), low chain growth probabilities (<30%) and olefin selectivities of
60-90% per carbon number, and it is not affected much by the cluster nuclearity, but
possibly by the ligands on the cluster; diatomic clusters show enhanced methane
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formation, and some secondary olefin hydrogenation may take place on clusters
with five or more ruthenium atoms

Although it could not be conclusively shown that all steps required for stable F'T synthesis
are feasible on the model compounds tested, the observations with regard to product
formation and selectivity may provide relevant information in order to understand site
requirements on surfaces of larger agglomerates, i.e. crystallite surfaces. Variation of
cluster structures, including their ligand systems and their size, is recommended for
future work in order to understand the role of the “chemical environment” or the steps of
product formation that will help to improve selectivity of desired products, e.g. olefins
versus paraffins. Such studies may include a study of different support materials and/or
support materials pretested in different ways in order to affect interaction of the cluster
with the support. More efficient ways of linking the clusters to supports may also be
investigated.
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6.3 Nano- and Angstrgm-sized Crystallites/Clusters -
Comparison and Discussion

This Section describes an attempt to compare/bridge the findings obtained in FT tests on
the supported organometallic model compounds of varying nuclearity and the ruthenium
crystallites of different crystallite sizes.

This comparison is made on the basis of the number of exposed ruthenium atoms, which in
the case of the clusters equals the number of ruthenium atoms in their structure, whereas
in the case of the crystallites the number of surface ruthenium atoms, as estimated from
TEM characterisation of the fresh and spent catalysts, was taken into account. The
performance of the organometallic compounds is believed to be best represented by the
period of 1-3 minutes time of testing, when they show maximum activity and their original
structure and nuclearity should still be largely preserved. For the ruthenium crystallites,
both initial and steady-state data are shown. Only the results obtained at conditions
identical to the ones applied with the clusters, i.e. 170°C reaction temperature and 4 bar
total pressure, are taken into account here.

The turnover frequencies obtained with model catalysts of the two series is shown in
Figure 6.28 (top). Generally, an increase of catalyst activity with an increase in num-
ber of exposed ruthenium atoms is observed. In addition to initial and steady-state
turnover frequencies for formation of products which are volatile at reaction conditions,
total turnover frequencies were calculated for steady-state conditions via extrapolation
of formation rates to products up to a carbon number of 100 assuming ideal Anderson-
Schulz Flory kinetics at the actual measured chain growth probability determined in each
experiment (grey circles in Figure 6.28 (top)). These data points can be considered the
closest possible reflection of the true turnover frequency which equals the surface atom
specific rate of carbon monoxide disappearance that, could not be measured directly at
the low conversion levels in these experiments. Such a correlation is not necessary or
even not valid for data recorded at initial stages of the experiment where chain growth
probabilities are low and long chain products should not have been formed yet. The data
recorded at initial stages of both series of experiments is therefore a good representation
of the crystallites or cluster activities for product formation. At early stages of an exper-
iment the crystallites are deficient in carbon monoxide compared to the organometallic
compounds which have CO-ligands attached to them. The performance of the crystallites
at steady-state conversion, after possible reconstruction by carbon monoxide or synthe-
sis gas, is therefore probably more suited for a comparison with the performance of the
cluster, although this comparison should be done with much caution. It can be noted
that the total turnover frequencies of the two series, i.e. the clusters at 1 to 3 minutes
and the crystallites at steady-state (data point highlighted in grey areas), connect almost
continuously, which possibly indicates that the steps of product formation on the largest
clusters indeed simulate those occurring on crystallites.

A similar comparison of the specific formation rates of C,, products (Figure 6.28

(bottom)), however, shows a relatively large gap with lower values of turnover frequencies
(TOF(C,4)) for the organometallic compounds. .
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As chain growth probabilities obtained on these clusters were much lower than those ob-
tained on erystallites (i.e. less than 30% compared to T5-90%), it may be speculated that
the product formation observed on these clusters mainly represent formation of methane
on sites which are atypical of FT chain growth sites. Such methane formation sites, “en-
sembles”, may be present in relatively incrcased densitics on smaller erystallites, where

more rutheninm atoms of low coordination are present, and which can approximate the
structures of the clusters.

Correspondingly, a strong incresse in steady-state methane selectivity in the total
product with decrease of erystallite size or the number of expased ruthenium atoms, re-
spoctively, was obtained (see Figure 6.29). In addition, effects of decreased inhibition of

carbon monoxide resulting in a hydrogen richer product may play a role on crystallites
of smaller size.
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The molar olefin contents in the Cs; and Cy-fractions obtained with the organometallic
componunds are in the same range as those obtained on the larger crystallites at steady-
state conditions, i.c. approximately 60 to 80 mol%. This may be an indication that
the steps of product desorption on the two model systems are indeed similar or cven
identical. On very small crystallites a decresse in olefin content was obtained at steady-
state conditions, which was suggested to be either due to & shift of primary selectivity
as a consequence of enhanced hydrogen availability or, respectively, decreased effects of
CO-inhibition or enhanced secondary olefin readsorption on smaller erystallites. Effects
of carbon monoxide deficiency should not play a role for the clusters. Very low ethene
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contents ebtained on the clusters Ru-5 and Ru-G. however, suppest that cthene hydro
genation has oceurred en these structures.

In conclusion it can be stated that the experiments on the organometallic model com-
pounds provide important clues on the site requirements for different reaction steps oc-
curring during F'T' synthesis on nano-sized crysiallites. Steps of gas phase CO-activation
for product formalion may nol have oceurred on the clusters. Steps of C-O bond cleavave
and -C bond formation, however, seem to be feasible on compounds with two ruthe
nium atoms although only at very low chain growth probahilities. The following Section
presents attemnpls Lo investigate this feasibilify on meneatomic versus diatomic modet
structures usintg a molecular modelling approach,
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Chapter 7

Theoretical Feasibility of
CO-Activation and FT Chain Growth
on Mono- and Diatomic Ruthenium
Compounds

The theoretical feasibility of CO-activation and FT chain growth on a single metal centre
and two adjacent metal atoms was investigated. These active centres containing one
or two metal atoms are expressed as organometallic ruthenium complexes. FT reaction
mechanisms based on experimental findings have been proposed, starting with known
organometallic compounds.

7.1 Proposed Reaction Mechanisms

All possible reaction mechanisms for the mono- and diatomic model systems under consid-
eration have been proposed based on commonly postulated pathways, viz. CO-insertion,
carbide, enol, alkoxy and alkenyl mechanisms (Section 2.1.4, p. 7). As a starting point,
the transformation of the ligands on the ruthenium centre is envisaged to take place
in accordance with the empirical principles established in organometallic chemistry. The
proposed intermediates have generally 18 valence electrons for the transition metal, hence
reactive species have 16 valence electrons. The proposed mechanisms are divided into gen-
eration of the catalytically active species, generation of a chain starter and chain growth,
as is common practice for polymerization reactions (see Section 2.1.4, p. 7). Additional
limitations include a minimum number of six ligands on a ruthenium centre, one ligand
for the Ru-Ru bond in the diatomic ruthenium complexes, and a number of carbon atoms
equal to or exceeding the number of oxygen atoms. Carboxyl-ruthenium-compounds (Ru-
OR) and hydroxyl-ruthenium-compounds (Ru-OH) were not considered.

7.1.1 Monoatomic Reaction Mechanism

Ru(CO); as the simplest monoatomic ruthenium complex was used as starting compound
for the proposed monoatomic FT reaction mechanisms. Product desorption steps were
included to allow comparison of theoretical selectivities with experimental observations
done in a homogeneous environment.
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A reaction scheme was developed to calculate the possible ruthenium complexes for a
given hydrogen, carbon and oxygen atom number on a single ruthenium atom to verify
that there are no additional reaction mechanisms possible. Plausible ligands consisting
of carbon, hydrogen and oxygen atoms (-H; =C; =CH; =CH,; -CH,; -CHO; -COOH;
-CH,CHO; -CH,0H; =CHOH; -COCHj; =CO) were added to a ruthenium centre, with
the restriction that the number of valence electrons (Nyg) equals 18 and 16 respectively,
based on empirical organometallic chemistry rules (Cotton and Wilkinson, 1973). A set
of numerical equations was solved for a given molecule RuC,O,H,. In this equation set,
the possible ligands were replaced with letters in alphabetical order®. Each ligand was
multiplied by the amount of donating electrons to the ruthenium centre. In equations 7.1,
7.2 and 7.3 the total number of hydrogen (N(H)), oxygen (N(O)) and carbon atoms (N(C))
was respectively calculated. The total amount of valence electrons on the ruthenium
centre was calculated using equation 7.4, including 8 fixed valence electrons for the 4d®
ruthenium system. A valid solution was obtained when the different restrictions were
verified. These restrictions stated that the number of oxygen atoms had to be equal to or
smaller than the number of carbon atoms and that the maximal amount of ligands was
restricted to six (N(O) < N(C); Nigands < 6).

NH)=1-a+1-c+2-d+3-e+1-f+1-g+3-h+3-i+2-j+3-k  (7.1)
N(@O)=1-f+2-g+1-h+1-i+1.j+1-k+1-1 (7.2)

N(C)=1-b+1-d+1-e+1-f+1-g+2-h+1-i+1-j+2-k+1-1  (7.3)

N(Ru)y,.=8+1a+3b+3c+2d+1le+1f+1.g+1Th+1i+2j+1k+21 (74)
The number of proposed monoatomic reaction mechanisms was equal to the maximum
number of possible solutions for different combinations of carbon, oxygen and hydrogen
atoms in different ligand systems for 18 and 16 valence electron species. Due to restric-
tions, it was not possible to calculate the maximum number of solutions for the diatomic

systems.
Overall, three reaction mechanisms were proposed, viz. mechanism A, B and C.

Generation of the Starter of the Catalytic Cycle

The first step is the transformation of the model catalyst Ru(CO)s (1) via CO-desorption
into the 16 valence electron species Ru(CO)4 (2). Hydrogenation of Ru(CO)4 generates
H,Ru(CO)4 (3), which is regarded as the starter of the catalytic cycle (see Scheme 18).
These three species are all known and well characterised (Calderazzo and L’Eplattenier
(1967), Hugq et al. (1980), Ziegler et al. (1987), Huang et al. (1990), Ehlers and Frenking
(1995), Decker and Klobukowski (1998), Wang et al. (2003)).

The catalytic cycle starts from HoRu(CO)4 and involves the generation of the chain starter
and then chain growth (see Scheme 19). Several possible desorption mechanisms have
been included that lead to the formation of FT product compounds, such as methane

& Alphabetical numbering system: H = a; C = b; CH = ¢; CHy = d; CHy = e; CHO = f; COOH =
g; CHaCHO = h; CHoOH = §; CHOH = §; COCHg = k; CO =1
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CH,, methanol CH3;0H, and formaldehyde CH,O.

Ru(CO)s —z5—+ Ru(CO), o HRuCO),
i 2 3

Scheme 18: First steps of the proposed monoatomic FT reaction mechanisms.

Generation of the Chain Starter

The generation of the chain starter is based on the enol mechanism (Storch et al. (1951),
Kolbel et al. (1966), Gupta et al. (1972)). CO-adsorption on HyRu(CO)4 (3) with a
simultaneous migration of ruthenium bonded hydrogen towards a CO-ligand generates a
ruthenium-aldehyde species (4). The simultaneous action is required to keep the number
of valence electrons constant. The aldehyde group undergoes a tautomerisation to the
ruthenium-enol species (8). From here, three different mechanisms have been proposed
for the generation of the chain starter including a C-O bond cleavage. HRu(CO),CH;
(7) is regarded as the chain starter. Similar reduction mechanisms of M-CO via M-CHO
into M-CHj3 are known in homogeneous environments (Sweet and Graham, 1979). Methyl
surface species on bulk catalyst surfaces during FT synthesis are proposed in the alkyl
mechanism (Yamasaki et al. (1981), Erley and McBreen (1983), Wang and Ekerdt (1984),
Kaminsky et al. (1986)) and have been observed on surfaces involved in CO-hydrogenation
(Wang and Ekerdt (1984)).

Mechanism A

In mechanism A water and carbon monoxide desorb from the ruthenium-enol species
with simultaneous H-addition to form a ruthenium-methylidyne (Ru=C) (8a!), which
is a typical intermediate in the carbide-mechanism (Fischer et al. (1925), Craxford and
Rideal (1939), Claeys and van Steen (2004)). Methylidynes are known for ruthenium as
well as various other transition metals such as e.g. rhodium (Herrmann et al. (1980))
and tungsten (Holmes et al. (1982)). It is unlikely that this is an elementary reaction,
and may thus not be feasible on a monoatomic ruthenium complex. Hydrogenation
of this ‘carbide’-intermediate and simultaneous desorption of a CO-ligand leads to the
ruthenium-methylene HoRu(CO)3;CH, (6a?), again a known compound for ruthenium
(Carter and Goddard III (1986)). H-shift and CO-adsorption lead to the formation of
the chain starter HRu(CO),CHj3 (7).

Mechanism B

In mechanism B H;-adsorption and simultaneous CO-desorption yields HoRu(CO)3(CHOH)
(8b?!). CO-assisted desorption of this species may lead to the formation of formaldehyde
and HoRu(CO), or to the formation of methanol and Ru(CO)4, which can be transformed
into HoRu(CO), by hydrogenation (not shown). Another H,-addition was proposed to
saturate the Ru=C bond, generating a ruthenium-alkoxy species (6b?), followed by wa-
ter condensation on the alkoxy group to a ruthenium-methylene (6b%). H-shift from the
ruthenium centre to the unsaturated methylene group generates the 16 valence electron
transition state species 6b*, and CO-addition forms the chain starter (7). All reaction
steps in mechanism B are elementary and all intermediates have 18 valence electrons.
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Mechanism C

The C-O bond cleavage in mechanism C yields another ruthenium-methylene interme-
diate (6¢?). This species is formed via a ruthenium-methoxy (8¢!) involving H-shift and
water elimination. Methylene groups as intermediates during FT synthesis are proposed
in the alkyl and in the alkenyl mechanisms (Long et al. (1997), Claeys and van Steen
(2004)). The ruthenjum-methylene adsorbs another Hy-molecule to either generate the
chain starter (7), or a ruthenium-aldehyde species (7c!) and keeping the methylene group
on the ruthenium. The second pathway by-passes the chain starter and goes directly via
tautomerisation to 7¢? and finishes with another CO-insertion forming a Cs-keto ligand
on the ruthenium (8).

7.1.2 Diatomic Reaction Mechanism

Ru(CO)g (1) was taken as the starting compound for the proposed diatomic FT reaction
mechanisms. It was selected as model compound for FT synthesis and not the experi-
mentally used ones, due to limited computer resources. These computer resources were
drastically increased by simplifying the compound to CO-ligands.

The first step is Hy-activation and adsorption with simultaneous CO-desorption, gener-
ating compound 2 (see Scheme 20). Two different mechanisms (mechanism A1 and A2)
for the formation of the chain starter (4) were proposed. Three different mechanisms were
proposed for the first and second part of the chain growth (mechanisms B1/B2/B8 and
C1/C2/C3; see Schemes 21 and 22). All proposed reaction steps are elementary and
all intermediates have 18 valence electrons.

Mechanisms Al, B1 and C1

Mechanisms A1, B1 and C1 follow the same reaction sequence, where the C-O bond
cleavage occurs on the bridging CO-ligands. Therefore, in mechanism BI and C1, the
first step is the transformation of a terminal CO-ligand from compounds 4 and 8 into a
bridging CO-ligand. Hj-addition on the bridging CO reduces it to a bridging ruthenium-
methoxy (3al!, 5a%, 7a?). The next step is water desorption with simultaneous Hy-
addition in mechanisms B1 and C1 and, respectively, CO-adsorption with simultaneous
water desorption in mechanism A1 generating a bridging ruthenium-methylene (3a?,
5a®, 7ad). Bridging ruthenium-methylenes are known compounds (Davies et al., 1984).
In mechanism A1, the bridging methylene-ligand transforms into & terminal methylidine-
ligand, forcing a rearrangement of a terminal carboxyl into a bridging position (3a®). H,-
addition on the unsaturated Ru=CH, generates the chain starter Ru(CO),(CH;3)RuH(CO),4
(4). In mechanisms B2 and C2 the bridging methylene-ligand shifts directly to a termi-
nal position, generating the ruthenium-alkyl compounds with longer hydrocarbon chains
(8, 8).

Mechanisms A2, B2 and C2

The C-O bond cleavage in mechanisms A2, B2 and C2 is based on the enol mechanism
(see Section 2.1.4, p. 8). In mechanism A2 an additional step is included, where the
ruthenium-enol (3b?) is formed over di-hydrido-octacarbonyl-diruthenium (3b!) via H,-
addition. In mechanisms B2 and C2 the ruthenium-enol (5b!, 7b?) is directly generated
via hydrogenation of a CO-ligand from the ruthenium-alkyls 4, 6. Hj-addition reduces
the ruthenium-enol to a ruthenium-methoxy (3b%, 5b? 7b?%). H-shift from a terminal
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hydrogen to the unsaturated Ru=C of the ruthenium-methoxy with simultaneous water
desorption, forms the ruthenium-methylenes 3b*, 5b® and 7c®. In mechanism A2, a H-
atom rearranges to the methylene with a simultaneous CO-adsorption, forming the chain
starter 4. The methylene-ligand inserts into the ruthenium-alkyl ligand of the adjacent
ruthenium atom and CO adsorbs in mechanisms B2 and C2, leading to the formation
of the ruthenium-alkyl compounds 8 and 8.

Mechanisms B3 and C3

CO-insertion in the Ru-C bond of the ruthenium-alkyl ligand of the compounds 4 and
6 are proposed in mechanisms B8 and C38. The generated ruthenium-keto (5¢!, 7¢!)
hydrogenates to a ruthenium-methoxy (8¢?, 7T¢?), water and CO desorb, H; adsorbs
and a ruthenium-alkylidene (5¢3, 7¢?) is generated. H-shift and CO-adsorption on the
unsaturated hydrocarbon bond generates, based on the CO-insertion mechanism, the
ruthenium-alkyl species with a hydrocarbon chain length of respectively two (8) and
three (8).

7.2 Computational Details

To investigate the feasibility of the proposed mechanisms, geometry optimization calcu-
lations based on the density functional theory (DFT) were performed on each intermedi-
ate. The calculations were done using Materials Studio, employing DFT-GGA (general-
gradient approximation) as implemented in the DMol code (Delley (1989, 2000)). The
ruthenium core, [Kr]5s?, was treated using an effective core potential (ECP) (Dolg et al.
(1987), Bergner et al. (1993)) and for the valence electrons, 5p*4d®, a double numeri-
cal basis set with polarization (DNP) was used. For hydrogen, carbon and oxygen all
electrons were included in the calculations®. Geometry optimization calculations were
done for different multiplicities to investigate the minimum electronic energy, Ege.. All
calculations were performed in the gas phase using the BLYP functional. Stationary
points were characterised as local minima by ensuring the absence of imaginary frequen-
cies in the vibrational analysis, which also enabled correction of the electronic energies
for zero-point vibrational energies. The energy convergence tolerance was 2.0 x 10~° Ha,
the basis set cut-off radius was 4.3 A, the maximal force 0.004 Ha/A, and the maximum
displacement 0.005 A. Electronic smearing was used in cases were the convergence was
problematic. ‘
The minimum electronic energies, Eqec, are static energies at 0 K. These results were
used to calculate the enthalpy, H, and entropy, S, of each compound extrapolated to
other temperatures (T = 25-1000 K) using standard thermo-chemical approximations.
The energies reported are at a temperature of 475 K, which is a typical reaction tem-
perature for ruthenium based FT synthesis. The amounts of hydrogen, carbon, oxygen
and ruthenium atoms were kept constant for every reaction step and all the surrounding
molecules were taken into account in the stability calculation.

bH 1s: 1 VE, C [He|2s%2p*: 4 VEs, O [He|2s°2p*: 6 VEs
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Scheme 19: Proposed monoatomic FT reaction mechanisms A, B and C divided in the generation of
the chain starter and the first step of chain growth.
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7.3 Validity of the Theoretical Method

The minimum electronic energy, Eqec, was calculated for different multiplicities of differ-
ent species to investigate ground state spin-states and possibilities of spin-crossing during
the reaction. However, for all species the lowest spin-state was found to have the lowest
energy.

The validation of the theoretical method was performed using the first three compounds
of the proposed reaction mechanisms. Four different DFT functionals in the DMol® code
were tested: BLYP (LYP (Lee et al., 1988) and B88 NLDA (Becke, 1988)), BP (PW91
(Perdew and Wang, 1992) and B88 NLDA), PW91 and PBE (Perdew et al., 1996). The
properties investigated were: Ru-C, C-O and Ru-H bond lengths for the known species,
IR C-O frequencies for Ru(CO); and the bond dissociation energy (BDE) for the first
reaction step. BLYP and BP appeared to be the most appropriate functionals (see Table
7.1). The main calculations were therefore performed with the BLYP function.

Table 7.1: Calculated (DFT-BLYP) and literature data (experimental and calculated) of the known
compounds for the proposed monoatomic FT reaction mechanism.

Compound Yoo COux COgq Ru-C*¥ Ru-C*? Ru-H BDE
inem?! mA inA ind in A in A in kJ/mol

Ru(CO)s 2001.17/2017.8 1.154  1.159 1.978 1.977 118.72%
115.56°

1.142 1.147 1.950 1.969 c

1999/2035 d

1.95 1.96 e

1.162  1.165 1.943 1.952 129.37

Ru(CO)4 1.160  1.159 1.996 1.957 8

1161 1171 1.951 1.904
1160 1164 1987 1971

H3(CO)q 1152 1151 1965  1.098  1.652
1149 1150 1950 1988  1.651

= op R o

% this study

b Hug et al. (1980)

¢ Huang et al. (1990}

4 Calderaszo and L'Eplattenier (1967)
© Ziegler et al. (1987)

f Ehlers and Frenking (1995)

& Decker and Klobukowski (1998)

b Wang et al. (2003)

A similar validation analysis was performed for the diatomic reaction mechanism (data
not shown) based on literature data of the starting compound Ruy(CO)g. Bond lengths
and angles were compared with each other, ensuring that the used basis set is also ap-
propriate for this system.

7.4 Monoatomic Reaction Mechanism

Three different reaction pathways are proposed to yield the chain starter (7) (see Scheme
19). The numerical calculations have shown that the proposed mechanisms covers the
entire range of possible reaction pathways. Figure 7.1 shows the change in the enthalpy
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relative to the enthalpy of the starter of the catalytic chain, H;Ru(CO)4 (3), and the
change in the entropy of the three proposed reaction pathways is shown in Figure C.1,
Appendix C.3.1, p. 187.

Formation of the Starter of the Catalytic Chain

The formation of the starter of the catalytic chain is thermodynamically not favoured.
Especially the CO-dissociation from Ru(CO)s to 16 valence electron species Ru(CO), is
highly unfavoured (at 475 K: AHx, = 120 kJ/mol; AGpy = 47 kJ/mol). The postulated
consecutive formation of the starter of the catalytic chain, HoRu(CO),, from Ru(CO);4 is
exothermic (at 475 K: AH,y, = -85 kJ/mol; AGy = -18 kJ/mol). However, the overall
generation of the starter of the catalytic chain from Ru(CO)s is not favoured.

Formation of the Chain Starter

All proposed reaction pathways require the formation of the ruthenium-enol species (5)
from the starter of the catalytic cycle (3) over a ruthenium-aldehyde species (4) via
tautomerisation. Both reactions are endothermic (AHpn, = 63 kJ/mol) and entropi-
cally demanding (AS;, = -135 J/mol-K) making the reactions thermodynamically not
favoured.

Mechanism A

The formation of an intermediate Ru-C species (6a!) as postulated in mechanism A is
highly endothermic. The transformation of the ruthenium-enol species (§) into the Ru-
C species is not expected to be an elementary reaction step, due to the complexity of
the reaction. Furthermore, the formation of this carbide analogue is highly endothermic
(AHpm = 441 kJ/mol) making this route highly unlikely. The hydrogenation of this
‘carbide’-intermediate yielding H;RuCH3(CO); (8a?) is also endothermic. The consecu-
tive formation of the chain starter HRu(CO)4CH; (7) is highly exothermic.

Mechanism B

In mechanism B the ruthenium-enol species (8) is converted in an endothermic reac-
tion (AH,q = 256 kJ/mol) into HyRu(CO)3(CHOH) (8b?), followed by a slightly less
endothermic Hy-addition (AH., = 227 kJ/mol), generating HgRu(CO);(CH,OH) (6b?).
Water desorption leads to the formation of HoRu(CO)3;CH; (6b3) (AHx, = 300 kJ/mol).
The formation of the 16 valence electron transistion-state species 6b? is less endothermic
(AHgzn = 160 kJ/mol). This transition compound adsorbs another CO to form the chain
starter (7) (AHpn = -500 kJ/mol), making the overall conversion of the starter of the
catalytic cycle (3) into species 7 highly exothermic. The formation of the chain starter
(7) via the different intermediates generated by elementary reaction steps in mechanism
B does not seem to be thermodynamically favoured due to high reaction energies of
>250 kJ/mol.

Mechanism C

The C-O bond cleavage in the ruthenium-enol species (8) yielding a ruthenium-methylene
intermediate (6¢?) as proposed in mechanism C is endothermic (AHpy = 189 kJ/mol).
The ruthenium-methylene intermediate forms via a ruthenium-alkoxy species (6¢!) (AHpm
= 285 kJ/mol), creating again elementary reaction steps. However, the formation of 6c*
is highly endothermic. Starting from 6¢3, chain growth was also proposed by avoid-
ing the highly exothermic formation of the chain starter 7. Hj-activation leads to 7¢!
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in a minor exothermic reaction. 7¢! tautomerises into 7¢? (AHgy, = 285 kJ/mol), be-
fore generating HRu(CO),COCH; (8) by shifting the enol-ligand in the methylene group.

Conclusions

From a thermodynamic point of view reaction mechanisms B and C involve reaction in-
termediates with the lowest energy. The proposed reaction pathways in both mechanisms
involve elementary reaction steps which can occur stepwise on a single ruthenium atom.
However, the elementary reaction steps also involve the formation of 16 valence elec-
tron intermediates. Some of the steps require reaction energies of >200 kJ/mol; hence,
the formation of the chain starter and thus FT synthesis on a monoatomic ruthenium
centre is not feasible. The formation of HoRu(CO)3(CHOH) (6b!) requires the least
amount of energy and could be feasible at high reaction temperatures. However, the
step to generate species 8b* is not feasible with a reaction energy of >300 kJ/mol. From
H,Ru(CO)3;(CHOH) (6b!) desorption of methanol CH3;0H or formaldehyde CHO is ther-
modynamically favoured. The reverse reaction to generate the ruthenium-enol species (4)
is highly exothermic and thermodynamically not favoured. This is in agreement with the
experimental findings of Keim et al. (1980). The Cz-alcohols and aldehydes, observed in
the polar solvent NMP, are not formed from the F'T reaction. The formation takes place
via hydroformylation in the solvent under these high temperatures and pressures, which
is a well-known reaction on single metal atoms.

600
6a'
P
400 /6c1\ .
&
200 - \6b Qs
g )5" 2?\ / A\
P O -mkeccccaaaann -\.-.'-.u.----q'l -----
-—E 3 \Vy7¢! /8
= -200- \ /
Vv
] 4
-400 L/
-600 - 7
Reaction path

Figure 7.1: Enthalpy of reaction, AHpy,, in kJ/mol for the different intermedintes proposed in the
monoatomic reaction mechanisms 4, B and C at 475 K.
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7.5 Diatomic Reaction Mechanism

Generation of the Chain Starter

Two different reaction mechanisms (mechanism A1 and A2 in Scheme 20) are proposed
for the generation of the chain starter Ru(CO)3;CH3RuH(CO)4 (4). The change in en-
thalpy relative to the change in enthalpy of the starter of the catalytic chain, Ru(CO),(u-
CO)RuH,(CO), (2), AHpy, is illustrated in Figure 7.2.
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%é-IOO- ;"5 \
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Figure 7.2: Enthalpy of reaction, AHpy, in kJ/mol for the different intermediates proposed in the
diatomic reaction mechanisms A7 and A2 leading to the generation of the chain initiator
8t 475 K.

Mechanism Al

In mechanism A1 all intermediates contain bridging C-ligands. The formation of the
bridging ruthenium-alkoxy (3a!) via activation of hydrogen on one ruthenium centre
is endothermic (AHp, = +35 kJ/mol) and therefore energetically demanding. The
transformation of 3a! into the bridging ruthenium-alkyl (3a?) is exothermic (AHy, =
-90 kJ/mol), followed by a slightly endothermic tautomerisation to the terminal methy-
lene ligand on one ruthenium and a bridging CO-ligand (3a%) (AH,, = +40 kJ/mol)
between the two. However, the energy difference between the local minimum 3a? and
species 3a® is relatively high and the thermodynamic feasibility is questionable. The
generation of the chain initiator (4) requires only the activation of a Hy-molecule and
releases a large amount of energy (AHp, = -170 kJ/mol) making it thermodynamically
very feasible. The energetic barriers of all these reaction steps are below typical FT acti-
vation energies of 100 to 120 kJ/mol, making the overall generation of the chain initiator
thermodynamically feasible.
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Mechanism A2

In comparison to mechanism A 1, no bridging intermediates have been proposed for mech-
anism A2. The starter of the catalytic chain (2) transforms exothermically into the
dihydrido-ruthenium species 3b! (AHp, = -50 kJ/mol). The next reaction step to the
ruthenium-enol (3b?) is, however, energetically demanding with AHp, of +50 kJ/mol.
H,-addition to generate 3b® is slightly endothermic (AH, = +5 kJ/mol), whereas
the water desorption step to the ruthenium-methylene (8b*) and the generation of the
chain initiator (4) are both exothermic reactions (AHp, = -50 kJ/mol and AH,y, = -
150 kJ/mol). This reaction sequence does not include a local minimum as does mechanism
A1 and seems thermodynamically more preferred.

Chain Growth

Starting from the chain initiator 4 three different reaction mechanisms are proposed for
the generation of the chain growth species Ru(CO),CH,CH3RuH(CO), (6). Figure 7.3
shows the enthalpy of reaction relative to the enthalpy of reaction for the formation of
the starting compound of the catalytic cycle 2, AH,, for the different intermediates pro-
posed in mechanisms B1, B2 and B8 (see Scheme 22) at a 475 K reaction temperature.

Mechanism B1

In mechanism B1 the generation of the methylene group occurs at the bridging lig-
and (see Scheme 21). The shift of a terminal CO-ligand from the chain initiator 4 into
a bridging position forming 5a’, is exothermic (AHpm = -140 kJ/mol), followed by a
lower energy releasing Hs-activation to the bridging ruthenium-enol intermediate 5a?
(AHm = -70 kJ/mol). The Hz-addition and water desorption to 5a releases heat, hav-
ing a AH,,, value of -200 kJ/mol. Finally, the generation of the chain growth species 6
is even more exothermic with -260 kJ /mol.

Mechanism B2

The chain growth, as proposed in mechanism B2, follows a non-bridging methylene mech-
anism, starting from the slightly exothermic formation of the terminal ruthenium-enol
intermediate 5b! (AH, = -50 kJ/mol). Ha-activation from 5b! to 5b? releases a small
amount of energy, having a AHp, value of -55 kJ/mol, followed by the water desorp-
tion step to the terminal ruthenium-methylene 5b3, which is slightly more exothermic
(AHpm = -85 kJ/mol). As already described for mechanism B1, the formation of the
ruthenium-ethyl 6 releases 260 kJ/mol.

Mechanism B3

The first postulated step in mechanism B is a highly exothermic CO-insertion, generat-
ing 5¢! (AHpm = -210 kJ/mol). The reduction via Hy-addition to the ruthenium-alkoxyl
(5¢?) is slightly less exothermic (AHyxn = -200 kJ/mol). The transformation of the
ruthenium-alkoxyl species to the ruthenium-ethylene (5¢?) is not expected to be an el-
ementary reaction step, due to the complexity of the reaction. The last step requires a
H-shift and a CO-activation leading to the formation of the chain growth species 6 as
already described for mechanisms B1 and B2.

Further Chain Growth
For the second part of the chain growth, leading to the formation of the ruthenium-propyl

species 8, three different reaction mechanisms, respectively mechanisms C1, C2 and C8,
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Figure 7.3: Enthalpy of reaction, AH, in kJ/mol for the different intermediates proposed in the
diatomic reaction mechanisms for the first step of chain growth (mechanisms B, B2 and
B3%) and second step of chain growth (mechanisms C1, C2 and C3) at 475 K.

can again be proposed. These reaction mechanisms follow the same reaction sequences as
already described for the formation of the ruthenium-ethyl species 8. The enthalpies of
reaction for these different reactions show the same trend, whereas generally the enthalpy
of reaction is more exothermic in comparison to the first part of chain growth. The origin
of this trend is the typical product distribution for FT synthesis, namely that adsorbed
longer chain hydrocarbons are more stable than shorter ones.

Conclusions

For the generation of the chain starter 4 both proposed reaction mechanisms, viz. A and
B, are thermodynamic feasible with a maximal required activation energy of +50 kJ/mol.
All proposed intermediates have 18 valence electrons and their formation is via elementary
reaction steps. Mechanism A requires slightly less energy compared to mechanism B.
However, the formation of 3a? is in a local minimum, making mechanism B the preferred
reaction pathway.

Mechanisms C1 and C2, both based on the CO-insertion mechanism (see Section 2.1.4,
p. 9), seem to be the thermodynamic most feasible reaction mechanisms for hydrocarbon
chain growth on a diatomic ruthenium complex. However, all three proposed reaction
pathways are thermodynamically feasible. The formation of all intermediates is exother-
mic, as it is known for the FT reaction. It has to be mentioned that with increase of
hydrocarbon chain length the stability of the ruthenium compounds increases.
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7.6 Conclusions of Theoretical Investigations

Thermodymanic analyses of different proposed reaction mechanisms to prove the ther-
modynamic feasibility of FT reactions on a mono- and diatomic ruthenium metal as
model catalysts was investigated. By comparing the theoretically calculated reaction en-
thalpies with known FT activation energies it was shown that the C-O bond cleavage
on a single ruthenium centre is thermodynamically not feasible. It requires more energy
(>200 kJ/mol) than the typical FT activation energy of 100-120 kJ/mol and some of the
proposed reaction steps are not elementary. Therefore, no formation of the chain initiator
occurs on a monoatomic ruthenium centre and the FT reaction does not take place.
However, calculations on different proposed diatomic ruthenium mechanisms showed
lower energy barriers, making the formation of the chain initiator thermodynamically
feasible. The formation of reaction intermediates during chain growth is increasingly
exothermic towards longer hydrocarbon chains. This is a known effect in FT product for-
mation. Whereas all proposed reaction mechanisms, viz. the enol, the methylene and the
CO-insertion mechanism, are thermodynamically feasible, the CO-insertion mechanism
seems to be the most preferred one.

Due to its volatility the diatomic compound, Ru;(CO)g, used in the calculations could not
be run in experimental tests, and due to limited computing resources the experimentally
tested compounds (Ru-2a, Ru-2b and Ru-2¢) could not yet be theoretically investigated.
The experiment on the diatomic compounds, however, indicated that C-O bond cleavage
and C-C bond formation are feasible, whereas gas phase CO-activation for product for-
mation may not have occurred. At this stage it is not known whether this is due to the
structure of the tested compounds or due to experimental difficulties.

It may further be noted that interactions of the compounds with the alumina support,
as reported in the literature (Brenner and Burwell (1978), Kuznetsov and Bell (1980),
Guglielminotti and Zecchina (1982), Zecchina and Guglielminotti (1982)), have not been
taken into account in the above theoretical study. These interactions might cause changes
in the preferred theoretical reaction mechanism.

130



Chapter 8

Summary and Conclusions

This work presents an investigation on the effects of metal crystallite size in the nano-
meter range on Fischer-Tropsch synthesis. In addition, Angstrgm-sized metal frame-
works, viz. organometallic compounds of varied nuclearity (two to six atoms) have been
employed to study requirements of sites involved in FT synthesis. This work may also be
seen as an attempt to “bridge” between heterogeneous and homogeneous FT synthesis.
It includes the following three parts

e Preparation and characterisation of alumina supported model catalysts (nano-sized
crystallites, 2 to 10 nm, and organometallic compounds with two to six ruthenium
atoms)

e Fischer-Tropsch performance testing on the different model catalyst systems includ-
ing characterisation of the spent catalysts

e Theoretical calculations on proposed reaction mechanisms to investigate the mini-
mum amount of adjacent metal atoms necessary to show FT activity.

Catalyst preparation

The first challenge was the preparation of alumina supported nano-sized crystallites with
narrow crystallite size distributions. This was successfully achieved by applying a re-
verse micelle technique. This novel technique, described in literature for the preparation
of supported ruthenium crystallites with 2 and 4 nm in size, was modified to allow for
preparation of narrowly distributed average crystallite sizes in the range of 2 to 10 nm.
The size control was accomplished by varying the composition of the reverse micelle sys-
tems, which consisted of an aqueous phase, which contained dissolved ruthenium chloride,
a surfactant and an organic solvent. Addition of the alumina support resulted in an “up-
take” of the aqueous ruthenium ions onto the support after calcination, leading to the
formation of the well-defined crystallites, the sizes of which remained almost unchanged
upon reduction. These supported nano-sized crystallites were used as model catalysts for
FT synthesis.

Model catalysts with cluster sizes in the Angstrgm-range were prepared by employing
organometallic compounds. These compounds, with the number of ruthenium atoms
varying from two to six, were synthesized by applying standard organometallic synthe-
sis methods. Note that a monoatomic compound was excluded in the study as earlier
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published experimental work indicated that a minimum of two adjacent metal atoms are
required for FT activity. The compounds were deposited onto the alumina support via
impregnation.

All supported model catalysts had a 3 wt% ruthenium loading,

Experimental

Fischer-Tropsch performance tests were carried out on all these model catalysts with
different ruthenium crystallite sizes and on the organometallic compounds of different
nuclearity. A fixed-bed reactor operated at 170°C, 4 bar and a 2:1 hydrogen to carbon
monoxide synthesis gas feed ratio was used. These mild reaction conditions were chosen
to minimise rapid decompositions of the organometallic compounds. Additionally, exper-
iments at elevated temperature and pressure, 225°C and 20 bar, were conducted on the
supported nano-sized crystallites to investigate crystallite size effects at more realistic FT
conditions and high conversion levels.

Catalyst activity and product distributions were monitored at high temporal resolution
over five hours of testing on supported organometallic compounds and over five days of
testing on supported nano-sized crystallites using the ampoule sampling technique and
adapted gas chromatogaphy employing FID, TCD and MS detection.

Initial and steady-state Fischer-Tropsch testing of the supported nano-sized crystal-
lites showed a decrease in activity for smaller crystallites at the two different reaction
conditions applied and no constant niveau of specific catalyst activity was obtained for
larger crystallites. Whereas no clear trend in product selectivity with varied metal crys-
tallite size was monitored at initial stages of the reaction at steady-state conditions, larger
crystallites showed decreased methane formation, increased Cy,-product selectivity and,
at elevated temperature and pressure, increased contents of olefins, particularly a-olefins,
and oxygenates. In order to explain these changes in product selectivity, it was suggested
that “ensembles” required for chain growth are more complex than those for methane
formation and that more of these sites are generated on larger crystallites. Generally,
a hydrogen richer product was obtained with decreasing crystallite size, indicating an
increased relative hydrogen availability or respectively a decreased carbon monoxide in-
hibition on those crystallites.

All tested supported organometallic compounds displayed formation of Cy-C, hydro-
carbons, indicating C-C bond formation and C-O bond cleavage. The activity of the
clusters for product formation appears to depend on the nuclearity of the clusters and
the chemical nature of the ligands. Very high methane selectivities, low chain growth
probabilities and high olefin selectivities were obtained independently of cluster nuclear-
ity. Diatomic clusters showed enhanced methane formation and some secondary olefin
hydrogenation may take place on clusters with five or more ruthenium atoms. Although
some activation of gas phase carbon monoxide to form carbon dioxide was found, it could
not be shown whether or not gas phase carbon monoxide can be incorporated into hy-
drocarbon products on the clusters.

By comparing initial cluster and steady-state crystallite activities as function of number
of exposed metal atoms, it was noted that the two series connect almost continuously.

Therefore, it is concluded that the experiments on the organometallic model compounds
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provide important clues on the site requirements for different reaction steps occurring
during FT synthesis on nano-sized crystallites.

Theoretical work

Analysis of different proposed reaction mechanisms to theoretically prove the thermody-
namic feasibility of the FT reaction on a mono- and diatomic ruthenium metal compound
illustrated that a minimum of two adjacent metal atoms may be required for C-O bond
cleavage and chain growth. This observation substantiates experimental results obtained
in this work. Among the reaction mechanisms studied the CO-insertion mechanism ap-
pears to be thermodynamically the most feasible one.
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Chapter 9

Recommendations and Future Work

It is recommended that future work built on this study should investigate:

increased metal loadings on the support to enhance product concentration and
simplify data analyses in low temperature experiments.

continuing catalyst characterisation, viz. High-Resolution TEM and/or in-situ IR,
to investigate causes of initial catalyst deactivation and changes in interaction of
clusters with the support as function of runtime (e.g. crystallite reconstruction,
carbon deposition).

variation of cluster structures, including their ligand systems and their size, in order
to understand the role of the “chemical environment” or steps of product formation
better with the aim to improve selectivity of desired products (e.g. olefins versus
paraffins).

different support materials and/or support materials tested in different ways in
order to affect interaction of the cluster with the support and to find more efficient
ways of linking the clusters to supports.

study into effects of crystallite size/structure-sensitivity of reaction steps such as
olefin formation, hydrogenation and isomerisation, including (co-)feeding of olefins
over crystallite of different size.

do theoretical studies on experimentally tested dimers Ru-2a, Ru-2b and Ru-2c.
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APPENDIX A. PREPARATION AND CHARACTERISATION

A.1 Chemicals for Model Catalyst Preparation

Table A.1: Chemicals used for model catalyst preparation,

Compound

Details

Acetone
Aluminium oxide

Air, synthetic
Carbon monoxide
Carbon dioxide
Chloroform-d

Cyclohexane (Ds)

n-Decane

Dicyclopentadiene

n-Heptane

n-Hexane

Hydrogen

Hydrochloric acid

Methanol

Methylene dichloride
Methyllitium, solution
Nitrogen
Penta-ethyleneglycol-dodecylether,
Berol 50
Pentamethylenecyclopentadiene
n-Pentane

Potassium chloride

Potassium hydroxide
Potassium hydroxide, pellets
Ruthenium-(11T)-chloride hydrate
Sodium borohydride
Tetrafluoroboric acid, solution
Tetrahydrofuran

Kimix (Ar, 99.5% purity)

Puralox (Batch 9574), SCCa 5-150;
Sasol Germany; Sper = 162 m?/g;
Vpore = 0.47 cm®/g; dpore = 11.5 nm
particle size: 150-200 ym

Air products (21% O3 in Nj)

Afrox (99.97% purity)

Air liquide (99.999% purity)

Fluka (99.8 atom % D, contains 1%
(v/v) TMS)

Aldrich (99% purity)

Aldrich (>99% purity)

Aldrich (stabilized with BHT)
Riedel de Haén (99% purity)
Kimix (Ar, 98% purity)

Air liquide (99.999% purity)

Fluka (puriss. p.a., >32%)

Merck (Ar, >99.5% purity)

Merck (>99% purity)

Merck (5% in diethylether)

Air liquide (99.999% purity)

Akzo Nobel

Aldrich (95% purity)

Merck (p.a., >99% purity)

Fluka (puriss. p.a., >99.5% purity)
Fluka (puriss. p.a., >99.5% purity)
Fluka (purum p.a., >85% purity)
Fluka (~41% Ru, purum)

Sigma Aldrich (granular, 99.999% purity)

Merck (~54% in diethylether)
Kimix (Ar, >99% purity)
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A.2 Metal Crystallite Size Distributions
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Figure A.1: Crystallite size distributions of calcined (closed bars) and reduced {open bars) alumina
supported nano-sized crystallites as determined by means of TEM analysis.
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Figure A.2: Crystallite size distributions of reduced (open bars) and spent (closed bars) alumina sup-
ported nano-sized crystallites as determined by means of TEM analysis.

157



APPENDIX A. PREPARATION AND CHARACTERISATION

A.3 Chemisorption Reading
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Figure A.3: Example of typical chemisorption reading; sample: RM-2.

A.4 Calculation of the Number of Exposed Surface Atoms

The calculation of the number of exposed surface atoms follows a method described
by van Hardeveld and Hartog (1969). The surface atoms of a metal crystallite can be
differentiated by the number and the arrangement of their nearest neighbours.

The total number of atoms, Nyua, can be divided into the number of bulk atoms, Ny,
and the number of surface atoms, N;. Surface atoms differ from atoms in the bulk of
the crystal in that they have an incomplete set of nearest neighbours, varying with the
place where that atom is situated. The amount of surface and bulk atoms is dependent
on the geometry of the crystal structure. The crystallite size, expressed as a dimension-
less quantity (deryst) for a certain amount of surface atoms, can be calculated using the
following equation:

6 v\ /3
doryst = d;ttm ) (; - Neotat * N_:) (A.1)

with V,, being the volume of the cell unit and N, being the number of atoms in the unit
cell. '

For a hexagonal cubic packing such as typically found for ruthenium the following set
of equations was used to calculate the different atoms. Nigw and Nyyy are given by a
polynominial of the third degree in j (with j being the number of atoms lying on an
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A.4. CALCULATION OF THE NUMBER OF EXPOSED SURFACE ATOMS

equivalent edge with corner atoms included and N, being given by a polynominial of
the second degree of j).

Total number of atoms

1. .
Niotal = 5 (J2 + 1) (A2)
Number of bulk atoms
1 . . .
Nbulk=§'(.]"2)'(.]2'”4‘.]+5) (A.3)
Number of exposed surface atoms
Nep=3-2~6-j+5 (A4)

Using this set of equations, the number of exposed surface metal atoms for a given number
of total metal atoms can be calculated (see Figure A.4). The transformation from number
of exposed metal atoms to crystallite size diameter is achieved by using equation A.1%.
The volume of the unit cell, V,, was calculated using equation A.5.

Vo= — 0 (A.5)
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Figure A.4: Number of exposed ruthenium atoms as function of crystallite size of ruthenium.

&The lattice parameter (diateice) for Bu is 2.6 A.
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A.5 Theoretical Modelling of Reverse Micelle Size

The theoretical size of a reverse micelle was calculated based on viscosity measurements
(see Section 5.1.1, p. 51). The viscosity 7 of a suspension is related to the volume fraction
of suspended particles.

In this work the volume fraction of the suspended particles, ®, was determined using the
following equation developed by Cheng and Schachmann in 1955 (Kinugasa et al., 2002):

-’7'7?—”0 =25 +14.1- 92 (A.6)
with n being the viscosity of the suspension (in this case the microemulsion suspension)
and 79 being the viscosity of the suspending medium (n-hexane in this case). Scheme 23

shows an ideal reverse micelle diagram illustrating the water-pool part and the surfactant
film separated from the surrounding oil phase.

Water-pool, wp d \><Surfactant film, s

smnanetaaosess™

Scheme 23: Description of the reverse micelle dimensions.

The micelles are assumed to be spherical particles with uniform particle size at a particular
water-to-surfactant weight ratio, wys, and the aggregation number, n,g, is assumed to be
constant. The volume fraction, ®, of the particles is defined by Kinugasa et al. (2002) as:

NA'Vrm'Cs

<I>=NA-Vm-Cm= (A.7)

Nag
with Vi being the volume of the reverse micelle, ¢, the concentration of reverse micelles,
¢, the concentration of the surfactant and N, the Avogadro constant.

From Scheme 23, V,, and V,,,, may be expressed in terms of the radius of the micelle,
I'rm, the radius of the water-pool, 1y, and the thickness of the surfactant layer®, t,, as
shown in the following equations:

v, =47 (A8)
3
4.7 13
Vip = w (A.9)
I'rm = Twp + ts (A.10)

By putting equations A.9 and A.10 in equation A.8, V, can be rewritten as:

»T'he thickness of the surfactant layer, t¢, is equivalent to the length of the surfactant and is defined
a8 ty = 1.5 + 1.265-Ng.
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4-7 3-V 1/3 :
Ve = 21 (4_:? +t, (A.11)

Vwp can be expressed based on the volume of water present, V,,, and the total number
of reverse micelles present in the solution, Ny

Vi Vi -ng
Nim Na * Viotal * Cs

with Vs defined as the total volume of the reverse micelle system. Substituting equation
into equation A.12 gives:

Vap =

(A.12)

3

. VA /3
V;n==43”.[( 3 Vi Dug ) +t4 (A.13)

4-mNa- G Viotal

Equation A.7 can be rewritten as:

3
__4;-'1'1'-NA-(:s 3-Vy  ng 13
&= 3 - Ngg [(4'7"'NA'03'Vtotal t (A.M)

If the volume fraction of the dispersed particles, ®, is known from the viscosity corre-
lations, the aggregation number, n,g, can be calculated using equation A.14. This in
turn permits the determination of the water-pool radius, ry, as shown in the following

equation:
3.V ng )1/3
T == A.15
P (4-7r-NA-cs-Vtom (A.15)

The rearrangement of equation A.14 and substitution in equation A.15 results in:

Va \V° ts
= | . A.IG
Ywp (Vtotal) B1/3 _ (_‘?‘fﬂ_) 1/3 ( )
‘total

The volume fraction of the suspended particles can also be estimated from known com-
positions of the microemulsions and densities of the respective aqueous and surfactant
phases as derived from Mabaso (2005). This approach does not include particle-particle
and particle-medium interactions. The known mass of water, my, and the surfactant
phase, m,, are given by:

mw=Vw-pw=§-7r-rfvp-pw (A.17)
“V, =g (1 Al
m, = ,5-105—5-'”-(rm,‘—rw)-,os (A.18)

where p,, is the density of water and p, is the density of the surfactant. The water-to-
surfactant weight ratio, wys, is defined as:

e

My Top * Pw
Wiyt == (r3 _pr3 ) (A.lg)
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Rearranging equation A.19 and substituting equation A.9 for 1y, leads to:

3 =w.r3 =pw+wwt'ps. 3 »

i Wet Ps T wwt P 4w T
Substituting equation A.20 into A.8 and then substituting equation A.12 for V,:

T

(A.20)

=pw+wwt'ps_ Vw'nag

Vv A21
- Wwt * s Na - ¢ * Vigtal ( )
Accordingly, equation A.7 can be re-written as:

q)sz"'wwt'Ps_ VW' (A'22)

Wt * P Viotal
This equation is independent on the aggregation number, n,g. Therefore, the reverse
micelle size can be estimated directly by substituting equation A.22 in equation A.16
without requiring the visosity (see equation A.23).
ts
Twp = 7 (A.23)
(W) -1

e Ps
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A.6. THERMOGRAVIMETRIC ANALYSIS

A.6 Thermogravimetric Analysis
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Pigure A.5: First derivative of weight vs. temperature profile from TGA analysis for the different
organometallic complexes in 5 vol% hydrogen in argon.
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Figure A.8: First derivative of weight vs. temperature profile from TGA analysis for the different
organometallic complexes in 5 vol% carbon monoxide in nitrogen.
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Appendix B

Fischer-Tropsch Performance Tests

B.1 TCD and FID Chromatograms

- Hydrogen

Nitrogen
Carbon monoxide

> Methane

Figure B.1: A typical chromatogram obtained from GC-TCD analysis in FT synthesis (225°C/20 bar);
catalyst sample RM-10 after 3 hours runtime.
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Ethene
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Propene
Propane
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-

n-Hexene-(1)
n-Hexane

tr.-Hexene-(2)

Cyclohexane
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™

Figure B.2: A typical chromatogram obtained from GC-FID analysis in FT synthesis at 170°C/4 bar;
catalyst sample RM-10 after 3 minutes runtime.

166



B.2. TABLES OF SELECTED RESULTS

B.2 Tables of Selected Results
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Table B.1: Results of FT experiments in synthesis gas after 1-3 minutes runtime on different alumina supported nano-sized
crystallites. (Tresction = 170°C, P = 4 bar)

Sample code RM-1 RM-2 RM-3 RM-4 RM-5 RM-8 BRM-7 RM-8 ERM-.9 HRM-10 RM-11 BHM-1Z RM-13
Gred-TEM? M 1.5 3.9 4.1 38 4.1 4.7 4.9 6.3 6.7 6.7 8.3 7.7 9.8
Nexp—red” 510 3680 3690 3550 3680 5050 5600 9700 10500 10500 16500 14300 22000
dapent—TEMS DM 4.0 56 49 3.2 49 6.7 6.5 7.1 6.7 6.7 9.3 7.8 9.8
Nexp—spent® 3700 7300 5600 2250 5500 10500 10200 11200 11100 11000 20670 14500 23500
*Ru-TPRE Wt% 2.8 2.8 1.7 1.4 2.2 2.1 2.8 3.1 3.0 3.0 3.2 2.5 1.8

Activity, s™*

TOFvocs 10°¢ 1.9 5.1 3.0 8.4 0.5 2.5 34 17.0 15.9 334 3.3 115 5.4
TOF(Cay )vocrs 10%8 0.3 1.3 1.8 0.7 0.2 1.5 1.7 1.6 2.8 2.7 1.7 2.5 2.0
Selectivity, C%

C1(VOCs)2 87.4 81.4 79.5 94.8 74.7 74.7 86.4 94.5 90.1 93.0 66.8 86.5 73.1

Cs,(VOC’s)t 1.7 1.3 1.9 0.6 3.3 42 0.0 0.9 1.5 1.4 8.8 1.7 0.0
Olefins, mol%

G, 23.1 0.5 40.2 144 35.3 354 12.0 15.3 8.0 10.7 32.6 13.0 38.9

Cs 13.5 126 38.8 20.7 8.3 18.6 1.3 29.3 15.0 39.9 36.9 28.4 57.5

Cs! 13.7 13.2 435 36.0 16.5 10.0 4.0 33.0 11.0 35.0 46.5 18.0 43.0

o-Cs in lin. OF 0.0 14.0 31.5 35.0 16.5 19.0 14.0 25.0 35.0 19.5 47.0 24.0 39.5
Chain growth

probability
Pg, C3-C7* 0.59 0.44 0.43 047 0.47 0.54 0.61 0.48 0.46 0.56 0.61 0.50 0.54

3 average crystallite size obtained from TEM micrographs of the reduced catalysts

® number of exposed ruthenium surface atoms per crystallite of average size in reduced catalysts
¢ average crystallite size obtained from TEM micrographs of the spent catalysts

4 number of exposed ruthenium surface atoms per crystallite of average size in spent catalysts
® ruthenium loading obtained from TPR measurements

f turnover frequency of volatile organic products (VOC's) formed

£ turnover frequency of Cz4 hydrocarbons in VOC's formed

b selectivity in VOC’s

i molar content of olefins in linear hydrocarbon-fraction

J molar content of a-olefins in linear Cg-olefins

k chain growth probability determined from slopes between Cs to Cy in ASF distribution
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Table B.2: Results of F'T experiments in synthesis gas after 10-20 minutes runtime on different alumina supported nano-sized
crystallites. (TReaction = 170°C, P = 4 bar)

Sample code RM-1 BRBM-2 BRM-3 RM-4 RM-5 BM-6 RM-7 RM-8 EM-2 RM-10 RM-11 RM-12 RM-13
dred-TEMT DM 1.5 3.9 4.1 3.8 4.1 4.7 4.9 6.3 6.7 6.7 8.3 7.7 9.6
Nexp—redb 510 3680 3690 3550 3680 5050 5600 9700 10500 10500 16500 14300 22000
a_spent-TEMf nm 4.0 5.6 4.9 3.2 4.9 6.7 6.5 7.1 6.7 6.7 9.3 7.8 9.8
Nexp._spem-,d 3700 7300 5600 2250 5500 10500 10200 11200 11100 11000 20670 14500 23500
XRu_TPRE Wt 2.8 2.8 1.7 1.4 2.2 2.1 2.8 3.1 3.0 3.0 32 2.5 1.8

Activity, s—*

TOFvocrs 105 0.9 1.7 1.7 47 0.5 1.2 1.6 33 41 5.1 1.8 3.1 7.9
TOF(Ca4.)vocrs 1058 0.3 0.9 0.9 2.0 0.3 0.6 0.9 1.9 2.0 3.0 0.9 1.2 4.5
Selectivity, C%

C1{(VOCs)t 64.6 45.3 43.1 57.5 52.8 48.2 36.6 40.5 54.9 41.3 48.2 59.9 43.0

Cs4 (VOC's)® 125 180 253 149 243 152 230 134 133 17.4 21.0 12.4 20.6
Olefins, mol%

Cyl 65.1 40.5 56.8 50.6 n/a 33.5 334 61.1 10.7 57.7 76.9 n/a 21.0

C,t 13.9 11.2 77.9 50.3 n/a 26.8 12.0 48.3 36.2 56.3 62.4 34.1 64.7

Cgt 27.0 13.0 63.0 61.0 32.0 20.0 11.0 51.0 19.0 58.0 57.0 26.0 58.0

a-Cg in lin, OV 36.0 26.0 38.0 43.0 34.0 22.0 38.0 40.0 41.0 77.0 28.0 25.0 25.0
Chain growth

probability
Pg, cacr* 0.67 0.76 0.82 0.77 0.73 0.77 0.78 0.63 0.70 0.77 0.78 0.66 0.72

® average crystallite size obtained from TEM micrographs of the reduced catalysts

b number of exposed ruthenium surface atoms per crystallite of average size in reduced catalysts
© average crystallite size obtained from TEM micrographs of the spent catalysts

¢ pumber of exposed ruthenium surface atoms per crystallite of average size in spent catalysts
¢ ruthenium loading obtained from TPR measurements

f gurnover frequency of volatile organic products (VOC’s) formed

& turnover frequency of Cyy hydrocarbons in VOC's formed

b gelectivity in VOC's

I molar content of olefins in linear hydrocarbon-fraction

i molar content of a-olefins in linesr Cs-olefins

¥ chain growth probability determined from slopes between C3 to Cy in ASF distribution
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Table B.3: Results of F'T experiments in synthesis gas after 60 minutes runtime on different alumina supported nano-sized
crystallites. (Treaction = 170°C, P = 4 bar)

Sample code RM-1 RM-2 RM-3 RM-4 RM-5 RM-6 RM-7 RM-§ RM-9 RM-10 RM-11 RM-12 RM-13
dred—TEM® DM 1.5 3.9 4.1 38 4.1 4.7 4.9 6.3 6.7 6.7 8.3 7.7 9.6
Nexp—red” 510 3680 3690 3550 3680 5050 5600 9700 10500 10500 16500 14300 22000
dspent—TEMS DI 4.0 5.6 4.9 3.2 4.9 6.7 6.5 7.1 6.7 6.7 9.3 7.8 9.8
Nexp-spent® 3700 7300 5600 2250 5500 10500 10200 11200 11100 11000 20670 14500 23500
XRu-TPRS Wt% 2.8 2.8 1.7 14 2.2 21 2.8 3.1 3.0 3.0 3.2 2.5 1.8
Activity, 8™
TOFvoc, 105t 0.7 1.3 1.4 31 - 1.1 0.9 2.2 2.8 3.1 1.9 2.1 48
TOF(Ca4 )vocs 10%8 0.3 0.7 0.8 2.3 - 0.5 0.5 1.0 1.5 2.0 1.1 1.1 3.3
Selectivity, C%
C1(VOC's)t 63.5 45.0 427 27.1 - 54.6 38.8 53.2  46.1 39.3 39.9 46.3 319
Cs4.(VOC's)™ 15.1 13.1 324 261 - 13.0 16.6 16.5 14.3 20.2 28.6 15.4 33.0
Olefins, mol%
Cy 64.8 71.6 n/a  50.6 - 796 647 643 671 67.8 92.8 37.9 68.2
Cyt 19.4 478 667 439 - 459 52.8 577 481 53.7 64.1 48.9 713
Cs! 24.0 56.5 640 675 - 294 618 59.8  60.7 62.6 62.2 51.9 50.2
a-Cs in lin. OF 19.0 800 780 900 - 820 90 90 790 88.0 84.0 75.0 80.0
Chain growth
probability
Pg, C3-07* 0.78 079 076  0.82 - 077 081 086 084 0.87 0.80 0.70 0.79

® average crystallite size obtained from TEM micrographs of the reduced catalysts

b number of exposed ruthenium surface atoms per crystallite of average size in reduced catalysts
© average crystallite size obtained from TEM micrographs of the spent catalysts

4 number of exposed ruthenium surface atoms per crystallite of average size in spent catalysts
© ruthenium loading obtained from TPR measurements

f furnover frequency of volatile organic products (VOC's) formed

& turnover frequency of Ca4 hydrocarbons in VOC's formed

b gelectivity in VOC's

! molar content of olefins in linear hydrocarbon-fraction

i molar content of a-olefins in linear Cg-olefina

k chein growth probability determined from slopes between Cs to Cr in ASF distribution
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Table B.4: Results of FT experiments in synthesis gas at steady-state on different alumina supported nano-sized crystallites.
(TReaction = 170°C, P = 4 bar)

Sample code RM-1 RM-2 RM-2 RM-4 RM-5 RM-6¢ RM-7Y RM-8 RM-2 RM-10 RM-11 RM-12 RM-13
Ored—TEM T DI 1.5 39 4.1 38 4.1 4.7 4.9 6.3 6.7 6.7 8.3 7.7 9.6
Nexp-red® 510 3680 3690 3550 3680 5050 5600 9700 10500 10500 16500 14300 22000
E,,Pm_mms nm 4.0 5.6 4.9 3.2 4.9 6.7 6.5 7.1 6.7 6.7 9.3 7.8 9.8
Nexp—spent® 3700 7300 5600 2250 5500 10500 10200 11200 11100 11000 20670 14500 23500
XRu-TPRT W% 2.8 2.8 1.7 1.4 2.2 2.1 2.8 3.1 3.0 3.0 3.2 2.5 1.8
Activity, 8™t
TOFvocrs-10% 0.6 0.6 0.6 0.5 0.7 0.9 0.8 1.1 1.2 2.3 1.3 1.1 2.5
TOF prog.- 105 0.7 0.9 1.1 1.1 1.0 1.4 L1 L5 1.6 2.8 1.9 2.8 3.6
TOF(Cay Jvocrs-10°8 0.2 0.2 0.2 0.1 0.2 0.3 0.4 0.5 0.6 1.3 0.7 0.4 L7
TOF(Ca4 )prod. 1058 0.4 0.5 0.7 0.6 0.6 0.8 0.8 0.9 1.0 1.9 1.3 2.1 2.8
Selectivity, C%
C1(VOCs)t 64.0 69.8 49.5 64.8 60.0 63.6 48.2 55.8 54.8 41.1 48.1 44.2 33.0
Ci(prod.)® 52.4 476 38.6 45.9 41.2 43.2 3.2 40.6 373 33.6 48.5 24.4 22.8
Cs+(VOCs)b 5.2 18.1 9.7 10.7 16.6 131 23.8 307 30.2 21.6 28.2 29.1 26.1
Cs.4(prod.)? 35.2 49.1 57.9 47.8 52.4 52.9 60.2 55.9 54.2 56.3 28.5 73.6 67.0
Olefins, mol%
Cyl 51.5 614 62.1 55.0 71.2 61.7 68.1 62.2 68.0 65.5 75.1 61.6 70.0
Csil 48.1 71.2 53.5 429 78.1 77.8 75.1 58.0 63.5 74.9 76.7 60.0 70.4
Cst 65.0 55.2 59.7 67.1 64.6 57.9 63.7 57.9 59.3 63.6 68.3 57.1 77.0
a-Cs in lin. OF 83.0 90.0 82.5 80.0 96.0 88.6 96.3 94.5 93.0 93.0 87.0 90.0 40.9
Chain growth
probability
Pg, c3-c7™ 0.69 0.88 0.77 0.71 0.84 0.92 0.96 0.94 0.79 0.93 0.88 0.92 0.87

& aversge crystallite size obtained from TEM micrographs of the reduced catalysts

b pumber of exposed ruthenium surface atoms per crystallite of average size in reduced catalysts
© gverage crystallite size obtained from TEM micrographs of the spent catalysts

4 number of exposed ruthenium surface stoms per crystallite of average size in spent catalysts -
¢ ruthenium loading obtained from TPR measurements

f turnover frequencies of volatile organic products (VOC's) or total product (prod.) formed

€ turnover frequency of Cay hydrocarbons of VOC’s or total product formed

b gelectivity in VOCU's or total product

! molar content of olefins in linear hydrocarbon-fraction

§ molar content of a-olefins in linear Cg-olefins

k chain growth probability determined from slopes between Cs to Cr in ASF distribution
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Table B.&: Steady-state results of FT synthesis at 225°C/20 bar for five selected alumina supported
nano-sized crystallites.
{TReaction = 225°C, P = 20 bar, GHSV = 7 ml(STP)/(min-geas ), (Hz/CO)in = 2:1)

Sample code RM-2 RM-3 RM-7 RM-9 RM-10
dred—-TEM? nm 3.9 4.1 4.9 6.7 8.3
Nexp—rea® 3680 3690 5600 10500 16500
dspent—TEM® DM 4.1 4.5 6.6 7.1 9.6
Nexp—spent” 4110 4950 10445 12000 22700
xRu—-TPRf Wt% 2.8 1.7 2.8 3.0 3.2
Activity, s™*
TOFvocs 103 22.1 20.0 224 25.3 314
TOF proq.-10%¢ 23.3 234 21.9 26.7 31.8
TOF(Cay vocs-10%¢ 6.1 8.2 11.8 13.3 17.2
TOF(Cz4 Jprod. 10% 74 11.9 15.2 14.2 20.9
Selectivity, C%
C1(VOC’s)f 69.0 63.0 46.2 47.1 47.3
Ci(prod.) 51.5  30.6 8.3 16.1 124
Cs4+(VOC's)f 162 195 309 297 30.7
Cs..(prod.)f 38.7 59.7 84.7 76.5 81.8
Olefins, mol%
Cot 30.6 39.1 64.3 70.1 55.4
Cst 394 48.9 64.7 62.9 61.3
Cs-Fraction, mol%
Ol in lin. prod.! 33.1 45.2 54.1 55.3 55.4
-0l in lin. prod.} 86.0 96.3 97.0 95.0 94.0
iso/n! 0.06 0.05 0.06 0.05 0.04
Ox. in lin. prod.* 0.29 0.82 0.70 1.08 1.35
Alc. in Ox.! 100 100 64 53 84
Chain growth probability
Pg, C3-C7" 0.84 0.89 0.90 0.86 0.94

& average crystallite size obtained from TEM micrographs of the reduced catalysts

b pumber of exposed metal atoms of the reduced catalysts

¢ ruthenium loading obtained from TPR messurements

4 turnover frequencies of volatile organic compounds (VOC's) or total product formed (prod.)
® {urnover frequencies of Ca4 hydrocarbons in VOC’s or total product

f gelectivities in VOC's and total product

& molar content of olefing in linear hydrocarbon-fractions

2 molar content of pentenes in linear Cg hydrocarbons

! molar content of a-olefins in Inear Cyg hydrocarbons

J molar ratio of branched to linesr products in Cs-fractlon

% molar content of pentanol and pentanal in linear Cy-products

! molar content of pentanc! in linear Cg-oxygenates

= chain growth probability determined from slopes between C3 to Cr in ASF distribution
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1-3 minutes runtime on different supported organometallic compounds.
(TReaction = 170°C, P = 4 bar, GHSV = 7 mi(STP)/(min-ges))

Table B.6: Selected results of F'T experiments in synthesis gas ((Ha/CO), = 2:1) and in hydrogen after

Sample code Ru-2a Ru-2b Ru2c Ru-3 Ru-4 Ru-5 Ru-6
in synthesis gas (1-8 min)
Nexp 2 2 2 3 4 5 6
XRu(spent)® 0.92 045 199 264 275 117 195
Activity, s™*
TOF-10%® 6.8 3.0 3.0 3.5 4.9 5.7 8.9
TOF(Cy )-10°¢ 0.6 0.4 09 10 15 18 15
Selectivity® C%
C 87.8 89.6 830 773 779 711 854
Olefins, mol%
Cq® 63.0 79.9 749 67.0 687 185 31.8
Ca® 91.5 73.7 B0.9 652 59.2 560 66.0
Chain growth probability
Dg, 12" 009 008 039 015 011 037 025
Pg, 3.4° 028 016 (>1) 034 003 056 046
in hydrogen (1-8 min)
Nexp 2 2 2 3 4 5 6
XRy(spent)® 247 2.96 196 268 292 225 124
Activity, s™'
TOF-10°6P 1.9 3.5 14 27 107 14 90
TOF(Ca,.)-105¢ 0.2 0.7 06 11 25 01 15
Selectivity® C%
C1 89.3 72.8 59.4 600 764 946 834
Olefins, mol%
Cy® 66.7 65.5 0.0 5.9 040 0.0 0.0
Cs® 18.6 0.0 231 385 171 040 0.0
Chain growth probability
pg,l_gf 0.28 0.32 063 039 031 011 403
Pg,3-45 n/a 0.16 (>1) 055 077 =n/a 030

8 ruthenium loading obtained from ICP analysis of the spent catalyst

b gurnover frequency for C3-Cy4 hydrocarbons formed
€ turnover frequency for Ca-C4 hydrocarbons formed

4 methane content in Cy-Cy-fraction

® molar content of olefins in linear hydrocarbon-fraction

f chain growth probability determined from slopes between C; to Cg in ASF distribution
£ chain growth probability determined from slopes between C3 to C4 in ASF distribution
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Table B.7: Selected results of FT experiments in synthesis gas after 10-20 minutes runtime in synthesis
gas ((Hz/CO)in = 2:1) and at maximal activities for performances in hydrogen (runtimes
between 10-100 minutes) on different supported organometallic compounds.

(TReaction = 170°C, P = 4 bar, GHSV = 7 ml(STP)/(min-geat))

Sample code Ru-2s6 Ru-2b HRu-2¢ Ru-3 Ru4 Ru-l Rub
in synthesis gas (10-20 min) '
Nexp 2 2 2 3 4 5 6
XRu(spent)® 092 045 199 264 275 117 195
Activity, s™*
TOF-105® 0.1 0.3 13 07 12 13 50
TOF(Cay.)-105¢ 0.06 0.06 03 01 04 01 06
Selectivity® C%
Cy 64.4 80.7 759 793 667 89.1 874
Olefins, mol%
Cq® 64.6 59.2 91.5 694 728 146 512
Cs® n/a 80.0 679 690 890 829 375
Chain growth probability
Pg, 1-2° 0.09 0.08 039 015 011 037 025
Pg, 3-4° 0.28 0.16 (>1) 034 003 056 046
in hydrogen (10-100 min)
Nexp 2 2 2 3 4 5 6
XRy(spent)® 2.47 2.96 1.96 268 292 225 1.24
Activity, s~
TOF-105P 157.3 5.0 1480 378 290 586 217
TOF(Cay)-105¢ 16.0 0.2 16 32 26 59 37
Selectivity® C%
C 89.8 86.3 806 916 912 90.0 831
Olefins, mol%
Cq® 0.0 0.0 1.0 00 00 50 39
Cs® 11.8 0.0 9.5 6.1 79 89 100
Chain growth probability
Pg1-2 0.23 029 041 007 021 019 027
Pg,3-45 n/a 0.28 067 027 =n/a 031 030

& ruthenium loading obtained from ICP analysis of the spent catalyst

® gurnover frequency for Cy-Cyq hydrocarbons formed

¢ turnover frequency for Cg-Cy hydrocarbons formed

4 methane content in C1-Cs-fraction

® molar content of olefins in linear hydrocarbon-fraction

f chain growth probability determined from slopes between C1 to Cg in ASF distribution
& chain growth probability determined from slopes between C3 to C4 in ASF distribution
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Table B.8: Selected results of FT experiments in synthesis gas after 300 minutes runtime on different

supported organometallic compounds.
(Theaction = 170°C, P = 4 bar, GHSV = 7 ml(8TP)/(min-ges ), (Ha/CO)p = 2:1)

Sample code Ru-2a Ru-2b Ru-2¢ Ru-3 Ru-4 Ru-b Ru-b
in synthesis gas (300 min)
Nexp 2 2 2 3 4 5 6
XRu(spent)® 0.92 0.45 199 284 275 117 195
Activity, s™!
TOF-106® 1.3 0.7 53 11 29 140 242
TOF(Cay.)-105¢ 0.3 0.1 1.0 05 06 08 03
Selectivity® C%
Cy 83.5 84.7 81.8 628 606 94.0 989
Olefins, mol%
Cq® 74.8 100 68.7 739 629 Ti4 287
Cs® 100 100 100 61.8 517 651 53.2
Chain growth probability
Pg, 12 0.37 0.31 021 054 049 021 0.18
Pg, 3-45 n/a n/a {(>1) 019 n/a 078 0.18

& ruthenium loading obtained from ICP analysis of the spent catalyst

b turnover frequency for C;-Cy4 hydrocarbons formed

¢ turnover frequency for Cy-Cy4 hydrocarbons formed

4 methane content in C1-Cy-fraction

® molar content of olefins in linear hydrocarbon-fraction

f chain growth probability determined from slopes between Cy to Cg in ASF distribution
& chain growth probability determined from slopes between C3 to C4 in ASF distribution
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B3, ADDITIONAL FISCHER-TROPSCH GRAFPHS

B.3 Additional Fischer-Tropsch Graphs

B.3.1 Supported Nano-sized Crystallites
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B.3.2 Supported Organometallic Compounds
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B.4 Additional Characterisation Data of Supported
Organometallic Compounds

Table B.49: Melal loadings of spent supported organometallic componnds after F'7 testing in hydrogen
ohserved by means of TOP analysos (Ioading of fresh samples: 3 w5

Sample  xp,(spent)

code in wt%

Ru-2a 247
Ru-2b 2.50
Bu-2o 1.96
Ru-3 2,65
Ru-4 2.02
Bu-5 L
Ru-6 1.24
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APPENDIX C. THEORETICAL CALCULATIONS

C.1 The Density Functional Theory

The Schrédinger equation is solved to obtain the energy of a system. The general form
of the time-dependent Schrodinger equation is:

(-%-vﬂv) Y (r) =E-¢() (C.1)

The wavefunction, ¢, describes the motion of a particle through space, V represents
the external field and E represents the energy of the particle. V? is the second-derivative
operator with respect to the x, y and z coordinates, known as “Laplace operator”. The first
term left represents the kinetic energy operator. The term in brackets can be described as
the Hamiltonian operator, H, viz. the total energy operator. £ is the Planck’s constant,
h, divided by 27®.

The energy, E, or the so-called “Eigenvalues” of the system can be calculated by:

A
Jor-dr

If the wavefunction is known, these energies of the particles can be calculated.

The density functional theory (DFT) is one way of solving the Schrodinger equation.
It solves very accurately without too many approximations. Consequently, however, a
complex, time-consuming calculation path is required and DFT is thus only reasonable
with respect to small cluster systems. The fundamental idea behind the DFT calculations
is the dependency of the total electron system on the electron density, p. The total energy
for the overall system, E(p), is expressed as:

E(p) = T (p) + U (p) + Ex (p) (C.3)

(C.2)

with the following parameters:

T(p) = kinetic energy

U(p) = classical Coulomb interaction between all particles
E..(p) = exchange correlation energy

The exchange correlation energy, E,., comprises all particle interactions that are not
taken into consideration by the Hartree Fock approximation.

It contains all the other interactions for an exact representation of the total energy in the
atom. However, the form of this exchange-correlation energy function is not known and
different DFT functionals differ in its representation. The derivative of the exchange-
correlation energy with respect to the electron density yields the exchange-correlation
potential, uy (equation C.4).

_ OEy |p]
e = 55 (C4)

The exchange-correlation potential is added to the Hamiltonian operator in the Schrodinger
equation (equation C.5).

sPlanck’s constant, h, equals 6.626-107% Js.
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C.2. CALCULATION OF THERMODYNAMIC DATA

(_%Vz FV) + e (r)) B =F 9 (o) (C5)

The Kohn-Sham {or one-electron) orbitals can be used to solve the Schrédinger equation.
Using these solutions, the electron density, p, can be calculated at any point, r, in the
three dimensional system using the following equation:

N
p(r) = Z [ (o) ° (C.6)

These DFT equations can be solved with an iterative procedure, from guessed initial
wavefunctions although, in principle, the wavefunctions are not necessary for evaluation
of equation C.3. The so-called self-consistent field (SCF) procedure in DFT consists of
choosing an initial set of coefficients to expand the basis set, constructing a set of molec-
ular orbitals (wave functions), using the trail set of molecular orbitals to construct the
electronic density according to equation C.6 and using the obtained density to calculate
the Coulomb and the exchange-correlation potentials, a new set of molecular orbitals and
the electronic density. This procedure is repeated until the input and the output densities
differ by less than or equal to a present tolerance.

Two different forms of the exchange-correlation energy must be pointed out. In the
local density approximation (LDA) the exchange-correlation energy at a point r is only
dependant on the local density, p. In the gradient generalized approximation (GGA) the
exchange-correlation energy also depends on the density gradients. This approximation
can be also classified as “gradient-corrected”.

C.2 Calculation of Thermodynamic Data

The values obtained via the DFT method were used to calculate thermodynamic data at
different temperatures.

At a reaction temperature of 0 K, the atoms have only the electronic energy, Egec. All the
other modes of movement are frozen: viz. non-Heisenberg forced vibrations, translations
and rotations. This results in a total energy at 0 K, E(0 K), of:

E(0K) = Eqe + ZPVE (C.7)

The ZPVE term represents the “Zero point vibrational energy”. This energy results from
the vibrational motion of molecular systems at 0 K.

Additional molecular vibrations, rotations and translations appear only at temperatures
above 0 K. These energies are computed from vibrational, translational and rotational
partition functions. Therefore the total energy of the molecule, E(T), at any reaction
temperature is defined as:

E(T) = E(0K) + Evip + Erot + Etrans (C.8)
from C.7 it follows:

E (T) = Eelec -+ ZPVE +- Evib + Erot + Etrans (09)
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The enthalpy of a compound at a certain temperature, H(T), was calculated directly by
the Materials Studio program by using the following equation:

H(T) = ZPVE + Eyip + Erot + Erans + R+ T (C.10)

However, this equation does not include the Ege. term and had to be modified to ob-
tain the “real” enthalpy value, H(T)corrected- The electronic energy, Eeec, also had to be
thermally corrected for temperatures above 0 K, by subtraction of an R-T term®. The
same correction was necessary for the enthalpy of reaction at a certain temperature T,
H(T)correctea- Similarly, the “real” H(T)urectea Value was calculated by subtracting the
R-T term at the desired temperature from the H(T) value, supplied by the program.

H(T)

=H(T)-R-T (C.11)

By taking the stoichiometric factors of the different reaction equations into account,
AH(T)correctea Was obtained by using:

AH(T) o rrecteq = Z v - H(products)_.cieq — Z v; - H (reagents) .. ieq (C.12)

correction

In a similar matter AEqe. was calculated using:
AEge, = Z v, - E (products) gy, — Z v; - E (reagents),,. (C.13)

Finally, the addition of AEge and AH(T) led to the real AH(T) values as shown in
equation C.14.
AH = AH (T) od T AEeiec (C.14)

However, the obtained entropy values from the program at a certain temperature for each
compound, S(T), could be used directly to calculate AS(T) with the following equation:

correct:

AS(T) = Z v - S (products) — Z v - S (reagents) (C.15)

bR is the univeral gas constant (8.314 J/mol-K) and T is the reaction temperature.
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C.3. ENTROPY OF REACTION

C.3 Entropy of Reaction

C.3.1 Monoatomic Reaction Mechanisms
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Figure C.1: Entropy of reaction, A8y, in kJ/(mol-K) for the different intermediates proposed in the
monostomic reaction mechanisms A, B and C at 475 K.
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C.3.2 Diatomic Reaction Mechanisms
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Figure C.2: Entropy of reaction, ASpy,, in kJ/(mol-K) for the different intermediates proposed in the
diatomic reaction mechanisms A, B and C leading to the generation of the chain initiator

at 475 K.
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Figure C.3: Entropy of reaction, ASuxm, in ki/{mol-K) for the different intermediates proposed in the
distomic reaction mechanisms A, B and C leading to the first step of chain growth at
475 K.
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