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Synopsis

Fischer—’[‘fopsch synthesis is the production of hydrocarbons from CO and Hj. The
| catalytically active metals for industrial application are cobalt and iron. In this work‘
iron-based catalysts were studied. To ensure maximum metal utilisation and there-
fore a high weight specific catalytic activity, the metal bcrystallites should possess
large specific surface areas and that is only achievable with small metal crystal-
lites. However, a minimum crystallite size might exist below which catalyst activity
drops. Consequently, in order to investigate the role of crystallite size on the stabil-
ity, the activity and selectivity of iron based {:atalysts, supported catalysts with a
knbwn narrow metal crystallite size distribution were prepared via precipitation in
water-in-oil microemulsions in which water-to-surfactant ratio was the main design

parameter. .

The study was subdivided into firstly characterisation of a suitable water-in-oil mi-
croemulsion system. Secondly preparation of nanosized oxidic iron crystallites with
controlled crystalliﬁe size via precipitation in water-in-oil microemulsibn. Thirdly
prépa.ra,tion of the supported catalyst using the same but selected microemulsion
systems. Finally catalyst testing under Fischer-Tropsch reaction conditions in a

fixed bed reactor.

A strictly linea,r relationship between Water-to—surfacta,nt ratio and crystallite size
was observed. The catalyst preparation technique for unsupported iron oxides re-
sulted in uniform na,nocrystallites‘ tailored to a size raﬁge of 2-16 nm. The mor-
phology of the crystallites on supports remained iargely unchanged upon reductive
pretreatment. This made catalysts prepared in microemulsions ideally suitable for

investigating the effect of crystallite size during Fischer-Tropsch synthesis.

The average Fischer-Tropsch activity at the initial stages of Fischer-Tropsch exper-
iments showed that small crystallites (<7-8 nm) were less active than their larger

counterparts which showed the same metal surface specific activity. Although not
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conclusively proven experimentally, this was attributed to -possible oxidation of t}%lese
small crysté,llites to supposedly inactive iron 6xidés. Small crystallites are suspecited_
to readily oxidise due to water and COg at Fischer-Tropsch reaction conditié‘ns.
 Some sintering was observed from analysis of spent catalysts, which is most lil{lely .
due to inhomogeneity of crystallite distribution on the supports studied. Howe\iler,
the information that small crystallites result in less active catalysts is of utmost iim—

portance when designing catalysts with improved activity and lifetime which imp;;a,ct
on the overall process economics. : ' 1‘

|
cts
~with increase of iron crystallite size, possibly due to structure sensitivity with (lje—

Fischer-Tropsch product selectivity results generally showed some positive effe

creasing methane selectivity, increase of chain growth probability, selectivity to loing-
chain a-olefins and oxygenates. However, a conclusive intérp:etation of the selec’ciiiy—
ity data was hindered by effects of unoptimised potassium loading. Consequentiy,
recomrhendationé have been made with regard to improvement of catalet prepar(%a—_

tion; especially' on deposition of crystallites onto supports and the available optiof‘;ls

i
|
!
i

~ for optimising potassium levels in a series of catalysté to be studied.
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Nomenclature

Notation | Unit
A Absorbance -
A; GC peak area of species i -
Cim Concentration of reverse micelles in solution mol/m?
Cs Concentration of the surfactant in solution mol/m3
dei-tem Length based crystallite diameter from TEM analysis | m"
dcy-tem Volume based crystallite diameter from TEM analysis m
a;_BET Average crystallite diameter from BET analysis m
de-xrp  Average crystallite diameter from XRD analysis . m
dn Hydrodynamic diameter ' - m
D, Diffusion constant cm?/s
f; Mass spéciﬁc response factor used in FID analyses -
frepg Relative calibration factor used in TCD analyses -
K Empirical constant |
k Debye-Scherrer shape factor -
ks Boltzmann’s constant, 1.3807 x 10~ J/K
Keq Equilibrium constant
Na Avogadro’s constant, 6.022 x 10% mol=!
Dag Aggregation number -
N¢ Number of carbon atoms -
o Number of moles of species i mol
Pg Chain growth probability - .
r4 Rate of chain desorption e.g. mol/(m?s)
IFT Rate of formation of Fischer-Tropsch product pmole/(m%, s)
Iy ~ Rate of chain growth e.g. mol/(m?s)
Twp Radius of waterpool in microemulsion m
S Fe Specific surface area of metallic iron per gram of catalyst m?/g
Swt Surface area per gram catalyst m?/g |



Sic ‘Selectivity of species i on carbon basis : C%

’ Spn Surface species with carbon number N -

T  Temperature . ' , °C
e - Thickness of the surfactant layer ' , m

Va Avogadro volufna, 0.0224(NTP) - m3/mol
Vim Volume of a reverse micelle » m?
Vo Total volume of reverse rrﬁce]xle solution . m?

Ve A Volume of water in reverse micelle Vsol_ution - m?

Wn Mass fraction of a product consisting of N ca;bon atoms wt%

X; Molar conversion of Species i : | %

Yic ~ Yield of species i on carbon basis C-%

Subscripts Abbreviations

ag - Aggregate
C Carbon
Crystallite

d Desorption

f . Formation

g ‘Growth'

i Species

tm  Reverse micelle
8 Surfactant} |
w . Wé.ter

ﬁrp ' Waterpool
“wt Weight

Greek letters

L« Diffusion viral coefficient .-

8 ~ Line broadening of FWHM | radians




- Volume fraction of suspended particles

Viscosity of suspension

Ui cp
Mo Viscosity of suspending medium cp
A Wavelength | m
As Wavelength threshold m-
) Diffraction angle °(degrees)
PFes O Density of Fe;O3 kg/ m3
0s Density of surfactant kg/m3
Pw Density of water kg/m?3
Wet Water-to-surfactant weight ratio g/g
Abbreviations
ASF Anderson-Schulz-Flory
BET Brunauer-Emmett-Teller

- EDX Energy Dispersive X-ray
FTS Fischer-Tropsch Synthesis
FWHM  Full Width at Half Maximum intensity
GC Gas Chromatography
GHSV Gas Hourly Space Velocity
HCNs Hydrocarbons

HTFT High Temperature Fischer-Tropsch synthesis

"JCPDS Joint Committee for Powder Diffraction Standards
LTFT Low Temperature Fischer-Tropsch synthesis
NTP Normal Temperature and Pressure, {0 °C, 1.01325 bar
SEM Scanning Electron Microscope
TCD Thermal Conductivity Detector
TEM 'I;ransmissian Electron Microscope
VOC Volatile Organic Compounds




Chapter 1

Introduction

1.1 Background

The catalytic synthesis of hydrocarbons from CO and H, has a long history. In 1902,
methane was synthesised over a nickel catalyst at atmospheric pressure (Sabatier

and Senderens, 1902). In the early 1920’s, Fischer and Tropsch pioneered the tech-

nology for the production of longer chain 'hydroca,rbons from CO and H; using metal
catalysts at high pressure of up to 300 bar (Fischer et al., »1925) and at relatively
low pressures (1-5 bar) with the. use of a precipitated cobalt catalyst (Fischen and
Tropsch, 1926). | | o

Fischer-Tropsch synthesis (FTS) is a practical way of converting coal and natural

‘gas to gasoline, diesel oil, wax and chemicals such as olefins, alcohols and aldehy-

des (Anderson, 1984). Coal and natural gas can be converted via gasification and ' B
steam reforming processes respectively into a gaseous mixture containing mainly

., ] A 5
CO and H,, commonly known as synthesis gas. Synthesis gas can also be produced »

from biogas or fast growing, renewable resources such as elephant grass (Tijmensen
‘et al., 2002; Jun et al., 2004). In Germany the technology was used during the Sec- |
ond World War to produce fuel from coal. SASOL plants in South Africa have been '

1
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producing fuel and chemicals on commercial scale since 1955 using the same technol-
ogy, which is now better known as Fischer-Tropsch synthesis. The enormous reserves
of coél deposits and low value methahe (natural gas) represents a major potential
source of liquid transport fuels (Steynberg, 2004). The fuel from the Fischer-Tropsch
synthesis is very clean, since the synthesis gas used in the process may only contain
a few parts per billion of sulphur (Schulz, 1999). Furthermore, the diesel produced

in this process has excellent combustion properties {cetane number > 60).

The Fischer-Tropsch process is not selective since it is a polymerisation process
(Schulz, 1999). The product distribution shows a wide spectrum of mainly linear
hydrocarbons ranging from methane to heavy waxes. The wide variéty of products
can be a drawback, because expensive treatment facilities are needed to separate
and upgrade the Fischer-Tropsch products.. If the production of liquid products
from synthesis -gas is desired then the technoiogical challenge will be to maximise

the selectivity towards the Cs,. cut and minimise the formation of gases, C,-Cj.

Recent research in Fischer-Tropsch synthesis has been aimed mainly at improving
product selectivity and catalytic activity. Thus far, selectivity of CO/H; reactions
to a single organic species, except for production of the C; products (CH4 and
CH3OH), has not been accomplished. The product distribution depends on reaction
temperature, total pressure, Ha / CO ratio and most importantly the nature of the
catalyst (Dry, 1981; Boudart, 1984; Schulz et al., 1994). The transition metals Ni,
Co, Fe and Ru have significant activity for the Fischer-Tropsch synthesis (Vannice,
1975, 1977, Va,nhbve et al., 1979). The selectivity changes to light products, mainly
methane, with nickel as reaction temperature increases; a tendency also observed
- with cobalt and ruthenium but to a lesser extent. Methane selectivity also increases
with increasing temperature on iron but remains at acceptable levels even at the
high temperature ~340 °C (Dry, 1981; Schulz, 1999). Ruthenium is the most active
Fischer-Tropsch synthesis catalyst (Vannice, 1977), yet its high price and limited

world resources exclude it from industrial application. Since the discovery of the
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Fischer-Tropsch synthesis process, ohly Fe and Co have been used on a commercial

scale in low temperature Fiéqher-’ﬁ[‘répsch processes (220-250 °C, 25-40 bar) (
2004a). Iron has also been used as a catalyst inAhigh temperature Fischer-Tro
pfocesseé (330-350 °C, 25 bar) for petrol and chemical production (Anderson, 1¢
Iron is much cheaper than cobalt while cobalt has a higher aéti\}ity and lénge
(Dry, 1993). | |

1.2 Crystallite size, catalyst activity and

selectivity

psch
184).

r life

Industrial Vbatalysts often consist of three major Acomponentvs; the support, promoters

and the active catalytic agent, that is, the metal, which is primarily responsib

e for

the catalytic function. Fischer-Tropsch reaction takes place on the surface of the

metal, so to ensure maximum metal utilisation and therefore high weight sp!

cific

catalyst activity. A high metal surface area can be achieved with small crystallites.

Loss in activity can be caused by a loss of active surface area due to crysta.lliné

growth (sintering), deposition of carbonaceous material and/or chemical po

isOn-~

ing of the surface, for example, by sulphur (Dry, 1981;‘F0rzatti and Lietti, 1999;

Bartholomew, 2001; Moulijn et al., 2001). Conversion of the active phase t

-~ inert phase can also result in a loss of catalytic activity. |

0 an

During Fischer-Tropsch synthesis a-Fe is carburised to iron carbides, Fe,C, and/or

oxidised to Fe3O4. Typically a mixture of these phases is present in a working iron

catalyst. Howeirer, if a-Fe crystaﬂites of identical size are exposed to identical

reac-

tion conditions, thermodynamically a single phase should be present. It is therefore

likely that multiple phases in iron Fischer-Tropsch catalysts might be due to the

presence of crystallites of widely different sizes, which are transformed into different

phases at reaction conditions. Iglesia (1997) stated that for cobalt, small crystal-

 lites (d<5-6 nm) would become inactive due to oxidation of these small crystallites

Dry,
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by product water under Fischer-Tropsch conditions. Cob'alt»crystallites larger than
this critical diameter were shown to display activity for Fischer-Tropsch synthesis
‘independent of specific metal surface area and therefore no structure sensitivity with

respect to activity.

A thermodynamic analysis of nanosized cobalt crystallites support the possibility
that‘ small crystallites can indeed oxidise under Fiséher-'l‘ropsch process conditions
(van Steen et al., 2005). A similar behaviour might be expected for iron-based
Fischer-Tropsch catalysts where the active phases are believed to bé iron carbides
(Mansker et al., 1999; Bian et al., 2002; Li et al., 2002). During FiAscher-’I‘ropsch'
synthesis, high H;0 and CO, partial pressures may cause the transformation of the
a,ctivé small metallic and/or iron carbide crystallites to the supposedly inactive ox-
ides. The exact érystal size, at which iron might transform under reaction condition,

is not yet known.

Little is known on possible structure sensitivity or crystallite size effects on selectivity
in Fischer-Tropsch synthesis. According to Schulz et al. (2002), of the large number
~of different reactions taking place during Fischer-Tropsch synthesis, some take pla;ce"
on sites of low coordination (e.g. growth, CO-insertion) whereas others occur on high
coordination sites (C—hydrogéilation). This concept would suggest that selectivity
changes are expected to be different when testing catalysts with varying crystallite
~ sizes and therefore varying ratios of low to high coordination sites. Systemaﬁc
studies on effects of crystallite size on the selectivity of Fischer-Tropsch synthésis
are however not available in literature. In order to investigate possible effects of
crystaliite size on catalyst activity and product composition, catalysts with a known
narrow metal crystallite size distribution are required. This is a chailehge by itself
as it is not easy to synthesize metal crysta,llites with a narrow size distribution and

at the same time have better control of crystallite size (Figure 1.1).
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Figure 1.1: The challenge in preparing crystallites with a narrow size distribution

1.3 Nanocrystallite technology for catalyst
preparation |
Nanomaterials aré of current interest because they mark a material transition

between molecular and bulk properties. With decreasing crystallite size, bulk

erties are lost as the fraction of surface atoms becomes large (Ozin, 1992; Ago

range
prop-

stiano

et al., 2000). Catalysis represents one of the single most important application of

nanotechnology (Kung and Kung, 2003, 2004). The size of metal crystallite

support might be very important to developing a catalyst, which meets the

S On a

activ-

ity, stability and selectivity requirements of a particular catalytic process (Boudart,

1984; Lin et al., 1986; Abrevaya, 1990). In order to achieve a deeper understanding

of the reaction mechanisms and kinetics of catalytic processes, well-defined jmodel

catalysts are an indispensable tool.

Traditionally, supported catalysts have been produced by wet impregnation

water-soluble metal salts, which results in well-dispersed catalysts with high

using

activ-

ity and good thermal stability. The average crystallite size of the active phase is
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usually in the nanometer range but with a broad size diétribution. Therefore, with a
wet impregnation technique there is no good control over the crystallite size formed.
This then renders the interpretation of size dependent mechanistic phenomena of the
catalyst impossible. Thué, it .is considered important to apply a preparation tech-
nique which allows synthesis of model type catalysts. Research in recent years has
shown that the so-called microemulsion technique éan result in better control of the
crystallite size (Pillai et al., 1995; Pileni, 2003; Eriksson et al., 2004; Cdpek, 2004).
This technique can also be émployed to prepare supported catalysts (Abrevaya and
Targos, 1987; Abrevaya, 1990; Hanaoka et al., 1997, Ca,pek 2004) according to the

preparation conditions of the rmcreemulsmns

The aim of the present research is, therefore, to prepare model iron Fischer-Tropsch
catalysts with narrow crystallite size distribution and to test the effect of crystallite

size on activity and selectivity in Fischer-Tropsch synthesis.



‘Chapter 2
Literature Overview |

2.1 The Fischer-Tropsch synthesis

The Fischer-Tropsch synthe'sis has a sparkling hisi;ory that spans more than 80 3
It is regarded as the backbone of coal to liquid, and gas to liquid technologies
world’s enormous reserves of coal deposits and low value methane (natural

represent a major potentiél source of liquid transport fuels and chemicals.

rears.
The
gas)
Both

coal and methane can be converted through gasification and steam reforming into a

" gaseous mixture containing mainly hydrogen and carbon monoxide. Synthesis gas

(H; and CO) can also be produced from fast growing, renewable resources or biogas.

The overall Fischer-Tropsch process configuration is shown in Figure 2.1. The

three

main sections involved include: synthesis gas production, Fischer-Tropsch synthesis

and product workup. The interest in Fischer-Tropsch synthesis has been growing

ti‘emendously over the last years as recent figures of process and catalyst develop-

ment in this field show (van der Laan, 1999; Stéynbérg, 2004). Companieé active in

catalyst and procéss development in Fischer-Tropsch synthesis are inter alit
Exﬁon, PetroSA, Rentech, Sasol, Shell, Statoil, Syntroleun. PetroSA, Sas

Shell are currently using"Fischer—Tropsch processes on a commercial scale, and

7

: BP,
1 and

large
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Solid fuels Fluid fuels Gaseous fuels
(coal, biomass)  (heavy oil, oil residues) (natural gas, bicgas)

|

synthesis gas production
air or oxygen —"
water l

gas cleaning

Fischer-Tropsch
synthesis

/ separation of the —® CH,
e products \
¥ v ¥

- gas petrol chemicals digsel - -~~~ waxes.
(C2-Ca) (olefins, oxygenates)

Figure 2.1: Process overview for fuels and chemicals production via Fischer-Tropsch syn-
thesis

new plants to convert natural gas into mainly diesel fuel are currently being built
(e.g. by Sasol in Qatar, (Sasol, 2003)). The diesel selectivity of the overall process

~can be increased by further processing of product wax via mild hydrocracking.

2.1.1 Fischer-Tropsch reaction

The highly exothermic Fischer-Tropsch reaction converts synthesivs gas (Hy/CO) into
a wide range of organic products, mainly lineér hydrocarbons such as parafﬁﬁs and
olefins. The CO hydrogenation capacity of nickel and cobalt was first reported by
Sabatier and Senderens in 1902. However, it was only after the pioneering work of
Franz Fiséher and Hans Tropsch in the 1920’s that the commercial interest in the
production of hydrocarbons started to grow. The stoichiometry of this polymerisa-~

tion reaction implies a Hy:CO ratio of 2 for the synthesis of the hydrocarbon chain



~ CO and H,0 produced during the FT-reaction to form additional H. Thié all

2.1. THE FISCHER-TROPSCH SYNTHESI“S
monomer, and water is released as a primary product.

FTS:  2H,+CO = —(CHj) — +H;0 AHg ar00 = ~151.9 kJ/mol (5

).1)

Branched hydrocarbons and oxygenates such as primary alcohols and aldehy

des

are also formed, but typically in minor quantities. The kind of product and

its

average carbon number obtained is determined by the process temperature, pressure,

and the catalyst used. Typical operation conditions are 220-250 °C for produc

100

of long chain products mainly diesel and wax (Low Temperature Fischer-Tropsch

Synthesis) and 320-350 °C for production of light products, petrol and chemicals

(High Temperature Fischer-Tropsch Synthesis) (Dry, 2004b). Operating pressures
are typically between 15 and 40 bar (Steynberg et al., 2004). Although all group [VIII

metals display some activity in the C-C coupling reaction during Fischer-Tropsch

synthesis, the most active metals are ruthenium, iron, cobalt, and nickel (Vanjnice,

1975, 1977; Dry, 1981). This is related to the capacity of the metals to dissociate

- CO. Of these metals only cobalt and iron catalysts are used commercially.

2.1.2 Formation of CO,

Product water can react further via water gas shift reaction:

WGS:  H,0+CO <= COs+Hy AHpgmoo = ~39.3kJ/mol | (2.2)

This side reaction is mainly catalysed by iron cata.lysts, cobalt has almost no [water

gas shift activity. However, the water-gas shifttactivity of iron catalysts makes them

flexible towards the H,:CO feed ratio of the synthesis gas. If the Hy:CO ratio is lower

than stoichiometrically required, it can be adjusted in the reactor via the reaction of

OWS

the utilization of feed-stocks with a low Hy:CO ratio such as typica.lljr obtained from -

gasification of coal. The water gas shift reaction is undesirable for Fischer-Tropsch
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synthesis with hydrogen-rich syngas produced from natural gas as it results in low

carbon efficiency in a gas-to-liquid process because carbon is lost as COs.

COg is produced mainly by the WGS reaction, but can also be formec.i' via the
Boudouard reaction. This disproportionation of CO also leads to the formation of

carbon which can cause catalyst deactivation (Dry, 2004b).

Boudouard :  2C0 <=> C+ CO; AHpamec = —172.4ki/mol  {2.3)

2.2 Mechanisms of product formation

Transition metal surfaces have unique properties with regard to catalysing a se-
quence of complex reactions which occur in Fischer-Tropsch synthesis. The prop-
erties begin with the dissociative adsorption of CO and H, followed by complex
rearrangements through the formation and breaking of bonds and finally desorption |
of the products (Dry, 1981; Anderson, 1984). Several competing reactions may all
occur with similar probability, thereby reducing the selectivity to the desired prod-
ucts. Fischer—Tropsch synthesis is viewed as a surface pélymerisation reaction in
which widely recognised steps form the key sequence of reaction pathways: reactant
adsorption - chain initiation - chain growthA - product desorption - readsorption of
reactive products and further reaction. Numerous reaction pathways have been pro-
posed to explain the observed product distribuﬁon in the Fischer-Tropsch synthesis.
These include: the surface carbide mechanism (Fischer and Tropsch, 1926), a_mech—
anism including an enolic intermediate (Stdrch et al., 1951), the CO-insertion mech-
anism {Pichler and Schulz, 1970) and an alkenyl intermediaﬁe mechanism (Maitlis
et al., 1999). Extensive reviews of these mechanisms can be found in literature (Dry,

1981; Anderson, 1984; Claeys and van Steen, 2004).
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2.2.1 Proposed growth mechanisms

Figure 2.2 shows a summary of the proposed four reaction pathways. The alkyl

11

mechanism developed on the basis of the carbide-mechanism (Fischef and Trop]sch,

1926; Craxford and Rideal, 1939) is presently the most widely accepted mechaéxism

for chain growth in the Fischer-Tropsch synthesis (Claeys and van Steen, 2004).

this mechanism CH, species are formed after dissociative CO chemisorption
résulting surface carbon, C (_&) is subsequently hydrogénated with surface hy
gen (H) yielding, in consecutive reactions, CH (4), CH, (5) and CH; (6) su
species (Erley et al., 1983; Wang and Ekerdt, 1984; Kaminsky et al., 1986).

In
the
dro-
rface |

The

CO-insertion mechanism, developed by Pichler and Schulz (1970), has identical steps.

leading to the formation of CH, surface species. In essence, the two mechanisms

have the same chain initiator, the surface methyl species (6), but different chain prop-

agation monomers. Chemisorbed CO (1) is the monomer in the case of the insertion

- mechanism whereas a CH> (5) surface species is regarded as the monomer for the

- alkyl mechanism. Chain propagation can involve C Hj insertion (alkyl mechanism)

to form an alkyl species (10} or CO-insertion in a metal-alkyl bond (7) leading to

a surface acyl (8) species, which can subsequently be hydrogenated to form sp

ecles

(9). Chain termination reactions of these oxygen containing species leads to the

formation of oxygenates (Anderson and Ekerdt, 1985; Dry, 1990). Oxygeﬁ elimi-

nation from the surface species (9) via formation of water leads to the formation

“of the alkyl species (m), identical to the species formed via the alkyl mechgnism.

Chain termination of this species occurs via H-addition yielding n-paraffins or via

-H-elimination yielding a—_oléﬁns.

With the alkenyl mechanism proposed by Maitlis et al. (1999), the vinyl surface
species (CH = CHj) (11), formed through the coupling of methylidyne (CH) (4)

and methylene (CHa,) (5), is considered the chain initiator and the CH, surface

species the chain propagation monomer. Product desorption in the alkenyl mecha-

nism involves the addition of hydrogen to an alkenyl (13) species yielding a-¢lefins.
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Figure 2.2: Overview of Fischer-Tropsch reaction pathways

This mechanism fails to explain the primary formation of n-paraffins and does not
explain the formation of oxygenates (Claeys and van Steen, 2004). Furthermore,
there is no experimental evidence for the isomerisation reaction of the allyl species

(12) to form the vinyl species (13).

Another mechanism, the enolic mechanism, was proposed by Bureau of Mines Work-
ers (Storch et al., 1951) In thls mechanism, chemisorbed CO (1) is hydrogenated to
form an enolic surface species (14) which is both the chain initiator and monomer.
Chain growthv occurs via a condensation reaction between two enol ‘species under
formation of wé.ter, and chain termination yields oxygenates or a-olefins and n-

paraffins. Further hydrqgéna,tion of the enolic species (14) will lead to the formation
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of surface species (15) which in turn can be converted to methyl species (6), 1
chain initiator for alkyl and CO-insertion mechanisms. The major drawback of
enol mechanism is that there is no experimental evidence for the existence of

enolic species.

13

;he
the
the

Water is also formed in large quantities as well as carbon dioxide depénding on the

catalyst used. CO; can be formed via the reaction between the chemisorbed CO

L)

and surface oxyl species (19). Water is formed by the reaction of the surface gxyl

species (19) with abundantly available hydrogen species (20).

Although it fails to explain the formation of oxygenates, the carbide mechanism is

the most widely accepted one. Some researchers believe that the co-occurrence of a

second mechanism e.g. the CO insertion mechanism would account for the format

ion

of oxygenates (Hindermann et al., 1993). Alternatively oxygenates might be formed

via the addition of OH species to surface alkylidene species (21) (see Figure 2.3
species 21) (Johnston and Joyner, 1993).

- 2.2.2 Formation of branched hydrocarbdns

The alkyl mechahism described above does not account for the formation of branched

for

hydrocarbons. However, a reaction pathway analogous to the alkyl mechanism| was

propésed by Schulz et al. (1970, 1988,. 1990). In this reaction pathway, it was

proposed that the formation of branched hydrocarbons (Figure 2.3) involves

the

reaction of an alkylidene surface species (21) and a methyl surface species (6) to form

species (22). Schulz et al. (1970, 1988, 1990) also proposed the partial formation

of branched hydrocarbons via olefins such as propene which can re-adsorbed on

the

penultimate carbon atom (22) and then react with methylene to form a branched

surface species (23). A desorption of such species would then yield methyl branched

prbduct molecules.
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CHy=CH—CH; ~tH_ HG CHs
H,G CH, . CH
?Ha \C{'i +CH, ' éH
Q 2 <3
A

Figure 2.3: Formation of branched hydrocarbons as proposed by Schulz et al. (1970,
1988, 1990) :

2.3 Fischer-Tropsch product spectrum

The Fischer-Tropsch synthesisj is comp'a‘rable‘ to a conventional polymerisation pro-
cess such as ethylene polymerisation resulting in a distribution of different chain-
lengths of the products (Anderson, 1984). This behaviour was originally noticed by
Schulz (1935) and Flory (1936). The high degfee of order with repeating selectivity
patterns in different carbon number fractions suggests a strict kinetic basis of this
surface polymerisation Witﬁ stepwise addition of a C; monomer species which is
well suited for seleétivity modelling (Friedel and Anderson, 1950; Claeys and van
Steen, 2004). Neglecting the formation of oxygenates and branched hydrocarbons
and making the assumption that only one sort of product Pry can desorb per carbon
number N, one can propose a simple basic chain growth model of this polymerisation

as depicted in Figure 2.4.

Pr, Pr,  Pr, V Pry

Td» Td.g Td g g"Td

co 9,
H2 :> Sp, Sp, Sp; Spn

9
Figure 2.4: Kinetic scheme of chain growth and product desorption

Notably, the entire product spectrum can be characterised by a single parameter,
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i.e., chain growth pfbbability D, defined as:

= 2.4
Pe Ty +Ia (2.4)

where r; and rq are the rates of chain growth and desorption respectively. A mass
balance around a surface species Spy at steady state results in the theoretical chain
length distribution described by means of the so-called Anderson-Schulz-Flory (ASF)

equation, which is represented as:

Ig (%) = Nlg(pg) + lg-i-%-;%-‘?-gl (25)

g

where Wy is the mass fraction of a product consisting of N carbon atoms. Note
that a derivation of above equation is given in Appendix A; pg is often called o
in literature. Equation 2.5 implies that Fischer-Tropsch synthesis is not selective
towa,rds a single reaction product or a specific carbon range except for methane as
it can be produced with iOO% selectivity at a chain growth probability of zero (Dry
- and Qosthuizen, 1968; Anderson, 1984). Notice that 'higher vé,lués of pg give higher
mqlecular weight products (Figure 2.5). Hence, the product range is divided |into
the following carbon number fractions representing different possible enol products:
C; (methane), (C — C4) (gaseous hydrocarbons), (Cs — Cy;) (gasoline), (Ciz — Cis)
(middle distillate/diesel) and Cyg; (wax). -

2.3.1 Deviations from ideal distribﬂtions

The Anderson-Schulz-Flory equation presents straight lines when plotting molar
pfoduct fractions (Wy/N) logarithmically over the carbon number, with the slope
reflecting the chain growth pﬁ:obability. In distributions of real Fischer-Tropsch
products often deviations from this behaviour are observed (Iglesia et al., 1993;

Schulz and Claeys, 1999; Claeys and van Steen, 2004) with:
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Figure 2.5: Theoretical product distribution as a function of the chain growth probability
assuming ideal ASF kinetics ' '

s Relatively high molar methane content; additional sites responsible for solely

' methaﬁe productiori have been proposed to explain this (Schulz et al., 1995).

e A lower than expected C, selectivity.

e A chain length dependent chain growth probability, leading to a curved ASF
~ distribution and higher than expected selectivity of heavy products.

The latter two 6bservations haire been attributed to re-insertion of reactive product
a-olefins into the chain growth mechanism (see Figure 2.6). a-olefins are believed
to be the main primary products of Fischer-Tropsch synthesis with concentration
of 70-90 mol% in the corresponding carbon number fractions {(Schulz and Claeys,
- 1999). Their increasing solubility with increasing carbon number (Schulz et al., 1990;
Schulz and Claeys, 1999) or their decreasing diffusivity (Iglesia et al., 1993) lead to a

carbon number dependent increase of their residence time and therefore an increased
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- chance for readsorption. The readsorbed species formed is indistinguishable from a:

=

alkyl species formed via chain growth and it can initiate further chain growth, whic

due to the carbon number dependency of the readsorption event, would account fo

e R A

_the observed curvature in the ASF distribution. The relatively low amounts of C

in Fischer-Tropsch distributions is believed to be due to the much higher reactivit

of ethylene compared with the other a-olefins (Schulz, 1999).

Growth

o / Linear HCNs
+H : +CH2 N

R - CHy —CH = CHy T R-CHp-ChHp-Ghy

+H '
- R~ CHy~ CHy ~ CHg
‘ : -H / +H
R~CH=CH- CHg 3 R—QHZ*CH—CH:g :

KCHZ
\ Growth

Branched HCNs

Figure 2.6: Kinetic scheme of the main secondary reactions in FT syntﬁesis (adapted
from Schulz and Claeys (1999))

F\lrthefmqre, readsorption of n-olefins can lead to their hydrogenation to form the
corresponding paraffin of the samé carbon number, or it can result in isomerisa-
-tion via double bond shift to form less valuable olefins with internal double bonds
(see Figure 2.6). These secondary reaétions would not result in a carbon number
alteration of’the product distribution. The intermediate of the formation of olefins
with internal double bond, an alkyl‘ species ati_;a.ched, to the metal surface Wit;h a
penultimate carbon atom can, after chain growth, also result in the formation of
‘ methyl-branched species (see also Figure 2.3). This step is however believed to be

severely sterically hindered and suppressed (Schulz and Claeys, 1999). It should be
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noted that secondary reactions in particular that of isomerisation can also occur
on catalytic centres other than those of Fischer-Tropsch chain growth, e.g. on the
catalyst support.

2.3.2 Factors affecting product selectivity

The distribution of the products and their composition depends on the process op-
erating co:iditions; temperature, pressure, Hy : CO ratio, residence time, and the
properties of the catalyst used. The effect of process conditions on product selec-

tivity is listed in Table 2.1 (adapted from Claeys (1997)).

Table 2.1: Effect of process conditions on product selectivity (adapted from Claeys
- (1997)) '

Terhperature Pressure H,:CO Residence K¢

‘ time
Methane selectivity 4 - + + -
Chain growth - + - ~ +
Chain branching + - ~ ~ -
QOlefin selectivity ~ ~ - - +
Oxygenate selectivity - + - - +
Carbon deposition o+ ~ - ~ +

-+ increase with increasing parameter
- decrease with increasing parameter
~ no clear effect

aPotassium loading of iron catalysts

Methane selectivity and chain growth are generally affected oppositely. The forma- “
tion of long chain linear products is favoured at low temperature where chain growth
probabilities exceeding 0.9 can be achieved. Low temperature Fischer-Tropsch pro-
cesses (220-250 °C) mainly aim at production of high molecular weight products such.
as diesel and wax. The latter can be cracked selectively to increase diesel yields up
to 80 wt% (Eilers et al., 1990; Sie et al., 1991). Both iron and cobalt based catalysts

are being used in low temperature processes which employ multi-tubular reactors;
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slurry beds have also been developed (Espinoza et al., 1999; Steynberg et al., 2004).

Chain growth probabilities in the iron-catalysed high temperature process (330-350
°C) are generally below 0.7 and the process is designed to produce gasoline and

light oleﬁns (Steynberg et al., 1999). Fluidised bed reactors are used in this process

. (Steynberg et al., 1999). Commercial processes are conducted at elevated pressures: | |

25-40 bar in LTFT and 25 bar in HTFT. Increasing of total pressure generally leads
to higher chain growth probabilities.

The H3:CO ratio has a pronounced effect on chain length and the goinpositibn of |

the products; high ratios leading to a lighter product which can be explained by
enhanced product desorption with respect to chain growth in the kinétic Fischef—
Tropsch méchanism.- At hydrogen rich conditions, low olefin and oxygenates contents
are found, which - to a large extent - is due to increased secéndary. conversion
of these valuable products facilitated by hydrogen. Residence time has a similar
effect. Table 2.1 also lists the effect of potassium, a crucial promoter in iron based
Fischer-Tropsch synthesis. Potassium, which is added in'small quantities of less
than 5 wt%, dramatically increases chain growth and improvés selectivity towards
| chemicals, mainly via forcing back their secoridary reactions (Schulz and Claeys,

1999). It does however also enhance carbon depositiori which can lead to catalyst

deactivation. Possible effects of metal crystallite size in a Flscher~Tropsch catalyst

- on product selectivity are described in section 2.6.

2.4 Catalysts for Fischer-Tropsch synthesis

Metals of the Group VIII can be used as catalysts for the Fischer-Tropsch synthesis
since these metals can dissociatively'adsoi‘b CO and H;. The most important metals
are iron and cobalt which until now are the only ones used for industrial application
(Dry, 1981; Anderson, 1984). Iron catalysts have a higher tolerance for sulphur, are

cheaper, and can produce more olefin products and oxygenates compared to cobalt

19+

I
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catalyst (Dry, 1993; Schulz, 1999). The lifetime of the iron catalysﬁs is short and in
- case of high temperature Fischer-Tropsch synthesis is limited to eight weeks time on
stream (Dry, 1981). The cobalt based catalysfs are in general more active than iron
énd have a longer life, usually over five years time on stream (Schulz, 1999). Cobalt
is well suited for use in Fischer-Tropsch processes with hydrogen-rich synthesis gas
véit;h H,:CO ratios of around 2, as obtained from reforming of natural gas, whereas
iron catalysts, which are usually potassium promoted, also catalyse the water gas
shift reaction, so that synthesis gas with lower Hy:CO ratios, as obtained from coal

gasification, can be used.

Nickel and ruthenium based catalysts are also capabie of producing higher molecular
hydréc;arbons (Vannice, 1977; Dry, 1993). However, the major disadvantage of nickel
is that at industrial conditions, it produces mainly methane. Ruthenium catalysts -
are the most active F’ischer—Tropsch catalysts and can produce a high molecular
wéight wax at reaction temperatures as low as 150 °C. Additionally no promoters
are required to stabilize its activity (Schulz, 2003). However, the high price and
availability of ruthenium excludes it from being used at an industrial scale thereby
limiting its application to academic studies. Most catalysts of practical importance
possess large specific surface areas, which can be achieved with small crystallites
in ihe nanosize range. Besides the active catalytic agent Fischer-Tropsch catalysts

- often contain supports and promoters.

2.4.1 Chemical promoters

Potassium has long been used as a chemical promoter for iron catalysts to effect |
a change in catalyst activity and product selectivity (Anderson et al., 1952; Dry
and QOosthuizen, 1968; McVicker and Vannice,' 1980; Amelse et al., 1981; Dry, 1981;
‘Arakawa, and Bell, 1983, Donnelly and Satterfield, 1989; Bukur et al., 1990; Raje
et al., 1998; Luo and Davis, 2003). Potassium enhances the CO binding strength,

facilitates CO dissociation while lowering the strength of metal-hydrogen and metal-
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Oxygen bonds, thus resulting in an increase of all CO—canuming reactions including
Fischer-Tropsch, CO conversion via water gas shift and formation of carbides andi
free surface carbon (Kélbel and Ralek, 1980; D_ry, 1981). Low degrees of potassium!

%
promotion therefore lead to an increase of Fischer-Tropsch and water gas shift activ-1 -

ity, while at very high Ioading excessive carbon deposition can lead to the opposite

effect. Potassium further compensates acidity introduced by some étructural pro-\

moters (é.g. AlyO3). In doing so it forces back undesired secondary reactions such ‘\
as olefin isomerisation and lafgely improved olefin selectivity can be achieved with %
such catalysts (Claeys, 1997). Consequently, all commercially used iron catalysts are |
potassium promoted. In contrast to this, potassium promotion of cobalt catalysts

leads to decrease in activity (Kazansky et al., 1988; Liu, 1992; Blekkan et al., 1993),

however, effects on selectivity similar to those on iron catalysts are observed.

»« | |

U
[

- 2.4.2 Réduction promoters

The oxidic catalyst precursors are generally exposed to reductive pretreatment in hy-

drogen, carbon monoxide or mixtures thereof in order to generate the active metallic

S
U

or carbidic form of the catalyst. Generally, catalysts with high degrees of reduction \
| are more active. However, such reduction degrees can often only be achieved at {rery |
“high temperature, where sintering processes (increése of crystallite size) become
dominant which leads to a loss of active metal surface area or dispersion respec- \
tively. The addition of a reduction promoter facilitates the redﬁction process most

likely due to a hydrogen spill-over process from the reduction promoter to the metal

oxide {(Haggin, 1991). Copper is often used in iron based Fischer-Tropsch catalysts |

and noble metals such as Pt, Pd or Ru are often used in cobalt Fischer-Tropsch

. catalysts. It is generally believed that reduction promoters do not impact on the 1
selectivity of the Fischer-Tropsch reaction. |
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2.4.3 Structural promoters /supports -

Structural promoters are sometimes also referred to as supports. Supports are mi-
croporous metal oxides Which‘usually possess a high surface area, high thermal and
chemical stability and high mechanical strength. The support acts as a dispersing
agent of the active metal crystallites (see Figﬁre 2.7) and its major function is to

suppress sintering of the active metal.

 Active phaée |

W

i
, ?};’;"

Supported catalyst

Support material

' Figure 2.7: Dispersed active phase on support material

Often interactions between active metal and support material occur, Which ham-
per the reducibility of the catalyst precursor (Tauster et al., 1978; Ioannides and
Vefikios, 1993). All commercia.l'cobalt'ca.ta,lystsr are supported in order to ensure
maximum utilisation of the expensive active metal. In commercial iron based cata-
lysts orﬂy the low temperature catalyst contains small quantities of structural pro- .
mdters, whereas the high temperature iron catalyst, a fused catalyst, is virtually

free of support material (Dry, 1981; Anderson, 1984; Dry, 2004b). Supporting iron
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|
|

catalysts, in particular those to be used in HTFT, might result in higher catalyst

activity and improved catalyst stability or lifetime réspectiirely (Dry, 1981; Bukur Q1

et al., 1990; Bartholomew, 2001). | _ |

2.5 Catalyst deactivation

Recently several authors have reviewed possible causes of catalyst deactivation
(Forzatti and Lietti, 1999; Bartholoméw,_ 2001; Moulijn et al., 2001). During Fischer-
Tropsch synthesis,zcatalysts may loose their asfivity due to poisoning by contami-
nants such as sulphur in the feéd (Bartholomew, 1987; Rostrup-Nielsen, 1991; Brom-
field and Coville, 1999). Catalyst surface and pores may be fouled by carbon pfo~
duced by cracking reactions of hydrocarbon reactants or products (Rostrup-Nielsen

and Trimm, 19?7; Trimm, 1983; Bartholomew, 1987; Menon, 1990; Rostrup-Nielsen,

1991; Bartholomew, 2001). At high temperatures, thermal degradation may occur in -

the form of active phase crystallite growth, sintering (Wanke and Flynn, 1975; Ruck-
enstein and Dadyburjor, 1983; Bartholomew, 2001). The presenée of reactive gases
such as CO; and H>0 may cause a change in the oxidation state of the catalytically
active ﬁhase (Dry, 1981; Jager and Espinoza, 1995; Dry, 2004b). Thefefore catalyst
deactivation can be thought to be a result of a number of unwémted chemical and
physicél changes. Accordingly, the causes of deactivation ‘are classically divided into
three basic categories: chemical, mechanical and thermal in which basic mechanisms
such as poisoning, fouling, sintering and vapour-solid reactions are in§olved. Table

2.2 briefly summarizes the selected mechanisms.

2.5.1 Poisoning

Catalyst poisoning involves a strong irreversible adsorption of either reactants, prod-

ucts or impurities on the catalytic site thereby physically blocking the adsorption
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Table 2.2: Types and mechanisms of catalyst deactivation (Bartholomew, 2001)

Type Mechanism Description
Chemical ~ Poisoning Strong chemisorption of species on catalytic sites,
thereby blocking sites for catalytic reactions
Gas-solid Reaction of fluid with catalytic phase to produce inac-
reactions tive phase ‘
Mechanical Fouling Physical deposition of species from fluid phase onto the
‘ catalytic surface and in catalyst pores
Thermal Sintering Thermally induced loss of catalytic surface area

site and thus rendering the site inactive. These species once adsorbed onto the site
rhay also induce changes in the electronic or gebmetric structure of the surface, that
is, poison-induced reconstruction of the catalytic surface (Forzatti and Lietti, 1999;
Bartholomew, 2001). The most common poisons for Fischer-Tropsch catalysts are
H,S, COS, a,fsenic, NH; and metal carbonyls (Barthélomew, 2001). Sulphur poi-
soning of commercial iron catalysts is one of the most serious deactivation problems
in Fischer-Tropsch synthesis. This probiem is most comménly encountered with
‘coal derived synthesis gas. A few parts per billion of sulphur cont'aining compounds
can drastically reduce catalyst activity and the catalyst life (Shultz et al., 1962;
Bartholomew et al., 1979; Dry, 1981; Bromfield and Coville, 1999; Bartholomew,
2001). Therefore, sufficient sulphur removal from the synthesis gas is of utmost im-

portance, in particular if expensive cobalt based catalysts are used (Schulz, 1999).

2.5.2 Fouling

‘The effects of fouling by carbon on a supported metal catalyst occur in two no-
ticeable ways, namely; carbon or carbonaceous speci_eS may totally enca,psﬁlate a
metal crystallite and render the crystallite inactive, and micro- and mesopores may
be plugged such that access of reactants is denied to crystallites inside these pores

(Bartholomew, 2001). Carbon formation on metals can be thought to be structure-
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sensitive, that is, se:isitiye to surface structure and metal crystallite size (Bitter
et al., 1999; Bartholomew, 2001). Larger Pt crystallites were found to deactivate|
more rapidly during CO,/CHy reforming than those containing small crystallites
(Bitter et al., 1999). Conversely, higher rates of carbon formation were obtained |

during methanation on Ni catalysts with smaller metal crystallites (Rostrup—Nieléen,
1974; Bartholomew, 1987).

Support particles |

Metal crystallite

Pore plugging

Metal crystallite encapsulation

. Figure 2.8: Possible effects of fouling by carbon on a supported metal catalyst (taken
from Bartholomew (2001))

2.5.3 Sintering

Thermally induced deactivation of catalysts results mainly from loss of effective cat-
alytic surface area due to crystallite growth (sintériﬁg) of the catalytically active
phase (Wanke and Flynn, 1975; Ruckenstein and Dadyburjor, 1983; Bartholomew,
2001). Sintering is probably the main cause for deactivation of Fischer-Tropsch cat-
alysts. Experimental observations have shown that these catalysts mostly lose their

activity at high temperature and sintering is generally accelerated by the presence
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of water vapour which is a product of the synthesis (Dry, 1981; Forzatti and Lietti,
1999; Bartholomew, 2001; Moulijn et al., 2001). |

The mechanism of sintering is directly related to the melting temperature as defined
by the two semi-empirical relations, the so-called Hiittig and Tamman temperatures.
When temperature is increased the mobility of atoms increases (Moulijn et al.,
2001). Upon reaching the Hiittig temperature, atoms at defects will become mobile
(surface recrystallisation). At the Tamman temperat-ure atoms from the bulk will
exhibit mobility (bulk recrystallization). At the melting temperature, the mobility
will be so high that liquid phase behaviour is observed. The two semi-empir'ica.l
relations shown in Equations 2.6 and 2.7 are recommended for use and Table 2.3
gives kdata of Tiittig. 81d TTammen for commonly used Fischer-Tropsch metals and

‘support material similar to those in this work.
Thittig = 0.3Timelting (2.6) -

TT&mman = OQSTmelting o » (2'7)

Table 2.3: THittig, TTamﬁm, Trnetting values of metals relevant for Fischer-Tropsch syn-
thesis (Moulijn et al., 2001) and support materials similar to those used in
this work

Compound Tmelting TTammm THiittig

K | K K
Ru 2723 1362 817
Fe 1808 904 542
Co 1753 877 526
Ni 1725 863 518
Al,O4 2318 1159 695

Ceraphite 3652 1826 1096
*sublimes at this tempeiature |

%

However, for small crystallites the temperature at which mobility occurs may be

much lower than that indicated by Thittig ©f Tramman- Thermostable supports such
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as alumina are generally used in supported metal catalysté and small metal clusters |

are often anchored to them by chemical bonds, so avoiding sintering (Moulun et al.,

2001). Metals also sinter relatively qulckly under an oxidizing atmosphere, however ‘H' ‘
the process is slow under reducing and diluted atmospheres (Wanke and Flynn, g

1975). In general, sintering processes are difficult to reverse and therefore need to \
be prevented. \

| | 3
2.5.4 Gas—solid reactions

Dispersed metals, metal oxides, and metalAcarbides are all typical catalytic phases

with surfaces similar in composition to the bulk phases. For a given reaction, one
of these catalyst types is generally substantially more active than the others. For \
example metallic iron and some iron carbides Fe;C, FesC, and Fe;Cs are thought to {
be active for Fischef—Tfopsch synthesis while the oxides are thought to be inactive \
(Dry, 1981; Anderson, 1984; Mansker et al., 1999; Bian et al., 2002; Li et al., 2002) |
‘. While these chemipal modifications are closely related to poisonixig, the distinction H
here is that the loss of activity is due to the formation of a new phase altogether i‘
rather than to the presence of an a,dso_rb‘ed species. For example, an iron Fischer- \\
Tropsch catalyst .cah bg tr‘a.nsformed from either metallic iron or iron carbides to

!
inactive magnetite, FesOQy, at high carbon monoxide conversions and hence high |
water partial pressures (Dry, 1981). |

Figure 2.9 shows temporal changes of the composition of a high temperature iron

1
1
s
%
%
o | \
catalyst during a Fischer—Tro_p_sch process (Dry, 1981), from initially metallic iron to E
a mixture of magnetite and iron carbides. Such'changes have also been observed by |
Storch et al. (1951), Mansker et al. (1999), Schulz et al. (1999), Schulz et al. (2002) 1‘
and Li et al. (2002). There are indications that oxidation of cobalt during Fischer- \
Tropsch synthesis might be a cause of catalyst deactivation (Iglesia, 1997; Hilmen
et al., 1999; Jacobs et al., 2004; van Steen et al., 2005). Iglesia (1997) stated that

only small cobalt crystallites (d<5-6 ﬁm) would become inactive due to oxidation
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Composition

.- FesCy

Figure 2.9: The change in the composition of an iron catalyst during high temperature
Fischer-Tropsch synthesis (adapted from Dry (1981, 2004b))

Timé

-of these small crystallites by product water under Fischef—Tropsch conditions. A
thermodynamic analysis shows that oxidation of bulk metallic cobalt is not feasible
under commercial Fischer-Tropsch conditions (Anderson, 1956) However a detailed
thermodynamic analysis done by van Steen et al. (2005) seems to suggest that small
cobalt crystallites (less than 4.4 nm) can be oxidised under conditions which do not
allow the oxidation of bulk metallic’cobalt. This was attributed to the surface energy
contribution on the overall energetics of the system. Therefore, thermodynamic
aﬁalysis of nanosized cobalt crystallites support the possibility that small crystallites

can indeed oxidise under Fischer-Tropsch process conditions.

A similar behaviour might be expected for iron-based Fischer-Tropsch catalysts
where the active phases are believed to be metallic iron and iron carbides (Mansker

et al., 1999; Bian et al.,‘ 2002; Li et al., 2002). In the case of iron catalysts it well

" known that the gases, HoO and CO,, can reoxidize metallic iron and iron carbides

during synthesis (Dry, 1981; Duvenhage et al., 1994; Jager and Espinoza, 1995;

Hilmen et al., 1999) a,nvd' therefore cause catalyst deactivation. This was demon-
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strated by Espinoza et al. (1999); a fixed bed reactor was divided into 3 regiohs

namely top, middle and botbtom regions. The top region (inlet) usually experiences
a low water partial pressure whereas the bottom region (outlet) is exposed to the |
highest partial pressure of water. Espinozé et al. (1999) found that, in the top
fegion, the cryétallite size remained nearly unchanged while re-oxidation was very \
~low. The middle section of the reactor was found to be a mild catalyst deactivation |
region. With samples near the bottom of the reactor, the extent of re-oxidation was

higher than that‘ for samples from the middle section. The cause for deactivation 3

and therefore loss in activity was attributed to the high water partial pressure.

2.6 Structure sensitivity in Fischer-Tropsch syn-

thesis

Despite extensive research that spans over 80 years, a possible structure sensitivity
of Fischer-Tropsch synthesis is still an unresolved question (Boutdmiet et al;, 1982;
Boudart, 1984). Taking the definition of structure as the atomic arrangement at
the surface, for structure sensitive reactions one can expect changes in catalyst ac-
tivity per surface metal atoms exposed and changes in selectivity at crystallite sizes
smaller than 5 ﬁm (van Hardeveld and Hartog, 1969). This dependency has been
ascribed to a cbmbination of structural and electronic properties, both of which
change appreciably With crystallite size in the nanometer range. Some reactions
require a specific arrangement of‘the surface atoms respbnsible for the promotion of
the surface reaction steps involved (Weber et al., 2003; Zaera, 2004). These arrange-
ments or ”ensembles” are often referred to as the catalytic active site. For example,
ensembles of about 13 nickel atoms were found to be essential for CO dissociation
to take plé.ce in a methanation reaction (Delmon et al., 1987). C_onsequently, if
crystallites become too small, the chance to have such specific ensembles becomes

smaller. As has been modeled by van Hardeveld and Hartog (1969), the presence of
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certain configurations depends on crystallite size thus pbssibly affecting the activity

and selectivity properties of catalysts.

The rate of CO dissociation has been suggested to depend on, a crystallite struc-
ture, number of high versus low coordinated atoms and density of non-idealities
such as cracks (de Koster and van Santen, 1991; Ojeda et al., 2004). However, the
overall rate of Fischer-Tropsch synthesis is believed to be determined by steps of
produét desorptiqn and not CO-dissociation (van Steen and Schulz, 1999). Little is
known on possible structure sensitivity or crystallite size effects on the selectivity
of Fischer-Tropsch synthesis. A large number of reaction steps occur on the métai
surface of a Fischer-Tropsch catalyst, inter alia CO and H, dissociation, formation
of CH_,,: species, chain growth and product desorption. Schulz et al. (2002) proposed
‘that some reactions would preferentially occur on sites of low coordination ("on,
top sites”), and others on sites of high coordination ("hole sites”) or on plane suf-
faces, and the selectivity of Fischer-Tropsch synthesis should therefore be considered
structure sensitive. High concentrations of sites of low coordination are preferably
formed on small crystallites. Indeed, small crystallites showed 'preferred formation
of oxygenates as reported by Barbier et al. (2001) and Ojeda et al. (2(}0{1) when CO
hydrogenation experiments over cobalt and rhodium based catalysts respectively
were conducted. This is possibly an indication of a preferred reaction route (CO
insertion) on small crystallites. Effects of crystallite size on activity and selectivity
i.e. structure sensitivity, on iron based iron Fischer-Tropsch catalyst have not been

reported in literature yet.

Intrinsic crystallite size effects can also result from an enhancement in the relative
contribution from the metal-support interaction i.e. as crystallite size decreases the
fraction of the total metal atoms in contact with the support increases. Clearly, the.
structural and electronic details of the surface site are crucial in defining catalytic

activity and selectivity.
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2.7 Conventional preparatiori of supported cata-'\‘A

lysts

Speciﬁéally designed catalyst preparation techniques can help to gain new insights

and give new impetus in catalyst development of existing syntheses. Furthermore, by
varying substrate and catalyst components, the possibility of new reaction pathways
with pfactical application can be studied. Catalyst preparation may be subdivided
into chemical synthesis steps, calcination steps and activation steps. Therefore,
there is & need to understand preparation chemistry (Delmon et al., 1987). SupQ
ported Fischer-Tropsch catalysts are mainly prepared by means of precipitation or
impregnation. Less commonly used techniques for catalyst preparation include: ion
exchange, synthesis from organometallic compounds and vapour phase deposition
in which the metal precursor is loaded onto the support surface (Storch et al., 1951;
Dry, 1981; Anderson, 1984). |

2.7.1 Impregnation method

Preparation of catalysts by impregnation methods starts with a support in the de-

sired specification, size and shape. The precursor of the catalyst is then impregnated |

onto the surface of the support by combining the support with a salt solution of the
precursor, the amount of liquid often Iﬁ&tching the pore volume of the support ("in-
cipient wetness technique”). The catalytically active species is transported to the
interior of the support via capillary-type forces or by diffusional effects (Adesina,
1996). The liquid is then removed in a drying or calcination step resulting in oxi-
dic catalyst precursors. These processes may be repeated several times in order to

reach a desirable level of active metal concentration on the support. This method

is fast and allows the final property and configuration to be controllable in advance

(Huang and Schwarz, 1987). It is, however, harder to ﬁrepare catalyst with high
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“loadings and to obtain even dispersion of catalyst components on the surface (Dry,
1981; Anderson, 1984; Adesina, ‘199'6). The impregnation technique is also suited
to incorporate promoters in the catalyst, either via simultaneous impregnation with

the active metal or in a subsequent impregnation étep;

2.7.2 Precipitation method

During catalyst preparation by precipitation, the precursors of active compbnents,
often in their salt forms, are first dissolved in water or suitable medium to fofm a
homégeneous solution. The solution is then subjected to pH adjustment to force
those metal ions to precipitate. This can be done in the presence of a support |
material or the support material can be formed via simultaneous precipitation of a -
corresponding precursor/salt (co-precipitation), the latter method often results in
a more homogeneous composition (Dry, 1981; Anderson, 1984). After’ drying and
-calcination, oxidic catalyst precursors are obtained. In general, this method yields
“a catalyst with smaller crystallite sizes than catalyst prepared via impregnation,
‘better 'disbersion and it alsd allows incorporation of higher loading of the active
components in one step synthesis (Vannice, 1975; Nijs and Jacobs, 1980; Reuel and )

Bartholomew, 1984b,a).

2.7.3 Remarks

With above me£h0ds, &it is normally not easy to control the crystallite size and size
distribution because a of high degree of agglomeration and poor control of crystéllite
growth processes (Vannice, 1975; Reuel and Bartholomew, 1984b). Therefore, for
the synthesis of monodispersed, well-defined crystallites as needed in the anticipated
study, another approach is of utmost importance. A recently developed method: the
water«iﬁ-oil microemulsion technique, has shown great potential for controlling the

size and shape of inorganic nanocrystallites (Boutonnet et al., 1982; de Gennes and
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Taupin, 1982; Pillai et al., 1995; Pileni, 2003; Capek, 2004; Eriksson et al., 2004) and\

this simple technique may evolve as a promising tool for Fischer-Tropsch catalyst \‘ .

fabriéation (Bartholomew, 1991'; Adesina, 1996).

- 2.8 The microemulsion technique

The idea of using microemulsion systems for catalyst préparation was first suggested
by F. G. Gault (Corolleur et al., 1972; Eriksson et al., 2004) and synthesis of metal
nanocrystallites using this technique was first reported by Boutonnet et al. (19'82)'.'
The crystallite properties such as narrow sizé distribution in the nanometer range
and homog'enveous composition, make them excellent catalyst precursors (Bouton-
'het et al., 1982, 1987). Thus microemulsions can be applied in the preparation of
nanocrysﬁallites of a desired size. The microemulsion technique has been used for
synthesis of a wide range of materials (Pileni, 1989, 1993; Pillai et al., 1995; Capekl,
2004; Eriksson et al., 2004) such as metallic crystallites, metal oxides (Song and

Kang, 2000), semiconducting (Sdng and Kim,.2000) and magnetic materials (Pillai
et al., 1995).

CO; and CO hydrogenation with catalysts prepared by both microemulsion and
- impregnation methods have been studied by, among others, Abrevaya and Targos
(1987), Kishida et al. (1996) and Hanaoka et al. (2000). The catalysts prepared by

microemulsions often showed a higher activity than the impregnation 'counterpart.

2.8.1 The microemulsion system

Microemulsions are thermodynamically stable, dptically isotropic systems consisﬁing
of a surfactant and/or a co-surfactant phase, an oil phase, and an aqueous phase.
At macroscopic scale, a microemulsion looks like a homogeneous solution but at

molecular scale, it appears to be heterogeneous. The structure of a microemulsion,

|
\

|
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at a given temperature, is determined by its composition. In the monophasic do-
main, either on the water rich or the oil rich side of the phase diagram (Figure
2.10), the microemulsions consists of uniform and spherical droplets dispersed in
the continuous medium. At high water concentrdtion, the microemulsion consists
of small oil droplets in a continuous aqueous phase (oil-in-water microemulsion or
- normal micelle). With increasing oil concentration, a bicontinuous phase without
any clearly defined shape is formed. At high oil concentration, the bicontinuous
phase is transformed into small water droplets in a continuous oil phase (water-in-
oil micro-emulsion or reverse micelle). A two-phase system exists outside the areas
corresponding to microemulsion solutions described above. The presence of water

is necessary to form large surfactant aggregates (Pileni, 1993).

Surfactant

Normal micelle Reverse micelle

Two phases

Figure 2.10: Schematic phase diagram of surfactant-oil-water system

The characteristic properties of microemulsions include: spontaneous formation,
optically clear appearance, large interfacial area, low interfacial tension and solubi-
lization capacity for both water- and oil-soluble compounds. It should be pointed
out thét the system is temperature sensitive, particularly in the case of non-ionic

surfactants. Increasing the temperature will destroy the oil droplets while the water
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' ‘2.8.2‘ Preparation of nanosized crystallites using the water-
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droplets will be destroyed by a temperature decrease (Eriksson et al., 2004) Ther
fore, it is of practical importance in the case of nanocrystallite preparation that

microemulsion preparations are done at constant temperature. \

in-oil microemulsion technique

Water-in-o0il microemulsions provide partiéularly favourable reaction conditions for
the preparation of monodispersed crystalhtes The Wat;er-m—oﬂ microemulsion sys-

tem is an isotropic dlspersmn of the aqueous phase in the contmuous oil phase (Fig-

- ure 2.11) (Boutonnet et al., 1982; Stenius et al., 1984). In this technique, synthesis

~ of nanosized crystallites is based on the principle of confining the precipitation or

reduction of precursors in the tiny aqueous droplets of this water-in-oil microemul- |
sion (Pileni, 1993). When a soluble metal salt is incorporated in the aqueous phase |
of the microemulsion, it will reside in the aqueous micro-droplets surrounded by oil.

Precipitation can be carried out when droplets containing the metal solution and
e e e AT T e e i ST w—wﬁ——w-—'\f.._mﬂ\‘/\"ﬂ\,
the precipitating or reducing agent solution collide with each other. Each of these

P I e I

et e e e e b+ o ST T e

droplets will thus become a nanosized reactor for fornnng nanosized solid crystal-

lites and the size a@@tWe@ determme the resulting crystallite

e T -

™
size. A decrease in the water to surfactant ratio is expected to y1e1d smaller droplets
and thus the resulting metal crystallites after precipitation is expected to become

smaller.

- The reverse micelle structure provides a reaction template in the appropriate size

range, and size control is achieved by regulating the nucleation and growth process
(Sjobolm et al., 1996; SongAand Kim, 2000). In fact,l it is the dynamics of micel-
lar dispersions that make microemulsions so appropriate for this application. The
dropléts are subject to Brownian motion and collide continuously, 1éading to the

formation of short-lived dimers (see Figure 2.12) and to the exchange of the aque-



36 o CHAPTER 2. LITERATURE OVERVIEW

Agueous phase

Surfactant phase

Oil phase

Figure 2.11: Water-in-Oil microemulsion system

ous contents of the micelles (Pillai et al., 1995; Eriksson et al., 2004; Capek, 2004).
This dynamic process ensures a homogeneous repartition of the reactants among the

aqueous droplets and thus the formation of very monodispersed crystallites {(Eastoe

———

et al., 1991). However, the size of the crystallites obtained remains in most cases
directly related to the size of the water pool (Pileni, 1989). g

Micelle containing
agqueous precipitants
solution Precipitate

Collision of droplets \\i{:/
L | 87
i
Micelle contalning oy
Aquecus metal salt \\‘{/
solution & @
ABT
71N
* MIXING > INTERCHANGE " NUCLEATION g
& GROWTH

Figure 2.12: A schematic diagram of the pfoposed mechanism during precipitation using
two microemulsion systems (Pileni, 1989; Lopez-Quintela and Rivas, 1993;
Eriksson et al., 2004) ‘
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L
Parameters inﬂuencing the crystallite size and crystallite size distribution are the \1 |
reaction time, the chemical nature of the precursors and the constituents of the
micelle system and their composition as well as subsequent drying or calcination
conditions (Boutonnet et al., 1982; de Gennes and Taupin, 1982; Stenius et al., \
1984; Boutonnet et al., 1987; Pileni, 1989, 1993; Pillai et al., 1995; Song and Kang, \
20(}0; Song and Kim, 2000). Many of these process variables have been optimised
in previous studies (Boutonnet et al., 1982; Stenius et al., 1984; Boutonnet et al., \
1987; Pileni, 1989) to yield high purity nanosized crystallites, Only little research |
has been done in preparing supported cata.lysts using the microemulsion technﬁque. X
Oheapproach is to form the support in sitﬁ, via coprecipitation from its precursor i |

material (e.g. Kishida et al. (1996); Hayashi et al. (2002)). Another approach is to

add a solid support material during the preparation (Stenius et al., 1984; Abrevaya \
and Targos, 1987; Abrevaya, 1990; Eriksson et al., 2004)

|
|
\
The reverse micelle technique is a simple technique which does not require any \
special equipment. Nevertheless, this technique has its own challenges that need to
be tackled before its commercialisation. One hurdle is in the recovery and recycling

of the liquid phase and the other is to increase the amount of catalyst prepared from
a single microemulsion. A

| 2.8.3 Choice of surfactant.

Generally, surfactants can be classified according to the types of head groups namely
ionic, nonionic and amphoteric (Figure' 2.13). The polar head of surfactant will al-
ways orientate itself towards the polar phase in the microemulsion, for instance,

the water phase in a reverse micelle system. The most commonly used commercial

|
: surfactants that have been employed to prepare microemulsion systems are sodium \i
bis(2-ethylhexyl) sulfosuccinate }(AOT)‘, sodium dodecyl sulphate (SDS) and cetyl %

trimethyl ammonium bromide (CTAB). However, most of these surfactants are haz-

I
ardous chemical substances and can bring negative effect to the catalyst as i;hey may 3

T —
[
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introduce components such as sodium and sulphur to the resulting catalyst, which
may act as catalyst poisons if not removed effectively. As an alternative, nonionic
“surfactants can be used. Often co-surfactants (such as primary alcohols) are added
to modify the rigidity of the rrﬁcelle core, thus allowing for modiﬁcatidn of transport
processes through the core (Stenius et al., 1984; Boutonnet et al., 1987; Abrevaya
and Targos, 1987; Pileni, 1989).

anionic nonionic

cationic

- . Figure 2.13: Classification of surfactants




Chapter 3
Scope (jf tvh‘is work

‘ Fischér-Trbpsch synthesis is rega‘rded'as a surface polymerisation reaction catalysed - |
by transition metals, in particular Ni, Co, Fe and Ru. These catalytically active
metals are pfesent as small crystallites in Fischer-Tropsch catalyst. Control of size
of a metal crystallite on a support might be very important in-developing a catalyst,
which meets the activity, stability and selectivity requirements of avparticul‘ar cat-
alytic process. Whereas the highest mass specific catalyst activity is to be expected
when small metal crystallites are employed, small crystallites of cobalt have been
claimed to be inactive due to oxidation. A similar b‘ehavio{zr might be expected for
-iron-based cataljsts where the active phases are believed to be iron and iron car-
bides. During Fischer-Tropsch syntheéis, high H,O and CO, partial pressures may
cause the transformation of the active small metallic and/or iron carbide crystallites
to the supposedly inactive oxides. The exact crystal size, at which iron would trans-
form under Fischer-Tropsch reaction conditions, is not yet known. Furthermore, the
selectivity of Fischer—Tropschv synthesis has been suggestéd to be structure sensi-
tive, or dependent on crystallite size régardless of possible transformation processes. -
Consequently, in order to investigate the effect of crystallite size on activity and se-
lectivity in Fischer-Tropsch synthesis, catalysts with known narrow metal érystallite
siée distributions are required. Traditionally, supported Fischer_—Tropsch catalysts

39
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have been prepared via the conventional methods which can result in well-dispersed
nanometer sized crystallites but control of size was not achieved. This makes the in-
terpretation of crys;tallite size dependent behaviour of the catalyst impossible. Th.us,u
the application of the microemulsion technique to prepare a number of supported
iron catalysts is proposed. The experimental approach in this work ehtails: inves-
tigation of a suitable microemulsion system, preparation of unsupported iron oxide
crystallites and characterisation thereof, preparation of supported catalysts with
different crystallite sizes and characterisation thereof and finally Fischer-Tropsch

testing of these model catalysts.




Chapter 4
Experimental Methods

4.1 Preparation of water-in-oil microemulsion

Iron oxide crystallites with different sizes were prepared using water-in-oil microemul-
: sions and a precipitation technique. The study was subdivided into firstly charac-
terisation of a suifable water-in-oil microemulsion system, secondly preparation of
nanosized oxidic iron crystallites with controlled crystallite size and thirdly prepara-
tion of supported catalyst using the same microemulsion sysfems but selected with
regard to their composition. The water-in-oil microemulsion system, wdtej:/ Berol
050! (Akzo Nobel)/n-hexane (HPLC grade, Aldrich Chemical Company), shown on
the ternary diagram in Figure 4.1 was used in this“ work and previously by other
researchers Abre&raya and Targos (1987). For this ternary system, stable and opti-
cally transparent microemulsions were only obtained in the region depicted. Phase

separation or cloudy solution was noticeable outside these limits.

This stability region was obtained by titrating mixtures of Berol 050 and n-hexane
with water. The titrated samples were investigated visually. The formation of clear,

homogeneous and transparent solution, after stirring the mixture vigorouély, was

!Berol 050 is a nonionic surfactant, the chemical name being: Pentaethyleneglycoldodecylether

41
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Yo, Wt

Figure 4.1: Ternary diagram showing the stability region from which microemulsions
were prepared ( W: water, O: oil (n-Hexane), S: surfactant). Sample codes -
indicating amounts of water and surfactant in grams, mg; = 250 g: a 5:40,
b 5:48, ¢ 5:58, d 12:40, e 20:40, f 13:50, g 9:35, h 20:33

considered as belonging to the microemulsion regime. In contrast, phase separation
or a cloudy solution was considered to be outside the stability region. All the titra-
tion measurements were carried out at 25 °C in a thermostatic bath. Specifications
of the eight experiments conducted for preparation of nanosized crystallites are also
shown in Figure 4.1. The sample codes were constructed from the amount of aque-
ous phase and surfactant phase present by weight, for‘instance, 5:40 stands for 5
g aqueous phase and 40 g surfactant phase. In all cases the amount of oil phase
(n-hexane) was kept constant at 250 g. In experiments a, b and ¢, the amount of

water was kept constant while the amount of surfactant phase was being varied.
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In ‘experim‘ents ¢, d and e, the amount of water present was changed while that of
the surfactant phase was kept constant. The other 3 experiments, f, g and h were
taken randomly but strategically close to experiments a - d to ascertain the effect

of water-to-surfactant ratio. -

4.2 Precipitation of Fe*" ions in water-in-oil mi-

croemulsions

In this study iron oxide crystallites wefé prepared in microemulsions via precipitation
from iron (III) nitfa.te solutions using ammonium carbonate as a predipitant; For-
this, microemulsions were prepared in duplicate by firstly mixing specific volumes
of Berol 050 with n-hexane. After equilibration for 24 hours at room temperature,
a wéﬁ%gdue that formed was filtered off. Thereafter, appropriate volumes of an
- aqueous solution of ferric nitrate (Fe(NO3)3.9H;0, 99%, Sigma-Aldrich Inc.) and an
aqueous solution of ammonium carbonate ((NH,);CO3, 30-33% as NHj, Fluka) were
added to each of ﬁhe duplicate microemulsions respectively. The total amount of
oil phase and the salt concentrations were kept constant throughout all experiments

conducted. A 4:1 molar ratio of [(NH,),COj3):[Fe®*] was used to ensure the complete

 precipitation of the 0.5 M iron nitrate solution.

.'Thevtwo combined microemulsions were then mixed in a 2 [ glass beaker using
an overhead stirrer under constant stirring speed of 800 rpm for 3 hours (Figure
4.2). Due to collision and coalescence of the droplets, the reactants come in contact
with each other, react and form precipitate. The precipita,t'e remains confined to
the interior of the microemulsion droplets until they were separated from the liquid
phase by flocculating with acetone and thereafter washed with acetone several times
to remove the surfactant. This was followed by drying at room temperature (for 3

" hours), then at 120 °C for 24 hours and finally calcination at 300 °C for 3 hours in
" a fixed bed reactor under flowing air (owrate: 60 ml(NTP)/min/g; heating rate:
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10 °C/min). The success of these preparation attempts was mainly monitored using

Transmission Electron Microscopy for determining size distribution and shape of

the crystallites. During calcination the iron present in the form of W

oxyhydroxides is transformed into iron oxides.
T et T b it

% & &
2
Microemulsion | * Microemulsion 1

add acetone |t ~7, «
————————

Collision and Chemical reaction occurs Precipitate
coalescence of droplets {Hydroxide precipitate forms) settles at bottom

Figure 4.2: Schematic representation of synthesis of iron nanocrystallites via precipita-
tion in mxcroemulsmn using two mlcroemuismns _ '

4.3 Characterisation of water-in-oil microemulsions

An estimation of the sizes of reverse micelles consisting of water/Berol 050/n-
hexane and crystallites formed therein were conducted based on viscosity and UV
absorbance of the microemulsion solution. These techniques have been used by -

Hanaoka et al. (2001); Ingelsﬁen et al. (2001); Kinugasa et al. {2002); Caponetti



4.4. CATALYST PREPARATION i | 45

et al. (2003); Khiew et al. (2003); Hota et al. (2004) to characterise a number of

different microemulsion systems.

Viscosity measurements were done on all eight rhicroemulsions using a Brookfield
DV-1+ viscometer connected to a SO0 spindle at 25 °C under constant stirring
speed of 100 rpm for 5 minutes. This technique was also used to characterise the
microemulsions after a precipitation had been conducted in order to ascertain any

size changes of micelles.

UV—Vis absorption spectra of just-prepared iron nanocrystallites, via precipitation |
in microemulsion system, were recorded on a Biochrom Ultrospec 2100 pro spec-
trophotometer in the wavelength range 350—600 nm using a 10 mm quartz cell. Mi-
croemulsions containing only n-hexane, surfactant and water were used as reference

‘samples and absorption data for the other samples were corrected accordingly.

4.4 Catalyst preparation

Two series of supported catalysts of varying metal crystallite sizes were prepared by
the Water—in_—oil microemulsion technique. using an activated carbon support (Riedel-
de Haén; BET surface area: 1244 m?/g; BET‘average'pore diameter: 20 A) and
v-alumina (Purélox SCCa 5-150, Sasol, Germany; BET surface area: 162 m? / g; BET
average pore diameter: 115 A). Results of BET characterisation of these supports
are shown in Appendix B. Preparation of the active catalyst precursor was accom-
‘plished by mixing vof th microemulsions as described above. The only additional
step is the atdditionr of the support (Qarbon or alumina) to the microemulsion before
the precipitate was separated from the liquid phase by ﬂocculating with acetone.
An iron loading of 10 wt% was anticipated. Théreafter, the sample was slowly dried
in'a rotar vapour at 40 °C and 400 mbar for 1 hour, then 250 mbar until the sample
_' appeared dry. The catalyst precursors were then lbaded with potassium via incipient

wetness impregnation with an aqueous solution of potassium nitrate (KNOs, 99%,
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univAR, Saarchem). It was aimed at a potassium loading of 5 g K per 100 g Fe, a
typical level of pétassium loading in Fischer-Tropsch ca,talysts (Dry, 1981, 2004b).
The slurry was again allowed to slowly dry in a rotar vapour at 75 °C and 250 mbaf
for 30 min, then at 200 mbar for 1 hour, 150 mbar for another 1 hour and then
75 mbar until dryness. Subsequently, the sample was calcined under flowing argon,
60 ml(NTP)/min/g, in a fluidized reactor at 350 °C for 16 hours (heating rate: 10
°C/min). Here, argon was used instead of air to prevent combustion of activated

carbon.

4.5 Charaterisation of nanocrystallites and

catalysts

4.5.1 Transmission Electron Microscopy, TEM

The size and shape of the dried unsupported samples was determined using a_
JEM200CX (JEOL, JAPAN) Transmission Electron Microscope (TEM) operated

at 200 kV. Iron oxide powder samples were ultrasonically suspended in methanol
~and a drop of each sample was transferred onto a carbon coated copper grid. The
gopper grid is then covered with formvar?, support film for TEM grids, o0 prevent
crystallites from falling off the copper grid and contamination of the condenser. The |
samples were allowed to dry in air at room temperaﬁure before analysis.

Supported samples were analysed using a LEO 912 (Leo, now Zeiss, GERMANY)

R Tt
Transmission Electron M chroscope operating at 120 kV. The samples were placed

in a small plastic vial which was then filled with liquid resin. This was left to
.solidify in an oven at 60 °C for 48 hrs. Thereaftér, the samples were cut into

very thin slices, 60 nm thick using an Ultramicrotome LEICA UltracutS (Leica,

2otherwise known as polyvinyl formal
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AUSTRIA) cutting machine. The samples were transfered onto copper grids for
viewing under the microscope. Measurements of crystallit;e' size‘)were done manually

on TEM micrographs using an image analysis tool called ImageJ®.

The mean volume diameter of a crystallite distribution, ac,,,_TEM was calculated
using Equation 4.1 for comparison with results from other techniques such as XRD

which are sensitive to the volume of crystallites (Bergeret and Gallezot, 1997).

Zns e l-TEM
Znn b 1-TEM

(4.1)

dc v—TEM =

Wlth de,1-TEM the number or length based crystalhte d1ameter as directly obtained
from TEM micrographs. To obtain statistically relevant information of crystallite
size distribution, and average crystallite size, a minimum of n = 200 crystallites was

measured per sample.

~ 4.5.2 Scanning Electron Microscopy and Energy Dispersive

X-Ray analysis, EDX

A scanning electron microscope (LEQ S444 SEM, La:Ka, UK) equipped with a
Four Quadraxit Back Scatter Detector and an energy dispersive Fissons Kevex X-
ray spectrometer {(EDXA) Wif:h sigma analysis software was used to investigate the |

Macroscopic QSMEWWQ thesg?xioﬁ and W

the actual amount of iron on the catalyst. For quantification of the latter, samples
’*\AMM

of known iron concentration were used as standards.

Sample preparation involved sprinkling dry powder of the sample on an aluminium
stub coated with glue containing graphite. Here, graphite is used to conduct elec-
trons thereby preventing charge build up. The samples were then coated with carbon

which does not interfere with the elemental analysis.

3A public domain Java 1mage processmg program inspired by National Institute of Mental
Heslth ,
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4.5.3 Brunauer-Emmett-Teller method, BET

The specxﬁc surface g,reas and pore size dlStI‘lbutIOIlS of the structural supports alu-
' mina and actlvated carbon were determined via N, adsorption/desorption accordmg
to the BET method (see Appendix B) using a Micromeritrics ASAP 2000 analyzer
(Micromeritrics Instruments Corp., USA). BET surface area analysis was also ap-
plied on the unsupported oxidic crystallite samples for estimation of the dvera,ge
crystallite size assuming spherical geometry and that the crystalhtes were present

as Fegog after calcmatmn cf the precipitate in air (see also section 4.2).

6

e 4.2
PFe;05-Sg (4.2)

dc-geT =

de_ppr is the average crystallite diameter, S, is the surface area per gram of iron
oxide present dufing,BET analysis and PFe,0, is the density of FeoOg (5.25 g/cm?).

This size, d._sgT, is equivalent to the volume-weighted average.

4.5.4 X-Ray Diffraction spectroscopy, XRD

Analyses of crystalline phases in crystallite and catalyst samples asM

m
age crystallite sizes were determmed by means of X-ray e a,nalyms X-ray diffraction
M—

T et e s o e, € % T

measurements were done on a Phillips X-ray diffractometer with Cu-Ke radiation
of wavelength 1.540 A at 40 kV and 25 mA. The scan range was 5° < 20 < 75°, All
diffraction patterns were recorded in the step-scan mode with a step size of 0.05
degrees and a scan rate of 0.5 deg/min. Diffraction peaks of crystalline phases were
compared with those of standard compounds reported in the JCPDS* data file. The

average crystallite sizes, d._xgp were calculated from the peak width at half-height

4Joint Committee for Powder Diffraction Standards
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using the Debye-Scherrer equation: A

5 . _ kA
c--XRD = ﬁCOSG

(4.3)

A is the X-ray wavelength, k is the shape factor (k = 0.9), 4 is the diffraction angle
in degree and f is the line broadening of FWHM? in radian. It impdrtant to note
that the size d.xrp obtained at this particular 8 has no clear physical meahing
(Bergeret and Gallezot, 1997). However, in this work it will be considered as a

volume-weighted average size.

4.5.5 Temperature-Programmed Reduction, TPR

The reduétion behaviour of unsupported and supported samples was investigated by
means of temperature programmed hydrogen reduction. Temperature programmed
reduction was carried out in a U-type quartz reactor on a Micromeritics AutoChem?291(

- (Micromeritics Instrument Corp., USA). Tyj;ically, iron oxide 'pqwders (~30 mg)
and supported catalysts (=120 mg) were treated under a 5.6% Hy/Ar gas flow at
a flow rate of 50 ml(NTP)/min, from 30 to 1000 °C with a constant heating rate
of 10 °C/min. For supported catalysts, before each TPR run, the samples were
dried again with argon at 300 °C for 16 hrs (heating rate: 10 °C/min). This was

~ done in ordef to simulate the pre-treatment cdnditiéns applied in Fischef—Ti"opsch

reaction work. These experiments were done to check the reduction behaviour of

the samples.

r{“he instrument was also used to determine the degreé of reduction of a catalyst
_ as present afi:er hydrogen pretreatment pfior a Fischer-Tropsch experiment. For
this the catalyst samples were exposed to in situ Fischer-Tropsch synthesis pre-
treatment conditions i.e., heating to 350 °C for 16 hrs‘under flowing pure hydrbgeh

(heating rate: 1 °C/ min) and thereafter reduction in 5.6% Ha/Ar gas flow ramping

SFull Width at Half Maximum intensity
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from room temperature up to 1000 °C. E‘rom the hydrogen consumption of the

Rt

reduction of the pre-reduced samples and the known amount of Fe;O3 present in

R

a sample degrees of reduction could be determine_dBThe consumption of Hy was

measured using a thermal conductivity detector which was calibrated at regular
intervals using samples with known reduction behaviour (e.g. Ag;0, NiO). The
samples were heated with a regulated furnace and the temperature was measured

by a thermocouple placed 2 mm above the sample.

4.6 Fischer-Tropsch synthesis experiments

4.6.1 Experimental setup

The physicél setup of thé equipment for Fischer-Tropsch synthesis experiments is
: shown schematically in Figure 4.3. It consists of a U-tube micro fixed bed reac-
tor, E-5. Gases a,ré' supplied from cylinders (Air Products, H; 5.0, CO 3.7, Ar 5.0,
N. 50) and fed via mass flow controllers {Brooks 58508, Brooks Instruments, The
Netherlands). During operation, the synthesis gaé Ais fed to the system via mass
flow controllers F-1 and F-2, a 4-way-valve, 4WV is used to change from ﬁow from
bypass to the reactor. A pressure controlled argon stream was fed after the reactbr
to maintain énd control the total pressure in the system. A Nj/cyclohexane mix-
ture (0.15 % cyclbhexane in N,), used as an internal standard for sample analysis,
was fed to the system vié. mass flow controller F-3 directly to the product line at
" atmospheric pressure just before the product ampoule sampler, E-7 {see also sec-
tion 4.6.4). Liquid products in Fischer-Tropsch experiments, if formed, are collected
in a wax trap, E-6, which can be bypassed if né formation of liquid products are
expected. The temperature of the wax trap is normally set 10 °C below the tem-
perature at which the Fischer-Tropsch experiment is conducted, in order to ensure

efficient wax collection. The temperature of all other lines after the reactor are kept
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at temperatures 10 °C higher than the reaction temperature. .

.‘ -
S
4 “
; A Y
.

" Syngas .
. Through Reactor %

%
Syngas
Bypass Reactory

E8
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Flgure 4.3: Experimental setup for Flscher-‘ﬁopsch synthesis. P-1 - 4: Pressure regu-
lators; E-1 - 4: Line filters; E-5: Reactor; BE-6: Wax trap; E-7: Ampoule
sampler; E-8: Bubble flowmeter; Cond: Condenser; CV-1 - 3: Check valves;
V-1 - 6: One way valves; 3WV-1 - 2: Three way valves; 4WV: Four way
valve; NV: Needle valve; PIC: Pressure indicator and control; TIC: Temper-
ature indicator and control; FIC: Flow indicator and control; PI: Pressure
indicator; TI: Temperature indicator
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4.6.2 Reactor and catalyst packing

The reactor used was a U-tube fixed bed reactor made from stainless steel (O.D.
1 /%”, LD. 3 mm). The catalyst diluted with silicon carbide (Aldrich) was packed
inside the reactor and both ends were tightly plugged with glass wool so as to
prevent the catalyst bed from moving during an experiment and during pressurizing
and pressure releasing of the system. The reactor was then placed in a temperature
controlled electric furnace comprising an aluminium block housing. A thermocouple
was placed in an axial thermowell outside the reactor centrally between the limbs
of the U-tube (and in contact with the reactor wall) for the purpose of monitoring

and conﬁrolling temperature.

Thermocouple
Glasswool

Catalyst and diluent

Heating element

Alumninium heating block
(Electric furnace)

Figure 4.4: Configuration of the U-tube reactor

Prior to the conduction of FTS experiments, the temperature profile of the packed
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A bed was determined under typical reaction conditions of temperature and flow rate.
For these experiments an external thermocouple was positioned at different points
in the full lepgth of the packed bed 50 as to determine a complete bed temperature |
profile. The axial temperature profile was measuréd and found to be within +/-0.1
°C of‘ the average bed temperature over a bed length of ca. 10 cm. This becanie
the length from which the total volume of the catalyst and diluent required to fill

the isothermal space was estimated as being ca. 1.5 cm®. The catalyst dilution |
with SiC, which has a fairly high thermal conductivity, served to lower the amount
of heat released per catalyst bed volume. The particle size of the diluent (200-250
pm) and the catalyst (100-150 pm) was chosen small enough to allow for ideal plug
flow behaviour with negligible wall effects as -I-P—*gfm > 10 (Ertl et al., 1997), yet
large enough to ensure that pressure drop across the bed was smaller than 0.1 bar
at the réactidn conditions applied. Furthermore with catalyst particles smaller than
around 300 pm no hampering effect due to intra particle diffusion of the reactants |

are 1o be expecied (Claeys, 199?; Claeys and Schulz, 2004).

05¢g catalysf plus 0.45 g SiC were used.in the series with thé carb;)n supported
catalysts and 0.2 g catalyst plus 1.2 g SiC in the series with the alumina supported
‘niodel catalysté. In the latter series a lower catalyst loading was chosen to allow
- for experiments at higher space velocities or lower conversion respectively. To avoid
segregation of catalyst and diluent during loading of the reactor, the mixtures were
'v}ettened with small amounts of de-ionised water, which was later driven off in an
argon ﬁow;a,t; elevated temperature (110 °C). Special precaution was taken to make
sure that the caté.lyst bed is placed equidistant from the top of both limbs, i.e. po-
sitioned in the isothermal zone of the reactor (Figure 4.4). The inertness of silicon
carbide and the reactor during an experiment was tested in a blank experiment. Af-
ter Fischer-Tropsch synthesis, the catalysts were passivated in flowing CO; at room
temperature for one hour, the spent catalyst was then split into two when unpack-
ing the reactor. Selected samples of spent catalysts at the inlet side of the reactor,

where a more reducing atmosphere existed, and the spent catalyst at the reactor
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“outlet, that was exposed to a more oxidising environment -during Fischer-Tropsch
experiments due to the presence of water and carbon dioxide, were characterized

separately. This justifies the use of a U-shaped reactor.

4.6.3 Experimental procedure‘ for synthesis runs

All catalyst samples were activated in-situ prior to reaction at atmospheric pres- -
sures via calcination in argon ’followed by reduction in pure hydrogen (ﬁéw rate
‘of' both gases: 30 ml(NTP)/min). In both treatment steps the same temperature -
‘programme W&S' uSed entailing heating at a heating rate of 1 °C/min from Toom
temperature to 350 °C, which was kept for 16 hou:é. After activation the reactor
was switched to bypass (Figure 4.3 insert) Aand the catalyst bed temperature reduced-
to the reactionvtempera,ture, 2’?0 °C. While the catalyst bed was cooling under ar-
gon flow, the synthesis gas, CO and H, flows were set &t 20 ml(NTP)/min and 40
- ml(NTP)/min respectively and the reference gas ﬁowat‘ 20 ml(NTP)/min. The
~ system was then pressurised up to 30 bar (absolute) via a pressure controlled argon
stream and adjusting the needle valve to allow a total flow of 100 mI(NTP)/min
~ (argon and all other gases combined). Correct and stable flow rates were confirmed
by chroma,togfa:phic on line analysis of synthesis gas (CO and Hj) relative to the
reference gas (N) over several consecutive bypasé analyses. After this, the system
is switched from bypass to flow through the reactor (Figure 4.3 insert). This point
defines the start of the experiment. Progress of the reaction is then followed by
regular sampling of a combination of on-line (TCD) and off-liné (FID, ampoules)

analytical techniques (see section 4.7.1).

4.6.4 Sampling Aprocedure

The total composition of the combined stream of product and reference gas was sam- -

pled in their vapour stat'e using heated glass ampoules as prescribed by Schulz and
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Nehren (1986). In this technique, the capillary end of an evacuated glass ami;oule
is ’inserted, through the septum of a sampling device, into the efluent stream. The|
capillary is broken in the sampling device, so drawing a total vapour phase sample
into the ampoule after which the capillary is partially withdrawn and sealed with a
butane flame. This is illustrated in Figure 4.5. These ampoules are later crushed
- within an ampoule breaking device (for diagram see Append‘ix C) so releasing the
sample contents into an off-line chromatograph for analysis of organic compounds.
Inorganic gases and methane were analysed by means of on-line gas chromatogra-
phy. The experimental set-up is specifically designed to study fast initial changes of

catalyst activity and selectivity of synthesis gas conversion.

Before sample is taken

Breaking fork Septum

Evacuated
/ Ampoule

D

Gasin — -t —

After sample is taken

Gas in —»

Broken tip Gas out Ampoule sealer

Figure 4.5: Ampoule sampling procedural setup
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4.7 Product Analysis

4.7.1 Gas chromatographic analysis

Nitrogen was used as an internal standard for the on-line ‘a,nalysis where Hjy, Ny,
CO, CHy and CO, were analysed using a GC (Varian 3700) equipped with ther-
mal conductivity detector (TCD). Cyclohexane, CH,, which is not a product of
Fischer-Tropsch synthesis at the conditions applied, Awa,s used as an internal stan-
‘dard for the off-line analysis of organic compounds using a temperature programmed
gas chromatograph (Varian 3400) eéuipped with a flame ionisation detector (FID).
Conditions of the two gas chromatographic analyses are given in Table 4.1 and a
’ typical FID chromatogram is shown in Figure 4.6. Relative errors (repeatability of
these analysis techniques) are typically +3 % for TCD analyses and :i:i % for FID
analyses. The internal sta,ndards'which were accurately fed to the product stream
were used for caléulation of flow rates of inorganic and organic components and

subsequently conversions, yields and selectivities.

The TCD ksetup was calibrated on a monthly basis using calibration gas mixtures
with known composition. The peak areas: A;, obtained from the TCD analysis were
then used to calculate the relative calibration factors normalised for mtrogen, fTCD

 for each species (Equation 4.4).

e (A S ‘

— ) = frepi | — 4.4
| (nNz) e (AN2> | : . ( )
Typical calibrations were: frep n, = 0.083 £0.02; frop.co = 1.045 £0.031; frop co,
© = 0.969 £0.029; frcp,cn, = 0.290 £0.09. '

The resporise of a FID detector is strictly carbon specific, however oxygen cOntajning
components give a weaker response. In order to account for this, theoretical mass
specific response factors have been used following an incremental approach suggested

by Kaiser (1969). Here the response of all carbon atoms which are not bonded to .
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Table 4.1: Conditions for gas chromatographic analyses

Gas chromatograph

Varian 3700 (on line)

Detector

Column type
Stationary phase
-Carrier gas
" Flow rate

Analysis temperature

four filament thermal conductivity detector (TCD)

Tcietector = 200 C Tﬁla.ment = 250 °C
packed, stainless steel, 3 m x 2.1 mm

Carbosmveﬂ 80-100 mesh (Supelco)

argon
30 ml(NTP)/min
170 °C (isothermal)

Gas chromatograph

Varian 3400 (off line)
(adapted to ampoule technique)

Detector flame ionisation detector (FID) T = 250 °C
Column RTx-1 (Restek)
: fused silica capillary column, 60 m x 0.25 mm
stationary phase: 0.5 um dimethyl siloxane
(crosslinked) |
Carrier gas hydrogen
Introduction gas nitrogen

Column head pressure
Injector

Temperature programme

Temperature

2.9 bar (absolute)

split injector, T = 250 °C

split ratio 1:20 to 1:200 (depending on sample)
-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

250 °C

(Ampoule breaker device)

an oxygen atom is 1, the response of carbon atoms with a single bond to an oxygen
atom is 0.55 and those carbon atoms with C=0 double bonds are considered to give

no response. The resulting factor for a component is then calculated using equation

45

where Ng is the total number of carbon atoms in a molecule, N¢, o) is the number

of carbon atoms not connected to oxygen and Ng¢(o) is the number of carbon atoms

_ Ne |
Ng(no 0) + 0.55N¢(0)

connected to one oxygen atom with a single bond.
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4.7.2 Data work-up

CHx+N,

1,

i N +H,, CO,CQ, HO
co+2H, ! svop £ Q, Hy
: et CHx + N,

HCNst. Voo

Figure 4.7: Ingoing and outgoihg reactant, product and reference components required
for mass balance around Fischer-Tropsch reactor (voc: volatile organic com-
pounds; HCNs: hydrocarbons; CHx: cyclohexane)

Before Fischer-Tropsch reaction, the reactants, CO and H, are bypassing the reactor
and samples are analysed. This will then represent the amount of reactants fed into
the reactor. During Fischer-Tropsch synthesis, TCD and ampoule samples are taken
and analysed whereupon peak areas for each species. present are obtained and used
~ to calculate the molar flow rate of the respective species. The molar flow rates of

inorganic compounds and methane, n;, obtained from TCD analysis are given by:

. AN '
; = frep, ("—A; ) 0N, - (4.6
. z/ )

with . -
- xNz-Vref (NTP) o
Va ‘

(4.7)

2

where Xy, is the molar concentration of nitrogen in reference gas; V:et(NTP) is the
volumetric reference gas flow rate; Va is the Avogadro volume. The molar flow rate
of an organic compound, 1;, can be derived from results of FID analyses as follows

. _ Nemx  fiA

i_

Ay - 48
Ny fomeAcme : (

‘with Ncuy, the carbon number of cyclohexane and hcnx the molar flow rate of the
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reference compound, cyclohexane, equalling: -

. XCHX.me (NTP)

fomx = (4.9
ACHx 7. (4.9)

The molar flow rates of individual products on a carbon basis can be expressed as:

f.A

A 4.10
fomcAchx O (4.10)

njc = Nopx
Conversion of a reactant can be calculated as being:

CXy=1- %1)70% _ (4.11)

the yield, Y; . and selectivity, S;.c of a product on carbon basis is:

Y, = ot (4.12)
nCO,in
Yic
) L1 4,
SI,C XCO ( 13)

Alternatively a selectivity / carbon content within the fraction of components which
are found in ampoule samples or which are volatile at reaction conditions respectively
can be defined: 4
' 1:1i c
S; T e 4.14
1,C,VOC Z ﬁi’c’voc ( )
A specific Fischer-Tropsch rate as normalised for the initial metal surface are a (Spe)

exposed equals:

rpp = (fcom — flCOS,out — NEOs 0ut) , ' (4.15) '
Fe :

Furthermore the partial pressure of a reactant or a product at the reactor exit can

be calculated as follows:

Piout = Xi,aut-Ptotal ‘ (4.16)

with Py the total reaction pressure and X o, the molar concentration of a com- -
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ponent i at the reactor exit:

1 0ut

Xjout = 7 — : " : (4.17)
(nCO,out =+ D, out + DCO,,0ut + NH,0,0ut + Z ni,voc) )
the molar flow rate of exiting water can be derived from an oxygen balance:
legO,out = ﬁCO,in - I.1(','0,x',nwlz - 21:1(302,0\11; - Z I'3-i,e:vx—'vfoc (4-18)

with 0 ox_voc: molar flow of oxygen containing volatile products.




62

. CHAPTER 4. EXPERIMENTAL METHODS



Chap‘ter 5

Results and Discussion

5.1 Water-in-oil microemulsions

For the microemulsion system used in this study (water, Berol 050, n-hexane), sta-
ble and optically transparent water-in-oil microemulsions were possible only in the
region depicted in Figure 4.1. Phase separa,tion or eloudy solution was noticeable
outside these limits. The stability region observed is in good accordance with pre-
vious work conducted on the same microemulsion system by Stenius et al. (1984)
~and Boutonnet e al. (1982). Abrevaya and Targos (1987) who also conducted re-
search on this system reported that the maximum amount of Water and surfactant
’ reqmred to form a clear stable microemulsion at 23 "C should be 5 wt% and 15 wt%
respectively, whereas the minimum emount of the oil phase should be 80 Wt%. It
should also be pointed out thar the system used in this study is strongly sensitive to
temperature A fluffy white substance was for example obtained when temperatures
'dropped below 20 °C. Therefore the temperature of the microemulsions were accu- |

rately controlled and kept constant at 25 °C during the precipitations conducted.

63
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5.1.1 Precipitation in microemulsions

The precipitation of crystallites used in this study involves mixing of two» microemul-
sions, one containing the precursor (iron (III) nitrate) and the other éontaining the
. precipitating agent (ammonium carbonate) in aqueous solutions. Prior to the pre-
cipitation experiments using the microemulsions, the precipitation behaviour of iron
(III) nitrate in the presence of ammonium carbonate was studied to characterise the
cha.nges of pH and colour of the precipitate observed during slow dropwise addition
of the precipitant (2.5 ml/min) to 200 ml of iron (III) nitrate solution under stirring
(800 rpm). The change of the pH value in the iron nitrate solution or ‘suspension
respectively for a precipitation of a 0.54 M iron (III) nitrate solution using 1.5 M
She R

ammonium solution at 25 °C is shown in Figure 5.1.

10

pH
o
O

o
4 v S
ZEWO@WWM
0 : . : .

0 10 20 30 40 50 60
‘ ' Time, minutes

Figure 5.1: pH value variation of 0.54 M iron (iII) nitrate solution (200 ml) during
precipitation with 1.5 M ammonium carbonate solution (slow addition: 2.5
ml/min) at 25 °C. '

‘The temporal change of the pH value showed a gradual initial increase of the pH
value, followed by a small decrease which coincided with a change in colour from

orange to red without formation of precipitate. This only occurred at pH values
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larger than 3. After this, the pH rapidily rose until saturation was attained above
pH=7 and completion of the precipitation with brick-red precipitate formed. The

precipitation from iron (III) solutions using ammonium carbonate occurs stepwise:
[Fe(Hz0)6l37 — [Fe(Hz0)sOHJZ; — [Fe(Hz0)4(OH)sl}, — [Fe(H;0)3(OH)s]s

and the formation of iron (III) hydroxide is the final product. CO;! is being formed

in this reaction, the overall reaction being:

2[FG(H20)5]§; 4 300%:;4 ey 2[F€(H20)3(OH)3]3 -+ 3002,g -+ 3H201 (51)

Note that the above described method was also used in attempts to prepare nano-
sized irdn oﬁcide crystallites. For this, the precipitate separated from the slurry,
repeatedly washed with hot de-ionised water, dried‘(l()() °C) and calcined (300 "C)
int air. The resulting crystallites were oval shaped and had average sizes of around
7 nm with a spread compara,ble to that obtained with the reverse micelle mevthod
described in this thesis. However, variation of precipitatibn conditions did not lead
to controlled shifts of the average crystallite sizes which is why the above method
was abandoned. Precipitation in microemulsions differs from that descfibed:abové

in that reactants only mix via interchange between micelles (see Figure 5.2).

- In microemulsions, précipitétion of Fe’* ions via diffusion of (NH,), CO; through
" the continuous oil phase is rather unlikely (Pileni, 1989; Pillai‘et al., A1995; Ingelsten
- et al.,, 2001; Eriksson et al, 2004). Temporary fusion of droplets seem to be a
prerequisite for the reaction to proceed. Figure 5.2 represents a schematic diagram
of the proposed mechanism during precipitation in microemulsions. The mechanism
is supported by views of other researchers (Lopez—Quintela and Rivas, 1993; Song
and Kim, 1999, 2000; Agrell et al., 2001). Microemulsion systems are thought to be

dynamic in the sense that during crystallite formation a constant random collision

~ Note that there is subtle difference in the reactions of iron ions with carbonate ions depending
whether the metal ion carries a 2+ or 3+ charge. The 34 ions are sufficiently acidic to react with
carbonate ions to release carbon dioxide gas and produce a precipitate of the metal hydroxide,
whereas iron carbonate precipitates are formed from iron (II) solutions (Marion et al., 2003).
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Micelle contalning
{NH().CO,
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Figure 5.2: A schematic diagram of the proposed mechanism during crystallite formation
(Pileni, 1989; Lopez-Quintela and Rivas, 1993; Eriksson et al., 2004)

of the droplets takes place after mixing the two microemulsions resulting in the
interchange of the reactants. This interchange is believed to be fast, to such an
- extent that it is thought to already occur during the mixing stage (Lopez-Quintela
~and Rivas, 1993).  Since precipitation is taking place in the nanosized domains,
the size of the crystallites formed depends on the size of the water droplet and the
material exchange rate between the micelles. This material exchange rate depends on
the rate of droplet fusion évents, which are likely governed by the type of surfactant
that form the oil-water interface and the rigidity of the oil-water interface. The latter
is believed to be lower in large reverse micelles (Pileﬁi, 1989), therefore, possibly
accounting for the apparently faster precipitation observed in this study at high

water-to-surfactant weight ratios (see below).

In all precipitations conducted with the microemulsions of different compositions
‘(but fixed reactant concentfations) a colour change from orange to brick-red was
observed. Furthermore, in all cases, the suspensions were stable and optically trans-
parent even after precipitation. This change in colour was fairly rapid (5-10 min)
in microemulsions which had high water-to-surfactant weight ratios (large micelles), -

whereas in microemulsions with the lowest water-to-surfactant weight ratio {small
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micelles) only after 50-60 minutes no more color change could be detected most -
likely indicating the rate of this reaction in the microemulsion depends on size of

the reverse micelles.

'5.1.2 Characterisation of microemulsions

All the eight microemulsions prepared for this study were characterized using their

UV-vis light absorption behaviour and their visc'os‘iﬁy propérties.

5.1.2.1 UV-vis absorption

UV-vis absorption spectra were recorded on the iron nitrate containing microemul-
sions and on the microemulsions 3 hours éfter precipitation via addition of the
corresponding ammonium carbonate containing microemulsion. The absorbance of
the light yellowish iron nitrate microemulsions was too 10?&: to allow for recording
reliable spectra; étrong absorption over a wide range of wavelengths occurred on the
microemulsions containing the brick-red precipitates (see Figure 5.3 for UV-vis spec-
tra). No distinct band spectra were observed in the wavelength range investigated.
Absorbance generally increases as the total amouﬁt of water or reactant solution
respectively increases from 5 g to 20 g as would be expected from the Lambért-Beer

law?.

-Quantitative information on the size of the absorbing cfystallites can be derived from
the threshold wavelength, A; (Eastoe et al., 1991; Caponetti et al., 2003), which can

for example be obtained from analysis of UV-vis spectra using the following equation:

BGD e

2A=¢bc, where A is absorbance, ¢ is the molar absorbtivity (L/mol/cm), b is the path length
of the sample (cm) and ¢ is the concentration of the compound in solution (mol/L)
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Figure 5.3: UV-vis absorption spectrum of "Fe(OH)3” precipitate prepared from mi-
croemulsions with different compositions (sample code indicating amounts
of water and surfactant in grams, mg; = 250 g)
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Figure 5.4: Method to obtain )s from typical (A/A)? vs 1/X plot
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where A; A, As and K are abéorbance, wavelength, threshold wavelength and an
empirical constant respectively. Plotting (A/A)? vs 1/ from each spectrum, the A
value was obtained from the intercept on the ){-axis of the tangent drawn through
~ the inflection point; an example of this procedure is shown in Figure 5.4 for the
sarriple with the code 9:35. The resulting threshold wavelengths (see Table 5.1) in-
crease approximately linearly with incréasing water-to-surfactant weight ratio. This
increase of \s corresponds to an increase of the crystalhte size of the precipitate
(” Fe(OH)g”) formed in the microemulsions.

Table 5.1: Threshold wavelength ()\;) of "Fe(OH);" precipitate prepared from mi-
« croemulsions with different composition (Sample codes indicating amounts
of water and surfactant m grams, my; = 250 g; wys, water to surfactant

we1ght ramo} g

Sample wyy  Ag
Code g/g nm
5:58 0.086 405
5:48 0.104 407
5:40 0.125 417
9:35 0.257 442
113:50 0.260 446
0 12:40 0.300 448
20:40  0.500 515
20:33  0.606 526

5.1.2.2 Viscosity

The viscositjf of a suspension is related fo the volume fraction of suspended particles
(Ferguson and Kemblowski, 1991; Barnes et al., 1989). Assuming dilute dispersed
suspensions (less than 10 % volume fraction) in Newtonian liquids, the work done
by‘Ein‘stein 1906-1911 showed that the presence of particles increased the viscosity
of a liquid as a simple function of their volume fraction according to the formula

- (Barnes et al., 1989; Ferguson and Kemblowski, 1991):

Einstein : %f‘-"- = 2.5¢
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where ¢ is the volume fraction of the suspended particles (i.e. dispersed micelles
in solution), n is the viscosity of the suspension (in this case the microemulsion
solution) and 7, is the viscosiﬁy of the suspending medium (n-hexane in this case).
However, Einstein’s thear}va neglects the effects of crystallite interactions. These were
* accounted for analytically by Batchelor in 1977 who introduced a modified equation

(Barnes et al., 1989; Ferguson and Kemblowski, 1991):
Batchelor : e = 2.5¢ + 6.2¢°

A ‘nAumber of experimental determinations of the coefficient of ¢* have been made
and work done by Cheng and Schachman in 1955 (Kinugasa et al., 2002) produced

the following equation:
Chen & Schachman : Rgf‘l = 2.5¢ + 14.1¢?

For a microemulsion. system, assuming that micelles are dispersed spherical parti-
les and th ti b 3 tant, the wat I si b
cles and the aggregation number, n,g*, is constant, the waterpool size, 1, can be

estimated from the following derived equation (see Appendix E for derivation):

Vo\3 t
o () [ o

4= ()
where V,, is the volume of water present, VT is the total volume of the solution and
ts is the thickness of surfactant viayer correspénding to the length of the surfactant
moleculet. Tt is noteworthy that Equaticnv5.3 wés derived starting from the defi-
nition of the volume fra,cfcion of the dispersed spherés in solution (Kinugasa et al.,
- 2002)

- NAVrm Cs

¢ = NaVemCrm = (5.4)

where V,,, is the volume of a reverse micelle, C,,, is the concentration of reverse

micelles, Cs is the concentration of the surfactant and Ny is the Avogédro’s constant.

3The average number of surfactant molecules that make up a single micelle :
4te(A) = 1.5 + 1.265N¢ (Tanford, 1972) where Nc is the number of carbon atoms in the chain.
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Table. 5.2 shows the viscosities of microemulsions before (Fe3* solution) and after
precipitation (" Fe(OH);” solution) and the calculated volume fractions based on the
three Vispos_ity correlation equations. Note that there is no signiﬁcant_diffeience in
viscosities of the microemulsions before and after precipitation clearly indicating that

upon mixing of the two microemulsions the micelle size does not change significantly.

Table 5.2: Viscosity (1) of microemulsion systems before and after precipitation and
respective volume fraction of dispersed spheres in the precipitated suspension
(Sample codes indicating amounts of water and surfactant in grams, Mgyt =
250 g; wwi, Water to surfactant weight ratio) ‘

Sample | wys Fe’+ Fe(OH), @Cheng  PBatchelor DEinstein
Code | g/g  m,cp 1, CP - - -
5:58 0.086  0.90 0.88 0.093 0.111 0.142
548 | 0.104 0.85 0.85 0.084 0.099 - 0.123
5:40 0.125 0.82 = 0.82 0074  0.086  0.105
C9:35 | 0.257 0.82 0.82  0.074 0.086 = 0.105
13:50 - | 0.260 0.88 ~ 0.8 0.093 0.111 0.141-
©12:40 {0300 085 085 0.084 0.099 0.123
20:40 | 0.500 0.88 0.89 0.096 0.115 0.148
20:33 | 0.606 0.86 0.85 0.084 0.099  0.123

The waterpool size waé then obtained from the calculated volume fraction ¢, us-
ing equation 5.3. The resuits are plotted in Figure 5.5 together with micelle sizes
" obtained from Equation 5.5. Equation 5.5 was idealistically derived from the defi-
- nition of water-to-surfactant weight ratio, wy. (see Appendix'E for its derivation).
However, like Einstein’s equation, this equation does not include particié-particle‘
~ interactions Ia‘nd is independent of viscosity of the solution.

Twp = % | - . (5.5)

[T

Wwt P

[

‘where Pw is the density of water and Ps is the density of the surfactant.

- Qualitatively, Figure 5.5 shows that there is a linear relatiohshipvbetween the water
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pool size and water-to-surfactant weight ratio. Quantitatively, it is also interesting
to note thaf just by increasing the water—to—sgrfactant weight ratio in the range 0.1
to 0.6 g/g the water pool size is increased a,ppm)dmately 5-fold from ca. 5 nm to ca..
95 nm. The water-to-surfactant weight ratio is therefore an important parameter to
vary if a wide range of water pool sizes is required. It is also worth noting that the
equation derived in this work and Einstein’s correlation equation, both of which do
not take particle-particle interactions into account, seem to underestimate the water
pool size formed compared to other correlation equations which include particle
interaction. Nevertheless, the micelle sizes obtained in this work and Einstein’s
coincided and also confirmed the linear relationship of micelle size versus v#ater-to—

surfactant weight ratio.
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Figure 5.5: Water pool size, dwp, as estimated by viscosity measurements and correlation
equations : ‘ '

Previous studies on a number of microemulsion systenis including water/PE4LE® /n--

hexane (Hall et él., 1998), water/PEGDES /hexadecane (Stenius et al., 1984), water/

$polyoxyethylene-4-laurylether _
. Spentaethyleneglycoldodecylether (”Berol”) .
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CTAB7 /hexanol (Nagy et al., 1983) also reported linear dependency of micelle size
with water-to-surfactant weight ratio. This is thought to be resulting from the fact
that forA a fixed amount of surfactant, the interfacial area which can be stabilised
by the surfactant is' fixed. For thaﬁ reason, new water pools cannot be formed
if the water-to-surfactant weight ratio is increased énd therefore the water pools
must swell to accommodate the extra water added to the sysfem (Hall et al., 1998).
Presumably, when the amount of aqueous and oil phases is fixed, an increase in
the a,moﬁnt of surfactant, within the stability region, will increase the number of
droplets and consequently the size of water droplets will decrease. At the same metal
salt concentration, a decrease in water droplet size causes the number of metal ions

" per droplet to decrease as well.

Varying the oil phase will most likely affect the micelle interaction by changing the
diffusivity of a micelle Admpiet thereby affecting the rate of droplet collision. Assum-
ing that the micelle size (dem = 2(ts + Iwp)) obtained from viscosity measurements is
the hydrodynamic diameter of the suspended micelle droplets, one can estimate the
diffusion constant of each of the microemulsion sysvtems' using the Stokes-Einstein

relation (Atkins, 1.990). « ,
' « _ keT
T 3andem

(5.6)

o

where kg is Boltzmann’s constant, T is temperature, 7 is the viscosity of the sol-
vent (n-hexane) and dy is the size of the water pool plus the layer of surfactant
moiecules which surrounds the water pool. Since Stoke-Einstein’s relation is strictly
applicable at finite dilution, the experiméntally determined diffusion constant needs
to be compensated for particle-particle interaction (Hou et al., 1988; Ingelsten et al., |
2001). o

D=D,(1+ad) (5.7)

where « is the diffusiohal viral coefficient and ¢ is the volume fraction of the dis-

persed phase. Based on Hou et al. (1988), a has been estimated to equal 0.4. Since

7cetyltrimethylammonium bromide



74 o CHAPTER 5. RESULTS AND DISCUSSION

Cheng & Schachman’s correlation equatién is based on ekperimental data, the sizes
obtained using this equation were used to estimate the diffusion constant (see Table
5.3). The higher the diffusion constant, the longer the diffusion path and therefore,

the less the interaction effect between micelles will be.

Table 5.3: Estimated diffusion constant (D) for the microemulsion systems prepared in
this study (Sample codes indicating amounts of water and surfactant in grams,
Moy = 250 g; wyy, water to surfactant weight ratio; dym, reverse micelle size)

Sample | wy dip D(107Y)
Code | g/g nm em?/s
5:58 0.086 11.3 6.14

- 5:48 0.104 11.8 5.87
5:40 0.125 124 . 5.56
9:35 0.257 16.5 4.20
13:50 0.260 17.5 3.99
12:40 0.300 18.1 3.84
20:40 0.500 24.6 2.84
20:33 1 0.606 29.5 2.35

5.1.3 Summary of characterisation of microemulsions

The difference in the UV-vis absorption of microemulsions after precipité,tion clearly
indicates that the change in absorbance resulted from Fe{(OH)s precipitates with
different crystallite sizes. Viscosity studies showed that upon mixing the two mi-
croefnulsions, the micelle sizes before and after precipitation did not change signif-

icantly; Generally, in both cases, a characteristic linear relationship between the

micelle size and water-to-surfactant weight ratio is observed.
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5.2 Characterisation of unsup_portéd crystallites

5.2.1 TEM analysis of unsupported crystallites

* Based on precipitation chemistry, the resulting precipitate is an iron hydroxide,

" Fe(OH),. The iron oxide powder obtained after drying (120 °C) and calcining (300

°C) in air was characterized to ascertain the size and distribution of crystallites,

their morphology, crystal phases present and their reduction behaviour.

Figure 5.6 shows the TEM micfographs of the’obtainedvcrystallites and the corre-
sponding histograms revealing the size distribution of nanocrystallites, which were
measured directly from the TEM images (d.)), are depicted in Figﬁre 9.7. It is
apparent that the resulting nanostructured powders prepared by the water-in-oil
microemulsion ‘method show uniform crystallites with mostly spherical morphol-

ogy. This suggests' that crystallite growth within the reverse micelles is spatially

-constrained by the intrinsic size and shape of the reverse micelle. Based on TEM
TR

‘results, it was possible to synthesise eight different sizes within a wide range of 2 to

- 16 nm by adjusting the composition of the microemulsions. It can be observed from

Figure 5.7 that with an increase in water-to-surfactant weight ratio, which corre-

sponds to an increase of the micelle size (see previous section), the average crystallite

. size becomes larger and the size distribution of the crystallites is widened. The crys-

tallite size distributions were narrow with standard deviations between 15 % and 22

% when expressed as a percentage of thé mean crystallite size (see also Table 5.5).

5.2.2 XRD analysis of unsupported crystallites

The size of the crystallites were also determined from XRD characterisation, the
XRD patterns are shown in Figure 5.8. With decreasing water-to-surfactant weight

ratio peak broadening was observed indicating that the crystallite size becomes
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e

(b) 5:48

SRy

(e) 13:50

Figure 5.6: TEM micrographs of unsupported iron oxide crystallites prepared in mi-
croemulsions of different composition (sample codes indicating amounts of
water and surfactant in grams, my; = 250 g). (Scale: 1 mm represents 20
nm)
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Figure 5.7: Crystallite size distributions of unsupported iron oxide powders prepared in
microemulsions of different composition as determined by means of TEM
analysis (sample codes indicating amounts of water and surfactant in grams,
mg = 250 g)
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smaller. With samples 5:48 (not shown) and 5:58, almost no peaks could be seen,
nieaning the crystals are very small. When comparing the XRD patterns with lif5 |
erature reference patterns (see also Figure 5.8), it can be seen that samples with
the large crystallites (13:50, 12:40, 20:40 and 20:33) mainly consist of hematite,
Fe; 03, whereas in samples with small crystallites (5:40, 5:48, 5:58 and 9:35) increas-
ing amounts of magnetite, Fe;O4, were found. It should be noted that maghemite,
v — Fey03, has an XRD pattern identical to that of Fe3O4, however, temperature
programmed reduction of the crystallites of different sizes indeed suggest the pres-

ence of magnetite particularly in small crystallites.

The presence of FezO4 is somewhat. unexpected seeing that the material was cal-

cined in air at 300 °C. It is however known that surfaces of hematite are usually

‘found covered with a layer of magnetite (Catlow et al., 1997). It might be specu-

lated that as the fraction of surface atoms becomes larger in small crystallites the

reiative amount of magnetite might increase correspondingly. The crystallite size
was estimated using the Debye—Scherrer equation on the sharp peaks corresponding

to a 110 plane (20 = 35.6°) of syﬁthesised vhematite, for large ciystallites andv‘a 311

plane (26 = 35.4°) of synthesised magnetite, for small crystallites. Results are listed
in Figure 5.8. ‘

The average crystallite diameters were also estimated using results from BET analy-
sés, assuming spherical crystallite shape and the density of Fe;O3 (p = 5.27 g/cm?),
which is almost identical to the density of FezOy (p = 5.18 g/cm?®). The aver-
age volume-based diameters of the unsupported crystallites obtained with the three
methods, TEM, XRD and BET are ploi:ted in Figure 5.9 as function of water-to-
surfactant weight ratio. Note‘that the length based distribution as directly obtéined
from TEM evaluation have been converted ’into volume based ones to allow for di-
rect comparison with the results obtained with the other techniques (All data are
summarised in Table 5.5). It can be seen that the data obtained with the three

methods are in good agreement. Furthermore, a strict linear dependency of the
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Figure 5.8: ‘X-ray diffraction patterns of unsupported iron oxide prepared in microemul-

sions of different composition (sample codes indicating amounts of water -

and surfactant in grams, mg; = 250 g). Also shown are reference patterns
of hematite (FeoO3) and magnetite (FegOy)
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average crystallite diameter with increasing water-to-surfactant weight ratios is ob-
served therefore rendering this ratio a simple and important design parameter for

crystallite preparations using reverse micelles.

25

OXRD

i = O I >

4 H 3
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Water-to-surfactant weight ratio, ., g/g

| Figure 5.9: Effect of water-to-surfactant weight ratio on mean volume based diameters

of unsupported iron oxide crystallites as characterized by means of TEM,
XRD and BET ‘

This linear dependency with ‘crystallite diameters formed from microemulsions was
also reported by inter alia Nagy et al. (198'3)., Pileni (1989), Schwuger et al. (1995) ‘
and Limin et al. (1996), and it is obviously due to the linear dependency of the cor-
responding droplets in the microemulsion before precipitation (see previous section).

It can be assumed that each micelle acts as a microreactor, its size and amount of

iron ions determining the size of the resulting crystallites. Generally, the "shell” of

——t.

large water droplets in microemulsions is less rigid (Pileni, 1989) therefore allowing

- a more facile exchange of material among Qiggljgs. This might even include é;c'-d_‘
change of nuclei and crystallites thus Ieading to their agglomeration or flocculation,
therefore resulting in wider crystallite size distribution in crystallites prepared from -

microemulsions with high water to surfactant ratios (Schwuger et al., 1995; Limin



5.2.. CHARACTERISATION OF UNSUPPORTED CRYSTALLITES 81

et al., 1996), a3 also observed in this study.

It should be noted that the exchange of nuclei or crystallites is only to be expected |
in microemulsion systems, which allow for temporary coalescence of micelles to fOrfn
transient dimers (Pileni, 1989; Lopez-Quintela and Rivas, 1993; Eriksson et al., 2004)
~ (see Figure 5.2). In any case, the fast exchange of reactants between larger droplets
will lead to higher reaction rates (Caponetti et ai., 2003) and therefore a faster
completion of the crystallite growth process. This effect is counteracted by slower
diffusivity of large micelles in the microemulsion (see section 5.1.2.2). However,
judged from the colour changes (yellbw—orange to brick-red) during precipitation
using the different micfoemulsions in this work, precipitatiori in the largé droplefs
occurred much. faster (5-10 min) than that in the smaller droplets (50-60 min),
~ indeed sﬁggesting that the effective exchange of material/reactants is much fasﬁér |

in the larger droplets.

5.2.3 Reduction behaviour of unsupported crystallites

The iron oxide crystallites were further cha.racterised by means of temperature pro-
grammed reduction in a hydrogen/argon inixture. The recorded hydrogen consump-
tion obtained on the eight samples is shown in Figure 5.10. All curves show two
| peaks, ‘indica,ti{fe of the two step reduction of hematite, Fe;O3 to magnetite, Fe;';O,;
(Kock et al., 1985; fglesia et al., 1993; Raje et al., 1998; Lin et al., 2003) and mag-

netite to metallic iron.
3Feq03 + Hy — 2Fe304 + Ho0 (5.8)
9Fe;04 + 8Hy — 6Fe + 8H,0 (5.9)

The broadness of the second peak indicates the transformation of W

a relatively slow pr'ocess» (Bukur et al., 1995; Jin and Datye, 2000). According to
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Figure 5.10: TPR patterns of unsupported iron oxide crystallites prepared in microemul-
sions of different composition (sample codes indicating amounts of water
and surfactant in grams, me) = 250 g)
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the above equations % or 11 % of the hydrogen required for complete reduction of

Fe;03 to Fe, is needed for the first reduction step from FeyOg to form Fe;Oy. It 1s

evident from the TPR spectra that complete reduction was obtained in all samples.

e,

"The percentage of the area of the first peak can therefore give an indication of the
composition (ratio FepO3/Fe3Oy) of the iron oxide crystallites. The relative peak
~area of the first peak decreases with decreasing crystallite size, therefore suggesting
a lower content of FeyO3 in these samples (see Table .5.4). These results of this

estimate are in qualitative agreement with the above reported XRD results.

Table 5. 4 Area percentage of first pea.k in TPR spectra and estimated phase composition
. of unsupported iron oxide crystallites prepared in microemulsions of different
composition (sample codes indicating amounts of water and surfactant in

grams, me; = 250 g)

Sample | wyy dei — TEM  Ajetpeax  FegOz — content®
- Code g/g nm % ~ mol%
5:58 0.086 2.0 3.8 34.5
. 5:48 0.104 3.0 4.7 42.7
5:40 0.125 3.9 4.8 43.6
9:35 0.257 7.7 8.0 72.2
13:50 0.260 8.2 89 80.9
12:40 .| 0.300 9.0 8.8 80.0
20:40 0.500 14.3 9.2 83.6
20:33 0.606 15.7 9.3 84.5

orest: mol% FegOy4

From the TPR curves it can also be observed that the temperature requi_red to reduce
the crystallites is not dependent on their size as the peak positions are always found
at the same temperatures, namely ca. 300-350 °C for the low temperature peak and

ca. 550-600 °C for the high temperature peak. -
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5.2.4 Summary of characterisation results and conclusions

In conclusioh, the applied microemulsion precipitation technique has resulted in
uniform iron oxide crystallites, the average size of which can be adjusted accordingly
over a range between 2 - 16 nm via the water to surfactant ratio in the microemulsion
(sée Table 5.5). It should be noted that systematic studies dealing with preparation
of iron oxide crystallites of size range from microemulsions are according to the -
author of this thesis not available in literature. The size range of the prepared
crystallites, although they were not present as single crystal phases, was considéred
ideally suited for the anticipated Fischer-Tropsch reaction work. The results of
the preparation of these crystallites deposited on supports is given in the" following

‘chapter.

Table 5.5: Unsupported iron oxide crystallites prepared in microemulsions of different
composition (sample codes indicating amounts of water and surfactant in
grams, my; = 250 g). Average crystallite sizes obtained by means of different
characterisation technigques

Sample | wy . XRD BET TEM

~ Code g/g dey,nm d.,nm d.y +0° nm d., +0, nm
5:58 0.086 - 5.3 2.0 £+ 0.57 2.5 + 0.69
5:48 0.104 - 6.0 3.0 £+ 0.61 3.3 £+ 0.69

- 5:40 0.125 3.1 5.5 3.9 + 0.86 4.5 £+ 1.04
9:35 0.257 7.1 6.3 774+ 162 86+ 1.78
13:50 0.260 12.0 7.4 8.2 4+ 1.83 954224 .
12:40 0.300 134 9.8 904 223 10.7 £ 2.76
20:40 (0.500 14.2 16.0 14.3 +- 2.36  15.2 4+ 2.19
20:33 0.606 18.7 22.0 157+ 254 169+ 2.74

*Standard deviation : o = 4/ 31 (d; — d)?; d is mean diameter; n is number crystallites mea-

sured
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5.3 Catalyst characterisation

The microemulsion systems with the sample codes 5:58, 5:48, 5:40, 9:35, 13:50,
© 20:40 and 20:33 were chosen to prepare sﬁpported catalysts for the evalustion of
influence of crystallite size (for details on the preparation see Section 4.4). The
sample codes of the supported and potassium promoted catalysts were constructed
from the average number or length based crystallite sizes as determined by TEM
of reduced catalyst samples. As an example A03 stands for 3 nm sized crystallites
sﬁpported on alumina; C16 stands for 16 nm sized crystallites supported on activated
carbon. In this section the term 'fresh catalyst’ refers to a sample of the catalyst
in its oxidised state as obtained éfter catalyst preparation including calcining steps
and the term 'reduced catalyst’ stands for catalysts that have undergone a reductive
hydrogen pretreatment in an external glass tube fluidised bed reactor at conditions
identical to the pretreatment conditions applied in-situ prior to runs in the fixed
bed Fischer-Tropsch reactor (30 mi(NTP)/min flow of hydrogen at 350 °C for 16

hrs). Thereafter the samples were passivated in flowing CO, at 25 °C for 1 hr.
| This process is corﬁmonly used to inertise redﬁced samples, which would otherwise
reoxidise rapidly upon exposure to air. It is believed that a thin protective oxide
layer is formed around the reduced crystallites, without affecting the crystallite
morphology/size. The characterisation of reduced catalysts was considered crucial
as they allow to ascertain the phases present after reduction and determine -the

exact metal Crysta}lite size just before any catalytic test experiments. This was also
| done to check for any changes in crystallite size fhat might have been induced by

pretreatment of the catalyst.

The iron content in the fresh catalysts were determined using SEM-EDX analysis.
The results of these analysis showed iron loadings between only 3-5 wt% which are
much lower than the anticipated 10 wt% (for analysis results see Table 57) It is
believed that some iron was lost during the removal of the surfactant in the wash-

ing steps applied, particularly during preparation of small crystallites. In addition |
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to that some of the iron crystallites could be seen stuck on the glassware during
the drying steps in the rotar vapour. The contacting of the freshly precipitated

crystallites therefore seemed not to be fully efficient.

5.3.1 TEM analysis of supported crystallites

TEM micrographs of both fresh and reduced catalysts are shown in Figure 5.11 and
5.12 respectively. It can be seen that the crystallites are mainly found on the support
material. Generally a more homogeneous distribution of crystallites was found on
alumina supported samples especially in samples bearing small crystallites. This
could be due to the pore structure of these supports. The carbon support has
average pore sizes of about 2 nm (see Appendix B for BET analysis) which is too

small to accommodate crystallites used in this study.

(c) C16 (d) Al6
Figure 5.11: TEM micrographs of fresh supported catalysts; left: carbon supported

catalysts, right: alumina supported catalysts (Note that crystallite size in
sample code refers to size of reduced crystallites)
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Thus, for the carbon series, all crystallites were located on the external surface of
the support. The alumina support has an average pore size of 12 nm, big enough
to accommodate the smaller crystallites hence these are evenly distributed on the
support. Clusters of crystallites could be seen on some TEM micrographs. This
was noticed mostly with carbon supported catalysts and was less pronounced on
the alumina supported samples. SEM-EDX analysis confirms that some of the
crystallites were not attached to the support material (see Appendix D), suggesting
that the method of contacting the precipitate present in the reverse micelles with

the support should still be improved in future work.

(c) C16 (d) A16
Figure 5.12: TEM micrographs of reduced supported catalysts; left: carbon supported
catalysts, right: alumina supported catalysts

TEM analysis of the reduced and passivated catalysts show that although even more
crystallites were present in clusters, the crystallite sizes remain largely unaffected
by the reduction procedure therefore showing that no severe sintering processes
occurred. Figure 5.13 shows the size distribution of the crystallites on fresh and
reduced catalysts obtained from evaluating the TEM micrographs. Average crystal-

lite sizes and standard deviations of the distributions obtained are listed in Table
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5.6. It is interesting to note that - although following identical preparation proce-
dures (except from the step of support addition) in the microemulsions - somewhat |
larger crystallites were found in the fresh supported catalysts of both series when‘
comparing with the corresponding unsupported crystallites. It is not believed that
the additional step of support addition should be the reason for thisb as it should
not have any effect on the size of the precipitate formed in the reverse micelles since
this process should have come to completidn long before the addition.

. : o 3 | Il [} J = A19

’ &[IMMJ C19 ~ :
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B | M
il co D.'&J Avs
h o b .
T R

2 6 10 14 18 22 26 2 6 10 14 18 22 26
de,1, NM - de,i, nM |

Frequency, %

Figure 5.13: Crystallite size distributions (de—TEM) of fresh (open bars) and reduced
: . {(closed bars) supported catalyst as determined by means of TEM analysis;
left: carbon supported catalysts; right: alumina supported catalysts

The .pronounced size trend, increase with inéreasing water-to-surfactant ratio, how-
ever still remains in the catalysts of both samples and fnoré importantly crystallite
sizes and distributions did not change much upon the reductive pretreatment. This

indicates that severe sintering during reduction did not occur. Ideally, reduced crys-

tallites were expected to be smaller than those in fresh catalysts due to change
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in density according ‘to the equation: dg = 0.77dpe,0,. .The slightly larger sizes

obtained can possibly be explained by sinter'ing of small crystallites to thermody- .

namically more stable sizes. Note that the Hiittig temperaturé of metallic iron
(269 °C) has indeed been exceeded during the catalyst pretreatment, so that some

mobility of surface atoms in particular those in small crystallites can occur.

Table 5.6: A summary of TEM characterisation results of supported catalysts

Sample | Fresh catalyst Reduced catalyst
Code d.; £ 0, nm d.; + 0, nm
Co3 57 + 0.7 3.0+£05
C05 6.3 +£0.9 53+ 0.5
C10 11.5 + 1.3 10.2 £ 0.8
C16 149+ 19 156 £+ 1.2
C19 19.1 4+ 2.5 19.2+1.9
A03 3.7+0.5 3.0+ 0.6
A05 47405 50£ 05
A08 73+ 0.9 79+ 1.1

- Al10 100+ 1.0 "9.0+£1.5
Al6 S 145+ 1.3 159 £ 0.9
Al19 175+ 14 19.2 £ 2.3

5.3.2 XRD analysis of supported cryétallites

The TEM-derived crystallite size trends are consistent with peak broadening shown
by XRD patterns (See Figure 5.14). Note that XRD‘ analysis was only done on
- reduced samples. From the TEM micrographs of these samples, many of the crys-
tallites are not seen as single crystals but instead are seen as what appear to be
polycrystalline aggregates. XRD patterns of reduced catalyst (Figure 5.14) however
confirm crystallite sizes obtained from TEM analyses and therefore the assumption

that aggregates were présent and not large crystallites. .

The XRD patterns of both series (Figure 5.14) showed strong intensity peaks at

-44.7° and 65° indicative of a metallic a-iron phase. However, at 35.4° and 62.5°
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. Figure 5.14: X-ray diffraction patterns of reduced supported catalysts; left: carbon
supported catalysts; right: alumina supported catalysts (Note that spectra, "
have been corrected for background due to support)

on most samples, there are peaks which correspond to FesO,4 phase which might
be taken as an indication that the degree of reduction for these samplesv cannot
be a,ssﬁmed 100%. Alternatively, the FesO4 phase might have formed during the
passivation procedure. The average sizes of a-iron crystallites determined from the
XRD sca.ﬁs using the Debye-Scherref equation are listed in Figure 5.14 and Table
5.7.

5.3.3 Reduction behaviour and degree of reduction of sup-

ported crystallites

The reduction behaviour of the supported catalysts (Figure 5.15) was characterised
by means of TPR analysis. TPR profiles of carbon supported crystallites of different
size are generally hampered by gasification of the support material under the influ-

| ence of hydrogen. Whereas a major peak was observed at around 600 °C, comparable
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to the reduction of unsupported crystallites (see section 5;2.3), the Ioﬁv temperature
peak couldbnot be seen clearly. The big reduction peak in sample A19, with the
largest crystallites of the alumina sefies, is also found in the temperature range
550-600 °C, and all catalysts of this series show the presence of low temperature
peaks. However, in this series there was a slight shift of the major reduction peak
towards lower reduction temperatures with decreasing crystallite size. Furthermore,
a broad high temperature peak could be seen increasing in intensity with decreas-
ing Crystallite size possibly indicating strong metal-support interaction. These high
temperature peaks have for ekample also been observed by Ren-Yuan et al. (1987)
in temperature programmed reauction of impregnated alumina supported iron cat- -
alysts and they have been attributed to the formation of difficult to reduce iron

aluminates (FeAl;O4 and FeAlQj) as evidenced by Mossbauer spectroscopy.

c19 .

" H, Consumption, a.u.

0 200 400 600 800 1000 0 2000 400 600 800 1000
Temperature, °C o Temperature, °C

Figure 5.15: TPR patterns of supported catalysts; left: carbon supported catalysts;
right: alumina supported catalysts ‘ o
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It can therefore be expécted that the degree of vreduction of the alumina supported
catalysts with the small crystallyites would be lower after the hydrogeﬁ pretreatment
as applied prior to Fischer-Tropsch exﬁeriments (i.e. reduction in pure hydrogen
at 350°C for 16 hrs). To determine the degree of reduction of the catélystspf the
alumina series samples, TPR analysis of the samples, which had been pre-reduced
in the TPR set up at conditions identical to the pretreatment conditions applied
in synthesis runs, were conducted. The hydrogen consumption obtained in these
experiments were then used to calculate the degrees of reduction. The so obtained
degree of reduction varied between 67 % to 85 % and was indeed lower in the samples
with small crystallites (see Table 5.7). This method could not be applied on the
carbon supported material (see above) and the degree of reduction of these catalysts |
could therefore not be determined. Based on the similarity of the position of the
major reduction peaks in the carbon series and assuming very wéak or no interaction
of the metal with this support material, the same degrees of reduction as obtained
with catalyst A19, i.e. 85 %, was assumed for all samples of the carbon series for

the interpretation of data in this thesis.

5.3.4 Further characterisation of the supported catalysts

Attempts to measure the metal surface area in reduced catalysts via Hy and CO-
chemisorption (Micromeritics ASAP2000, Micromeritics Instruments, USA) were
not suceessful as linear increases in gas uptake with increasing pressure were observed
" indicating weak adsorption, which does not allow the determination of metal surface
area. Specific metal surface areas per gram of catalyst were therefore determined
from the degree of reduction, the actual iron loading and the average crystallite sizes

obtained from TEM analysis of reduced model catalysts (for results see Table 5.7).

" The effective removal of the surfactant from the catalyst before an experimental run
is of crucial importance as the surfactant, if not removed efficiently, might hinder

access of active catalytic sites and therefore impact on measured catalyst activities.
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Although much effort was undertaken to remove the surfactant during the precipi-
tation steps via excessive and repetitive washing steps with acetone, and subsequent
calcination, it was not clear whether surfactant or decomposition products thereof
were still present on the catalyst. For this reason ampoule'samples of the " product”
gas during the reductive in-situ pretreatment before a Fischer-Tropsch reaction were
taken and analysed for volatile organic maﬁter that would be released during such
a treatment. At initial stages of the reduction at 350 °C indeed small amounts of
unidentified organic products were found, after 16 hrs of reduction at this tempér—
ature however, no such products could be detected anymore which is why it was
assumed that no carbonaceous material was present on the freshly reduced crystal-

lites of the catalysts.

5.3.5 Summary of characterisation results of supported cat-

alysts and conclusions

Although the homogeheity of crystallites as distributed over the supi:sort material
- used could still be improved, and a large loss Vo'f iron occurred with the preparation
technique applied, a series of well defined supported model catalysts with different
crystallite sizes have been prepared successfully. Table 5.7.summa,ries character-
isation results of the supported catalysts. The morphology of the crystallites on
these catalysts, compared to the corresponding oxidic and‘unsupported crystallites,
remains largely unchanged upon reductive pretreatment. The freshly reduced cat-
alysts, the properties of which are now well known, are therefore ideally suited for '
the anticipated Fischer-Tropsch experiments. The average crystallite sizes obtained
from TEM analysis of reduced catalysts was used for interpretations of possible size

effects obtained in the initial stages of a Fischer-Tropsch experiment
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Table 5.7: A summary of characterisation results of supported catalysts used for activity

2gs determined by SEM-EDX analysis

breferring to reduced catalyst
‘referring to reduced catalyst
ddegree of reduction

especific metal surface area per gram of catalyst, determined using actual iron loading, crystallite

size from TEM analysis (d.) and degree of reduction
Jestimated (see section 5.3.3)

studies
Sample | Fe loading® XRD?® TEM?® Red. Sgr°
Code - wt% dev,im dey £o,nm doy to,nm % mP/g
C03 2.9 49 3.0+05 . 3105 857 6.272.
- C05 2.8 5.7 53+ 0.5 55+07 . 85 3.428
C10 4.5 7.6 98 £ 0.8 10,1+ 1.1 85 2.966
Ci16 4.6 10.6 15.6 + 1.2 16.0 +- 1.2 85 1.913
C19 4.7 13.2 19.2%+ 1.9 10.6 + 1.9 85 1.602
A03 16 - 30+06 33x07 69 8164
AO5 4.7 56  50+05 51+05 67 4736
AD8 4.9 7.3 794+ 1.1 82411 72 3.409 _
- Al10 52 8.8 9.0+ 1.5 97+1.6 75 3.308
Al6 5.3 13.2 15.9 + 0.9 16.0 + 0.9 84 2.137
- Al19 5.6 14.5 18.2 + 2.3 169+ 2.3 85 1.892
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5.4 Development of Fischer-Tropsch activity

The catalyti‘c performance for both ca,rbonVand alumina supported catalysts were
tested in a fixed bed reacﬁor with 0.5 g of catalyst of the carbon series loaded and
0.2 g of catalyst of the alumina series loaded. Prior to Fischer-Tropsch synthesis
runs catalysts were activated following the sarhe reduction as previously listed (in
hydrogen at 350 °C for 16 hrs). All tests were run for 5 days (except catalyst C10)
at a reaction temperature ‘of 270 °C, a total pressure of 30 bar(a) and constant
synthesis gas flow with a hydrogen to carbon monoxide ratio of 2.0. Some of the
reported data for specific reaction times are listed in Tables F.1-F.4 in Appendix F.

Note that catalyst sample A14 was not tested in Fischer-Tropsch experiments.

The catalyst activity as expressed as CO conversion was monitored as a function
of time on stream. Steady staté CO conversion was between 40 % and 60 % for
the carbon serieé (Figure 5.16 (tcp)). Lower conversion was found with the alumina
“supported catalysts, steady state CO conversions below 15 % (Figure 5.16 (bottom)),

due to the smaller amount of catalyst loaded.

Generally, over the crystallite size fange investigated, catalyst deactivation was ob-
served with time on stream, sorrie of the carbon supported catalysts even showed a
temporary increase of activity which might be due to changes in cata,lyst‘composi-
tion and morphology under the influence of the reactants CO and Hy and products
H;0 and COg, a behaviour of iron catalysts previously also described by Schulz et al.
(1999) and Pichler (1952). If iron crysfallites show the same activity regardless of
crystallite size then the catalysts with small crystallites (highest metal surface area)
would show the highest CO conversion at least in the initial stages before the cata-
lysts undergo any phase chahges. It can clearly be seen from Figure 5.16 that this
was not the case indicative of influence of crystallite size on the Fischer-Tropsch

activity.

In order to distinguish between the effect of changing metal area loaded and the
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specific effect of crystallite size the integral rate of formation of Fischer-Tropsch
Aprodu'cts (i.e. excluding the CO which is consumed for the formation of COZ) nor-
malised for the amount of metal surface present after pre-treatment was plotted as
 function of time on stream (Figure 5.17)8. The actual metal surface area (Sg,Fe) Was
estimated based oh the TEM measurements of reduced and passi?ated éatalyst sam-
ples taking the degree of reduction as well as actual metal loading into consideration
(see Table 57) Note that the degree of reduction of the catalysts of the carbon
series é,re estimated values (see section 5.3.3). This metal area specific integral rate
is equivalent to a turnover frequency and should be independent of c:ysta.llite size.
However, on both the carbon and alumina series, one can clearly observe t‘hat céta-
lysts with small érystallites showed lower metal area specific integral Fischer-Tropsch
activities than catalysts with large crystallites (Figure 5.17). ‘

A plot of the initial integral Fischer«‘I‘mpsch rate versusu crjrsta.llite size should be
- most representativerf the exact crystallite size present just before the reaction as
determined by TEM of reduced and passivated catalysts. Average initial activity
(30-100 min average) shown in Figure 5.18 confirms that small crystallites were in-
deed less active, whereas crystallites larger than around 7 nm seem to have the sa.mé
specific activity. This finding still holds true if one assumes that small crystallites of
the carbon series céuld, contréry to the assumption made earlier, had 3 fold lower
~degree of reduction than larger crystallites (i.e. 30 % opposed to 85 %). This trend
- was clearly obtained with both series of catalysts tested, the alumina supported

catalyst‘displaying a somewhat lower activity.

TEM analyées conducted on three spent samples of the alumina series (i.e. after
five days time on‘ stream) indicate severe sintering as much larger crystallites were
found particularly in the water rich exit zone of the catalyst bed (Figure 5.19). Some
sintering due to mobility of surface atoxﬂs'can indeed be expected seeing that the |

reaction temperature (270 °C) coincides with the Hiittig temperature for iron (269

8Note that this rate is to be considered a nominal rate as the crystallite size and therefore the
* initial surface area might change during the Fischer-Tropsch experiment
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Figure 5.18: Average initial (30-100 min) metal area specific formation rate of Fischer-
Tropsch product versus average iron crystallite size (dcj~TEm) in reduced
catalysts for Fe/C (O) and Fe/Al303 (@) catalysts prepared via precipita-
tion in water-in-oil microemulsions.

°C). It should be noted that due to the very small amount of Spént catalyst samples
| no XRD analyses could be conductea to confirm the crystallite sizes determined
by TEM analysis. It is suspected that some of the ” crystallites’; evaluated might
in fact be clusters of smaller entities. It is however highly unlikely that sintering

and corresponding loss in surface area plays a role in the very initial stages of the

experiments.

Oxidation of crystallites in Fischer—Tropsch catalysts under réaction conditions can
account for loss in activity as the metal oxides are generally c'onéidered to be inactive
or at least less reactive (Mansker et al., 1999; Bian et ai., 2002; Li et al., 2002).
Magnetite is often found in working and spent‘ iron catalysts. The fresh catalyst
used in this work mainly contained a-iron prior to exposure to synthesis gas at
reaction conditions. Both, the formation of magnetite and iron carbides (e.g. Fe3C)

. from iron are thermodynamically feasible at Fischer-Tropsch reaction conditions
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(Anderson, 1984):
3Fe + 4H,0 = Fe;O, + 4H,  K,(270°C) = 31 (5.10)

3Fe+2C0 = Fes;C+CO;  K,(270°C) = L1x107 bar™  (5.11)

Of these two reactions the formation of iron carbides seemé to be thermodynamically
and kineﬁi_cally favoured seeing that the formation of magnetite requires product
water, whereas the CO which is required to form carbides, is already present in
th‘e synthesis gas. It might therefore be assumed that initially iron carbides formed
rdpidly, while largely maintaining the crystallite size of the a-iron crystallites they |
originated from. A further transformation of the carbide phase under the influence _

of products of the synthesis could proceed via the following reactions:
FesC + 5H,0 = F6304 +5H; + CO K?I'eq(270°C) = 85 bar (512)

Fe3C + 4H50 + COy = Fe3O4 + 4Hy + 200 Kpn‘eq(270oC) = 1.4 bar (513)

(Calculated using data from Lide and Kehiaian (1994)). Thermodynamically, the
oxidation of bulk FezC yielding Feé,O4 at 270 °C is only feasible if the actual K,

values are smaller than the equilibrium constants:

. %5 ’
P2 < Kppeq(270°C) = 85 bar
Pa,0 !

PEoPH L ot
m-:; < Kpn,eq(27.0 C) -—- 1.4 bar
These conditions were however not obtained in the experiments even at the reactor
outlet (see Table 5.8) implying that according to bulk thermodynamics the reoxi-
dation of FesC yielding Fe3Oy4 is not feasible under these conditions. Note that the

same considerations would hold true for other possible iron carbides.

Due to their high surface energies, thermodynamically, the oxidation of nanosized

iron carbide should be much more feasible than oxidation of bulk iron carbide in
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Table 5.8: Actual equilibrium pressure constant, Kp; and Kpy; (calculated using exit
partial pressures listed in Table F.2 in Appendix F), after 60 min time on
stream in Fischer-Tropsch experiments with Fe/C and Fe/Al30; catalysts
prepared via precipitation in water-in-oil microemulsions

Sample | Kpy Kpn
Code

C03 | 20x10° | 72x10°
C05 14x10% | 11x10? |
C10 39x10! | 26x10*
C16 12x10% | 90x10% |
C19 12x10% | 26x103
A03 38x10° | na®
A05 76x107 | 50x10%
AQ8 30x10° | na

| A10 70x10°% na
Al9 15x107 | 22x107

2no CQOq formation detected

- analogy to the oxidation of nanosized cobalt crystallites under Fischer-Tropsch con-
ditions (van Steen et al., 2005). This implies that when the crystallite size decreases,
the equilibrium lines shift upwards in the graphs depicted in Figure 5.20 therefore

increasing the transformation equilibrium constant at a given temperature.

Although not proving it, the abéve consideration supports the idea that formation
of Fe3O4 from nanosized iron carbide might be the cause for lower activity of the
small crystallites. Only an in situ characterisation of the working catalyst or e.g.
‘ XRD analyses of spent catalyst tested in the very short runs (<60 min) might clarify
this finding. Oxidation of small cobalt crystallites (<5-6 nm) by product water has
been stated to occur by Iglesia (1997) and a thermodynamic analysis support this
possibility (van Steen et al., 2005). Although some experimental evidence seems to |
indicate that a reoxidation of very small cobalt crystallites can really occur (Hilmen
et al., 1999; Jacobs et al., 2004) a definite experimental proof for this deactivation

mechanism of cobalt is also still outstanding,.
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The catalysf activity of iron based Fischer—’I‘ropsch catalysts can also be affected
by alkali promotion. Typically an increase of up to 50 % in Fischer-Tropsch ac-
tivity can be obtained upon optimal alkali ﬁromotion (Dry, 1981, 2004b). Equal‘
amounts of potassium as chemical promotors were added to the model catalyst of
this work. However, assuming ideal distribution of potassium on the 'support, the
ratio of potassium per iron metal surface increases with increasing iron crystallite
size. A slightly improved promoting effect could therefore be expected in the cata-
lyst with the larger crystallites. This can however not account, for the almost 10 fold
difference of the activities obtained with the catalysts of varying crystallite sizes. On
some alumina supported' iron catalysts even a decrease of activiﬁy has been reported
due to pbtassium pramctién (Dry, 2004b), this might explain the lower activity of

‘the catalysts of the alumina series in this study.

It has also been suggested that the rate of CO dissociation might depend on the
crysfallite structure or size and CO dissociation would only take place on two well
separated sites to accommodate the separated carbon and bxygen atoms (Sachtler
and Ichikawa, 1986; de Koster and van Santen, 1991; Ojeda et al., 2004; Phala, 2004). :
However, the overall rate of the Fischer-Tropsch reaction is governed by prbduct _
desorption rather than CO dissociation (van Steen and Schulz, 1999). Assuming
CO dissociation to be tha rate determining step of Fischer-Tropsch synthesis would
imply all other steps to be in equilibrium, the equilibrium composition of a Fischer-
Tropsch product, however, wotuld contain more than 99 C-% methane (Aﬁderson,
1984). It is the specific inhibition of product desorption, which is so unique about
Fischer-Tropsch synthesis and which makes chain growth possible (Schulz et al.,
1995). The formation of Fischer-Tropsch product and ﬁhe chain g:owth events, may
however require certain arrangements of surface atoms and it is currently not _known

which these are.

Rainer et al. (1996) have reported preferred carbon build up on smaller crystallites
of palladium when studying Co adsorption. This was explained by a higher sus-
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ceptibility to carbon poisoning of low coordination edgé/defect sites as present. in
small crystallites in high densities. Although this effect could explain the observed
crystallite dependent activity trends, it is not clear if this observation is applicable

in a hydrogen rich atmosphere as in Fischer-Tropsch synthesis.

The above experimental findings cannot be explained conclusively. Currently reoxi-
dation of small nanosized iron carbides seem té be the most likely cause for the much
lower activity of crystalhtes smaller than around 7-8 nm. In any case the finding is
of utmost importance when aiming at mammum metal utilization in supported iron

catalysts for Fischer-Tropsch synthe51s.

5.5 Product formation

Detailed selected activity and seléctivity results at selected times on stream (from _
initial to steady state times) for catalytic experiments conducted can be found in
Appendix F. For easy and concurrent readability of this section, the reader is re-
ferred to Table F.2, a fold-out summary of selected results on the effect of crystallite
size after 60 minutes time-on-stream whichv also includes some of the activity data.
The data obtained at this reaction time are believed to be most representative for
effects of crystallite size as at longer reaction times sintering might have occurred;
reaction times much lower than 60 min do not allow for evaluation of a comple{;e

product speétrum. ‘

Temporal changes of CO; selectivity are also reported as function of time on stream,
as CO, was analysed using the on-line gas chromatograph. Product selectivity can

be affected by many factors, and effects due to crystallité size might be masked by:

_e conversion effects, as high conversion or resulting long residence time might
favor consecutive reactions (note: this effect should be negligible in the test

with the catalysts of the alumina series where conversion was below about 15
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%);

e effects of potassium promotion; constant potassium to iron ratios were used
" in the catalysts, but the potassium per iron metal surface area effectively
increases with increasing iron crystallite size, therefore possibly leading to

enhanced promotion effects in catalysts with large crystallites.

5.5.1 CO; formation

COg' is a product which is always found in iron based Fischer-Tropsch synthesis.
It is mainly formed via the weiter—gas shift reaction, in which 'product water reacts
in a conéecutive reaction with carbon monoxide to form CO; and hydrogen (see
_ VEquation 2.2 in literature review section). Some of it can also 'be formed via the
Boudouard dispropotionation of CO. Figure 5.V21 shows CO,, selectivity obtained in

the runs with carbon supported crystallites as function of time on stream.
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Figure 5.21: COj, selectivity as a function of time on stream for carbon supported cata-
lysts with different crystallite size prepared via precipitation in water-in-oil
microemulsions ' ‘
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- The low conversion levels in the series with the alumina support (8 % to 15 %) did not
allow for accurate analysis of secondarily formed CO, (TCD detection limit). In the
carbon series almost no temporal changes of CO selectivity were found, excepﬁ for a
slight initial increase in the first 100 minutes, a trend to be expected i1 a consecutive
reaction. These changes may also be attributed to'chaﬁges of catalyst phases and

~ formation of the working catalyst (Schulz et al., 1990, 1999; Li et al., 2002; Claeys

and Schulz, 2004). Water—gas—shift activity has by some researchers (Newsome, 1980;
Lox and Froment, 1993; Rao et al., 1995; van der Laan, 1999) been attiibuted to

the presence of magnetite, although it should be noted that magnetite is aléo used

as pafﬁ of water-gas-shift catalysts, however, only as a carrier without significant

éatalytic activity (And‘reeva et ai., 1996; Rhodes et al., 1995). Assuming a preferred A

oxidation of small crystallites at reaction ponditions as hypothesised in this work,

high COz seléctivity would be expected in the catalyst with the small crystallites.

This was, however,; not found. The low CO, selectivities found in the experiments

with the smallest and the largest crystallites are believed to be due to the relatively

" low conversion levels in these tWo experiments, 18 % to 42 %, compared to 54 % to

65 % (initial conversion) in the other experiments of the series in the carbon series.

Possible effects of potassium prombtion in catalysts with large crystallites are not

evident (potassium is knowﬁ to increase CO, selectivity). In conclusion, there is no

clear indication that crystallite size effects account for changes in CO, selectivity.

'5.5.2 Formation of organic products

Selectivities reported below are product contents (in C-%) in the fraction of volatile
organic compounds as directly obtained from FID analysis. Note that no visual
formation of wax was observed in all experiments as chain growth probabilities were
very low (i.e. below 60 %, see also section 5.5.2.2), more than 90 % (carbon basis) of
the product are volatile and thus the reported selectivities are a good representation -

of the total product.
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5.5.2.1 Methane formation

Methane is the thermodynamically most favoured product of Fischer-Tropsch syn-
 thesis (Anderson, 1984). It is formed via associative desorption of a methyl species

and surface hydrogen. .

CH,

ol

COH, —»  CH, —» Chain start

Alternatively the methyl species can act as a chain starter.b The inhibition of
methane formation is an essential feature of Fischer-Tropsch synthesis (Schulz,
2003). The methane selectivities obtained in the runs with the model catalysts
at 60 min time on stream are shown in Figure 5.22. In both series a decline of
methane selectivity with increasing crystallite size has been obtained. This can be
~ explained by enhanced effects of potassium (increased potassium to metal surface
area), which is known to suppress methane formation (Dry, 1981, 2004b), or it might

be due to effects of crystallites size.

Increasing metha.ne selectivities have been reported in CO hydrogena,tion for rhodium
catalysts with decreasing crystallite size (Ojeda et al., 2004). This was attributed
to structure sensitivity as in small crystallites the density of ensembles of rhodium
atoms needed for chain growth would be lower than in large crystallites. In other
words, methane formation might occur on sites different from chain growth sites
(Schulz and Nehren, 1986; Schulz et al., 1995; Schulz, 2003) and these sites might

be present in higher densities on small crystallites.

From an economic point of view methane selectivity in a Fischer-Tropsch process
is to be kept as low as possible; in commercial processes methane selectivities of

4 C-% in low temperature Fischer-Tropsch synthesis and 8 C-% in high teinpera»
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ture Fischer-Tropsch synthesis are obtained (Dry, 2004a). The methane selectivities
obtained in this work, in particular those of the catalysts of the carbon series, are .
fairly high due to non optimal promotion. - However, the trends observed, if not
solely due to effects of potassium promoti‘on, would be of utmost importance for

design of catalysts.
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Figure 5.22: Methane selectivity in Fischer-Tropsch synthesis after 60 min time on
stream as a function of average iron crystallite size (TEM]) in reduced cat-
alyst for Fe/C (Q) and Fe/Al;O3 (@) catalysts prepared via precipitation
in water-in-oll microemulsions

5.5.2.2 Chain growth

Inhibition of product desorption is the essential feature of Fischer-Tropsch synthesis

(Schulz et al., 1995; Schulz, 2003) allowing for chain growth:

F’r,AJ

o]
iphm i”' ipN _g” ipNH
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Assuming carbon number independence, the growth probability pg of a growing
chain can be derived from slopes of the so called Anderson-Schulz-Flory distributions

(logarithmic plot of mole fractions of linear hydrocarbons versus carbon number):

lg (xs) = Nig(pg) +1g (1 ;gpg) - (5.14)

The logarithmic molar product distributions of the linear product hydrocarbons
versus carbon number obtained at 60 min time on stream for the two series conducted

is shown in Figure 5.23.

All curves show often obtained deviations from ideal distributions with relatively
high values at C,, relatively low values at C, and a slight curvature with increasing
~ carbon number. These deviations are generally attributed to secondary reactions of
olefins (see also section 5.5.2.3). Chain growth probabilities were derived via linear
regression from the linear part of the distribution ‘in the carbon number range C;
to Cr; these values are plotted in Figure 5.24 as function of iron crystallite size in

the reduced catalysts.

The obtained chain growth probabilities in this carbon number range were very low,
between 49 and 55 %. Note that higher growth probabilities of up to 70 % were
-found in the carbon number range Cio to Cy4 (see Table F.2 and Appendix F).
With increasing crystallite size a slight increase of the chain growth probability is
observed, the growth probabilities in the alumina series being somewhat larger than
those in the carbon series. This observation is even mofe pronounced in the early
stages of the synthesis experiments (see Table F.1 in Appendix F). This trend is
to be expected opposite to that of methane forma,tion (see previous section) and it
can therefore be explained in the same manner, namely a possible direct effect of
crystallite size due to higher density of ensembles of atoms promoting chain growth
in larger crystallites and/or an effect of enhanced potassium promotion in large

.- crystallites as potassium is known to promote chain growth in iron based Fischer-
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Figure 5.24: Chain growth probabilities {(carbon number Cz - C7) in Fischer-Tropsch
synthesis after 60 min time on stream as function of iron crystallite size
~ (TEM) in reduced catalyst for Fe/C (O) and Fe/AlzO3 (@) catalysts pre- .
pared via precipitation in water-in-oil microemulsions

Tropsch synthesis (Dry, 1981, 2004b).

5.5.2.3 Olefin forniation

Olefins are the main primary organic products of Fischer-Tropsch synthesis (Schulz,
1999). They are formed via dissociative desorption of growing surface aikyl species,
alternately a paraffin can be formed via hydrogen‘a,d&ition to the alkyl species (see
also Figure 2.6 in the literature review séction). The ia,tter reaction is strongly inhib-
‘ited so that primarily up to 70-90 mol-% olefins are formed in each carbon numbef
of the Fischer-Tropsch product (Schulz and Claeys, 1999). The step of olefin desorp-
tion is however reversible as olefins can readsorb and undergo secondary reactions,
such as incorporation into growing chains and hydrogenation to the corresponding
pa,rafﬁﬁ. Information on the extent of this secondary olefin conversion can be de-
rived from diagrams showing the olefin content in the fraction of the corresponding

linear hydrocarbons as function of carbon number; these plots are shown in Figure
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5.25 for the experiments conducted with the two series of model catalysts (60 min

time on stream).

In case of primary selectivity, i.e. not affected by secondary reactions, horizontal
lines at 70-90 mol-% would be expected. However, all curves show a pattern with
relatively ‘IOW values at Gy and decreasing olefin contents with increasing carbon
~.number from Cj; /C4 onwards, reflecting preferred secondary conversion of ethéne
and long chain olefins. Ethene has indeed been shown to be the most reactive olefin
(Iglesia et al., 1993; Schulz and Claeys, 1999), and enhanced secondary conversion of
long chain olefins has been attributed to effects of éhain léngth,dependent diffusivity
 (Iglesia et al., 1993) and solubility (Kuipers et al., 1995; Schulz and Claeys, 1999).
No clear effects of crystallite size on secondary olefin hydrogenation and incorpo-
ration can be derived from Figure 5.25, as the data do not vary much within each
series. Perhaps olefin contents increase slightly with increasing crystallite size in the

alumina series.

It is however important to note that the olefin contents obtained in the series with
the carbon supported cafalysts are much vlower than those obtained with the alumina
supported catalysts. It is known that potassium promﬁtion plays a crucial role in
forcing back most secondary reactions so that a rnuch -more 'primary’ product can
be obtained in sufficiently potassium promoted iron catalyst (Claeys, 1997; Claeys
and Schulz, 2004). The absence of potassium prométion generally leads to a very
poor product quality with high methane selectivity, lower chain_growth, low olefin
contents, large amounts of olefins with intérnal double bonds and a higher degree of

chain branching.
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Figure 5 25: Molar content of olefins in corresponding fraction of linear hydrocarbons as

function of carbon number in Fischer-Tropsch synthesis after 60 min time
on stream for catalysts Fe/C (top) and Fe/Al,O3 (bottom) with varied
crystallite size prepared via precipitation in water-in-oil microemulsions
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A closer comparative look at chromatograms of the Cs product fractions obtained
on catalyst of the two series (see Figure 5.26) indeed shows how hugely different .
the composition. of products of the two series is. Characteristic features of the
composition of the C5—fra¢tion, which has béen chosen as an example representing
other carbon number fractions, are also given in Table .2 in Appendix F; some of

these characteristics will only be discussed in the following sections.
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Figure 5.26: GC chromatograms of the Cs product fraction in Fischer-Tropsch synthesis
after 60 min time on stream for catalysts Fe/C (top) and Fe/Al,O3 {bottom)
prepared via precipitation in water-in-oil microemulsions
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Among the linear olefins within a carbon number fraction, very low contents of a-
olefins were found in all catalysts of the carbon series. It is generally believed (Schulz
aﬁd Claeys, 1999; Claeys and Schulz, 2004) that almost exclusively only a-oleﬁné
are formed primarily which can form olefins with internal double bonds after non

terminal readsorption to the catalyst surface (see also Figure 2.6).

H H H H H
|/ +H | -H P
R-CH2~C=C\ —-—P‘H R-CH,-C-CH, =—* R-C=C-CH,
X H - | ﬁ +H

The extent of this secondary isomerisation can be judged from plots showing the
a-olefins in the fraction of the linear olefins of the same carbon number as function

of carbon number (see Figure 5.27).

The very low a-«oléfin content obtained in all expefiments of the carbon series in-
- dicates excessive double bond shift isomerisation, which is characteristic for weakly
~ to non alkali prometed iron cétalysts (Claeys, 1997; Claeys and Schulz, 2004). This
observation suggests that the ‘potassium loaded to the catalyst in this series has no
bromoting effect, all effects observed in this series might therefore be a true reflection
of effects due to different crystallite sizes, obviously keéping in mind possible effects
of conversion on selectivity. The 1arge difference of the promoting effects with the
two different support materials used might be due to the much larger specific surface
area of the earbon support (1243.9 m?/g compared to 161.7 m?/g). A large fraction
of potassium will therefore be located too far away from iron crystallites therefore
ha&ing almost no effects; it can also be suspected that potassium might preferably
be located in the micropores (2 nm) of the carbon carrier, which are not populated
with iron crystallites. No pronounced crystallite size effects on olefin isomerisa.tion
could be observed with the catalysts of the carbon series; slightly higher molar o-
olefin contents were only found in the experiment A10Q of the alumina supported

catalyst.
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Figure 5.27: Molar content of a-olefins in coi'responding fraétion of linear olefins as func;

tion of carbon number in Fischer-Tropsch synthesis after 60 min time on
stream for catalysts Fe/C (top) and Fe/AlaO3 (bottom) with varied crys-
tallite size prepared via precipitation in water-in-oil microemulsions
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In conclusion, there are no clear effects of ’crystallite size on the extent of secondary
olefin reactions. Nonetheleés as a net effect of constant olefin contents per carbon
" number and increasing chain growth proba,bilitiés with increasing crystallite size or
| ‘enhanced effects of potassium promotion; ‘an increase in selectivity of long chain
a-olefins (Csy) from 7.7 to 13 C-% is obtained in the alumina series after 60 min

run time (see Table F.2).

5.5.2.4 Formation of oxygenates

Apart from hydrocarbons, small fractions of o,xirgenates (<15 C-%), mainly primary
'alcohols and aldehydes, were found in products of the Fischer-Tropsch experiments
conducted; Small amounts of ketones were also detected (see Table F.2). Only little
is known about the formation routes of oxygenates. According to Pichler and Schulz
(1970) an oxygen containi‘ng surface species cén be formed via a CO insertion step,
Johnston and Joyne: (1993) postulated that the same species could be formed by
a_ddition of hydroxyl groups to an alkylidene spé;iies. Desdrptidn of this species then

leads to formation of alcohols or aldehydes respectively.

 + e ‘ | " R-CH,-OH

R OH.
N7
. CH

“CH OH , ‘ -H R-CH=0

ﬁ"'

Genéraﬂy fairly large amounts of alcohols plus aldehydes were found ivnl the products
of the experiments of the alumina series at 60 min time on stream (see selectivity of
total alcohols and total aldehydes in Table F.2). This can again be ascribed to ef-

fects of potassium prométion on the catalysts of this series. P&tassium in iron based
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Fischer-Tropsch synthesis is known to result in higher oxygenaté selectivity (Dry,
2004bj, most likely due to inhibition of rea.dsorption of primarily formed oxygenates |
in analogy to reactions of secondary olefin consumption (Claeys, 1997; Schulz and
' Claeyé, 1999). In the carbon series the formation of alcohols mainly consists of
methanol (>90 %), whereas in the alumina series more than 70 % are Cg.;. alcohols.
With increasing crystallite size, an increase alcohol in selectivity and the molar con-
teﬁt of alcohol plus aldehydes in the fraction of linear Cs products was found in the
alumina series (see Table F.2 and Figure 5.28). This might again be due to effec-
tively enhanced potassium promotion as a resul; of an increase of the potassium to |
iron surface ratio with ihcreasing iron crystallite size (or decreasing metal surface
area respectively). Note that the reactivity of oxygenates for secondary reactions
in Fischer-Tropsch synthesis has been shown to be much larger than that of corre-
sponding a-olefins of the same carbon number (Davis, 1993}, which might explain

why only oxygenates are affected here and not the olefins (see also previous section). |
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Flgure 5.28: Molar content of pentanol(-1) and pentanal in the fraction of linear Cs
products in Fischer-Tropsch synthesis after 60 min time on stream for cat-
alysts Fe/C (O) and Fe/Al;03 (@) with varied iron crystallite size (TEM}
prepared via prmlpxtatlon in water-in-oil microemulsions -
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An opposite trend of selectivitjz of long chain oxygenaﬁes, and oxygenates content
within carbén number fractions, with respect to iron crystallite size was found in the
experiments of the carbon series. In this series, effects of potassium pmmbtion were

only weak or negligible (see previous section) and the observed selectivity trends
should therefore be mainly‘ due to crystallite size effects. Note that in experiment
~ C03 conversion was much lower than in other experiments of the series, which might
explain higher oxygenate contents in this series to be due to lower contact time;
this does however not apply to experiment CO05, in \&hich synthesis gas conversion is -
similar to that in runs A08 and C10. The relatively high molar content of alcohols
and aldehjfdes in the carbon number fractions of linear products in this experiment

(see Figure 5.28) could therefore be related to crystallite size.

It has been speculated that reactions of CO insertion might ir}deed preferably occur
on metal sites with low coordinatién (Schulz, 2003), i.e. atoms with small numbers
of neighbours. The’idensity of such sites is larger in small crystallites, which might
~explain the preferred formation of dxygenates via CO insertion in this experiment.
. Enhanced oxygenate selectivity has also been reported on small 'crysta.llites in CO
hydrogenation studies with rhodium (Ojeda et al., 2004) and cobalt (Barbier et al.,
2001) catalysts. This Signiﬁcant finding was only QbServed in the initial stages of
the experiments, where the qrystallite sizes are believed to be still intact, i.e. not.

“affected by sintering effects.

5.5.2.5 Formation of branched products

So far only linear products have been diséussed, thé product spectra obtained in the
runs conducted with the model catalysts contain up to 10 C-% branched compounds
(almost exclusively monomethyl branched). Generally higher degrees of branching
were found in the products of the carbon series (see Table F.2). For the formation
of a methyl branched species two reaction pathwa,ys have been suggested (Schulz

et al., 1988)): -
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e secondary incorporation of a-olefins (as e.g. proven via co-feeding of C la-

belled propene by Schulz et al. (1970))

‘® primary formation via combination of an alkylidene and a methyl species.

CH,=CH—CH, ~&H_ HaG  CHs
,_. ao gn G
3 CH +CH, CH,

CH CHs /' o =

Compared to linear chain growth the formation of branched species is thought to
beb much more spatially demanding, formation of branched species was therefore
considered an ideal probe reaction to characterize mechanistic aspects and spatial»
cohstraints on the catalyst surface in Fischer-Tropsch synthesis (Schulz et al., 1994,
1995). High degrees of branching have for example been obtained in initial stages
of Fischer-Tropsch experiments, where spatial constraints should be less severe due
to a less dense population of the metal surface with surface speéies (Schulz et al.,
1999). A decrease of formation of branched compounds has also been associated
with alkali promotion effects (Dry, 1981, 2004a), mainly via neutralisation of acid
_sites, which would catalyze skeletal isomerisation of readsorbed olefins. Such sites
are introduced bjr suppofts such as alumina.. Figﬁre 5.29 shows molar iso/n ratios
obtained in the C; fractions of the experiments with the two series of model 6atalysts

after 60 min time on stream.

Note that the same trends were found in other carbon number fractions (not shown).
With the catalysts of the alumina series a decrease of the iso/n ratios with inc’rease'
.of crystallite size was obtained, which might again be assigned to enhanced alkali
promotion effects due to effectively increasing potassium to metal surface ’ra.tios.i
It is hnlikely that olefins are involved in the formation of branched compounds in
both series conducted seeing how little olefin readsorption was affected within each

series. It is therefor'evsuggested that potassium rather affects the primary formation
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Figure 5.29: Molar ratio of methyl branched to linear products in the Cy fraction in

Fischer-Tropsch synthesis after 60 min time on stream for catalysts Fe/C

~ (O) and Fe/Al;03 (@) with varied iron crystallite size (TEM) prepared via
_precipitation in water-in-oil microemulsions

of branched compounds e.g. via electronic or steric effects.

Alsé assuming secondary olefin reaction to play no role in the experiments of the
' véarbon series, where no effects of potassium are believed to mask selectivity, thg
increase of iso/nbratios with increasing crystallite size (<10 nm) might therefore
be crystallite size related. It can be speculated that the spatially very demanding
formation of branched compounds requires certain conﬁgurations of large ensembles
of metal atoms, which might be present in higher densities in big crystallites. The
decrease of iso/n ratios in crystallites larger than 10 nm can however currently not be
explainéd. "The above findings regarding chain branching are again Iﬁore pronounced |

‘in the initial stages of the experiments.
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5.5.2.6 Summary of product selectivity results and conclusions

Generally positive effects on product selectivity with decreasing methane selectiv-
ity, increase of chain growth probability, selectivity of long‘ chain a-olefins and OXy-
genates have been observed with increasing crysta,llite‘ size in the alumina sui)ported
model catalysts. These findings can either be due to direct effects of iron crystailite
size on selectivity or they can be a result of enhanced effects of potassium promo-
~ tion as the ratio of the fixed amounts of potassium in the catalysts to meteﬂ surface

increases with increasing crystallite size in the model catalysts.

The influence of potassium seems to be much weaker or even negligible in the series
with the carbon sﬁpported model catalysts, here extensive double bond isomerisa-
tion of a-olefins has been dbserved, which is indicative of the absence of any alkali
promotion effects. It is therefore likely that the higher methane selectivity, the cor-
responding lower chain growth probabilities and higher molar oxygenate contents
obtained in the Fischer-Tropsch experiments with the small crystallites supported
on carbon are a true reflection of crystallite size effects therefore possibly implying
- structure sensitivity of Fischer-Tropsch selectivity as previously suggested by others

(Barbiér et al., 2001; Schulz et al., 2002; Claeys and Schulz, 2004; Ojeda et al., 2004).

In analogy to similar reactions known from homogeneous catalysis. It is proposed
that reactions of CO insertion accounting for enhanced formation of onygenat‘es
preferably occur on sites of low coordination which are present in higher concentra-
tions on surféces of small crystallites. Furthermore, it is suggested that reactions of
chain growth might require certain configurations ”ensembles” (}f iron atoms which
are larger than those required for methane formation only. These ”ensembles” will
be present at lower concentrations in small crystallites, therefore accountihg for
lower chain gréwth probabilities. Assuming correctness of this concept with further
decreasé of crystallite size a point might be reached where no chain growth will be V
possible anymore and only C; products (methane and methanol) are formed. Almost

pure methane (<99 C-%) is also the product which one would expect if all reaction



55. PRODUCT FORMATION | 125

steps of product formatiah were in thermcdynamié equilibrinm and CO dissociation
instead of product desorption might become the rate determining step. It is there-
fore only at this point that structure sensitivity would also impact on activity of
Fischer—'ﬁopsch syhthesis. As the obtained product selectivities are still only weakly
affected in the conducted experiments, it might be concluded that the observed low
activity of small crjrstallites is indeed due to other effects such as oxidation of iron

or iron carbide phases as proposed in section 5.4.
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Chapter 6

Concluding Remarks and

Recommendations |

Preparation of nanocrystallites and supported model catalysts

 One major objective of this work has been to prepare model type catalysts with var-
ied iron crystallite size. This was silceessfully achieved by employing a microemulsion
technique, \a}hich was used to provide well defined sizeable microreactors (reirersed
‘micelles) in which precipitation of nanocrystallites ’\a}as conducted. Size control was
accomplished by va.rying composition of the ternary microemulsion systém,' in par-
ticular via varying water-to-surfactant ratios. Characterisation of the microemul-
sion system and the resulting nanocrystallites showed a strict linear relationship of

water-to-surfactant ratio and micelle size as well as crystallite size.

Adding support during the precipitation in microemulsions resulted in two series
of model '(:atalyét with discrete crystallite sizes which remained widely unchanged
upon reductive pretreatment. Some of the crystallites on the sﬁpport were present,
as clusters, \&hich might have made their sintering during reaction more likely. Al-
though sintering effeéts, which were obtained on spent catalysts after 5 day time on

stream, are not believed to occur in the initial phases of the Fischer-Tropsch exper-

127
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iments and therefore not impact on the interpretations made in this work, ideally
the crystallites should be homogeneously distributed for the model typevcatalysts )

needed for the studies done.

Very little work has‘ been described in literature on attempts to deposit nanocrys-
tallites obtained from microemulsions onto supports. Improvement of catalyst ho-
mogeneity might be obtained by applying ultrasound during the deposition step
either during addition of the support to the microemulsion system or alternatively
pre-prepared nanocrystallites Qould be redispersed in a suitable solvent and then
contacted with the support material followed by slow dfying under vacuum. The
natﬁre of the support material, such as porosity and surface charge might play a
crucial role during the déposition of nanocrystallites onto the support material. It
is however hot believed that in situ preparation of support material e.g. via hydrol-
ysis of TEOS would lead to the desired results as a part of the crystallites might be

encapsulated by the formed SiOy structure and therefore become inaccessible.

 Fischer-Tropsch reaction work

Testing of the model type catalysts in Fischer-Tropsch reaction has clearly shown
lower metal surface specific Fischer-Tropsch activity of small crystallites. It has
‘been proposed that this might be a result of reoxidation as small crystallites have
been suggested to reoxidise more readily than larger ones or bulk phases. Analyses
of the spent catalyst has however shown severe sintering. In order to prove the
possibility of reoxidation of small crystallites at Fischer-Tropsch conditions, ideally
an in situ characterisation of the catalyst phase composition should be applied.'
Alternatively very short experimental runs could be done followed by thorough phase

and crystallite size analyses.

Some of the experimental results from the FischerQ’Ik'opsch runs with the model cat-
alyst seem to indicate structure sensitivity of Fischer-Tropsch selectivity. The inter-.

pretation of the selectivity data is however believed to be'hampered by a possible
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effect of pétassium_, which was loaded at: constaﬁt weight loadings to the catalyst.
With increasing iron érystallite size the effective ratio of potassium to the metal
surface area increased with increasing iron crystallite size in the catalyst. To sim-
plify interpretation of such model studies it Ais therefore recommended to use model
catalysts with different cryéta,llite sizes which are either not alkali promoted or op-
‘timum potassium levels have to be found for each crystallite size on a given support

material.
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Appendix A

Anderson-Schulz-Flory

Polymerisation Kinetics

The molar content of Fischef—"ﬁopsch products decreases with increasing carbon
. number according to the so-called Anderson-Schulz-Flory (ASF) polymerisation ki-
- netics described by the following equation:

(1 - pg) )

lg (xn) = Nlg (pg) + g - (A.1)

where xy is the mole fraction of pfoducts having N carbon atoms and p, is the
probability of chain growth. Here the probability of chain growth is assumed to be
independent of chain length. - '

The derivation of equation A.1 is based on the hydrocarbon synthesis chain growth

and desorption scheme shown in Figure A.1. The proposed basic model neglects

P:% . pfa ) Pr3 ---------- Proes ’ pru.1 PrN Pru»s
4 T d T d T : d T - T d T
COM, ot Sp, 2 P, . Sp, [ T - Pre.y - T ipn o Prst

Figure A.1: Kinetic scheme of Fischer-’i‘ropsch hydrocarbon chain growth and desorption -
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150APPENDIX A. ANDERSON-SCHULZ-FLORY POLYMERISATION KINETICS

the formation of oxygenates and branched hydrocarbons and makes the assumption
that only one sort of product Pry can desorb. ‘A mass balance around a surface

species Spy at steady state results in: -

It Spn = Le,Spn V A (A.2)

Eq. A.2 implies that:

rgaSpN—l = rdwspN + rgtSpN ) (A'S)

Product, Pry, is formed by the desorption of surface species, Spy, this results in:

rf,i’rN = I'd,8pn : (A‘Q)
Therefore;
Id8 ' »
ey = o (T 8py  Tg,Sp) (A.5)
rd:spN + rgsSX)N e
Definitions:
I A .
Desorption probability : PdN = }——% (A.8)
, d,Spn &Spr '
> r
Chain growth probability : Dgy = —— BN (A7)

rdnSpN + rgaSPN

From these definitions, it follows that:
DaN + Dgn = 1 " (A.8)

Substituting Eqs. A.3 and A.6 into Eq. A.5:

. r S . N - .
80PN -1
" IfPry = Pa,N- . (rd:SpN-l + rg,SPN-:) (A.9)

Td,Spn-1 + Tg,Spn- '

Now substituting modified Eqs. A.3 and A.7 into Eq. A.9:

rgsSpN42
Td,Spn-2 + Tg,Spy-2

TfPry = Pd,N-Pg,N-1- (TaSpn_s + Te,Spn_z) - (A10)
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It follows from Eq. A.10 that:

rg,SpN_g
T4,8pn-3 T Tg,Spn-s

It Pry = Pd,N-Pg,N-1-PgN-2- . (rd,SpN_3 + rg,SpN_g,) (A1)

An analogous balance can be made for the surface species Spy-3, Spn-4, etc. to

Spl:

rgyspl

—BSPL (pion o+ Tgs (A12
—— +rg,sp,A( ptTgsp)  (A12)

T Pry = Pa,N-Pg,N-1-PgN—-2eoseesnarnes Pg.2-

which leads to:

I‘f'prN k=] pd,N'pg,N——l-pg,N-—2 ............ pg,g.pg‘l.l‘fgsp1 o (A13)

Since all product compounds are formed starting from a C; species, the sum of the
formation rates of all products, Pry (N =1, 2, ....., 00), must equal the consumption

rate of the species Sp;, the chain starter:

oo : C
If,Sp; = fo,PrN (A.14)
N=1

The molar content of a product compound xy with N carbon atoms in the total

~ organic product spectrum is:

If Pry , ' ;
XN = e = Dd,N-Pg,N—1-Dg,N—2:sireserere DPg,2-Pg,1 (A.15)
) ZN:I rflPrN . ) .

If the probability of chain growth p, is assumed to be independent of chain length
N then Eq. A.15 becomes:

XN "—".pg'l.pd = pg‘l. (1 - pg) , (A.16)
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Taking logarithms to both sides of Eq. A.16, we get:
lg (xn) = (N — 1) pg +1g (1 — pg) - (A1)

Eq. A.17 is equal to:' -
1 (o) = Nig o) + 1g -2 (A18)

: 3
Eq. A.18 is the Anderson-Schulz-Flory (ASF) equation that describes the product

distribution with pg being the only parameter. A plot of lg(xn) against carbon

number N gives a straight line from which p; can be deduced.
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BET ‘NitrOgen Desorption Plots
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. Figure B.1: dV/dlog(D) Desorption pore volume plot of activated carbon used as sup-
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Figure B.2: dV/dlog(D) Desorption pore volume plot of alumina used as support ma-

terial. BET surface area: 161.7 m%/g; BET Average pore diameter: 11.47
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Figure C.1: Ampoule breaker system of GC FID analysis
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158 APPENDIX D. SEM PICTURES OF CATALYSTS
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Figure D.1: SEM pictures of supported fresh catalysts with varied crystallite size pre-
pared via precipitation in water-in-oil microemulsions; left: carbon sup-
ported catalysts; Tight: alumina supported catalysts



Appendix E

Theoretical Modellihg of Reverse
Micelle Size 5 ‘

An ideal reverse micelle diagram showing the water pool part and the surfactant

film part separated from the surrounding oil phase is illustrated in Figure E.1.

Surfactant film, s

Wafer pool, wp

~ Figure E.1: Description of the reverse micelle dimensions

Assuming that the micelle particles are spherical and have uniform particle size at
a particular water-to-surfactant weight ratio, wet, the aggregation number, n,, is

- constant. The volume fraction, ¢ of the dispersed spherical particles in solution is

159
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defined by Kinugasa et al. (2002) as:

N A Vrm Cs

Tag

= NAVrmCrm = (El)

Viem is the volume of a reverse micelle, Cypp is the concentration of reverse micelles, C
is the concentration of the surfactant and N is Avogadro’s constant. From Figure
E.l, Vi, and Vy,,, may be expressed in terms of the radius of the micelle, Tem, the

radius of the waterpool, 1y, and the thickness of the surfactant layer, to:

3
Vim = 43;5‘1 ‘ (E.2)
4nrd ‘ ’
Vop = 3“’1’ ' : (E.3)
Irm = Twp + s (E4)

Using equations E3 and E.4, Vi, can be re-written as:

A | [3Vep ) B
‘Vm— 3 [( o ) +ts:l (E.5)

Vyp can be expressed based on volume of a water present, V,,, and the total number

of reverse micelles present in the solution, Nyy:

Vi Vohag

Nrm - NAVTCS (EG)

Vyp =

with Vr the total volume of the reverse micelle system. Substituting equation E.6
into E.5 gives: | '

1 -+ 3
4 3Vanag \°
m =/ R ——— s : E.
Vim = 3 KZMNACSVT) “} | (E7)

Consequently, equation E.1 can be re-written as:

. 1 3 S ’
(}ﬁ = 4?T'NACS [( 3anag ) +t,$] . (E‘S)
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| The thiekﬁess of the surfactant layer, t, is equivalent to length of the surfactant. The
expression for a hydrocarbon chain length ts(A) = 1.5 + 1.265N (Tanford, 1972) is -
useful when estimating the length of the surfactant, N is the number of carbon atoms
in the chain. If the volume fraction of dispersed particles, ¢ is known (from viscosity
correlations), then aggregation number,v Nag, can be calculated using equation E.8.

This in turn permits the determination of water pool radius, ryp:

3Vunge s ‘ -
Twp = (m.) - (E.9)

Rearranging Equation E.8 for n,, and substituting the resulting equation into equa-

tion E.9 gives:

Wi

ts.

Vw .
Tup = (V;) ;%————(%Z)—% (E.10)

The volume fraction of suspended particles can also be estimated from known com-
position of the microemulsions and densities of the respective aqueous and surfactant
phases. This approach does not include particle-particle interactions and particle-

medium interactions. The known mass of water, my, and surfactant phase, ms, are

given by: :
4
my, = Vypw = gﬁrf,ppw ' (E.11)
4 | | |
mg = Vyps = §7T (ffm - rg{p) Ps (E12)

pw and ps are densities Qf water and surfactant phases respectively. The water-to-

surfactant weight ratio, wy, is equal to:

© .3
m r
B gy =  (B.13)
My (rrm - rwp)Ps ’ .
Rearranging equation E.13 and substituting equation E.3 for ryp: -
B = Pw -+ Wyt Ps B = P+ Wyt Py —3—va V (E.14)

rm .
C Wwps P WetPs 4w
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Substituting equation E.14 into E.2 and then equation E.6 for V!

| Vo = Pw -+ Wt Ps anag (E].S)

wwips NaGCsVr
Accordingly, equation E.1 can be re-written as:
Pw + Wyt Ps Vw
B e E.16
wytps VT ( )

It is worth noting that equation E.16 is independent of the aggregation number, -

Nag. Therefore, reverse micelle size can be estimated without viscosity information -

directly by substituting equation E.16 into E.10 to obtain:

Lup = : - (E17)
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APPENDIX F. TABLES OF SELECTED RESULTS

Table F.1: Selected results of Fischer-Tropsch experiments after 10 min time on stream
with Fe/C and Fe/AlyO3 catalysts with varied crystallite size prepared via
precipitation in water-in-oil microemulsions

Carbon supported catalyst

Alumina supported catalyst

Catalyst sample Co3 Cos Cl10 Cig C19 | A03 A0 AO0B Al0 Al19
de i-TEM, BN 3.0 53 102 156 1921 30 5.0 8.0 9.0 19.2
Sg Fe» mgfg 6.27 343 297 191 160 | 816 474 341 331 189
GHSVe 110 118 116 121 117 290 287 297 300 269

(H2/CO)intet, vol/vol 198 199 198 199 198 200 194 200 200 2.09
Conversion, %

Hy 435 431 53.0 448 288 | 170 1862 269 6.11 139
CO 44.8 575 754 605 374 174 1474 214 6.8 20.1
CQOy-Belectivity, C-% 80 186 149 161 183 00 0.0 0.0 0.0 9.8

rpp® 1.80 399 624 794 556 | 158 225 467 1.53 6.17
Partial pressures (reactor exit), bar ' .
Hs 156 162 148 159 176 | 194 183 18.0 196 193

“CO 7.7 6.1 3.9 5.7 7.8 9.7 9.9 9.7 98 8.6

HxO : 5.2 5.1 8.3 5.9 2.9 0.9 1.5 2.2 0.6 1.7
COy 0.5 1.5 1.8 14 0.9 | 00 0.0 0.0 0.0 0.3
Selectivities of volatile organic compounds, C-%
n-Paraffins
C 49.3 363 260 295 392 207 221 198 191 127
Co-Cy 43.5 363 442 403 380 | 170 175 179 130 117
Csy ' 0.00 000 00 1.17 0.0 | 446 125 627 984 10.9
Total 927 726 703 709 772 512 521 440 415 353
a-Olefins :
Ca-Cy ' 356 183 161 168 143 338 271 269 359 315
Css 0.00 000 000 036 000 629 502 558 9.5 14.1
Total 3.56 183 16.1 171 143 | 400 321 325 454 456
Total S-olefins® 1.12 368 472 578 310 335 529 6.01 689 390
Alcohols ,

G 1.35 319 592 221 383 125 171 150 085 081
Cs 000 026 000 013 000 084 222 194 023 238
Cs+ 000 000 000 021 000 036 228 210 099 447
Total 1.35 345 592 255 3.83 ¢ 245 621 554 206 7.66
Total aldehydes 0.00 002 000 010 000 066 010 6.19 058 1.22
Total ketones , 0.00 000 0.00 0.01 0.00 000 026 297 057 166
Total iso-cpds? 1.22 199 293 3387 154 | 229 394 277 295 4.63
Cs-Fraction, mol-%

Ol in lin HCns® na na na 651 na 72.0 571 669 693 684 .
Ol in iso HCns/ na na na 545 na | 769 591 386 758 61.5
-0l in lin O19 na na na 164 na | 788 698 673 762 907
a-Ol in iso O1* na na na 349 na | 616 818 841 824 90.8
Oxyg. in lin HCns® na na na 000 na | 86 66 148 114 157
iso/n (mol/mol) na na na 051 na | 023 019 020 021 023
Chain growth probability, %

lin HCns (Cs — Cr) na na na na na | 450 514 472 542 57.7
lin HCns (Cyo — Ci4) na na na na na na 62.9 na na na

Sml{NTP)[Ho+CO]/gcat/hr

bformation rate of organic products, pumol-CO/m#,/s)

“olefins with internal double bonds

4branched compounds

¢molar content of olefins in linear Cs hydrocarbons

fmolar content of olefins in branched Cs hydrocarbons
Imolar content of a-olefins in linear Cy olefins

'fmolar content of a-olefins in branched Cs olefins
‘molar content of pentanol and pentanal in linear Cs products
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Table F.2: Selected results of Fischer-Tropsch expériments after 60 min time on stream
with Fe/C and Fe/Al;O3 catalysts with varied crystallite size prepared via
precipitation in water-in-oil microemulsions :

Carbon supported catalyst

Alumina supported catalyst

Catalyst sample Co3 C0s8 Cl0 Ci6 C19 | AG3 A05 A08 Al0 A19
de,1-TEM, M 30 53 102 156 182 | 30 50 80 90 192
Sgres m%/g 6.27 343 297 191 160 816 474 341 331 1.89
GHSV: 110 118 116 121 117 | 290  2B7 297 300 269
(H3/CO)inier, vol/vol 198 199 198 199 198 200 194 2060 200 209
Conversion, % ‘
Hp 16.8 494 432 309 344 105 7.8 143 83 6.3
CO 182 650 735 537 417 64 81 144 127 135
COq-Selectivity, C-% 164 307 252 343 172 00 06 00 00 170
rp’ 0.68 424 502 625 647 143 145 369 310 7.36
Partial pressures (reactor exit), bar
H, 182 153 148 161 164 | 129 191 181 194 187
Cco 90 50 39 62 74| 94 98 93 92 87
H:0O 14 46 59 34 36 | 06 08 1.5 1.3 0.7
CO; 03 22 23 18 081 00 00 00 00 02
Selectivities of volatile organic compounds C-%
n-Paraffins
C 372 244 198 340 261 | 266 208 225 175 191
Cy-Cy 31,1 283 321 297 318 127 143 167 100 108
Css 89 89 116 73 101 57 126 74 109 103
. Total ©77.3 616 635 71.0 680 449 477 467 384 402
a-Olefins _
Ca-Cy 89 167 132 13.2 120290 269 28.0 319 295
Css 06 16 08 07 08 | 7.7 779 75 114 129
Total 951 183 141 138 130 367 346 355 433 424
Total S-clefinsg® 525 826 864 7.22 856 3.88 454 558 542 2.60
Alcohols ‘
C -2.59 391 412 18 376 101 101 150 051 046
Cs 002 002 009 016 004 090 227 135 078 1.90
Csy 816 017 011 011 009 244 475 354 520 6.92
Total 277 410 431 210 389 435 803 639 649 928
Total aldehydes 010 017 030 012 029 394 122 1.97 304 200
Total ketones 035 0.75 003 005 0.13] 241 044 131 069 1.17
Total iso-cpds® 476 6778 916 564 620 3.77 3.52 253 265 225
Cs-Fraction, mol-%
Ol in lin HCns® 37.5 484 428 457 457 | 719 629 675 69.2 69.0
Ol in iso HCns/ 46.5 ©58.1 434 504 532 | 348 534 652 309 533
a-Ol in lin OF 167 327 156 163 17.3 {812 814 715 835 945
-0l in iso O1* 350 488 336 347 357 | 817 861 880 852 937
Oxyg. in lin HCns* 632 102 092 153 117 | 13.8 201 164 232 224
iso/n {mol/mol) 024 028 036 031 026 029 022 015 016 013
Chain growth probability, % ~ '
lin HCns (Cz — Cy) 50.3 50.4 532 456 51.7] 499 530 486 54.0 54.0
lin HCns (Cyo — C1a) na na na na na na 67.1 81.3

Sml(NTP)[Ha+CO|/gcas/hr

bformation rate of organic products, ;Amol—CO/mFe/s)

“olefins with internal double bonds
dbranched compounds ‘
“molar content of olefins in linear Cy hydrocarbons

/molar content of olefins in branched Cs hydrocarbons

fmolar content of a-olefins in linear Cs olefins
Emolar content of a-olefins in branched Cs olefins

‘molar content of pentanol and pentanal in linear Cs products

76.8

70.3



166 APPENDIX F. TABLES OF SELECTED RESULTS

Table F.3: Selected results of Fischer-Tropsch experiments after 1500 min time on stream
with Fe/C and Fe/Al, 03 catalysts with varied crystallite size prepared via
precipitation in water-in-oil microemulsions

Carbon supported catalyst

Alumina supported catalyst

Catalyst sample C03 C05 Cl0 Cleé C19 | A03 A0 AOB Al0 Al9
dei-TEM, 1IN 3.0 53 102 156 182 3.0 5.0 8.0 9.0 19.2
Sg Fey m?/g 6.27 343 297 191 160 | 816 474 341 331 189
GHSV* 110 118 116 121 117 290 287 297 300 269
{(H2/CO)inter, vol/vol 188 199 198 198 198 | 200 1.94 200 200 2.09
Conversion, %

He 209 409 315 345 230 4.6 911 132 946 1.4
CO 237 575 462 442 285 118 10.14 159 130 108
CO,-Belectivity, C-% 121 241 216 224 162 0.0 4.0 0.0 0.0 12.8
e’ 091 372 353 536 434 108 150 345 2981 321
Partial pressures (reactor exit}, bar

Ho 177 160 17.0 167 177 | 204 191 19.2 193 202 -
CO 8.6 5.8 6.8 7.1 8.3 9.4 9.7 9.3 9.3 8.7
H2O 1.9 3.8 3.2 3.0 2.1 0.2 0.8 1.4 1.2 0.7
CO2 0.3 1.9 1.3 1.3 0.5 0.0 0.04 0.0 0.0 0.1
Selectivities of volatile organic compounds C-%

n-Paraffins

Cy 31.7 27.0 295 371 315 | 227 246 228 211 141 .
Cq-Cy 29.7 257 340 261 269 104 143 158 - 112 9.3
Csy 1284 7.82 101 640 117 625 108 6.24 9.2 12.2
Total 74.3 605 735 695 70.1 | 393 498 448 416 355
a-Olefins '

Co-Cy 845 158 93 143 102 | 277 249 269 298 251
Csy 074 238 051 092 110 1010 874 764 120 161
Total 9.18 182 98 152 113 | 378 336 345 418 41.2
Total F-olefins® 6.64 6.99 552 7.24 832 | 372 363 357 335 280
Alcohols

Cy . 279 423 291 177 316 | 027 098 144 037 040
Cs 000 013 612 019 000 059 3.01 373 047 086
Cay 0.08 020 007 020 012 415 507 426 361 11.14
Total 2.88 456 310 216 328 501 907 943 445 1240
Total aldehydes 021 079 015 023 016 | 646 096 218 215 2.18
Total ketones 0.08 0.13 0.07 009 003 439 054 215 091 161
Total iso-cpds? 611 761 702 515 6.07 ] 329 261 341 576 4.32
Cgs-Fraction, mol-% ,

Ol in lin HCns® 40.1 566 368 554 479 | 727 641 6806 691 694
Ol in iso HCns' 416 59.9 512 572 5646 | 364 591 315 353 444
a-0l in lin O9 : 168 421 14.7 191 174 | 8.3 860 B33 927 948
a-Ol in iso OI* 55.8 59.9 318 398 354 | 819 944 927 931 958
Oxyg. in lin HCns* 1.38 17 106 203 130 304 158 256 222 278
iso/n (mol/mol) 0.20 030 031 030 024 028 017 029 040 0.26
Chain growth probability, % '

lin HCns (Cs-Cy) 51.3 45.1 43.1 422 51.2 | 534 531 485 549 597
lin HCns {Cy5-Cyq) na 68.5 68.1 na ns na 732 752 720 735

SmI(NTP)[Hg+CO)/gest/hir

bformation rate of organic products, pmol-CO/m,/s)

colefins with internal double bonds
9hranched compounds

¢molar content of olefins in linear Cy hydrocarbons

fmolar content of olefins in branched Cs hydrocarbons
molar content of a-olefins in linear Cs olefins

hmolar content of a-olefins in branched Csy olefins
*molar content of pentanol and pentanal in linear Cs products
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Table F.4: Selected resulis of Fischer-Tropsch eicperiments after 7200 min time on stream
with Fe/C and Fe/Al;O3 catalysts with varied crystallite size prepared via
precipitation in water-in-oil microemulsions

Carbon supported catalyst

Alumina supported catalyst

*m](NTP)[Hz+CO]/gcat/hr

formation rate of organic products, pmol-CO/mé,/s)

olefins with internal double bonds
¢branched compounds

molar content of olefins in linear Cg hydrocarbons
fmolar content of olefins in branched Cs hydrocarbons

*molar content of a-olefins in linear Cy olefins

hmolar content of a-olefins in branched Cg olefins
*molar content of pentanol and pentanal in linear Cg products

Catalyst sample Co3 Cos Clo Cls C19| AG3 A0 AO08 Al0 Al9
de,l—TEM, DM 3.0 53 102 156 19.2 . 3.0 5.0 8.0 9.0 19.2
Sg.Fes m%/g 6.27 343 297 191 1.60 | 816 474 341 3.31 1.89
GHSVe 110 118 116 121 117 | 200 287 297 300 269
(Ha/CO)inter, vol/vol 1,98 1,99 198 '1.99 198 | 200 194 200 2.00 2.09
Conversion, %

Hs 33.8 304 377 267 242 54 815 12.8 8.84 2.0
CO 409 471 601 395 317 11.8 877 169 129 104
COs-Selectivity, C-% 154 257 211 235 185 0.0 70 00 00 11.8
e’ 151 298 423 472 470 1.07 126 368 290 3.11
Partial pressures (reactor exit), bar

H, 163 172 1568 168 176 | 203 192 192 194 203
CO 7.3 66 58 70 80 9.5 99 91 2.3 8.8
H,O « 3.3 2.7 4.1 2.3 2.2 0.2 0.7 1.5 1.2 0.7
CO2 0.8 1.5 1.6 1.1 0.7 0.0 0.1 0.0 0.0 0.1
Selectivities of volatile organic compounds C-%

n-Paraffins '

Cy 267 340 314 497 296 205 23.8 245 187 141
Co-Uy 271 259 252 241 244 8.4 156 128 125 8.6
Csy 1289 678 72 422 108 667 105 652 7.8 6.8
Total 66.7 667 639 780 647 355 499 438 390 295
a~Olefins

Co-Cy 892 143 150 105 111 ] 218 266 313 306 197
Csy ' 1.36 187 175 134 167 1172 815 877 12.5 9.1
Total : 10.28 16.1 16,7 119 128 | 33.5 347 400 431 289
Total f-olefins® 984 664 689 451 9.61 | 3.35 390 293 250 2867
Alcohols ‘

Cy 3.83 272 319 106 428 032 138 129 0.25 037
Cq 011 023 0.8 040 081 624 105 29 2389 3.82
Cayp 018 020 016 022 0.6 | 542 313 1.81 505 2212
Total . 423 315 415 166 526 | 1188 556 6.00 819 26.31
Total aldehydes 019 034 017 019 036 9.16 258 227 224 804
Total ketones 023 016 017 003 006 3.80 100 1983 122 151
Total iso-cpds? 737 580 684 323 603 267 235 302 368 303

- Cs-Fraction, mol-% *

Ol in lin HCns® 500 534 554 579 530 73.2 632 696 707 703
Ol in iso HCns' 5.8 582 643 673 601 | Ti.8 541 321 311 273
-0l in lin O)¢ 169 404 359 420 242 | 841 821 869 930 904
-0l in iso Ot* 370 605 519 620 435 922 903 931 952 950
Oxyg. in lin HCns® 1.07 1.3 177 249 115 327 107 133 253 314
iso/n (mol/mol) 023 030 032 026 022 015 013 030 033 038
Chain growth probability, %

lin HCns (C3-Cy) 53.8 43.1 441 439 520 | 551 505 483 532 539
lin HCns (Cy0-Ci4) 643 655 684 680 60.2 na 724 695 747 715
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1991 - Old Mutual Mathematics Olympiad Finalist

QO#ffices held ' : )

2003-2004 Interact club manager, Department of Chemical Engineering

2000-2002 Postgraduate representative, Catalysis Research Unit

1890-1992 Senior Prefect, Soccer Captain, High School, Zimbabwe

1990-1992 Patron and President for Mathematics Club, Howard High School, Zimbabwe

Positions of responsibility
Co-supervisor S. Mthembu and K. Moeketsi, Honours Project Thesis, UCT, 2001
: S. I. Mazibuko and M. I. Ngubane, Honours Project Thesis, UCT, 2001
V. Pillay and J. Pai, Honours Project Thesis, UCT, 2002

Mentor C. Welker from the University of Stuttgart, Germany Research practical, 2002

‘ R. Prins from Cape Peninsula University of Technology In-service trmmng, 2004
Subwarden Kilindini Residence, University of Cape Town, 1996
Treasurer Kilindini Residence committee member, University of Cape Town, 1995

House Captain Howard High School, Zimbabwe, 1992
Research experience
-2001-2005 Doctoral thesis Nanosized iron crystallites for Fxscher-Tropsch Synthesis
Supervisor; Dr. Michael Claeys; Co-supervisor: Prof. Eric van Steen
1988-2000 Masters thesis  Ethylbenzene dispropotionation over solid acid catalysts
Supervisors: A/Prof. Jack Fletcher and Prof. Cyril OConnor
Teaching experience

2005 Part-time Lecturer in the Department of Chemical Engineering, UCT
2001-2004 Graduate assistant in Catalysis Research Unit, UCT

2000-2003 Teaching assistant in the Department of Mathematics, UCT
1999-2004 Teaching assistant in the Department of Chemical Engineering, UCT

2000-2003 Private tutor at the Umversxty of Cape Town








