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ABSTRACT

FeCo/CaCe@catalysts for the synthesis of multi walled carbon nanotubes were synthesised
by an incipient wetness impregnation method. This catalyst was ttfearacterisedy in

situ variable temperature -xay diffraction (XRD) and in situ XRD reduction. Other
charaderisation techniques such as temperature programmed reduction (TPR), thermal
gravimetric analysis (TGA) and transmission electron microscopy (TEM) were used to
analyse the catalyst. As the temperature was raised Ga@tbmposed to CaO and also a

CaFeCo@phase could be identified. Upon reduction an FeCo alloy was also identified.

MWCNTs were synthesised by pyrolysis of acetylene atC@@er this 10% F€o0/CaC®

catalyst. The synthesis was carried out for 1 hour with nitrogen as the carrier gaatio a r

No: GH, (1: 2.7). The product was then purified by nitric acid to remove th€6#€aCe@

catalyst particles as well as amorphous carbon. Purification was done by refluxing the
product in 55% nitric acid at 12 for 6 hours. The agown and purifiel MWCNTs were
analysed by various techniques such as, Raman spectroscopy, TEM, surface area analysis
and TGA. TEM confirmed that MWCNTs had indeed been synthesised. The as grown
MWCNTs had an average outer diameter of 29 nm whilst the diameter of theepurif
sample was 24 nm. TGA showed that most of the catalyst particles had been removed after
acid purification. Fourier Transformfra-red spectroscopy confirmed that functional groups

such as carboxylic groups had been introduced by acid treatment.

TheseMWCNTs were used as support for a ruthenium catalyst. 10% Ru/MWCNTs were
synthesised by the incipient wetness impregnation (IMP) method and deposition
precipitation (DPM) method using urea as deposition agent. TEM analysis revealed that the
dispersion othe ruthenium metal on the MWCNTs was better on the DPM catalyst than on
IMP. The DPM catalyst had smaller Ru particles (2.4 nm) with a narrower size range than Ru
particles produced by the IMP method (5.2 nm). Addition of Ru metal onto the MWCNT
surface &ed in the thermal decomposition of the MWCNTSs in air. TPR revealed that the
DPM catalyst was easier to reduce than the IMP catalyst. The catalyst was heat treated

under N at 400€C to decompose the precursor salt. It was observed that,Ru#d reduced



to Ru metal under these conditions with the extent of reduction for the DPM catalyst

reaching 100% whereas for the IMP catalyst was 80%.

The catalysts were tested for FT using syngas at reaction temperatures ¢t 22@ 25@C

and 8 bar pressure, in thatio 2:1 of H: CO. As expected the activity at 28D was greater
than at 220eC and selectivity to heavier hydrocarbons was realised at the lower reaction
temperature. The preparation method influenced the dispersion and the Ru patrticle size but

it only had a slight impact on the activity and selectivity of the FT synthesis reaction.
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CHAPTER 1
1 INTRODUCTION

1.1 Introduction

Crude oil reserves continue to be depleted with known reserves poised to last for only 50

years McMahon, 2010) With crude oil prices continuing to increasthe need for
alternatives to petroleum cannot be over emphasisellischefTropsch Synthesis (FTS), a
technology developed by Fischer and Tropsch in 1926 continues to be of much interest in
G2RIFe8Wwa g2NIR Fa AG 27F7FSNhoffugl DanduartS2007) G A S NZ

FTS involves the catalytic conversion of syngas (GOtbl various types of hydrocarbons
(Schulz, 1999)Syngas sources include partial combustion of hydrocarbons, gasification of
coal (Coal to Liquid Plants), natural gas (Gas to Liquid Plants) and biomass (Biomass to Liquid
plants)(Sie & Krishna, 1999Useful products of the Fischdiropsch synthesis inae diesel

fuel, waxes and other chemicals such as olefins and alcg@HelsriciOlive & Olive, 1976)
Qountries which have large coal or natural gas reserves can utilise these resources to
produce their own fuel rather than importing crude oil for theiefuneeds. In South Africa

for example FTS plays a pivotal role in reducing quantities of imported petroleum products.
Going the FTS route is viable when the cost of crude oil is above $ 20 per barrel as reported
by (Morales & Weckhuysen, 2007). Since ylear 2000 crude oil has been consistently
above $20 per barrel and hit the $100 mark in 2011 and continues to rise (Statita, 2012).
This has led to new FT plants going online recently such as the one in Malaysia and the one
in Qatar since the crude oil hasnsistently been above this $ 20 mark in recent yesemn(

Wecham & Sendon, 1994; Eilers et al., 1990)

Fuels produced from FTS are more environmentally friendly than crude oil based fuels. It has
been shown that diesel produced from FTS is biodegraddhly, 2008). FT synthesis results

in high quality hydrocarbons that are sulphur and nitrogen free which makes the
combustion much cleaner than combustion ofude oil products. FT fuels also contain
relatively less benzene which is a toxic chemical. yiithesis also results in many other
useful products being produced such as linear alkenes which cannot be produced from

crude oil Morales 2007).



Due to many advantages of FTS, it is therefore necessary to have more information
concerning the possible talyst systems used in FTS. Four possible catalysts i.e. iron; cobalt
ruthenium and nickel have been studied for FT and Fe and Co are the ones currently used on
an industrial scaleSchulz, 1999Simonettiet al., 2007) Various supports have also been
tested for FTS and these include alumina, titania and sikeauél & Bartholomew, 1984

this study Ru supported on carbon nanotubeas#ested for FTS. It is known that Ru is the
most active of all the FT catalysts, operating at low reaction temperatireesultsin a

higher selectivity to heavier hydrocarbons (Schulz, 1999). Although application at industrial
level is uneconomic because Ru is expensive, Ru catalyst may find use in smal®im

liquid plants since a highly active catalyst is reegliSimonettiet al., 2007,Claeys & Van
Steen, 2002)MWCNTs have also recently been studied for FT and have been shown to be
stable under reaction conditions (Bahome et al., 2005; Bahome et al., 2007). Ru/MWCNTs
catalyst hasiot been intensely studied fd-TS (Kang et al., 2010).

The nature of the catalyst system has a great influence on the rate at which CO is converted
as well as the range of products obtained. New materials are continuously being tested as
catalyst supports such as zeolites and vasiearbon materials (tubes, spheres and fibres)
(Reuel & Bartholomew, 1984; Bartholomew, 1991; Hayek et al., 1997, Motchelaho et al.,
2011; Moyo et al., 2011)

Carbon nanotubes have received much attention not only for their application in catalysis
(Xiorg et al., 2010) but also because of their suitable application in the synthesis of various
electronic devices and medicinal applicatioAsd@uris, 2002; Lei, 2011)he popular way of
synthesising carbon nanotubes involves the use of catalgXsitéauet al., 2003; Lupu et

al, 2003; Okamoto & Shinohar&2005. Hence a study of one of the most promising

catalysts Fe&Co/CaCe@was carried out to produce CNTS for use as a catalyst support.

Various characterisation techniques were employed to analyse these catalysts and among
them are XRD, TEMnd TGAetc. Powder Xay diffraction is a powerful technique which
allows identification of single and multiple phases present in crystalline tsuogs.
Amorphous content can also be recognised from the XRD patterns if present in partially

crystalline substancesrpung, 1993; Will, 2006Rietveld refinement analysis of XRD data
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also allows quantification of the identified phaseRidtveld, 1969Young, 1993; Will, 2006)
X-ray reaction chambers have recently been developed to allow in situ XRD analysis to be
carried out Richter & Dopler, 1997)Catalytic reactions can therefore also be analysed in
real time and active phases identified using tKIRD technique. Knowledge of the active
phase allows modifications that make the active phase more availableactiontherefore

increasing the production of the desired products.

1.2  Motivation

The FT catalyst goes through various phase transformatéursig pretreatment and
during the FT synthesis which can only be identified by in situ characterisation techniques.
Knowledge of these phases may help in determining modifications that can improve the

performance of the catalyst.

1.3 Objective
The main bjectives of this study were
A To investigate the phase transitions that occur in theJe¢CaCe@catalystsused to
produce MWCNTSsluring heat treatment and reduction by use of an in situ XRD
technique.
A To investigate the effect of synthesis method andatéan temperature and on FT

synthesis using a RU/MWCNTSs catalyst.

14 Aims

I. To synthesise 10% Fe/CatC@0% Co/CaGGand 10% F&€o/CaCe@catalysts and
investigate how they respond to thermal treatment and reduction.

[I.  To study the F&€o/CaCe@catalysts by an in situ variable temperature XRD technique
and by in situ XRD reduction and to identify phases that form and quantify these
phases by Reitveld refinement analysis.

lll.  To synthesise multi walled carbon nanotubes by a catalytic chemical vapour
deposition (CCVD) method using a 104CBACaCecatalysts using acetylene as the

carbon precursor.



VI.

VII.

VIII.

15

To purify the synthesised multi walled carbon nanotubes and characterise them by
techniques such as transmission electron microscopy (TEM), Raman spagyrosc
and XRD, amongst others.

To make ruthenium supported on carbon nanotubes catalyst by two synthesis
methods; (incipient wetness impregnation and deposition precipitation) and to
characterise the catalysts.

To investigate the phase formation and transis that occur in the ruthenium
supported catalyst during thermal treatment and hydrogen reduction by use of an in
situ XRD technique.

Quantify the phases identified by the Rietveld refinement method and study the
effects of these phases on the catalystrformance.

Investigate the effect of the catalyst preparation method and reaction temperature

on the FT synthesis

Methodology

The objectives of this study were addressed by employing various characterisation

techniques on the synthesised materials. ®owf the main characterisation techniques

used in this study are listed below:

Thermal gravimetric analysis method : to investigate the thermal stability of the
synthesised nanotubes and catalyst

Temperature programmed reduction : to investigate the retion process of the
catalyst by hydrogen

Raman spectroscopyo measurethe structural quality of the synthesised CNTs
Transmission electron microscopy: to show the shape, wall structure and inner cavity
of the CNTs and how the metal loaded is dispersed.

BrunauerEmmetTeller (BET) analysis : to determine surface area of the catalyst
X-ray diffraction: to identify and quantify crystalline phases and amorphous content

in the partially crystalline phases.



1.6 Outline of this dissertation

This chapter (Chapter 1) is an introduction to the study to be performed.

The next chapter (Chapter 2) contains a review of the literature and work done by other
authors related to this study. Chapter 3 describes the equipment and experimental

proceduredollowed in carrying out this investigation.

Chapter 4 presents the results obtained from the stwdfiythe FeCo/CaCegcatalyst for the
synthesis of carbon nanotubes by an in situ PXRD technique. ResultsPXRI studies
carried out on three catalystare reported and comparisons made. TGA, TEM and Fe

Mossbauer results are also reported and discussions on these results are presented.

Chapter 5 presents the results and discussion on the study of ruthenium catalyst supported

on carbon nanotubes for usa the Fischer Tropsch synthesis.

Chapter 6 describes the conclusion reached from this study as well recommendations for

future work



CHAPTER 2
2 LITERATURE REVIEW

2.1 Carbon nanotubes

2.1.1 Introduction

Carbon occurs in various forms, such as graphite, diamond, fullerenes, onions, carbon
spheres and carbon nanotubes. This is so because of the different hybridisation that carbon
can assume in the form of electronic configurations sg, @pd $° (De La Puente &
Nierengarten, 2012)Of all the carbon nano materials, carbon nanotubes have received the
greatest attention because of their wide ranging applications (Ajayan, 1999). Figure 2.1

shows some of the allotropes of carbon.

Diamond

Buckminsterfullerene
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Figure 2.1 Some of the allotropes of carbon



Carbon nanotubes consist of graphite sheets, rolled into seamless cylinders, and have a

fullerene structure to cap the open en{Bernholc et al., 1997).

There are basically two types of carbon nanotubes i.e. single walled carbon nanotubes
(SWNTs) and multi walled carbon nanotubes (MWCNTs). MWCNTs are made of several
layers of concentricrgphitic cylinders placed around a central hollow whereas SWNTs have
one layer (lijima, 1991; Yamada et al., 2006). Double walled carbon nanotubes have also
been reported with two walls. The interlayer spacing between graphitic layers in MWCNTSs is
0.34 nm(Ajayan, 1999; Yamada et al., 2006).

2.1.2 Propertiesof carbon nanotubes

Physical properties

Carbon nanotubes (CNTSs) possess superior and novel properties that make them suitable for
various applications. Some SWNTs can be semi conducting or metallic conducting which
makes them suitable for field emission and for use as transistors deviogsuis, 2002; Lei,

2011) The study of the electrical properties of MWCNTs lags behind because of the
complexity involved when using the multi graphitic layers (Nessim, 2010). CNTs possess
superior mechanical properties; this is due to the formation of stréng @ t S¥dnds’ & LJ
between carbon atomsRuoff et al., 2003)Various studies have shown that a CNT is the
hardest material, surpassing diamond. Its Young modulus of ca. 1000 GPa shows that its
strength is 5 times that of steel (Walters et al., 1999)NTE€ also exhibit high thermal
conductivity and low heat capacity (Kim et al., 2001). Hone et al. (1999) found that the
thermal conductivity of CNTs deviated from that of graphite. They reported that the thermal
conductivity was dependent on temperature,nging from 1800 to 6000 W/mK which is in
agreement with the value of Kim et al. (2001) of 3000 W/MK which was found
experimentally. However synthesised CNTs normally have defects in their structure and this

adversely affects their propertiedléssim, 2010)

Chemical properties of carbon nanotubes
CNTs are found to be more reactive than graphite but less reactive when compared to

fullerenes. This is so because graphite sheets are planar and hence more stable whereas the
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curvature of CNTs causes misalignment of tharbitals and pyramidalisatiorDe La Puente

& Nierengarten, 2012)hence the hemispherical fullerene capped ends are known to be
more reactive than their graphitic walls (Ajayan et al., 1993; Ajayan, 1998¢n@se the

CNTs are insoluble in most solvents such as acetone, nitric acid and hydrochloric acid (Lin et
al., 2003).The structure of carbon nanotubes however can be modified by various methods.
Attachment of hydrocarbon chains to CNTs was found to irserélaeir solubility. Carboxylic
groups and other oxygen groups can be attached to the walls. CNTs can also be doped by
various other elements such as,MB, Au etc. This modifies the electronic properties of the
surface of the walls of CNTs (Duclaux,Z0:tana et al., 2012).

Though there are numerous possible applications of CNTs, manufacturing of these products
has been hampered by several challenges. These include the difficulty in the mass
production of pure CNTs of uniform siz€ufar et al., 201,0Trojanowicz, 2006 These
challenges have been difficult to address because the growth mechanism is not fully
understood Yasuda et al., 2002).

2.1.3 CNTs synthesis
CNTs may be synthesised by various techniques which include laser ablation, arc discharge,

plasma heating and various chemical vapour deposition (CVD) methods (Ando et al., 2004).

Arc discharge
Current is made to pass through two graphite electrodes which are placed end to end in an

inert gas filled environment. A high potential difference of K@ and current ranging from

20 to 100 A is applied causing a high temperature discharge ca.°@0lhe heat causes

sublimation of carbon on the positive electrode which then deposits on the negative end of
the electrode forming CNTs. Although higbiystalline CNTs are produced, the efficiency is
poor as the product contains above 60% impurities. This process is also energy intensive
which inhibits large scale CNT production using this method (lijima, 1991; Zhao et al., 1997;
Journet et al., 1997).



Laser ablation

A high power laser beam is focused onto a target block of carbon placed in a reactor which
is placed in a heated furnace with an inert gas flowing through. The gas carries the carbon
vapour product off the block which then condenses anda$#{s in a cooler region called a
collector. Graphite, fullerene, composites of graphite and various catalysts are some of the
materials that have been used as precursors in this process. Although the produced CNTs
are more pure than those synthesised Inetarc discharge method, the yield is low. Making
CNTs by this methad also more expensive than by using the arc discharge mdthod et

al., 1995; Guo et al., 1995; Zhang & liji@99; Thess et al., 1996).

Chemical vapour deposition

Chemical vapoudeposition (CVD) involves passing a carbon source over a transition metal
catalyst in a reactor placed in a heated furnace operating at high temperature’C52Q00

°C) (Ando et al., 2004). The heat is a source of energy which causes decomposition of the
carbon source and the CNTs deposit and grows on the metal catalyst. The product is
collected after the synthesis period (8D min) when the reactor has cooled down (Ando et

al., 2004, Tetana et g312012).

Compared to the other synthesis methods CVi2latively less energy intensive, making it a
favourable way to make CNTs. The CVD method has received great attention because it
offers a promising route to the production of cheap, bulk, pure and well aligned CNTs. The
morphology of the produced CNTsclae controlled by controlling the synthesis parameters
such as catalyst particle, reaction temperature and carbon souCartéauet al, 2003;

Lupu et al.2003; Okamoto & Shinoharda005. The CVD method was the method employed

in this study.

2.1.4 CatalyticChemical Vapour Deposition

Catalyst systems used in CVD

Various studies have shown that the catalyst support used in the synthesis has an effect on

the morphology and yield of the CNTs produced. Several catalyst supports such as silica,



alumina, zeolitesmagnesium oxide and calcium carbonate have been used for the synthesis
of CNTs. The nature of the catalyst and support influence the growth mechanism, quality
and the yield of the CNTs produced (Coutea et al., 2003; Magrez et al., 2005; Mhlanga et al.,
2009).

The use of CaGMhas been recommended as it results in high yields and almost 100%
selectivity. The product obtained can also be purified by use of a mild acid (Coutea et al.
2003). Various transition metal elements have also been used in the synthesis of CNTs
however iron; cobalt and nickel have received the greatest attention (Coville, @04l ;Su

et al, 2000;Hsieh et al.2009).

Magrez and cavorkers in 2005 invegated the use of various carbonates as supports for
Fe, Co and Fe/Co catalysts usinghb@s precursor. When the Co concentration was not 33
mol% in the bimetallic catalyst, more particles were seen to be encapsulated in the MWNT.
The encapsulated partes were found to be Co and mainlysEebecause of its low activity

in CNT synthesis. When catalyst particles are encapsulated they become shielded from the
carbon source; this is a form of catalyst poisoning. The amount of encapsulated particles

was 80% wan Co/CaC{was employed (Magrez et a2005).

Compared to other metal carbonate (MgGsupports (MgCOBaCQ SrCQ), CaC@was
found to be the best, producing high yields. (Magrez g8l05; Hata et al2004).

Quite a number of groups have studi¢ite use of Fe and Co as well asGee bimetallic

catalysts for MWCNTs synthesis. Cobalt was found to be more active than iron. -Tte Fe
bimetallic catalyst performs better in terms of yield, quality and selectivity. This was
confirmed by studying the aieity of metals on various catalyst supports. Studies have
attributed the excellent performance of the bimetallic catalyst to the active FeCo alloy that
forms upon introduction of precursor gas at reaction temperature (Kathyayini et al 2004;

Zhu et al,2003; Magrez et a]2005; Mhlanga et al2010; Cheng et gl2005;Li et al, 2008).

Kathyayini et al. (2004) studied Fe and Co catalysts supported on Ca and Mg salts using
acetylene and ethylene as precursor gases for CNT production by CVD. Theysfindne
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similar to the findings of Magrez et al. (2005) 's. Ga@43 found to be a better support
than MgC@, giving a higher carbon deposit. They also observed that the use of acetylene
was to be preferred to ethylene. An f&o bimetallic catalyst alscage the best results
(Kathyayini et a] 2004; Magrez et al2005)

CVD using CaG@s support
At high temperature CaG@onverts to C@and CaO. CaG@ay not completely decompose

at a reaction temperature of 708C. This means that CNTs could grow dwer supports
(CaC®and CaO), which have different crystallite size. CNTs with different outer diameter
widths would then be obtained (Schmitt et,&2006). Schmitt et al. (2006) analysed effluent
gases from CVD by acetylene by use of various typessotlgamatographs. In the early
stages of the synthesis, less acetylene was observed in the effluent. However, later during
the synthesis period they noticed a higher concentration afb,CThis meant that the
amount of acetylene used in the reaction decsed with time. At the beginning of the
synthesis, more £, was consumed because the catalyst was exposed to the gas. After a
longer reaction time graphitic layers and amorphous carbon formed, shielding the carbon
source from the catalyst metal and hindegi pyrolysis of the gas on the catalyst.
Hydrocarbons also increased in concentration with time in the effluent stream because
decomposition of &+, would then happen elsewhere and not on the catalyst.-Bein-3-

yne, dimers, trimers of acetylene benzem®d cyclooctal, 3,5, #tetraene were some of the
hydrocarbons identified in the effluent from the synthesis of CNTs (Schmitt,e2046).
Figure 2.2 shows how these-pyoducts could form (Schmitt et aR006).
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Figure 2.2 Proposed reaction scheme for MWNTs production explaining the observed

byproducts(Schmitt et al.2006).

Carbon sources used in CVD

Numerous hydrocarbon sources have been studied for growing CNTs; amongst them are

methane, acetylene, benzene, xylene,
2000;Hsieh et al.2009).

and carbon monoxide (Coville, 804l;Su et al.

The reduction of the catalyst by acetylene

It has been shown that reducing the catalyst byighot necessary when; is used as the
carbon source for CVD (Hernadi et &B97). Acetylene is able to reduce the catalyst under

reaction conditions irrespective of the support employed. It has been found that reducing
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the catalyst with H lowered the selectivity to CNTs and resulted in Iquality CNTs
(Hernadi et al 2007; Mhlanga et al2007).

Emmenegger et al. (2003) investigated the growth mechanism of CNTs over an aluminium
substrate coated with iron nitrate solution. They carried out a high temperatusgtinXxray

study of the sythesis. As the temperature was ramped up they found that ayOF&Im
formed on the substrate. Upon introduction ok the film fragmented and the KE©; was

then reduced to F#, and then wustite (FeO). They suggested that decompositiontgf C
provided a source of FHduring the reaction which reduced the iron oxides. With time the
FeO formed an iron carbide 3 phase which eventually decomposed to iron and
graphite. This resulted in huge amounts CNTs being formed at that moment in time. They

then concluded that CNTs grew on an iron carbide phase (Emmenegger2&iod).

Effect of the ratio of carbon precursor gas to carrier gas

Synthesis parameters were also found to significantly influence the products obtained using
the CVD method. Mhlanga el. (2009). investigated the effect of synthesis parameters on
the iron-cobalt catalysts supported on Cag They found that the ratio of the carbon source

to the carrier gas had an effect on the yield and selectivity of the product. When a carrier
gas wasnot used in the synthesis mainly microspheres were obtained with just minimum
amounts of nandibres. At a high carbon source to carrier gas a mixture of products was
produced which included microspheres, nafitares and CNTs. Mhlanga et al. (2009) found

a ratio (1:2.6) for &4:N, to be optimum giving almost 100% MWCNTSs selectivity.

Effect of reaction time

CNT morphology also depends on the reaction time. A shorter reaction time yields CNTs
with thinner outer diameters and a long reaction time gives sheéhick and fibrous
MWCNTSs because of continued carbon deposit on the formed CNTs. Therefore the synthesis
time has to be limited to less than an hour to get a high quality product (Mhlanga,et al.

2009; Emmenegger et a003).
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Effect of reaction tenperature
Reaction temperature has a significant effect on the growth rate, purity and yield of CNTs
(Kumar & Ando, 2010; Bai et al., 2005; Atthipalli et al., 2011). Temperature employed for

CNTs synthesis by CVD typically varies from°&5@ 900 °C (Kmar & Ando, 2010). The

growth rate and crystallinity of the CNTs increase with synthesis temperature (Lee et al.
2001).

Effect of catalyst particle size

The particle size of the catalyst also has an effect on the CNTs produced. Nano particles of
size 12 nm are said to favour the growth of SWNT whilst bigger particles favour MWCNT.
The size of the catalyst particle also influences the diameter size of the CNTs produced
(Kumar & Andp2010; Ajayan2007)

2.1.5 Mechanism of CNT growth

Two growth mechanisms havmeen proposed for the growth of CNTs. The mechanism that
occurs depends on the wettability of the metal catalyst on the substrate. When the
hydrocarbon vapour comes in contact with the metal catalyst it decomposes to feamdi
carbon. The carbon dissely and diffuses through the catalyst and then eventually
precipitates crystallising as CNTs. How the catalyst interacts with the support determines
the growth mechanism. If the interaction is weak the carbon flows down and nucleates at
the bottom of the méal nanoparticle pushig it up and off the substrate idture 2.3a). This

is called the tip growth mechanism. The top part of the metal particle remains exposed to
the hydrocarbon vapour so the CNT grows in length until the top part is covered by a carbon
product that does not permit further tube growth. In the case where the metal interacts
strongly with the substrate, the carbon fails to affect the metapport interaction.
Precipitation of the carbon then occurs at the top of the metal catalyst partidles leaves

the bottom sides exposed to fresh hydrocarbon vapour and the CNT grows from the bottom
as shown in fig 2.3b. This mechanism has been termed the base growth mechanism (Kumar

& Andg 2010; Song et gl2004; Song et gl2004; Merkulov et aJ2001).

14



(a) Growth stops
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Figure 2.3:(a) tip-growth mechanism (b) basgrowth mechanism (Kumar & And2010)

The solubility of the carbon in a metal particle depends on the synthesis temperature and
the metal particle size. More aligned CNTs grown when tip growth occurs whilst a base
growth mode results in a random oriented product being produced (Magrez et al., 2010;

Moisala et al., 2003

It has been shown that CNTs with few walls grow by the base growth mechanism from a
small catalystparticle whereas multi walled CNTs grow by a tip growth mechanism from
large catalyst particles. This is because there are stronger support metal interactions with
the smaller metal particle (> 5 nm) than with a large (< 5 nm) supported metal catalyst
particle (Gohier et al., 2008; Ducati et al., 2004; Torredo et al., 2009). However other
parameters such as reaction time, type of CVD process (floating catalyst or plasma CVD)
could affect the morphology of the CNTs produced as well (Terrado et al., 2089allL,i

2005; Xiang et al. 2007).
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Magrez et atb Préple joint theory for FeCo/CaC@catalyst

Magrez et al. in 2005 and 2007 studied MWCNT growth e@d?€aCe@catalyst using £

at various temperatures. They showed that @@mation from thedecomposing carbonate
support at reaction temperature was what made Cg@etter support for CNT synthesis

than other supports. Since decomposition of the other MG@pports occurs either below
or above 700°C, they suggested that the presence of,@©m the decomposing CaGéx

reaction temperature (700C) played a role in the growth of CNTs. This was in agreement
with Hata et al. (2004 $&ults which showed that oxygen species enhanced CNT growth
and reduced impurities in the product. Hata et &0Q4) had previously reported that,O
species reacted with the hydrogen in theHg precursor forming kD thereby aiding
pyrolysis of the hydrocarbon vapour,; @so aided by etching the amorphous carbonaceous

materials which slowed down catalyst poisoning (Magrez et al., 2005; Hata et al., 2004).

Magrez et al (2007)found that the CQ@ GH, ratio also had an effect on the CNT vyield as
well as CNT selectivitihe optimum being 1:1. At 82TC,a zero MWCNT yield was recorded
and this was attributed to the absence of £&Xihce all the CaG®ad decomposed to CaO.
Deviation from a (C£C,H,) ratio of 1 was also marked with an increase in amorphous
carbonaceous ntarial. It was hence deduced that the presence of,Ghibited the
formation of byproducts during the synthesis. When £GH, and a FeCo metal catalyst

are close together as shown in figure 2.4, CNT production is favoured. The point of contact
betweenthe reactants was termed a tripigoint joint (Magrez et al., 2007; Magrez et al.,

2005).
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Figure 2.4Magrez et al” s triple point joint cartoqMagrez et al., 2007)

Magrez et al(2007) suggested two chemical reactions to explain the role g¢f @ich also

gave two reaction pathways (figure 2.5).
GH,+ CQ4W 2C+H,O+CO

GH,+ CQUW C+2COrH,

2CCNTs CCNTs + HZ

Reaction 1 Reaction 2

CO + H,0 + CaO CaCOj3; + CoH, 2CO + Ca0

WGS reaction CO disprop.

C2 2 C2H2

Figure 2.5reaction pathways for the growth of CN{Magrez et al., 2007)
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A water gas shift reaction was also suggested

HO+ CQY CQ+ H,
ie. /' h T4h
Through this reaction GQOs produced and aids in the synthesis of MWCNTs (Magrez et al.,
2007)

2.1.6 Purification of carbon nanotubes

When CNTs are synthesised via a catalysed reaction, purification is necessary because the
catalyst that aids the synthesis process becomes a contaminant. Most applications require
CNTs of high purity. The-agnthesised CNTare often produced together with amorphous
carbon substances. Therefore the CNTs often have to be purified before they are used for a

specific application (Endo et al., 2006).

Most popular methods of CNT purification rely on oxidation methods. Oxidatimification
methods can be classified into two groups which are gas oxidation and liquid oxidation (Hou
& Chen, 2008) Amorphous carbon gets oxidised easier than CNTs because of structural
defects and dangling bonds which cause it to be more reactive @&€hen et al., 2008).
Therefore the impurities are usually oxidised leaving pure CNTs behind. Gas oxidising agents
include air, HCI, £and HS. The main disadvantage of this method is that it does not
remove catalyst particles which necessitate a sekpuarification step for CNTs produced in

a catalytic synthesis. Some CNTs can also be oxidised together with the amorphous

carbonaceous materials (Li et al., 2004).

Liguid oxidation is more popular in CNT purification, being able to simultaneously remove
carbonaceous patrticles as well as catalyst particles. Various agents have been used for liquid
oxidation and these include,B,, HSQ, HNQ (Aviles et al., 2009), KMp@nd NaOH. The
choice of oxidising agent depends on the catalyst used to synthdmseNTs. Nitric acid is

the most widely used reagent because it is mild resulting in minimal damage to the CNTs
and is capable of removing catalyst particles as well as amorphous carbon (Hou et al., 2008).
Some oxidants such as3$Q introduce secondarympurities which need to be removed by

another purification step (Li et al., 2004).
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Usually the CNTs are sonicated before being refluxed or stirred. This is followed by the
filtration and washing of the CNTs until the pH becomes neutral. If harsh corglgimh as
strong acid or reflux or stirring for long periods are employed, the CNTs become damaged
and fragmented and their fullerene capped ends open up. Damage is more severe in SWNTs
than in MWNTs. The oxidation of the CNTs changes their chemical acdameal

properties Bonard et al., 1997)

Purification also introduces functional groups on the surface of the CNTs which is good in
certain applications but a drawback in others. This has led to research into physical methods
of CNTs purification (Lt @l., 2004). For example salts have been used to remove catalysts
used in the synthesis of CNTs; a Ni catalyst was successfully removed from synthesised

carbon nanotubes (Li et al., 2006).

Functionalisation of carbon nanotubes

CNTs in most cases havele functionalised before application. The introduced hydroxyl
and carboxylic acid groups make the CNTs reactive enabling other groups to attach to the
CNTs. Purification and functionalization of CNTS can be done in a one step process when
such agents as HD are used to purify them. HNas the ability to functionalise the CNTs
(Avile’s et al., 2009)

2.1.7 Use of carbon nanotubes in catalysis

MWCNTs have been extensively studied as a catalyst support mainly because they have
large surface areas, many examplen be found in the literature. Pt and Pd / MWCNT
catalysts have been used for hydrogenation reactidogthuizen & Nyamori et al., 2011).
MWCNTdave been used as a catalyst support in heterogeneous catalysis of hydrogenation
of cinnamaldehyde, (Planeix &l., 1994) and in Fischer Tropsch synthesis (Xiong et al., 2010;

Motchelaho et al., 2010). This work will focus on Fis¢fi@opsch synthesis.
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2.2 FischefTropsch Synthesis

2.2.1 Introduction

FischefTropsch synthesis (FTS) is a technology that was invented by two German scientists
Franz Fischer (1871@47) and Hans Tropsch (188935) in 1923 when they were working

at a research institute in Germanyhe Kaiser Wilhelm Coal Research Institutéviulheim.

The first FT plants went on line just before the Second World War in 1936 and were a source
of the much needed fuel during the war for Germany. The process continues to be of much
interest in(l 2 R Iweérl &s it offers an alternative route the production of fue(Dancuart,

2007).

Syngas sources include coal, natural gas and biomass which are usedtotlicpadl plants,
gasto-liquid plants and biomast-liquid plants respectivelySie, & Krishna 1999Useful
products of the Fischefropsch synthesis include diesel fuel, waxes and other chemicals

such as olefins and alcoholdgnriciOlive & Olive, 1976)

2.2.2 FT reaction
Fischer Tropsch synthesis is a reaction that occurs when CO am@dtl to give various
hydrocarbons and other bgroducts such as alkanes, alkenes and alcohols.

CO +2h - -(CH)-+ HO

nCO+ (2n+1)H GHns2+ NBHO

Although the mechanism of the FT reaction is a matter of controversy, there is general
agreement tha a stepwise chain growth process is involved similar to monomer
polymerisation with Ck units as the building blocks. The LHnits are formed by
hydrogenation of adsorbed CO on the metal catalyst surf&caylz, 1999)
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The probability of chain growtdetermines the distribution of the hydrocarbon products
(Dry, 1996; Dry, 2001). The Anderson, Schulz and Flory (ASF) model gives an expression of
the probability of chain growth. The ASF model is given by;

®e oot
(1-1)
where
W= weigh fraction of product containing number of atoms
h = probability of chain growth
Thevalueof OFy ©0S RSUSNNXAYSR FNRBY | LX20 2F 23

slope of the straight line is the chain growth probabiliySF modetan be written as a

linear expression by taking the logarithms of the appropriate terms.

T€: tagoaegd |

(1-2)

Syngas composition, temperature, pressure and the catalyst used influence the probability
of chain growth. Operatig at high temperature results in increased activity but it also
causes increased production of undesired methane which is the most thermodynamically
stable product. The rate of deposition of carbon also increases with temperature. Carbon
deposition resuls in catalyst particle disintegration, therefore synthesis must be carried out

under a compromised temperatur€arbon deposition occurs via the Boudouard reaction;

2CO- C+CQ (Schulz, 1999)

2.2.3 FT catalysts
Most of the transition metals are active in FT synthesis but nickel, iron, cobalt and
ruthenium are the only ones that are active enough to make commercial application

possible. Nickel has a high methane selectivity and nickel carbonyls are formed wiieh ma
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it unfavourable for application in large scale FT synthesis. Iron and cobalt are the most
popular FT catalysts because they are abundant and relatively cheap which makes them

suitable for use at an industrial scatecfulz, 1999)

The water gas shifeaction is observed in FT synthesis when iron is used as a catalyst.

CO+bD CQ+H

Cobalt exhibits higher activity, giving less water gas shift activity and longer life than iron.
This is because it is relatively resistant to oxidation and cariois (Dry, 1996 Schulz,
1999.

Ruthenium is the most active of all the FT catalysts. It needs no promoter and is active at
lower temperatures than the other FT catalysts. Ruthenium produces high molecular weight
hydrocarbons although higher FT tempera results in a higher selectivity to methane
(Schulz, 1999)As a promoter of iron, it makes the bimetallic {Re) catalyst stable but
methane is a major productBg@home et al., 2007)Ruthenium has also been intensively
used as a promoter for cobalt dniron based FT catalysts. However lasgale industrial
application is uneconomic because ruthenium is less abundant and therefore expensive.
Ruthenium may however find use in the conversion of syngas from biomass in small
biomassto-liquid (BTL) plantas this process requires a catalyst that is highly active under
higher water partial pressuresS¢hulz, 1999Simonettiet al.,, 2007;Claeys & Van Steen,
2002)

2.2.4 FTcatalyst supports

Different studies have shown that the structure of the support has a significant effect on the

activity, selectivity and chemical nature of a supported catalyst. The main role of a catalyst
support is to offer a large surface area which assists in metpkdsion which is a factor in

the performance of a catalyst. Further, the spreading of the metal on a support increases
the lifetime of the catalyst by slowing down the rate of sintering. The support must present

good mechanical properties such as resisgto attrition as well as thermal stability under

reaction conditions. Alumina, titania, silica, carbon namaterials and many other oxides
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have been investigated as catalyst supports for Fisehdiropsch synthesis.Rguel &
Bartholomew, 1984; Barthotoew, 1991; Hayek et al., 1997)

The reduction profiles of the same metal supported on different supports are usually
different. For instance, when cobalt is supported on alumina it reduces at a lower
temperature than when it is supported on silica. This is because metal support intgrscti

are stronger in Co/silica than in the Co/alumina system (Trepanier et al., 2008). The smaller
the particle size the stronger the metal support interactions leading to the increased

difficulty in reduction Trepanier et al., 2008).

Carbon materials havreceived attention in the past decade as FT catalyst supports because
they possess excellent properties that make them suitable supports (Bahome et al., 2007;
Bahome et al., 2005)

2.2.5 Carbon nanotubes as supports for FT catalysts
The many unique charactetiss of CNTs such as their high surface area, inert surface and
their resistivity to acids and alkali media make them suitable catalyst supports in a wide

variety of reactionsSerp et al., 2003) CNTs are relatively thermally stable decomposing at

ca. 6@ °C in air. They are also more resistant to oxidation than activated carbon. The

precious metals used in catalysis can also be recovered by simply burning off the CNTs (Serp

et al., 2003).

Several factors however were found to affect the performanc€MNIT supported catalysts in

FTS.

CNTs can be chemically and thermally activated so as to modify and introduce functional
groups on the surface which aids in dispersing the active metal on the surface of MWCNTs
(Serp et al. 2003)The degree of functionakgion of the CNTs also contributes to the
performance of the CNT supported catalysts. Motchelaho eR@allX)found that Fe catalyst
supported onMWCNTs which had more functional groups was more active in the Fscher

Tropsch synthesis than the Fe that wagported on MWCNTs which had less functional
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groups.The better the dispersion the more active the catalyst is likely tgMetchelaho et

al., 2011) CNTs can also be doped with nitrogen and boron. Doping with nitrogen makes the
surface of the MWCNTs m®electronegative thereby increasing the number of nucleation
sites which are anchoring sites for the metal. This increases the degree of metal dispersion
on the support. abenaet al., 2011, Mothchelaho et al., 2011)

In a Fischeifropsch synthesis styccarried out by Abbaslou et al. (2010) it was shown that
an iron filed MWCNTs catalyst wasiore active and more useful hydrocarbons were
realised as compared to the activity when the catalyst particles were supported outside the
CNTs. They suggested thlae iron particles trapped inside the pores increased contact time
between reactants and the iron particles which resulted in more active carbide
intermediates forming. Iron filled CNT catalysts were also found to be more stable than the
iron decorated CNs. Chen et al. (2008) had observed the same resithsy observed that

the iron particle size was similar before FTS, however after the reaction the size of the iron
particles outside (Feut) the CNTs was bigger than those of the catalyst that hadimside
(Fein) the tube which had not increased significantly. This meant that the catalyst with
active sites on the surface of CNTs had sintered thus making the catalyst with active sites
inside the CNTs more stable during FTS. Thim [Eatalyst was easi to reduce at low
temperature than Feout and this was attributed to the electron deficiency of the inner

surface of CNT@bbaslou et al., 200€hen et al., 2008

Chen et al (2008) also found that iron particles confined inside CNB)(Wwere eager to
reduce and their FT activity was higher than that ofok catalyst. Using isitu XRD they
identified more iron carbides which they suppose were responsible for the good

performance of the catalyst.

Zanan et al. (2008) observed that the CO ocersion for Co/CNT catalysts was high but
selectivity to useful products was low. Addition of CNTs to traditional FT supports such as
alumina and magnesia was found to enhance the selectivity sofa@d decrease the
methane selectivity for the cobalt cataly When a composite CNMgO support was used

as a cobalt catalyst the olefin/paraffin ratio increased significantly in comaro the use

of MgO alone (Zaman et al., 2008
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2.2.6  Auto-reduction of metal oxides supported on carbon supports

Carbon supporthave also been found to reduce the metal catalyst in an inert atmosphere
(Xiong et al., 2010). This has been termed awftuction. This occurs when the carbon
(carbon spheres or CNTs) are oxidised by the loaded metal oxide to foynX{©6y et al.
foundthat cobalt supported on a nitrogen doped carbon sphere catalyst reduced in this way
was a better FT catalyst than the same catalyst reduced in situ by hydrogen. They attributed
this to better dispersed cobalt particles in the cavities formed when the ararvas

removed by oxidation (Xiong et al., 2010).

However CNTs decompose at 28Din oxygen atmosphere and c.a. 6@0in air which is
lower in comparison with other supports such as alumina and titania. It has been observed
that active metals supportedn MWCNTSs catalyse the decomposition process and bring

down the decomposition temperaturd3pm et al., 2002)

2.2.7 Promoters

A promoter is a substance that changes the catalytic properties of a substance but itself
does not take part in the reaction. It is normally added to a catalyst in small amounts
(Cornils et al., 2000). Several elements have been studied as FT promotetbese

include potassium, ruthenium, copper, rhenium, indium, platinum and even boron (Li et al.,
2001; Trepanier et al., 2008; Das et al., 2003; Hexana et al., 2010). Good promoters suppress
methane formation; enhance selectivity of higher molecular legdrbons, increase paraffin

olefin ratios and increase activiffPour et al., 2008). Promoters can also aid resistance to
oxidation of the active site (Gaube, 2008). However, other promoters increase the rate of
carbon deposition on the active sites herleading to deactivation (Pour et al., 20@&cobs

et al., 2001; Gaube, 200&®romoters also enhance dispersion of the metal on the support.

Promoters can be classified into two categories i.e. structural and chemical promoters.
Chemical promoters workybinfluencing the electronic nature of the active metal. This
normally makes the reactant gas more unstable when it gets in contact with the catalyst
(Cornilis et al.,, 2000). In FTS, such promoters work by increasing the strength of CO

chemisorption onto he catalyst surface so that breaking down th€®@ond occurs (Dry
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1996). Structural promoters have an influence on suppoetal interactions (Cornils et al.,

2000). Therefore promoters also play a major role in FTS in many different ways.

The promotersare often used to improve the reducibility of the catalyst therefore
increasing the quantity of the active metallic sites available for the reaction (Das et al.,
2003).Strong metal support interactions cause difficulties in reducibility hence in this case
the promoter works by reducing this interaction. When there is weak interaction between
the metal and the support little promoter effect is observed. Jacobs et al. (2002)
investigated the effect of adding noble metal promoters (Pt, Ru,) to cobalt suppane
various metal oxides (silica, titania, alumina) they found that reducibility and therefore
activity was enhanced on addition of the promoters to CofTla®@d Co/AIO; but that was

not the case for Co/Sivhich showed weak metal support interactions.

Ru as FT promoter

Trepanier et al. (2008) investigated the effect of various promoters on cobalt supported on
CNTs for FTS. Ruthenium was found to decrease the reduction temperature of the Co
catalyst. This was in agreement with what happens when rutivans used as a promoter

on other catalysts (Bahome et al., 2007). They also found that addition of small amounts (up
to 1%) of Ru enhanced the cobalt dispersion on the CNTs support as well as causing the
cobalt particle to decrease in size which was no¢ ttase when potassium was added
(Trepanier et al., 20081 et al. (2001) also studied the effects of promoting cobalt catalyst
by Ru, Re and B, and found that promotion with Ru resulted in an increase in the conversion
of CO and also the selectivity miethane decreased by 6%. However the cobalt particle size
remained almost unchanged. The same was also observed by Trepanier et al. (2008) who
observed that methane selectivity decreased by 4% when Co/CNTs catalyst was promoted

by Ru.

For Co/AIO;, addition of Ru as a promoter enabled reduction of small clusters which
normally form because of a cobaltumina interaction. This means that more active sites
become available and therefore the initial rate of reaction was high. However in this case

the Ru promotion was found to quicken deactivation (Jacobs et al., 2001). Tavalosi and
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Karimi (2005) also found the same result for Ru promoted QGO4AICoke deposition as well

as formation of cobalt aluminates were cited as some of the reasons for thisvaser.

2.2.8 RU/CNTs for FT

Kang et al found that ruthenium supported on MWCNTs showed the highest selectivity to
Cio-Go compared to other supports such as gi0IQ, ZrO, MgO, graphene etc. This was
proposed to be due to acidic functional groups on the £€Nfiich caused hydrocracking to a
certain extent. The high selectivity towards hydrocarbons @fG was attributed to the

size of the ruthenium particles. Methane selectivity was below 10% over a total time of 120

hours (Kang et al., 2010).

2.2.9 Preparaticns methods
Several methods have been used in the synthesis of catalysts. Incipient wetness
impregnation and deposition precipitation are the two most common methods employed.

As they have been used in this study a brief outline of their use is given.

Incipient wetness impregnation

This method is relatively simple to use in making a catalyst. A calculated amount of
precursor salt is dissolved in a solvent and added drop wise to the catalyst support until the
pores are filled with solution under stirringonditions. The amount of solvent should
correspond to the pore volumeThe catalyst is then dried and heated to get rid of the
precursor salt (Kang et al., 2010; Van Steen, 2002). Catalysts made using this method are

usually characterised by poor dispens and a noruniform particle size distribution.

Deposition precipitation method
A hydrolysing agent such as urea is used to precipitate metal hydroxides from solution onto
the surface of the support. A calculated amount of the precursor salt is disbol water

and then added to the support and the urea under stirring and low temperature heating

normally 90°C. Precipitation is allowed to occur at a certain temperature over a period of

time. Thereafter the mixture is filtered and washed several S8 remove undesired ions

(Moyo et al., 2012; Van Steen et al., 2002).
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This method is useful as it produces a catalyst with good metal particle dispersion as well as

narrow size distribution (Xiong et al., 2010).

Effect of particle size
The metal particle size has an influence on the performance of a catalyst (Cano et al. 2010).
The size distribution should be in a narrow range. The patrticle size is known to affect the

selectivity.

Catalyst deactivation

The lifetime of the catalyst shéaibe reasonable therefore care should be taken to prevent
catalyst deactivation whenever possibl@glmon, 1980). Thermal, chemical and mechanical
conditions can result in blocking of the active sites or loss of active §it€9'S, catalysts can

be poi®ned due to carbon deposition on the surface of the metallic active sites (Dry, 1996).

2.3 Powder Xray diffraction analysis

2.3.1 Introduction
Catalysts and MWCNTSs are characterised by many techniques. These include temperature
programmed reduction, transmissioglectron microscopy, scanning electron microscopy,

powder Xray diffraction, etc.

Powder Xray diffraction technique will now be discussed in detail since it was the main
characterisation technique used in this study. This technique finds applicatigarious
industries which include mineralogy, pharmaceuticals, hard materials, catalysis, engineering,

forensics conservation, archaeology and geology (Clearfield et al., 2008).

2.3.2 History of Xray diffraction
X-rays were discovered by Wilhelm Conrad Réntgen in 1895. They are a form oefvshert
electromagnetic radiation having a wavelength varying fromi@hm (0.022-100A) which

is similar to the diameter of an atom and much shorter than that of visigh.|liTherefore
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X-rays possess more energy which makes it possible for them to penetrate solid materials.
Laue in 1912 observed diffraction ofa§s from a single crystal. Bragg was however the first
to determine a crystal structure by use ofra§ diffracion when he solved the structure of
NaCl in 1913Recharsky & Zavalij, 2009)

2.3.3 Basic concepts of PXRD analysis

Crystals

Crystalline solid materials are characterised by a long range ordered arrangement of
molecules or atoms in space. Solids are termed amorphous if the arrangement of the atoms
or molecules is not ordered phase may consist efther crystallineor amorphots content

or both. Phases could also refer to liquid or gadesthis case, the study only looks at solid
phases.The crystal structure is described by a unit cell that describes the lattice. A unit cell
is the smallest repeating structure in the crystlhe unit cellare usually described in terms

of their Bravais lattice shown in Table 2.1.

Table 2.1Unit cell structures

lattice angles types

Cubic a=b=c h T dn P, BC, FC,
tetragonal a=trc hrr 1+ T cdn|P,BC,
orthorhombic arbrc hrr 1+ T ¢n|P,BCEC, SC,
hexagonal a=tr'c hif T dpn P,

O TMHN
trigonal a=b=c hf 1 n|P,
monoclinic arbrc hd T dn P, SC,

I " MH~N
triclinic arbrc he 7 10 P,

P primitive or simple, BC body centred, FC face centred, SC side centred. (Hammond, 2001)
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Orthohombic

Primitive Body centred Face centred Side centred

Figure 2.6Unit cell structuresBodnar, 2012)

Figure 2.6 shows the layout of atoms arranged to primitive, body centred, face centred and

side centred/ enecentred on an orthorhombic unit cell.

Miller indices (hkiplanes)
The arrangement of atoms in a unit cell may be described by hkl planes called Miller indices.

-h-h (Figure 2.7) The distance between parallel hkl planes is constant throughout the

lattice and is called the d spacing.

2 0 0 planes aatoms in NaCl unit 220 planes in NaCl

Figure 2.7Arrangement of atoms in hkl planes in a NaCl unit &leakman2012)

N> 33aQ I ¢
When the Xray waves penetrate a crystalline gblthey are diffracted by atoms arranged in

various hkl planes. A reflection signal is detected when constructive interference of the X
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rays occurs (Figure 2.8). In an amorphous sample only destructive interference occurs

because of the disorder in therangement of the atoms (Hammond, 2001).

Hid i /
// i ) \ (0N
hkl :
i\ H ' (0N
: r
Figure 2.8X%-rays interacting with a solid material
CQi Q& &—
(2-3)

where;
d ¢ inter-planar distance
‘ ¢angle of incidence
<¢ wavelength of the Xays

NCAYUSASNI MZ HIZ oXPd

2.3.4 Intensity of reflection peak in powder diffraction

The intensity of a peak is defined as the integral area under that peak. There are several
factors that affect the intensity of the peak (Perchasky & Zavalij, 2009). Intensity is mainly
dependent on the way the atomare arranged in the unit cell and their ionic states but it
also depends on the geometric setup of the instrument. The following expression gives the

many parameters that affect the intensity of a peak (Perchasky & Zavalij, 2009).
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(2-4)

I=integral intensity

S=scale factor

P=multiplicity factor describing the number of symmetrical equivalent reflections
L=Lorenz polarisation factor

P =polarisation factor

A=absorption mulplier

T=preferred orientation factor

E=extinction factor

F=structure factor

The observed intensity is therefore a convolution of all these factors. These terms are

described below.

Structure factor (F)The structure factor accounts for the comiution of a phase to the
overall intensity profile. It depends on the nature of atoms/ions, their arrangement in the
unit cell and the size of the unit cell. The structure factor is determined by a number of
elements such as the number of atoms in unitl @id their coordination, the motion of
atoms due to temperature, the atomic scattering factor, as well as the multiplicity of the
reflections of the hkl indices. In summary the structure factor describes the contribution of

the crystal structure to the €fraction pattern(Perchasky & Zavalij, 2009)

The structure factor is defined by the following expression;
O MO i M Qg @ @ A

(2-5)
where:
F = structure factor

¢ = occupation factor of atom j; it @nly 1 when a site is totally occupied
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t)= temperature factor for atom number |
S =is SiN /<

(Perchasky & Zavalij 2009)

Lorenz polarisation factor (L)The Lorenz polarisation factor (L) which depends on the
detector, geometry, beam size and sample. The monochromator angle has the most

influence.

Absorption (A):Some Xays are transmitted whilst some are absorbed when aay<beam
interacts with a substace. The amount that is absorbed depends on the nature of the

sample as well as the instrument set (Rerchasky & Zavalij, 2009)

Preferred orientation (T):Crystallites are assumed to be randomly oriented in PXRD
analysis, however at times this is nokthase. The shape of the crystal may affect the plane
in which crystals lie during analysis. This has an effect on the intensity of various peaks. Care
must therefore be taken during sample preparation of materials that are to be analysed

(Perchasky & Zaiij, 2009)

Extinction (E):At times the diffracted wavelets are reflected back within a crystal which
causes them to be out of phase with the incident beam. This results in a decreased detected
intensity. In a sample which consists of multi phases riftected beam may be e
reflected by a crystallite of a different phase, and this decreases the detected intensities

(Perchasky & Zavalij, 2009)

2.3.5 Rietveld refinement method

Before the introduction of the Rietveld technique, analysis of diffraction data done by
analysing a single peak at a time. Peaks would be integrated manually, and there was no
way of dealing with overlapping peaks and this made analysing diffraction data almost
impossible. The development of computer software and the developmena afhole
pattern analysis technique to analyse diffraction data by Hugo Rietveld changed this (Will,

2006).
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changed to Rietveld refinement in 1978 in honour of Hugo Rietwho developed the
method. He solved a number of crystal structures analysed from neutron diffraction
(Rietveld, 1967; Rietveld, 1969). The application of the method was later extendedayo X
diffraction from 1977 when scientists determined other pdakctions to describe the peak
shape of the Xay diffraction data in addition to the common Gaussian peak given by
neutron diffraction. The Rietveld method is employed in solving crystal structure of
substances, calculating crystallite size and carrying quantitative analysis of several
compounds in a sampld.oday data obtained from a synchrotron can also be analysed by
use of this method (Young, 1993; Will, 2006).

Rietveld showed that the total intensity observed was a sum of background and the

intensity furction described by equation-2 (Young, 1993)

This method involves the use of a least squares method to fit a calculated diffraction pattern
to an observed one. The best fit occurs when the square of the residual is minimised. The
residual isthe difference between the observed value and the calculated value from the

created model (Young, 1993), given by:

WYY L @ W

(2-6)

where:
WSS=minimum weighted sum of squac@geigted residual value.
wi=weight function
Yio=intensity observed at point i

Yi=calculated value of the intensity for point i on the curve

WSS is defined as the sum of standard deviations of the background and that of normal

counting statistics.
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The starting model is built from a sensible estimation of starting parameters of the ideal
values. Rietveld method only modifies a model which has been built from background
knowledge of the crystalCollecting high quality data minimises the differencéween the
calculated profile and the observed profile. Various software programs are available; some

is free ware (GSAS, Maud) and others commercial (Topas, HighScore).

Figures of merit

There are several indicators that can be calculated to show how godidl has been
determined. These are known as Residudices (Rvalues). R, (equation 27) is a
meaningful indicator of all the R factors because it takes into account the residuals

calculated from the least squares method (Young, 1993).

v 0 ® o
Buo &
(2-7)
|%xp
v 0 0
B0 w
(2-8)

Where Rypis the R expected
N = observed

P= variance

The goodness of fit ) is a relatively good indicator of the quality of the refinement and

is the ratio of the R weighted pattern to the R expected

. Y
© 5
(2-9)
This can be reduced to
. Wi i
W —
0 U
(2-10)
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Rwp should be close to &, Ideally, when the refinement has been done properly and the
built model isideal, the value ofw should be 1. In reality this rarely occurs, therefore a
goodness of fit of just above 1 e.g 1.3 is a good fit. However a higa ga. higher than 2
indicatesan inadequacy of the starting model. df is significantly less than 1 thethe

model built is wrong and should be discarded. The result obtained should not be used since
it is unreliable (Young, 199BicCusker et al., 1999; Will, 2006).

2.3.6 Uses of PXRD technique in analysing catalytic materials

Qualitative analysis

PXRD is mostommonly used to identify the compounds that are in a sample. This is done
by comparing the diffraction pattern obtained with the diffraction patterns of known
compounds which are stored in a database. This is made possible because chemical
compounds haveaunique diffraction pattern similar to finger print. Qualitative analysis is
now mainly done by an algorithm in XRD analysis softwares such as Diffracplus, Eva, Match!,
HighScore etc. (Match, 2012; HighScore, 2012). Some of the electronic crystal structure
databases that are available are the Powder Diffraction File which is owned by the
International Centre for Diffraction Data (ICDD) (ICDD 2012) and the online International
Crystal Structure Database (ICSD 2012) by Karlsruhe (Kar2od2g.

Quantification of phases
A diffraction method is the only method which may be used to identify and quasuiiy
crystalline compoundswhereas there are many other techniques that can identify

elemental compositiorfPecharsky & Zavalij, 2009)

Various methods havbeen proposed over time by different authors. All the methods are
based on comparing peak intensities of a phase with the intensity of a standard (Klug &
Alexander, 1974). Rietveld refinement analysis of samples containing various phases can
also providerelative concentrations accurately. Doing quantitative analyses of diffraction
data by Rietveld refinement/whole pattern analysis has the advantage of having no need to
calibrate using a standard. This is so because the peak intensity is calculately diicent

crystal structure parameters.
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Quantitative phase analysis is based on the fact that each crystalline phase has a unique
pattern described by its peak intensity and peak position. The intensity of the peaks is
proportional to the amount of the phaspresent. The quantitative analysis is based on the

weighting relationship suggested by Hill and Howard (Hill & Howard, 1987);

o YO0 w
B Y ®Ow
(2-11)

where

W =weight fraction of phase in the mixture

S =Rietveld scale fat

Z=number of formula units per unit cell

M=mass of formula unit

V=unit cell volume

Crystallite size analysis
PXRD also allows estimation of the crystallite size of the phases in the sample. This

information is useful in applications such as catalySanp et al., 2010).

The crystallite size is calculated mainly based on peak broadening observed by Scherrer as
first reported in 1918 (Scherrer 1918). As described in section (2.3.4) there are several
factors that influence the peak shapguch asinstrument broadening and specimen
broadening. A standard whose peak profile and hence full width at half maximum (FWHM)
is properly documented is normally used to account for instrument broadening before the
Scherrer equation is applied. However this @ necessary in Rietveld refinement analysis
because the instrument contribution is taken into account in describing the peak profile if
the fundamentals approach is employed (Langford &Wilson, 1978). The Scherrer equation is

given by;

(2-12)

where;
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B=FWHM

K=Scherrer constant

L=Crystallite size
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The constant of proportionality named the Scherrer constant depends on the shape of the
crystallites that are being analysed. The constant K varies from 0.62 to 2 with 0.94 being its
value for spherical crystals. From the equation above it can be seeBtmareases when L

is small. This result in the broadening of the peak; normally large crystal sizes give narrow

peaks and small crystals give broad peaks (Scherrer, TBb&pson et al., 1987)

2.3.7 In situ diffraction analysig some case studies

In situstudies offer an opportunity to follow reactions in real time. Most characterisation
techniques are carried out in ex situ environment and the actual form of the reactants
during the reaction is lost. Information gained during in situ analysis is usefahtrolling,

modifying and manipulating the reaction so that a desired outcome may be realised.

The use of in situ PXRD in the field of catalysis has been steadily increasing in recent years
(Perrillat et al., 2005; McPherson, 20X0hen et al., 2008)The advances that have been
made in laboratory based XRD instruments has made this possible e.g. the development of
the high temperature, high pressurerXy reaction chamber and other such nrambient

reactor chambers. In 1997 Richter and Dopler (19989cribed an Xay chamber which

could be used to monitor the structural changes that take place in a catalyst during the

reaction. Most of these attachments are manufactured by Anton Paar (2005).

The study of the synthesis of CNTs has intrigued margareBers. Several of them have
used the XRD technique under in situ conditions to obtain more information on the phase
transitions that take place during synthesis. Li et al. (2008) studied an Fe, Co a£ah Fe
CaC@ bimetallic catalyst for the synthesisf CNTs. In their studies they followed the

reduction of these catalysts by real time in situ PXRD analysis. The authors used radio
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frequency heating to heat the reaction furnace. At high temperature (&)ahe formation

of a spinel (F£0Q) on the binetallic catalyst was observed. They also carried out
reduction studies on the catalysts and studied them by PXRD in real time at different
temperatures.Emmenegger et al (2003) investigated the growth mechanism of CNTs over
an aluminium substrate coated thiiron nitrate solution. Details have been given in section
2.1.4..Nishimura et al. (2004) described an in situ XRD study of the synthesis of MWCNTs

from a thin ira film based catalyst in detail (Section 2)3.7

Several researchers have employed thesitu XRD technique for FTS studies. Chen et al.
(2008) carried out a study to analyse whether there was a difference in activity and
selectivity when iron particles were loaded onto the outside walls of CNTs as compared to
those patrticles confined insiddhe CNTs. The authors also monitored the catalyst phase
changes that occur by use of an in situ PXRD technique. In Enache2@80a).uged in situ

PXRD analysis to study the effect of thermal treatment on several Co based catalysts for FTS.
Ducreux et & (2009) studied the reduction of Co/silica catalyst by in situ XRD. Bulavchenko

et al. (2009) studied the reduction of nano crystalling@dgsee section 2.3.Below).

Some examples of studies that have been done based on in situ PXRD analysig/tié catal

materials is reviewed here.

In situ XRD study of nano crystalline cobalt oxide reduction

Bulavchenko et al. (2009) carried out a study which was aimed at understanding the
reduction mechanism of nano crystalline ;0g This Co catalyst is used in tRéscher
Tropsch reaction. They investigated the effect of catalyst reduction conditions such as
temperature and reduction time on the structure of the catalyst and the particle size. The
resulting phases were found to play a role in the performance ofcttalyst i.e. activity,
selectivity and catalyst stability. Bulk 40 and supported Cs./! -ALO; catalysts were

analysed in situ using therdy diffraction technique (Bulavchenko et al., 2009).

Two CgOy catalysts were obtained from the decompositionh Co(OH)CQ at 300°C and

500 °C and they were named 1 and 2 respectively. An 18% ga,/CALO; catalyst was
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synthesised by the incipient wetness impregnation method #L0Os using Co(Ng), as the

precursor salt and consequently calcined at 280 A high temperature Xay reaction
chamber attached to a Siemens D500t diffractometer was used for the study. 100% H
gas as well as a mixture of 6% &hd 94% He gas at atmospheric pressure was used to
reduce the oxides of Co. The temperature waspad up at 25C/min. The catalysts were

also analysed by BET, TPR, and electron microscopy (Bulavchenko et al., 2009).

PXRD patterns of the catalyst were obtained before the reduction and the structures of the
compounds were interpreted. The €& occurred as a spinel structure £6a>'04 with

space group Fd3m (Bulavchenko et al., 2009).

When reduction was carried out in a 100%atinosphere the supported and unsupported
oxides went through different reduction steps. The unsupporteg@zwent through a one

step reduction process whilst the supported catalyst went through 2 steps (see below).

CaOs Yy Co stage 1 reduction

CaOsY4 CoOH4 Co stage 2 reduction

Reduction of unsupported oxides to metallic Co began at®C90 he G,/ -ALO; began to

reduce to CoO at 18@C and then Co (fcc) peaks appeared at 260 even at 350C the

presence of CoO was still observed. This showed thaCig®,/* -ALO; catalyst was more
difficult to reduce as compared to the unsupported;Op Thiswas attributed to metal

support interactions (Bulavchenko et al., 2009).
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Figure 2.9PXRD patterns showing the reductionQigO,/ ~-ALO; at different temperature

1 (25°C),2 (190°C), 3( 350C) (Bulavchenko et al., 2009).

When the reduction was carried out in 6% bhlance He as bothheé unsupported and
supported catalyst showed two reduction steps illustrated above in Figure 2.9 (Bulavchenko

et al., 2009).

In situ study of iron catalysts for carbon nanotube growth usingay diffraction analysis

Nishimura et al. (2004) investigatatle growth of vertically aligned MWCNTs by a CVD
method by use of an isitu XRD technique. Their aim was to determine the nature of the
metal during the synthesis since up to that point only ex situ forms of the metal catalyst had
been reported. Differenresearchers had identified g€ by PXRD analysis of the product in
the Fe catalysed synthesis of CNTs (Nishimura et al., 2004).

41



A thin film of iron was deposited on a silicon support that was used for synthesising
MWCNTSs. Their CVD set up system wasppgd with an XRD analyser system. The CVD
reactor chamber was depressurised first and then helium was allowed to flow through the
catalyst to bring the pressure back to atmospheric. This process was repeated several times

to completely purge out oxygemdm the system. The temperature was then ramped up to

700°C under a He flow of 50 mL/min. XRD patterns were recorded as the temperature was

ramped. GH, was then introduced at 70@C and XRD patterns were record@tshimura et

al., 2004)

On heating thecatalyst to 700°C iron was identified in different states at different
temperatures. At room temperature, the iron was in metallic form; then at ZDGhagnetite

peaks were identified and at 70C all the magnetite had converted to&8. The authors

attributed this oxidation of the catalyst to moisture that was trapped within the catalyst and

the substrate. Silicon peaks were also present througlibiighimura et al., 2004)

On feeding theGH, to the reaction chamberFe0O; was reduced back to magnetite. XRD
patterns were collected as a function of time. TH&8RD pattern that was recorded (after

the 19" min of GH, flow) revealed the formation of iron carbid€€C) (figure 2.9). After 26
minutes graphite peaks were idgfied which were evidence that MWCNTs had been
formed. However the RF€ peaks diminished as tlwarbide (FgC) peaks emerged. Both

these phases were proposed to be possible active phases for the CNT CVD process. The
authors suggested that & was the m@ active phase; it had not been identified before
because it is unstable in carbon rich and high temperature environments (Nishimura et al.,

2004).
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Figure 2.10:Patterns (i) and (iii) wer taken at room temperature but before and after

reaction respectively. (ii) was taken at 7Gbefore GH, was introduced. ¥, 3¢, 5", 7" and

10" were taken every 6 min interval a& 2" 3" for each interval (Nishimura et al., 2004).

These twoexamples show useful information that can be obtained by an in aitalysis
method.
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CHAPTER 3

3 EXPERIMENTAL METHODS

3.1 Synthesis Procedures

3.1.1 Preparation of FeCo/CaC@catalysts for the synthesis of CNTs

A 10% by weight FEo (1:1)catalyst was synthesised by the incipient wetness impregnation
method. CaC®(9 g) purchased from Merck was used as support for the active metals.
Fe(NQ);.9H0 (3.6 g) and Co(NR6H0 (2.4 g) reagents from Sigma Aldrich were mixed
together and gentlymilled before being dissolved in 25 mL of distilled water. This solution
was then added drop wise to the weighed CaCIhie mixture was then stirred for 5 hours
under heating at 90 °C until semi dry. The catalyst was then dried for 18 hours in an oven at
120 °C and thereafter ground and sieved with a 150 um sieve. The catalyst was then
calcined at 400 °C for 16 hours in a static air furnace to remove the nitrates by

decomposition.

Both 10% Co/CaG@nd 10% Fe/CaG@atalysts were also prepared the sameywuasing

calculated amounts of precursor salts.

3.1.2  Synthesis of multi walled carbon nanotubes
Multi walled carbon nanotubes (MWCNTs) were synthesised by the chemical vapour

deposition method according to the procedure detailed elsewhere (Mhlanga et al.,.2009)
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Figure 3.1 Reactor set up for the synthesis of MWCNTSs

Figure 3.1 shows the reactor setup that was employed to synthesise MWCNTSs. Acetylene
(GH,) gas was used as the carbon source apdd\the carrier gas. About 1 §the catalyst

was spread in a quartz boat (120 mm X 15 mm) and placed in a quartz tube reactor which
was then placed in a horizontal furnace: gdis at 40 mL/min flow rate was allowed to flow
whilst the furnace was being heated to 700 °C at a rate ofcIhih. When the temperature
reached 700 °C thej,Nyjas flow rate was increased to 240 mL/min and theR,@as was
introduced at 90mL/min. After 1 hour of reaction, theHg flow was stopped and the
furnace was allowed to cool to room temperature withy Bowing at 40 mL/min. The
product (about 2 g) was thereafter collected and weighed and then later characterised by

various techniques such as transmission electron microscopy and Raman spectroscopy.

3.1.3 Purification of carbon nanotubes

The assynthesisedMWCNTs were purified to remove the catalyst particles that were used
to make them. The purification step also introduced functional groups on the MWCNTSs that
are useful in anchoring the metal catalyst for FT synthesis thereby improving their
dispersion. Te assynthesised MWCNTs were purified by 55% klakkid. MWCNTSs (2 g)
were added to 200 mL of HN@nd this mixture was sonicated for 30 minutes and
thereafter refluxed for 6 hours in an oil bath which was kept at a temperature of 110 °C.

The mixture waghen left to cool down to room temperature and then it was diluted with
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distilled water. The diluted mixture was then filtered by use of a Blichner funnel and filter
paper and the MWCNTs were subsequently washed with distilled water until the filtrate pH
was about 7 as indicated by universal indicator paper. The residue (MWCNTSs) was then

dried at 120 °C in an oven for 10 hours.

3.1.4 Synthesis of catalysts for Fisch&ropsch
Ruthenium was supported on MWCNTs and prepared by two different synthesis methods;

the incipient wetness impregnation and the deposition precipitation methods.

Incipient wetness impregnation

The catalyst was prepared by the incipient wetness impregnation method (Van Steen et al.
2002;Xiong et al. 2010RuG.xHO0 salt (0.373 g) was didged in 3 mL deionised water and

the solution was added drop wise using a pipette to 1.3 g of purified CNTS to make a 10%
RUu/MWCNT sample. This mixture was left for 4 hours to allow for aging of the catalyst
before the slurry was dried at 120 °C for 12 foin an oven. The catalyst was then heated
under N gas at 400 °C for 3.5 hours to decompose the chlorides. This calcination

temperature was determined from TGA analysis.

Deposition precipitation method

The catalyst was also made by the deposition prigatipn method using urea (Van Steen et

al., 2002;Motchelaho et al., 2011)Calculated amounts of Ry@HO salt and urea were
dissolved in 9 mL deionised water. The ratio of urea to Ru was 1.5:1. This solution was
added drop wise to the 1.9 g MWCNTSs ainel mixture was sonicated for 15 min. The slurry
was then heated in an oil bath at 90 °C for 2 hours. The temperature was thereafter reduced
to 70 °C and left over a period of 2 hours to allow for evaporation of water. When the

catalyst was serddry it was then dried further at 100 °C for 12 hours in an oven.

3.2 Characterisation Techniques

3.2.1 Thermal gravimetric analysis
Thermal gravimetric analysis (TGA) is a technique used to determine the thermal stability of

a substance by taking note of the weight lossatttoccurs during heating at different

46



temperatures Allcock, 2008) Metal weight loading on the CNTs was also confirmed by use
of TGA.

TGA was performed on Rerkin Elmer Thermgravimetric Analyzer (TGA 40000he
specimen was loaded on a ceramic gard the analysis of ca-PL mg was done under air
and under a B atmosphere. A heating rate of 10C/min was employed from room

temperature to 950°C

3.2.2 Transmission electron microscopy

The morphology of the FEo/CaCe@catalysts MWCNTsand the FT catalysts was analysed

by transmission electron microscopy (TEM). The TEM revealed the dispersion of metals on
the support and the sizes of catalyst particles. J Image software was used to measure 120

particle diameters of the samples that wesealysed.

About 1 mL of the specimen was placed in methanol and slracated for 10 mins at

room temperature so that the particles become dispersed in the suspension. A drop of the
suspended specimen was placed on-&Pbon copper grids and was alled to dry before
analysis was carried out on the microscope. A FEI Tecnai Spelec&on microscope
(Figure 3.2) operating at 120 KV was used for TEM analysis. The microscope works in
conjunction with a Gatan microscopy suite which includes Digitatigraph software which

was used to capture the pictures (Software Products Gatan).
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Figure 3.2FEiTecnai GSpirit microscope for transmission electron microscopy analysis

3.2.3 Raman spectrosmpy
Raman spectroscopy gives information with regards to the quality of the graphitic structure
of carbon that makes up thBIWCNTs. AobirYvon T64000 Raman spectrometer was used

to analyse the asynthesised and purifieMWCNTSs.

3.24 BET Surface area analgsi

Surface area and pore volume analysis of the synthesised materials were determined by the
nitrogen physisorption technique. BrunauEmmetTeller (BET) data was collected on a
Micrometrics TRISTAR 3000 analyzer. About @ 2.8 g of the sample was ayakd after
degassing under Nat a temperature of 250C for 4 hours.BET surface area and pore

volume were read from the instrument directlyithout doing a full isotherm study.

3.2.5 Temperature programmed reduction
The reduction profile of the catalyst was determined by the temperature programmed
reduction technique. About 0.1 g of the specimen was analysed in a U tube reactor. The

specimen was firstly degassed at I®Dunder an argon flow of 20 mL/min at a pressafré
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bar for 30 minutes. This was done to remove moisture in the sample. The sample was
thereafter cooled down to 45 °GHydrogen gas (5%: balance Ar) was then allowed to flow
through the sample at a flow rate of 50 mL/min at atmospheric pressure andcesthe
catalyst as it was heated to 80C at a heating rate of 10 °C/min; liptake was monitored

by a TCD chromatograph.

3.2.6  Fourier transform infrared spectroscopy
Fourier transform infraed (FTIR) spectroscopy provides information with regards to which
type of bonds are present in molecules. This is because bonds of different lengths, strengths

and torsional features absorb different wavelengths of infrared radiafAllcock, 2008)

The unpurified and purified MWCNTs were also characterised by FTIR spectroscopy to
check whether the purification stage had resulted in functional groups being introduced on
the surface of the walls of the MWCNTSs. FTIR spectroscopycavased out on a Bruker

TENSOR 27 FTIR spectrometer.

3.2.7 Powder XRay Diffraction

PXRD diffractometers

The Powder Xay diffraction (PXRD) technique was the main technique used in this study.
PXRD analysis of various catalysts was done on tvay Miffradcometers. These are the
Bruker D2 Phaser and the Bruker D8 Advance which was equipped with an AntonrByaar X
reaction chamber (XRK) (Anton Paar, 2005).

Bruker D2 Phaser
A Bruker D2 Phaserrdy diffractometer is a bench top type diffractometer operatad30
KV and 10 mA current. Diffraction patterns were collected on the diffractometer with the

settings and specifications givenTable 3.1.
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Table 3.1Specificationsad settings of Bruker D2 Phaser

Component Value

Goniometer circle radius 141.1mm

X-ray source tube type [ 2 LILIS NJT < I'm®pny
Detector type LynxEye PSD

Primary and secondary soller slits 2.5 mm

Receiving Slit 2.5 mm

Fixed Divergence Slit 0.6 mm

Detector angle range 5e

Nickel Filter yes

Bruker D8 Advance

In situ studies were carried out on the Bruker D8 Advance diffractometer (Figure 3.3). It is
equipped with a copper tube which operates at 40 kV and 40 mA. A Gobel mirror was
installed later in the course of the study; most of the experiments were dotigeimbsence

of the Gobel mirror. Table 3.2 gives the settings and specifications under which the

experiments were done.

Table 3.2Specifications and settings of the Bruker D8 Advance

Component Value

Goniometer circle radius 250 mm

X-ray source tubeype [ 2 LILISNIT < T'mdpnn
Detector type Vantecel linear PSD

Primary and secondary soller slits 2.5 mm

Receiving slit 10.6 mm
Fixed Divergence Slit 0.6 mm
Monochromator yes
Detector angle range 3
Nickel filter yes
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Figure 3.3A picture of the Bruker D8 Advance diffractometer

Anton Paar Xray reactor chamber
The XRK operates at temperatures up to 900 °C h€laéing rate can be set to a maximum
of 18 °C /min. A beryllium window surrounds the XRK cell and alleagsXo pass through.

Figure 3.4 shows the components of the XRK in detail.
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Figue 3.4: Schematic pictures of the Anton Paar XRK 900 showing its components (Anton

Paar 2005)

Macor® Sampleholder
Macom® is a nonporous material composed of 55% mica crystal and 45% matrix glass. It has
a relatively good chemical resistance and can withstand temperatures of up to 1000 °C

(Macor, 2012). Table 3.3 shows the properties of the sample holder in detail.
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Table 3.3Specifications and properties of the macor sample holder.

Property Specification

Operating temperature Ambient to 900 °C
Temperature measurement NiCr/NiAl thermocouple
Maximum housing temperature 150 °C

Operating pressure 1 mbar to 10 bar
Sample diameter 14 mm

Sample holder material Glass cerami¢ Maco®

Gas connection to the XRK
The gases used for in situ analysis in the XRK were all purchased from Afrox. The gas flowed
to the XRK cell and was controlled by valves. From the XRKecglis would flow through a

bubble flow meter before being released to the atmosphere, as shown in Figure 3.5 below.

XRK cell

To atmosphere

>~

Iy

5% Hz/Ng N, Flow meter

Figure 3.5Gas supply system to the XRK
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3.2.8 Calibration of Instruments

Calibration of the Bruker D8 Advance

Experiments were carried out using the same diffractometer settings described by Rayner
(2011) and Forbeg011). They carried out numerous experiments to determine that these
settings gave accurate readings of peak positions and intensities. They useglséanaBrd

made by the National Institute for Standards and Technology (NIST) to benchmark the
diffractometer. They collected a diffraction pattern and refined it by Rietveld refinement.
They found a lattice parameter which was different from that of the standard by only 0.02%.
The peak position was only found to differ by 0.03% (Raytdrl). These differeces were

regarded as negligible. In this study it was assumed that these settings had not changed.

Calibration of the XRK

The XRK was calibrated to check temperature accuracy. This is important because the
thermocouple is situated about 3 mm from thetaal sample in the reaction chamber. This
meant that there could be differences between the recorded temperature and the actual
sample temperature. The Si NIST Standard Reference Material (SRM) 460 which has a simple
cubic structure was used for this calition. The lattice parameters of this material at

various temperatures are well documente@Kada& Tokumaru, 1984)

A variable temperature PXRD analysis was carried out on the material. The sample was

heated from 30°C to 900°C whilst patterns were collected at every %D interval. Rietveld

refinement was done by use of Topas softwa@nélhg 2007) A fundamentals approach

was used to describe the peak shape in this refinement. Background, absorption, zero error,

scale factorof 1, crystallite size parameter and lattice parameters were refined in this
instance. An average,Rof 12.680 and an average goodness of fit of 1.68 were found after

the refinement process. The lattice parameters of Si after refinement were compatied wi
hitRIF SG Fft®Q a O f Odz I 4§ SR ,f1984) documdnted JorNI Y S { ¢
various temperatures. A plot of the two is given in figure 3.6 below, the graphs show
negligible differences in the lattice size. Therefore the temperature recordgdthe

instrument was reliable and could be taken as correct.
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Figure 3.6:A plot of Okada et al (Okada et al., 1984) experimental Si lattice parameter
against temperature and that of Si NIST SRM 460 awemperature range of-0200 K

3.2.9 Powder Xray Diffraction Data Analysis

PXRD patterns of each sample were obtained from the Bruker D2 Phaser diffractometer
before an in situ experiment was carried out on that sample on the D8 Advance. When
gases were involved in the-gitu experiment, a scan was colledtavith no gas flowing at
room temperature and another with the gas flowing. This was done to confirm that the
sample had not been blown away upon introduction of the gas thereby changing the sample

height. Height errors result in slight peak shifts beintnassed.

Quialitative analysis of PXRD data

The diffraction patterns obtained were analysed and identification of compounds in the
sample was done by use of DiffgagEva software together with a powder diffraction file
(PDF) databasePDF2004) (Karlsruhe, 2010; ICDD web3ite'his software uses a search

match algorithm.

Quantification analysis of PXRD data
The International Crystal Structure Database (ICSD) numbers for identified compounds were

noted from the PDF database. These ICSD numbers twen used to download the
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crystallography information file (CIF). The CIF files were used in Rietveld refinement as a
source of the crystal structure of the various phases identified for a particular sample.
Rietveld refinement was done by use of Toga3.software Coelho 200y mainly in the
graphical user inteface (GUI)mode. Percentage weights of the phases and crystallite sizes

were an output result of the refinement.

According to Hill and Howard 487 the weight of a phase in a mixture is progoral to

the scale factor as shown by the following expression

Y OL W
B "YQ
(3-1)
where:
W, = percentage weight of compound ¢
S = Rietveld scale factor
Z = number of formula units per unit cell
M = mass of the fonula unit
V = volume of the unit cell

For more information refer to chapter 2

Analysing in situ PXRD Data

PXRD data obtained from-gitu runs was available as a single large raw file. From the raw
file obtained after an irsitu run, scans taken aach temperature reading were pulled out

and analysed individually. Each pattern was exported in EVA and saved as a raw file; then a

gualitative analysis was done for each pattern.

Sequential Refinement

A sequential refinement method for analysing laigesitu PXRD data was employed. In this
method the output refinement result of the first scan was used as the input model for
refinement of the next patternStyles et al., 2010'he input model was modified whenever
there was a phase change to introduite crystallography information of the new phase as

well as to remove the crystallography information of a phase that had been depleted.
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Calcination and reduction isitu experiments were carried out on the samples. The H
content of the reducing gas wasnited to 5% HN, gas to prevent corrosion of XRK cell
components. Table 3.4 lists some of the experiments that were ddhe.output files(Fe,

Co/CaCg) and pro files (Ru/CNThich show the models used for the refinement process

can be found on the Célttached to this dissertation (Appendix A).

Table 3.41n-situ experiments done to analyse the-Ee/CaCe@catalyst used in this study

Sample VT-PXRDN, VT-PXRD reduction
5%Fe5%Co/CagO K K

10%Fe/CaCO K K

10%Co/CaCO K K

CaCe@ K

Crystal structurepictures presented
The crystal structure pictures presented were created using Diamond softRareington
1999. This was achieved by use of the CIF files downloaded and used for quantitative

Rietveld refinement.

3.3 Fischer Tropsch synthesis

3.3.1 FischerTropsch synthesis Rig

Fischer Tropsch synthesis (FTS) was carried out in the catalysis laboratory in the School of
Chemistry. Syngas was made to flow through the catalyst in a reactor bed. The effluent gas
was analysed by online chromatograph while theamiti wax was analysed offline. Figure

3.7 below shows the reactor system set up and Figure 3.8 shows the reactor and the

thermocouple.

57



3way plug valve

To atmosphere

How meter
O
Computer EJ

Hfluent pipe
- \ L]

ADGC TAOGC

Calibration
n
s Yngas

He H, N, Afr Ar

Figure 3.7 HscherTropschSynthesisrig

Figure 3.8Picture showing a thermocouple and the micro reactor

The catalyst was held in place by quartz wool as shown in figure 3.9. On top of the catalyst

bed was placed steel balls to facilitate uniform heating in the reactor.
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Figure 3.9catalyst packing inside the fixed bed reactor

3.3.2 FischefTropsch Synthesis

Catalyst and Gases
The catalyst used was synthesised as described elsewhere (s8cti@g)The gases that

were used were all Ultra High Purity Gases (UHP) and they were all purchased from AFROX.

Reaction Conditions

For each FT reaction 0.5 g of catalyst was used. The catalyst was reduceghlsyirtsitu at

280 °C and a flow rate of 30 mL/nfor 16 hours and thereafter the reactor was allowed to
cool to room temperature under azHlow. Synthesis gas with HCO ratio of 2:1 was then
made to flow through the reactor operating at a pressure of 8 bar at 20 mL/min flow rate.
The pressure wasduced to 1 bar by a regulator which is placed after the reactor but just
before the GCs. The temperature was increased to the reaction temperature in 2 hours. FTS

was carried out at a constant reaction temperature for 120 hours for each catalyst.
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The flav rate was measured using a stopwatch and bubble flow meter placed at the outlet
of the FT rig. The tail gas flow rate was checked every day to make sure that it did not vary

during the period of the synthesis.

Test for leaks

Before each FT reaction a gsure test was conducted. This was done by pressurising the
reactor and then isolating it by shutting off the valves. After 10 hours the pressure was
checked again and a zero pressure drop signified no leaks in the system. In the event that
the pressure gage reading had dropped, nuts were tightened and the pressure test

repeated again.

At the end of the reaction the knockout pots were emptied and the products weighed. Wax
was collected from the hot trap and water and oil were collected from the cold. iféne

water was separated from the wax and weighed.

Gas Chromatograms (GLCs

Two online GCs (a flame ionisation detector (FID) and thermal conductivity detector (TCD))
and 1 offline GC were employed for analysing the different FT products. The FIDedds us
analyse the hydrocarbons of carbon number less than nine and the TCD GC was used to

analyse norhydrocarbon gases such ag N, CQand CO.
The FID was equipped with a 2 m poroffaPPQ) column. It makes use gfafd air to
separate the hydrocarbons from @ G with N, as the carrier gas. The TCD makes use of Ar

as a carrier gas. Clarity software was used to record the results from the GCs.

The offline GC which has TCD and FID capabilities was used to anakeseand liquids

collected at the end of the reaction time.
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3.3.3 Analysis of ischerTropschdata

Calibration of the GC

The GCs were calibrated before each FTS run. Calibration was done by use of syngas (H2:
CO; 2:1) and a special calibration gas frafmox (2.5%), eHs (0.2%), eHs (0.5%), CO
(10.0%), C&X5.0%) and balance of Ar).

Below are shown examples of some of the GC traces recorded using Clarity software (Figure

3.10, Figure 3.11)
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Figure 3.10Typical trace of synthesis gas on the TCG GC
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Figure 3.11Typical trace of the calibration gas on the FID GC

FT calculations

From the calibration the number of mole$ a gas component was calculated as follows;

D p O o}

(3-2)
where:
nc.= number of moles of component ¢
Ac= integrated area of component c
Acca= integrated area of component c in the calibration gas

X.ca= mole fraction of component c in the calibration gas

Molar response factors and reference compounds were used for hydrocarbons whose
calibration data could not be found in the calibration mixture. A response factor of 1.0 was
adopted for hydrocarbos with carbon number greater than 15. Therefore the mass

composition was directly read from the GC reading. Listed is the equation used to determine

mole fraction of hyrocarbons.
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(3-3)
where:
X = mole fraction of hydrocarbon with carbon number i
RF = response factor for carbon number i
A siintegrated GC area for hydrocarbon with carbon number i
A2 ca= peak area of theBydrocarbon in the calibration gas

Xe2.cai= Mole fraction of the £hydrocarbon in the calibration gas

For hydrocarbons of carbon number greater than 15 (RF=1) the expression becomes
0
Bo j

o

(34)

The mass balance calculations used are similar to those used by Motchelaho, Moyo,
Duvenhage (Motchelaho 2011, Moyo 2012, Duvenhage 1994). Clarity software gave
integrated areas for the peaks; however a check was done to make sure that all the relevant

peaks had been selected properly.

Since the tail gas flow rate was measured during teaction, the inlet flow rate was

determined from the trace gas which in this case wasaNd it was calculated as follows.

O _ h O

(3-5)
where:
Fn= the total feed molar flow rate (mol/s)
Fout = the total tal gas molar flow rate (mol/s)
Xnz2,in= the mole fraction of nitrogen in the feed (synpas

Xn2, out= the mole fraction of nitrogen in the tail gas
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The moles of carbon in the syngas feed was calculated by:

£ O 0 ®© §

(3-6)
where:
nc = the number of moles of carbon in the feed to the reactor
Fn =the total flow rate in mol/s
t = the total mass balance time
Xe0.in=the CO mole fraction in the feed syngas
The % conversion of CO was calculated as
R T
Pou | 5 - - pPTT
Lr o
(3-7)
where:
%CO is the CO percentage conversion
W
@
is the gas contraction factor
The rate of CO conversion was calculated as follows
‘1 Or O
a
(3-8)

where:
rco= rate of conversion of CO
Feo,in= molar flow rate of CO in the feed to the reactor (mol/s)
Feo,ou= molar flow rate of CO in the tail gas (mol/s)

Mcat= Mass of catalyst
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Selectivity for a hydrocarbon as a percentage wasilculated as;

.‘Y €k
S : T Tt
hoog 3 p

(3-9)
where:
S s=selectivity of hydrocarbon with carbon number i
n: s number of moles of hydrocarbon of carbon number i
t = mass balance time

r.o = rate of CO conversion

The olefin to paraffin rati was calculated as;
doidiaqQQQe
€ OGCEXE &1 WH'QT € @ GEl GG
(3-10)

0aQefnai (I)"Q"ﬂi’@é"%é

where

G = hydrocarbon with number of carbon atoms i
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CHAPTER 4

4 IN SITUPXRD STUDY OF AC®CaC@ CATALYST FOR THE
SYNTHESIS OF CARBON NANOTUBES

4.1 Introduction

Carbon nanotubes (CNTs) have various applications and have been used in catalysis, drug
delivery and electronic devices (Terroretsal., 2004). Hence there is a need to understand

the CNT synthesis processes in depth; this would ultimately lead to the realisation of

optimum conditions for their production.

CNTs are typically made by passing a carbon source over a metal catafydtevitatalyst
spread over a support material to enhance the catalyst support area. Many studies have
been reported on the synthesis of CNTS and the mechanism of the reaction is known in
reasonable detail. Studies in the School of Chemistry at the Univefsihe Witwatersrand

have in the last decade focussed on the synthesis of CNTs and other shaped carbon
materials. A catalyst system that has been found to be effective for the synthesis of both
CNTs and nitrogen doped CNTsQNTs) is the FEo/CaCe@ catalyst. Studies in our
laboratory have been reported in which the reaction system to make CNTs &NTN

using the F&Co/CaCghas been optimised. (Mhlanga et al., 2009; Tetana et al., 2012)

This system has numerous advantages which include the following
1 It has been studied by many othgiGoteau et al., 2002; Magrez et al., 2005)
1 Very few carbon byroducts are formed i.e. it has a high selectivity to CNTSs.
1 CaC@can easily be removed by a mild acid treatment.

1 CaCQis a cheap material.

This study was therefore carried out to get more information about this catalyst system.
This was done by employing ansitu PXRD technique to get information with regards to

phase transition and crystallite changes which are useful in explaining therpance of
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the catalyst under conditions such as temperature and/or pressure. Li et al. (2008) carried
out a study on the F€o/CaCe@catalyst also by in situ XRD. They used radio frequency

inductive heating to heat their specimen.

In this study the catgsts were characterised by TEM to verify how the iron and cobalt
oxides were dispersed on the support (CgC®hermal response studies were done by use
of mainly the in situ PXRD technique. This was done so as to identify the actual form of the
catalystthat is available for reaction before the introduction of the carbon sourcétC
Thermal gravimetric analysis was also used to investigate the effect of heat treatment.
Reduction studies were also carried out to study the reducibility of the catalyhis.was
done because it is known that the hydrocarbon sourcgHfCsufficiently reduces these
catalysts during synthesisiérnadi et al., 1997 A variation in reducibility could explain the
difference in performances observed in CNT synthesis wherethatalysts are used. The
characterisation techniques employed in this investigation were TPR and in situ reduction in
the in situ XRD chamber (XRBB0). In both these techniques 5% ¢hs in N was used as

the carrier.

4.1.2 Experimental

Various catalysts (20 Co/CaC$10% Fe/CaG@nd 10% F&€o/CaCg) were synthesised by
incipient wetness impregnation as described previously (section 3.1.1). The 10% Fe
Co/CaC@catalyst comprised of 5% Fe and 5% Co. In situ experiments were carried out on
the D8 Advance difictometer which is equipped with a Cu tube asa} source (section

3.2.7. The details of the experiments including the number of patterns analysed by Rietveld
refinement are listed in the Tables shown (Table 4.1, Table 4.2 and Table 4.3). The samples
were not spiked hence the amorphous content of the samples could not be quantified. This
is because silicon which is usually used as a spike phase showed that it reacted wigh CaCO

at elevated temperatures. In situ variable temperature powdena¥ diffraction (VIPXRD)

runs were carried out with XRD patterns collected everyGaOVTPXRD runs were repeated

for CaC@and 10% F€o/CaCewith patterns collected at 20C intervals toobtain more

detailed data. The results observed were similar for these 2 sets of data.
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Table 4.1 Experimental details of in situ VAXRD of CaG@nd 10% Fe/CaGO

CaC@ 10% Fe/CaCp
Temperature range (°C) 30°G 850 °C 30°C¢ 850°C
Temperatureincrement 20°C 50°C
Number of patterns 25 18
Ly 3dzf | NJ H NJ 1550 1090
Step size (°/sec) 0.021 0.021
Time per step (sec) 15 0.8
Average Rwp 6.08 4.09
Average G.O.F 15 1.07

Table 4.2 Experimental details of the in situ \PIXRD of CaG@nd 10% Ro/CaCeo

10% Co/CaCp 10% FeCo/ CaC®@
Temperature range (°C) 30°C-900°C 350°C- 850°C
Temperature increment 50°C 20°C
Number of patterns 19 24
Ly 3dzt  NJ H NJ 1090 1090
Step size (°/sec) 0.021 0.021
Time per step (sec) 0.8 0.8
Average Rwp 571 4.33
Average G.O.F 1.21 1.13
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Table 4.3 Experimental details of the in situ reduction of the catalysts carried at@00

10% Fe/CaCO 10% Co/CaCp 10% FeCo/CaC®

Temperature range°C) 700°C 700°C 700°C
Numberof patterns 25 25 25
Py 3dzt F NJ H N 10-75 10-75 10-75
Step size (°/sec) 0.021 0.021 0.021
Time per step (sec) 1.00 1.00 1.00
Average Rwp 421 6.27 3.92
Average G.O.F 1.33 1.48 1.15

4.2 Thermal response of FEo/CaC@catalysts

4.2.1 Surface areanalysis

Nitrogen adsorption data was fitted to the BET equation and used to analyse the surface
area (Brunauer et al.,, 1938). The results show that the catalysts are low surface area
catalysts (Table 4.4). CaClas the highest surface area of 13.26/gnfollowed by 10%
Fe/CaC@with 11.60 nf/g. It can be seen that when iron and cobalt are loaded onto GaCO
the catalyst surface area decreases. This is because the pores are filled with the metal salts.
The pore volume of CaG@@ecreased by 50% when iromdcobalt were added onto it, this

is because the metal salts and finally the oxides filled the pores of the LaG©surface

area of all the catalysts decreasedda:50% when the catalysts were heated at 700 °C for 1
hour. This is because some of tBaC@support decomposes to CaO at this temperature.
CaC@ has a higher surface area than CaO. The pore volume also decreased after heat

treatment at 700 °C.
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Table 4.4BET Surface area

Sample Surface area (ffg) Pore Volume crifg
CaC@ 13.20 0.066
10% Fe/CaCGO 11.60 0.037
10% Co/CaCO 6.20 0.037
10% FeCo/ CaC® 7.00 0.032
CaCQ@(700°C) 3.12 0.009
10% Fe/CaGQ@700°C)  4.09 0.020
10% Co/CaCG@r00°C) 4.25 0.016
10% FeCo/ CaG@00°C) 3.73 0.015

(700°C)=heated a700°C for 1 houmunder N,

4.2.2 Transmission electron microscopy

TEM images revealed that iron and cobalt oxides had successfully been loaded onto the
CaC@ The dispersion was however better for the 10% Fe/Gatbé@n for the 10%
Co/CaCgand 10% R€o/CaC@materials (Figure 4.1). From the images, it can be seen that
some of the iron and cobalt particles had agglomerated around the €aC@0% Fe
Co/CaC@and 10% Co/CaG@nd FeCo/CaC@(see arrows). The particle size of iron and
cobalt particles was sniladnd agglomerated and therefore could not be measured with any

accuracy with the TEM facility available.
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Figure 4.1.TEM Images of;-a&CaC@ b- 10% Fe/CaCOc 10% Co/ CaGQd 10% FeCol/
CaC@

When the samples were annealed at 7@ the metal particles generally increased in size.
Measurement of CaCG@atrticle size using Image J softwaevealed that the crystallite size
of CaC@increased from an average of 72.8 nm2tt6.7nm after heat treatment at 700C

(Figure 4.2). It should however be noted that the images may also be that of CaO since

CaC@decomposes under these conditiorsfter heat treatment some CaO/Caggarticles
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lost shapeduringthe transitionfrom CaC@to CaO(Figure 4.2 (e)). Metal particles had also

increased in size in the catalysts (Figure 4.2 (b) and (c)).

199 gigs /
—

190 nig)

Figure 4.2.,TEM images of 10%Fe/CaiC® CaC@ b 10% Fe/CaC- 10% Co/CaCGd

10% FeCo/ CaC@e ¢ 10% Co/CaCamorphous material) after heat treatment at 700

for 30 minutes.
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4.2.3 In situ VEXRD study of CaGO

In situ variable temperature PXRD studies were carried out on the (§fa&D@port. The

sample was heated from room temperature to 8%D under an inert atmosphere with XRD

patterns being collected every 2G. The results are shown in Figures 4.3 and 4dré&#.3
shows individual patterns whereas Figure 4.4 shows the same picture in a different
representation. Figure 4.4 shothe intensity of the peaks at three intensity levels, yellow
being the least and blue showing the highest level of intensity. Usually a topographical view

is presented as some small peaks may be hidden by others in the 3D view.

The results indicate thaCaC@started decomposingpo CaGat 610 C and all th&€€CaC®@has
decomposed to CaO by 81C (Figure 4.3). This is in agreement with literature reports
(RodriguezNavarro et al., 2009, Magrez et al., 2005his is also consistent with reports by
Schmittet al. (2006)who reported that at 720C the presence of both CaO a@dC@was
noted and this resulted iIMWCNTSs with different sizes. However, given sufficient time all

the CaC@should decompose to G@nd CaCgat 700 C.

! #CaCo
* CaO

Intesity a.u

2 Thetaf)

Figure 4.33D figure showing patterns collected during in situRXRD of CaGO
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Figure 4.4Phase abundance variation during-WXRD: # CaCO3; * CaO

The phase match is shown in the Appendix.

Quantitative analysis; Rietveld refinement

The Rietveld refinement process hbsen described in detail elsewhere (section 3.2.7).
Topas (Coelho, 2007)software was used for the analysis. Each pattern was analysed
individually; but sequential refinement was employed where the results of a previous

refinement became the input for th@ext pattern refinement. Figure 4.5 and Figure 4.6

show the results of the refinement carried out on the patterns collected a&CGand 730C.

The red profile shows the pattern collected from the instrument, the blue represents the
curve calculated fromhe built model and grey is the difference curve between the two.
Rietveld refinement results do not have much meaning when figures of merit are not
reported; hence Rwp and goodness of fit are reported to show the reliability of the results.
Crystallite sie was determined from the Scherrer equation (section 2.3.6.) which is
incorporated in Topas. Trends in the changes of the crystallite size with temperature are
also presented in this study. When the calculated crystallite size calculated from these XRD

results was compared to TEM particle size results, a difference (13%) was noted. The results

74



presented thus indicate trends rather than absolute sizes. When the temperature reached

730 °C a delay time of ca. 2 minutes (Table 4.1) was employed beforetollet the XRD

data began.

Refinement at 50C

18,000 Calcite 100.00 %
15.000;
14.000;
12,000
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Figure 4.5Refinement results for pattern collected at 8D during V-IPXRD of CaGO
Rwp 5.4; G.O.F 1.5

Refinement at 730C
,0007 Calcite 84.90 %
18,000 CaD  15.10%
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Figure 4.6Refinement results for pattern collected at 730D during VIPXRD of CaGO
Rwp 6.78; G.O.F 1.76
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The change of phase abundances over temperatures from 300 °C to 850 °C is shown in
Figure 4.7. The particle size of the Ca{®Creased with increase in tempure (Figure 4.8)

from 84 nm reaching a maximum of 234 nm at 730 °C. From 63078DttC the particle

size increased by 50%. This compares well with TEM results which showed an average
particle size of 72.8 nm at room temperature and 216 nm after hestitment (700 °C). The
particle size decreased thereafter; this is because the concentration of dsa@€creased

and approached extinction. The particle size of CaO grew slightly (42%) from the emergence
of that phase at 630 °C to a maximum of 139 ni8%@ °C. At 700 °C the particle size is 109

nm (Figure 4.8).
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Figure 4.7Phase abundance variation during-WXRD of CaGO

76



250

200 l\\
€
=
o 150
N
(2]
2 —+—CaCo3
£ 100
S =i—-CaO
50
O T T

300 400 500 600 700 800 900
Temperature’C

Figure 4.8Variation of particle size during \PIXRD heat treatment of CagO

42.4 In situ VFPXRD study 0f10% Fe/CafCO

10%Fe/CaC@was heated from 50 °C to 850 °C whilst XRD patterns were being collected
every 50 °C under inert conditions. The pattern taken at room temperature (30 °C) revealed
the presence of iron in the form of & (magnetite peak at 37 °) (Figure 4.9) athe
support CaCg¢) CaC@ decomposed to CaO at a temperature above 650 °C. This
decomposition temperature is slightly higher than that previously reported for @aCO
(section (4.2.3)). This variation could be due to the difference in heating intervala/dnat
employed or it could be that the addition of iron to Ca@®@lays its decomposition. CagO
had completely converted to CaO at 800 °C. At 650 °C dicalcium diiron (11l) oxke@)a
peaks emerged (33.2 °). £&0s has an orthorhombic structure iin space group Pcmn
(66) (Figure 4.10)lt is clear that the support has reacted with theetal catalyst. This was

alsoconfirmed by an ex situ PXRD study.
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Figure 4.9VTPXRD patterns over temperature for 10% Fe/Qa@@aCQ* CaQ & FeOy
; ++ CaheO,

The iron atoms are bonded to 4 oxygen atoms in this compound as illustrated in Figure 4.10

Dicalcium diiron (iii) oxide Ca,Fe,05

ICSD #88988

P cmn (62)-orthorhombic
a=5.6206A b=14.9562A ¢=5.4571A

V=458.74(1) A3 z=4

Figure 4.10:Structure of dicalcium diiron (l1l) oxide ¢E&aOs) (Berastegui et al., 1999)
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The phase composition remained constant from room temperature to 600 °C with;CaCO
being ~ 88% anthagnetite at 12% (Figure 4.11). These concentrations are reasonable as the
calculated percentage loading of Fe is 10%. WhepF&as appeared at 650 °C the

magnetite concentration decreased. The particle size of GaGI® reached a maximum of

159 nm at 70 °C against a maximum of 234 nm on Ca@lone (section 4.2.4). It could be
that the metal loaded onto CaGQuppressed the growth of the CagCrystals (Figure
4.12). The magnetite particle size remained constant at an average of 9.5 nm at
temperatures below 600 °C; however at higher temperature (above°6)0the crystallite

size grew by more than 100% to 26.5 nm at 700 °C. The crystalitefstaO was found to
be 151 nm at 850 °C which was not very different from that previously reported for CaO

(section 4.2.4).
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Figure 4.11:Phase abundance variation during-WXRD analysis of 10% Fe/CaCO
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Figure 4.12Particle size variation during-PXRD of 10% Fe/CaO

The maximum concentration of €05 formed was 7.93% at 75 but this does not

account for all the iron present in the sample. This means that not all magnetite in the

sample reacted with CaGO

4.2.5 In situ VFPXRD study of 10%0(CaCQ

When 10% Co/CaG@as analysed by in situ \PIXRD only Cagfeaks could be identified

in the XRD pattern initially (Figure 4.18)thorough search match exercise was carried out
to rule out possibility of CoO peak overlap with CaCIhe possibility of fluorescence
problems vas checked for by carrying out a room temperature XRD scan on 10%Cg/CaCO

using a Co-Xay tube and no Co based phases could be identifiéaermal decomposition

of CaC@began at temperatures above 600 as shown bthe presence of CaO peaks at 32

°and 37°.At a temperature between 458C and 500C peaks at 33.2°, 33.7°, 47.5°, 48.5°
emerged. From the database that we used (PDF 2004) there was no compound that would
match these peaks. However these peaks matchech witat of CaFeOs previously
reported (section 4.2.4). It is therefore speculated that the cobalt oxide present reacts with
CaC@to form a dicalcium dicobalt oxide (§&&30s). This is reasonable as iron and cobalt
are similar at the atomic level and rgan a similar manner. G&a0s was the name given

to the sample in this study. This phase L&a0s) increased in concentration to a maximum
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of 37% at 800C; & the reaction temperature (700C) the concentration was already 32%

(Figure 4.14). At 70T the particle size of gaapOswas 36.7 nm (Figure 4.15).

# CaCoQ * CaO + CaCoGs

700

450

Temperature C)

200

30

o 30 40 50

2 Theta )

Figure 4.13:Phase abundance variation during-NXRD of 10% Co/ CaCG¢ CaCOg3; *
CaO
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Figure 4.14Phase abundance variation during-WXRD of 10% Co/ CaCO
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Figure 4.15Particle size variation duringl-PXRD of 10% Co/CaCO

4.2.6 In situ VFPXRD study of 10% #&o/CaC@

The result of a VIPXRD study on 10%-Ee/CaC@under nitrogen flow is shown in Figure
4.16. The XRD pattern at room temperature (30 °C) shows only the presence gfp€akXO
though ironand cobalt are also preseffEigure 4.16& Figure 4.17) This is probably because

the iron and cobalt particles are well dispersed on the surface of the £&l@y have very

small particle sizes and as such they do not cause a Bragg reflection (Sct@&t&)r, TEM
images revealed the presence of iron and cobalt (section 4.2.2) particles dispersed on the
surface of the CaG@article. An analysis was done to avoid fluorescence problems. An XRD
pattern was collected for the catgdt at room temperature wh a ®balt Xray tube source

and no cobalt or iron peaks were observ@igire 4.18 ) Therefore he only rational reason

could bethat iron and cobalt had formed small well disperse particlsch were in a
probably armophousstate. At 550 °C dicalciunran cobalt pentaoxide (GReCo@) peaks
emerged at (33.2°, 33.7°, 47.5°, 48.5° 2 theta) showing that Cla&reacted with the
active metals (Fe, CqFig 4.16 & 4.19)These reflections also correspond to that of
CaCa4Fe ¢0s which has a similar cryait structure; for the purpose of this study the
formula CaFeCo® was adopted. This is contrary to what other authors have reported
(Magrez et al., 2005; Li et al., 2008). Magrez et al. (2005) and Li et al. (2008) reported that
the spinel FeCoQ formed upon heating the same catalyst {&on/CaCg) at 700 °C. In their
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study Magrez et al. showed PXRD patterns of the unsupported catalysts, however, there are
no PXRD patterns shown for-E@/CaCe@even though they reported that F€oQ formed

in both supportedand unsupported catalyst. This makes it difficult for us to comment on
the difference between the observations made in our study to those observed by Magrez et
al. Li et al. (2008) also observed the spinelCe€) upon heating F&€o/CaCe@catalyst;
however the indicated peaks also correspond to those of the support g@@hkle 4.5) and

thus no definitive conclusion can actually be drawn from their study. Magrez et al. (2005)
and Li et al. (2008) both reported aB®Q phase. However thgeaks they indicate as
YIFGOKAY3I (GKA&a LIKIFAS FNBE G RAFFSNBY(d LI2aAdA
radiation for their XRD study (Table 4.5 Figure 4.20 & Figure®.21) dzYh NI} RAlF GA2Y
used in our study. In our study it was clearly alvee from XRD analysis that upon heating
only CaFeCo@ formed before the decomposition of CagOlt is speculated that CagO
reacts with iron and cobalt liberating @@ the process (Ramezanipour et al. 20E)th
Magrez et al. (2005) and Li et al. (&) use varying Fe to Co ratios, with a total loading of
only 5% so it is possible an Fe rich spinei@B@) rather than CgFeCo@was formed. Li
showed an XRD pattern for the Fe rich sample Fe:Co 3.35:1.65. It is to be noted that both
Magrez et al. (208) and Li et al. (2008) added ammonia to their CaQpport before
dispersing it into the Fe and Co precursor solution during synthesis of these catalysts. This
was done to avoid release of ¢@hen the carbonate reacts with acid. In our study no
ammoniawas added and bubbles of gas were observed during synthesis. This means that
some CaO was formed during synthesis which could have influenced the formation of
CaFeCo@ This difference in synthesis could be the reason for the different phases

observed.

The growth of CaFeCo@delayed the formation of CaO. CaO peaks only appeared at 690 °C
but when the CaC{>upport alone was heated in the absence of metals the CaO peaks only

appeared at 630 °Gsing the same heating rate.
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Figure 4.19PXRD pattern of 10% f»/CaCe@at 700°C showing G&eCo®@

Table 4.52 positions of F&CoQ as reported by Magrez et.gRP005) and Li et al. (2008)

2 Theta

Magrez 30 36 37 63

Li 36 39 43 a7 48
CaC@ 23 29 36 37 43 a7 48
CaFeCo@ 33 34 47.5 48.5

sl

T T T T !
20 30 TR a0

26 (°)

Figure4.20: XRD pattern showingf pure FeCoQ as reported by Magrez et al. (2006)

source
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Figure4.21: XRD pattern showing KedO, diffraction peaks as reported by Li et al. (2008)

Cu source

CaFeCo® has an orthorhombic structure similar to the £&0s (Figure 4.2p perovskite
compound. Its spacegroup is Pcmn (57). The iron ion ircém®ound is F& and the cobalt

ion is C&".

Dicalcium iron cobalt pentaoxide

ICSD 169345
Space group Pbcm (57) - orthorhombic
a=5.3675A; b=11.1072A; ¢=14.7787A

Vv=881.07A%7=8

Figure 4.22 Structure of dicalcium iron cobalt pentaoxide g€aCo@)(Ramezanipour et
al., 2010)
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The variation in phase concentration with time is shownFigure 4.23From 550 °C the
concentration of C&eCo®increased with increasing temperature and reached a maximum

of 31% at 800 °C. This translates to 12% of Fe and Co (Appendix) which is in reasonable
agreement with the calculated metal loading of 10%. At the reaction temperature (700 °C)
the CaFeCo@concentration is only 20%. The Fe and Co not recorded aBgCo@are in

the form of small and well dispersed particles on Ca&{ thereforedo not causea Bragg
peak. The particle size of Cad®almost constant at 150 nm from room temperature to

610 °C (Figure 4.2% The crystallite size thereafter increases by 66% to a maximum of 250

nm before it drops significantly as its concentration drops. It is clear that the crystal growth

is related to the decomposition of Cagt@ CaO. The GBeCo@ particle sie increases
steadily from 18 nm to 77 nm as the temperature was raised from°65@ 850°C. At 700

°C (reaction temperature) the particle size obEaC0@is 48 nm.
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Figure 4.23Phase abundance variation during-¥XRD of 10% #&0/CaC@
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Figure4.24 Particle size variation of phases duringRRXD of 10% Keo/CaCe@

Summary

It can therefore be concluded that in all the three catalysts, the active metals (Fe & Co) react
with the support (CaC{pto form a calcium metal pentaoxide (@&0Os) (M= Feor Co or
Fe+Co). The formation of these phases was more pronounced in 10% Co#ADdd&ast in

10% Fe/CaC{@rable 4.6). This is in agreement with TGA results (Section 4.3.7, Table 4.7).

Table 4.6:Phase abundance of @4,0s in the catalysts at variougemperatures during VAT
PXRD

600°C 700°C 750°C 800°C 850°C
CaFeOs% 0 5.0 7.9 7.4 7.9
CaCa0Os % 30.6 32.1 35.1 37.4 37.6
CaFeCo®@% 15 18.2 30.5 31.5 30.4

The formation of CaM,Os was confirmed by ex situ studies when the various catalysts were

heated to 700°C and held for 30 minutes and then analysed by XRD. The XRD patterns of
the 3 catalysts10% Co/CaCG10% Fe/CaCG@nd 10% F€o/CaCg@as well as another 20%

FeCo/CaC@which was prepared for this purpose) showed the characteristic XRD peaks

expected for these structure@-igure 4.2h The analysis showed that 10% Fe in Gadl<d
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formed CaFeQ but quantification results showed that its concentration was the least as
compared to CgFeCo@and CaCa0Osin 10% FeCo/CaCeand 10% Co/CaG@espectively.
Hence C#&e0s peaks are less intense than those of the other two corresponding phases
(CaFeCo®and CaCa0s). This resulted in small peaks not beingblisin the pattens i.e.2

‘24 and 34

3 10% Fe/CaCO,
3 10% Fe-Co/CaCO,
20% Fe-Co/CaCO,
10% Co/CaCO,

<a000 3 Ca,FeCoO;
Ca,Fe,0q

Lin (Counts)

2-Theta - Scale

Figure 4.25XRD patterns of the catalysts heated at 70Gor 30 min under N

Ramezanipour et al. (2010) have reported the independent synthesis of tfleeCa®@

(brownmillerite structure). CaGOFeO; and CoO were mixed and ground to a powder

before pellets were made and the mixtures heated to a temperature of 1¥D0The
product was then ground and pellets remade and heated again (32P0rhis was repeated

again at 1250°C for 48 hours. Berastegeit al. (1998) also reported the synthesis of

CaFeOs by a physical method from a mixture of CaO andCgeThe XRD pattern was
similar to that reported in this studyHirabayashi et al. (2006) also synthesisegFeOs
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(brownmillerite structure) from CaGnd FeO; by a physical method which involved
calcination. It is concluded that &&@0sand CaCaOs (also with abrownmillerite structure)

were formed on heating.

4.2.7 Thermal gravimetric analysis (TGA)
The catalysts were also analysed for their thermal cese by TGA. Cags§howed stability

from 35°C to 500°C with no major weight loss; thereafter the CaG@urted to decompose

forming CQ. After decomposition of pure Cagét 900°C, the residual mass was60% of

the original mass corresponding to therieation of CaO.

CaC@e)Y CaQy+ CQ

The three catalysts had higher weight % at 900 °C than £la&€t@use of the mela loaded
onto them (Figure 4.26 The three catalysts (10% Co/CaCID% Fe/CaCCand 10% Fe

Co/CaCg) however showed three regimes where weight was lost during the TGA analysis.

The weight loss occurred at temperatures~o#5 °C, 450°C and 772C (Figure 4.27Table

4.7). The loss in mass that occurred mostly~a#5 °C was attributed to loss of absorbed

moisture.

The weight loss at 450 °C was attributed to the formation of the £aCo@ CaFeOs or

CaCo0s. CQ was evolved when CaGg@acted with the iron oxide and cobalt oxide to

give the loss in mass. The weight loss is more apparent in 10% Ca/@h€®@ a loss of

14.6% from 35°C to 600°C was recorded. Weight loss below 500 °C was lowest in 10%
Fe/CaC@ Noting that from Figure .41 quantitative Rietveld analysis of in situ-RXRD of

the 10% Fe/CaGGshowed the lowest formation of the calcium metal oxide f&&g0s)
compared to the other catalysts which could not account for all the iron loaded onto the
support. This is confirmelly the lowest weight loss observed (3.3%) as lessNa® formed
below 600 °C.Table 4.7 shows the concentrations of various compounds at different

temperature.
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From te derivative curve (Figure 4P can be observed that the third decomposition

beginsat ~ 650 °C for all four samples which is in agreement withRXIRD data which

showed formation of CaO at about this temperature (section 4¢38ction 4.3.6). The peak

at ~ 750 °C (Figure 4.27 signifies the temperature at which the highest rate of

decomposition of CaC£o CaO occurs, as explained earlier.
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Figure 4.26 TGA profile®f the FeCo catalysts
1
0 |
N
E -1 -
>
[«
= = CaCQO3
2 2
= =—10% Fe/CaCO3
>
'é:) -3 - 10% Co/CaCO3
= 10% Fe-Co/CaCO
-4 -
3
_5 T T T T T T
0 200 400 600 800 1000

Temperature ()

Figure 4.27TGA weight derivatives of the various€e/CaCe@catalysts
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Table 4.7% weight loss at various temperature points

% weight loss

Peak 1 Peak 2 Peak 3
CaCQ 0 1 a4
10% Fe/CaCO 1 3 38
10% Co/CaCf 6 14 43
10% FeCo/CaC® 3 11 42

4.2.8 Iron Mossbauer spectroscopy studie$ ®0% FeCo/CaC®

Room temperature Mossbauer data was collected on theyaghesised 10% Heo/CaCe
sample and the thermally treated 10%-Ee/CaC@sample (700°C for 1 hour). Best fits
were obtained by fitting the spectra with two quadrupole split doublets D1 and D2 using

Voight lineshapes. Figures 4.28 and Figure 4i8v the resultant spectra. Trepectra are

characterised by a single paramagnetic pattern showing broadened features.
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Figure 4.28°" Fe Mossbauer spectrum collected at room temperature (as synthesised

sample)
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Figure 4.29°" Fe Mossbauer spectrum collected at room temperature (thermally treated at
700 °C)

Table 4.8 gives a summary of the extracted hyperfine parameters for the as synthesised Fe

Co/CaCexatalyst and Table 4.9 gives parametensthe thermally treated sample

Table 4.8Mossbauer parameters forsasynthesised sample

Parameter Doublet 1 Doublet 2
1oYYkKao 0.371639 0.0929541
n 9(mmis) 0.756013 1.0446294
moYYkKabo 0.34 0.34

o1 00YYkKavo 0.159171 0.0562264
Area Fraction (%) 87.65708 12.342916

Table 4.9Mossbauer parameters fohermally treated sample

Parameter Doublet 1 Doublet 2
1oYYkKkao 0.362614 0.0768118
n 9(mmis) 0.76314 1.2251723
moYYKabo 0.34 0.34

o601 00YYKavo 0.159171 0.0562264
Area Fraction (%) 96.9475 3.0524998
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Thermal treatment of the sample results in an increased occupation of lattice sites of
doublet 1(88% to 97 %) ana corresponding decrease in the area fraction of doublet 2 (12

to 3%). Both the isomer shift and quadrupole splitting values for both sancplesspond

to iron in the 3 oxidation state

¢KS Aa2YSNJ 2F 52dzof Sd wm o whilstaldwecisorie? valnebo 7 0
64 I nonp G2 n &nThese dpdcifications 0 dbresfiofidito tBaSe of a

similar structure SFe.,CrOs+y (Gibb & Matsuo, 1990) SpFe,CrOs+y has a similar

structure to CaFeCo@ This confirms that this GReCo®is present in the sample at room
temperature. Mossbauer results also showed that the phase had iron in the 3+ oxidation

with iron ion having a tetrahedral coordination. This is in agreement with Ramezanipour et

al. (2010) who characterised ££F@Co®@and found that thesame coordinationXRD data in

the previous section reported thiarmation of CaFeCo@at elevatedtemperatures(above

500 °C)where iron is in the form of Béions. Mossbauer data here shothat CaFeCoQ@is
present in the sample before the sample is analysed for thermal response. It is speculated
that CaFeCo®is formed during synthesis of the catalyst apdesent before VIPXRD
analysisbut in the amorphous state and therefore crystallises as the sample is heated.

Therefore XRD shows its presence whesF€@o@has crystallised.

4.3 Reduction Studies

Reducibility normally has an effect on the activity of a catalysgeneral, the easier it is to
reduce a catalyst, the better its activity because more metal active species will be available
for the catalytic reactiondas et al., 2003)Reducibility studies were carried out on the-Fe
Co/CaC@material since it has been shown that to make CNTSs; this catalyst (Fe, Ce, or Fe
Co) must be in the metallic state. The carbon soureehidised to make CNTs can also be
used to reduce this catalyst at the reaction temperature (700 °C) used to make CNTs

(Hernadi et al., 1997)
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4.3.1 TPR study of Fe, Co/Cagiatalysts

Temperature programmed reduction (TPR) studies were carried out as described previously

(section 3.2.5). The Cagsupport profile showed a single peak at 7&7which is attributed
to CQ gasgenerated as CaO is formed. A 10% Fe/Ga@@lyst had a reduction profildat

showedfour peaks (Figure 4.30The first three (236C, 281°C, 507°C) are due to the

reduction of iron oxides. Magnetite was identified by PXRD analysis; this meantdhat
initially occurred as Péand Fé*. The fourth peak at 703 was due to formation of GO

from the decomposing CaGQO he profile showed that production of gkkegins at 550C.

10% Co/CaCGQhowed four reduction peaks. The first three peaks (Z34464°C and 482

°C) are due to the reduction of cobalt oxide to metallic cobalt. The fourth peak atC7@5

again due to COformation. The reduction profile of 10% fao/CaC@showed only two

major peaks. The first one at 428 is attributed to thereduction of FeCo oxides and the

second one at 70%C is due to C{rom the decomposing support. It is clear that addition of
the metals to the support reduces the temperature at which thermal decomposition ef CO

occurs as illustrated previously by T@Ga&ction 4.3.7). 10% Fe/CagQ#fas further heated at

400°C for 10 hours and analysed by TPR. The reduction profile showed that the first major

peak (230°C) has significantiseduced insize (Fig 4.31 It was speculated that iron forms a
nitrate compound which is not easily broken down during the normal calcination
temperature found in other catalysts. Therefore the catalyst may need to be heated under
more severe conditions. This could have been the reason for the very poor performance of

this catalyst wien used in our research group (Mhlanga et al., 2009)
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Figure 4.31TPR profiles of the 10% Fe/Ca@ther heated for 10 hours

4.3.2 In situ PXRD reduction of 10%-E®/CaC@
A 5% Hin N, mixture gas was passed through the XRK cell at a flow rate of 40 mL/min. An

XRD pattern was collected at room temperature and then the temperature was ramped to

97



700 °C and kept there for 24 hours with #bwing over the sample. XRD patterns were
collected every hour to track phase transitions that were ocauwgrin the catalyst. Figure
4.32shows the results. Pattern number 1 is the pattern collected at 30 °C and it shows only

CaC@ peaks because the iron and cobalt particles are small and well dispersedfirst

pattern at 700°C (pattern2) shows the GkeCo@peak at 33 °A wuestite (FeO) peak was

also observed at 42 °. After 3 hours thezCo®has been reduced to an irecobalt phase

and also CaO has formed. It can be speculated that the pe&k‘atias due to FgCo as has
been reported by others (Li et al.,, 2008). However other phases sudfe@s;, FeCo,
CaFe CoFegs yandCoFealso have a reflection peak at the same 2 theta value. In this study
FeCo was adoptedas the formula of the catalystor quantitative Rietveld analysis.
Crystallography information was available on the ICSD online database,foo.H& peak
was also observed at 43 ° which was attributed to Co reflec@her authors also studied

a simila catalyst (Li et al2008; Magrez et g3l2005)
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Figure 4.32In-situ Reduction of 10% Keo/CaCe # CaCQ* CaO; + GkeCo@ @ FeCo; ©
Co;= FeO
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After 3 hours of reduction the XRD patterns show the presence of three phas€n, k&aO

and Co (Figure 4.33TheCaO concentration stabilises at 86% for the rest of the reduction
period. FeCo and Co were also constant at 10% and 4% respectively. The total content of
the metal was slightly higher than 10% because the support had lost some weight when it

decomposed taCaO.

Magrez et al.(2005) studied a series of 5€q supported catalyst for the synthesis of
MWCNTSs. The authors found that an x value of 0.33 gave the highest yield and high quality
CNTs. When x is 0.33 they observed the formation of,&d&€uring gnthesis with ¢H, as
carbon source. A deviation from x= 0.33 resulted in the formation g€&eand CoO. This
could explain the Co phase which was observed from XRD in addition tobe &iece the

FeCo/CaCexcatalyst that was used in our study dewdtfrom the x= 0.33 regime.

The particle size of Cag@® an average 100 nm, & is 70nm and Co is 40 nm (Figure
4.34). Though these sizes fall within the diameter range of MWCNTs produced from this
catalyst they exceed the MWCNTs average diameterai29 nm. This difference could be
attributed to differences in experimental time. Synthesis of CNTs is carried out for a period
of 1 hour however the experimental time for this in situ reduction exceeded 3 hours which

allowed the particles to continuergwing.

99



100 +

80
50 { —4—CaCO3
$
o == CaO
®©
i Ca2CoFeO5
40
=@=[Fc2Co
==ie=CO
=@=FeO
25
Time hours
Figure 4.33Variation of phase abundance with time
200
180 I’
160 I
= 140
E 120 I —4—CaCO3
8 ¢ —8—CaO
“ 100 -
2 Ca2CoFe0O5
£ 80
g 0-0-09-00-0-0-0-09% 0% 0% —e=Fe2Co
% 60
=== CO0
40 Adwﬂs@sﬁ%@wh&p(—
' —.—FeO
20
O T T T T
0 5 10 15 20 25
Time hours

Figure 434: Variation of phase particle size with time during reduction

4.3.3

The in situ reduction experiments on 10% Co/Ca@®@ 10% Fe/CaGWere also carried
out under similar conditions to those carried out for 10%@#CaC@ The esults are

shown in Figures 4.35 and 4.3bhe metal oxides could not be reduced to their metallic

100
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states under these reduction conditions. 10Ré/CaCe@only reduced from F©, to FeO

(Figure 4.35 and Figure 4)36

Under these conditions it can be speculated that 10UCBACaCeois easier to reduce than

the other two catalysts (10%o/CaC@and 10% Fe/CaGp This difference in reducibility
couldbe the reason why the bimetallic catalyst is better than the monometallic ones as has
been reported before (Mhlanga et al., 2009). More metal active sites could be available in
the synthesis of CNTs using theG@&CaCg@catalysts because it is easierrexduce than the

monometallic catalysts.
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Figure 4.35In situ reduction of 10% Co/Cag&) 700°C
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Figure 4.361n situ reduction of 10% Fe/Cag&d 700°C

4.4 Conclusion

The FeCo/CaCe@catalysts were synthesised and characterised using various techniques.
TEM results showed that iron and cobalt were dispersed on #@@support though the
particles were small and agglomerated. In situ variable temperature XRD was also carried
out on the samples. It was concluded that the Ca&@pport reacted with the iron and
cobalt present in all three catalysts (10% Fe/CaQQ@Co/CaC@and 10%F&0/CaCeg) to

give a browmillerite structure with a general formula,®a0Os (M= Fe, Co. Fe+Co). However

as mentioned earlier other authors (Magrez et al., 2005; Li et al., 2008) observed spinel

formation FeCoQ when a similar F€o/CaCe@was heated to 700C.
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CHAPTER

5 RUTHENIUM CATALYST SUPPORTED ON MULTI WALLED
CARBON NANOTUBES FOR USE IN THE FISCHER TROPSC
SYNTHESIS

5.1 Introduction

Fischer Tropsch Synthesis (FTS) is the reaction in which CQ rattHn the presence of a
catalyst to form various alkanes, alkenes, alcohols etc. The synthesis involves a number of
steps. It is proposed that CO firstly adsorbs onto the catalyst active surface site and
dissociates to form carbon and oxygen atoms. idgdn also adsorbs on the catalyst and
dissociates on contact with the catalyst to form hydrogen atoms. Some of the hydrogen
atoms react with oxygen atoms forming water and others react with carbon atoms forming
CH units. The next step is-C bond formatin to generate hydrocarbons of various lengths
(equation 5.1); hence new carbararbon bonds form from the GHbuilding blocks. The

reaction is considered to be a polymerisation reaction with @tts as the building blocks.

NCO+ 2nkb Y - (CH),- + NHO

The use of multi walled carbon nanotubes as a catalyst support continues to attract interest
amongst researcher@laneix et al., 1998ahome et al., 2008)osthuizen & Nyamori et al.,
2011; Motchelaho et al., 20)1 Multi walled carbon nanotubes (MWCNTare an
appropriate support as they have a large surface area and they are relatively inert, making
catalyst support interactions minimal. When functional groups are introduced of the surface
on the MWCNTSs, active metal particles are anchored on the ysitand dispersion is

increasedSerp et al., 2003)

Though ruthenium is the most active of all FT catalysts it has not been as intensely studied

as iron and cobalt since application at a large scale is not feasible because of its high cost. It
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is possite that FTS based on ruthenium catalysts could be used in biomass to liquid (BTL) FT
as BTL plants require a very active catalyst which works well at high water partial pressures
(Schulz, 199%imonettiet al., 2007 Claeys & Van Steen, 2002jngkamani eal., 2007.

Ruthenium is the most active of all the FT catalysts (Co, Fe, Ni) and gives hydrocarbons of
higher carbon number than the other catalysts. Unlike iron, It works well without a
promoter. Ru FT has not been actively studied as a catalyst fior é&mparison to Fe and
Co(Schulz, 1999)

In this chapter we report on the use of a ruthenium catalyst supported MWCNTSs for use in
FTS.

5.1.1 Experimental

The MWCNTs were synthesised and purified by methods described elsewhere (section 3.1).
The Ru wasoaded onto MWCNTSs to make 10% Ru loaded catalysts which were tested for
FTS. The catalysts were prepared by two different preparation methods i.e. an incipient
wetness impregnation (IMP) and a deposition precipitation method (DPM) using urea as the

depostion agent.

5.1.2 PXRD Analysis

Reduction and calcination of these catalysts was studied in situ in-gy Xeaction
chamber. In situ variable temperature powderra§ diffraction (VIPXRD) analysis was
carried out on the synthesised catalysts. In thePRKIRDexperiments, XRD patterns of the

sample were collected at regular temperature intervals as the temperature was ramped.

In situ calcination and reduction studies were carried out only on the 10% RUMMNT
catalyst. To perform routine quantitative Rietdetefinement on the XRD data, the crystal
structures of all the identified compounds should be known. MWCNTs however are

amorphous, and as such do not have a captured structure.

To address this problem, 4 standard mixtures of purified multi walled cart@motubes
(CNTR6) and Cawith different ratios were prepared (CNTR6:¢dE4; 2:3; 3:2; 1:1). CaF

was chosen because it is less susceptible than many materials to preferred orientation
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effects. XRD patterns were collected on a Bruker D2 Phaser. Tieengawere all collected

for a 2 theta range of 90 degrees with step size of 0.024er step at a rate of 185
sec/step. Quantitative Rietveld refinement was then carried out on the 4 samples using a
graphite structure to model the contribution of CNGRo the sample. A fundamental

parameterapproach was employed to describe the peak shapes.

Table5.1 gives the results of the refinement. The maximum deviation was 6.5 % whilst the
rest of the deviations were less than 5 %. The accuracy is acceptable and therefore the
crystallographic structure of graphite was good enough to use to model CNTR6 ineddRietv

refinement.

Table5.1: Quantitative Rietveld refinement analysis of CNTR6/CaF

CNTR6%:CaF % 20:80 40:60 50:50 60:40
Rwp 7.06 6.10 5.92 5.57
X2 1.96 1.97 2.06 2.23
CNTR6 % 13.5 36.6 46.8 62.0
CaF % 86.5 63.4 53.2 38.0
n 6.50 3.40 3.16 1.95

5.2 Characterisation of multi walled carbon nanotubes

The multi walled carbon nanotubes (MWCNTS) were synthesised by a catalytic chemical
vapour deposition method over a K&o/CaCgcatalyst (Tetana et al., 2012; Motchelaho et

al., 2012). The agrown MWCNTs &re purified and functionalised in a one step process by
refluxing the MWCNTSs in 55 % nitric acid for 6 hours at 110 °C. The purified MWCNTs were
characterised by TEM, TGA, XRD, FTIR and Raman spectroscopygiven ddWCNTs

were named AGCNT and the pieid MWCNTs were named CNTR6. CNTR6 sample was then

used as support to make the 10% ruthenium catalysts.
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5.2.1 Transmission electron microscogyf EM)

Asgrown MWCNTSs

The morphology of the synthesised MWCNTs was confirmed by TEM. Some metal particles
were seen to be encapsulated inside the tubes (Figure 5.1). Most (47%) of the outer
diameters of the MWCNTs were in the size range efi@wm (Figure 5.2). The average
outer diameter was found to be 29 nm. The average inner diameter of the AGCNTs was
found to be 8 nm with most of the tube diameters falling the size range of 59 nm

(Hgure 5.2 b).

Figure 5.1As grownMWCNTSs; arrow shows encapsulated particle
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Figure 5.2:Histograms showing the distribution of diameter sizes for the outer and inner

diameters of aggrown MWCNTSs

PurifiedMWCNTs

The TEM images of the purified MWCNTSs showed that most of the catalyst particles used for
the MWCNTSs synthesis had been removed during purification (Figure 5.3). A wide range of
tube sizes was observed (100 nm). Because of the relatively harsh condgi@mployed

for purification, some of the tube ends were opened by the acid. The average size of the
outer diameter of the CNTR6 was found to be ca. 24 nm (Figure 5.4 a). This was slightly less
than that of the asgrown MWCNTs because when the walls weresheal with nitric acid
removing any amorphous carbon that could have been on the surface was removed. The
outer graphitic walls were also slightly corroded by the acid. The average inner diameter
size was 8 nm (figure 5.4 b) with 70% of the MWCNTSs size fafipg between @and 10

nm.
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Figure 5.3TEM image of purified MWCNTs
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Figure 5.4 Histogramshowing the distribution of the diameter sizes for the outer and inner

diameters of acid washed MWCNTSs.

5.2.2 Raman spectroscopy analysis
Raman spectroscopy was also used to analyse the quality of the graphitic structure of the
asgrown and acid washed MWCNTSs. The two characteristic Raman peaks which represent

the Dband and the @and were observed (Figure 5.5). The degree of disorder én th
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graphitic structure was determined by calculating th#d ratio using peak areas. The D
band gives an indication of nesrystalline graphite in the case of carbon nanotubes and the
G band represents a highly crystalline graphitic structitesgleret al., 2004). Therefore
highly crystalline carbon nanotubes have a lglidratio. Indeed the d/l s ratio of asgrown
MWCNTs was higher (3.0) than that of purifdtVCNTs which was 2.1 (Table)5Phis was
because of the presence of some amorphous carlothé as prepared sample which was
not present in the purified sample. Purification could also have introduced defects into the
structure of the CNTR&drojek et al., 2004)

‘ As-grown CNTs
4000 I Band G Band 4000 | Band

G Band

3000 + 3000
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Figure 5.5Spectra of as grown and purified MWCNTSs

Table 5.2 Raman spectroscopy/lg ratio of as grown and purified carbon nanotubes

Position (If  Position (G)

Sample Area (1) Area (G) Ip/l g ratio
(cm™) (cm™)

AGCNT 1350 1577 199479.88 64329 3

CNTRG6 1344 1582 190005.45 82016 21

"+ 2 cmt

5.2.3 Thermal gravimetric analysis
Thermal gravimetric analysis (TGA) is a useful technique used to determine the thermal
stability of a material. For carbon materials the amount of metal impurities can be

determined by simply oxidising the carbon which leaves behind a residue of metakoxid
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During heating of the asynthesised MWCNTSs in air, it was observed that the AG@léfie
stable up to ca. 442C after which a slight weight gain was noted (Figure 5.6). This is due to
oxidation of iron to form iron oxideHuijbregts & Snel, 1972Above 520°C the mass of the

as grown nanotubes decreases rapidly until it becomes constant at@10he TGA profile

in Figure 5.6 shows that there was a 25% catalyst impurity in the MWCNTSs. It can also be
deduced that the amount of amorphous carbon wasigmificant because there was no
rapid weight loss before 500 °C (Hou et al., 2001). The optimum temperature for AGCNT
decomposition was found to be 643 °C (figure 5.7). A peak observed &CAvas due to

the decomposition of the more stable high quglgraphitic structure found in some tubes.

The purified and functionalise(CNTRpBsample was less stable than the as grown sample,
with most CNTs completely decomposed at T>®20This is related to the defects and slight

damage that occurs during the pfication process. The slight decrease in mass of 6 % at

temperatures below 400C was due to the removal of functional groups on the MWCNTSs

during heating. This slight decrease in mass was not observed when acid washed MWCNTs

were first annealed at 600C under a nitrogen atmosphere and then analysed by TGA
(Figure 5.8). The residual metal in this sample was less than 1.5% and was attributed to
catalyst metal particles that were encapsulated inside the tubes and which could not be

washed away during actdeatment.
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Figure 5.6 TGA profiles of as grown (AGCNTSs) and acid washed carbon nanotubes (CNTR6)
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Figure 5.7 Derivative plots of TGA profiles for as grown (AGCNT) and acid washed carbon
nanotubes (CNTR6)
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Figure 5.8 TGA profile of CNTR6 annealed at 8D@inder Mfor 1 hour.

5.2.4 Powder Xray diffraction (PXRD)
The PXRD technique was used to confirm the presence of a graphitic structure in the AGCNT

and CNTR6 samples. Two characteristic graphite peaks (Cu K radiatienglentified; i.e. a

peak at 266 (002)andat44n‘ O6m n MO 6AGK GKS O2NNBALRYR

listed in Table 5.4. It was also confirmed that CaO was removed during the purification
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process. However iron carbide ¢eg (Figure 5.9)otild not be removed by acid washing
since it is encapsulated inside the tube and is shielded from the acid during purification. This
is in agreement with TGA results which showed a residual of less than 1.52). (Fee

Appendix shows the results of pealatohing that was done using Eva software (Appendix).
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Figure 5.9PXRD pattern of as grown and purified CNTSs.
# peaks for graphite wall of CNTs; * CaO peaks( Fe

5.2.5 FTIR spectroscopy
FTIR spectroscopy was used to check whether surface groups hadnbreelniced onto the
CNTs during the purification process using EINEeak peaks could be identified on CNTR6

which were not present in the AGCNT profile which gave an indication that functional

groups had been introduced (Figure 5.10). A weak peak 4828 cni' indicated the
presence of €@ and GH bonds (Naseh et al., 200®haffer et al., 1998 Another weak peak

was observed at 1662 cni which was attributed the stretching band of C=0 signifying the

presence of carboxylic groupsin & Sigmund, 2004).
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Figure 5.10:FTIR profiles of AGCNT and CNTR6

5.3 Characterisation of atalysts for FTS

The catalysts loaded with 10% Ru were prepared by an incipient wetness impregnation and

a deposition precipitation method using urea; the catalysts were named 10Ru/GINTHR6

and 10Ru/CNTRBPM respectively. The catalysts were pemated at 400°C for 3.5 burs

under nitrogen to decompose precursor salts (chlorides). These catalysts were characterised

by XRD, TGA, TPR and TEM before being tested for FTS in a fixed bed reactor. (Section 3.1.4)

5.3.1 PXRD of catalysts

10RU/CNTREVIP and 10RU/CNTHBPM were analysed @ - w5 o6/ dz < ' mdpnnc
after heat treatment. XRD patterns of 10RU/CNAMPE did not show the presence of Ru

(Figure 5.11) before heat treatment undern.NHowever after heat treatment RuGand

metallic Ru peaks could héentified. RuQ was raduced to the metallic state by the carbon

support under the inert atmosphere. This was confirmed by a PXRD in situ study (section

5.3.2).
The 1Ru/CNT5 at Ol Gl ftead egla ftaz2 FylfeasSpPMod - w

showed the presence of Ru®efore heat treatment (Figure 5.12). The Rysarticles must

have sintered during reflux in the deposition process to result in the Bragg reflection
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(section 3.1.4). After heat treatment, RpfPeaks were not observed, only Ru metal peaks.

Appendix shows the re#tof the search match undertaken in this study.

Intensity a.u

2 Theta A

Figure 5.11XRD patterns of 10RuU/CNTFREP before (a) and after (b) heat treatment at 400

°C for 3.5 hours(5- graphite (CNTR6Q - RuQ, R- Ry FF&C
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Figure 5.12XRD patterns of 10Ru/CNTFRBIP before (a) and after (b) heat treatment at

400°C for 3.5 hours; wher6 - graphite (CNTR6QD - RuQ, R- Ru. (Appendix)

5.3.2 In situ variable temperature PXRD study of 10Ru/CNIRE
An in situ VIPXRD study was carried out on the 10RuADIVIP before heat treatment in

the Xray reaction chamber (XRK). The temperature was increased frd@ ®0550°C with

XRD patterns being collected at every°@Qinterval. Nwas allowed to flow thwugh the XRK

at 60 mL/min during the experiment.

From the first pattern recorded at 3T, only graphite peaks are present which confirms the

presence of the CNTs (Figure 5.13). Though, Ru@resent in the sample it is not detected
at this stage. Ru etdd not be detected in its precursor state (Ry)Giither. This was
attributed to the small crystallite size which could not give Bragg reflections (Scherrer,

1918). As the temperature was increased the Rya@rticles sintered and became big

enough particds to be able to be detected. The Ryte@aks emerged at 31T and grew in
intensity up to a maximum at 37 (Figure 5.14). At 39C metallic Ru (Figure 5.15) peaks

emerged as RuQpeaks started to decrease in intensity. At 48D all the Ruphad been

converted to metallic Ru. It is clear that Ru®reduced under inert conditions. This auto
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reduction of a metal oxide by a carbon support is similar to that observed for Co on carbon
as observed by Xiong et al. (2010). The CNTR6 support reacted avitixytgen from the

RuQ to form CQ under the inert conditions.
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Figure 5.13VT-PXRD calcination study of 10Ru/@MP; ORuO2 peaks,-HRu metal, G
CNTs

5.3.3 Surface area analysis

BET surface areas were determined as explained in section 3.2.4. The BET surface area of
the asgrown MWCNTs was found to be 60.%/mand the pore volume was 0.22 &y

(Table 5.5). The surface area increased to 87 mnd the pore volume also increased to

0.30 cni/lg (Table 5.3 when the MWCNTs were purified by nitric acid. This is because
washing the AGCNT opens up the CNTs pores. The surface area also increased because the
low surface area CaO had been removed and also the surface became more rough through
acid treatment. Wherruthenium metal was loaded onto thENTRG6 the surface as well as

the pore volume recorded decreased; this is no doubt due to the pores becoming filled with
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metal particles. The high BET area value for 10Ru/CIDFRA is similar to that for the
purified unbaded MWCNTSs. This is because the particle size is small and hence the pores
are not blocked as observed with 10Ru/CNTRRB.

Table 5.3 BET surface areas for MWNTs and catalysts synthesised

Sample Surface area (ifig)*® Pore volume (cr¥g)®
AsgrownCNTs 60.2 0.22

CNTR6 87.8 0.30
10RU/CNTREBVIP 64.0 0.25
10RU/CNTRBPM 92.3 -

- Not collected

5.3.4 Transmission electron microscopy

10RUu/CNTR®PM and 10Ru/CNTRBIP were analysed by TEM after heat treatment at 400

°C under NTEM results showed thagenerally the particle size of the catalyst prepared by
both methods were in the nano range with average diameter of less than 10 nm (Figure
5.14). Ru dispersion was better in 10Ru/@HAM than 10Ru/CNIMP with average
particles size of 2.5 nm and 5.3 nraspectively. The deposition precipitation method
yielded a narrow Ru particle size range (Figure 5.15) whilst the size distribution range was
broader using the incipient wetness impregnation method. The data recorded that 90% of

the Ru particles sizes #DRu/CNIDPM were in the 4 nm range.
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Figure 5.14TEM image of 10%Ru/CNMP

Figure 5.15TEM image of 10%Ru/CDPM
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5.3.5 TGA of synthesised FTS catalysts

TGA was carried out to determine the stability of the catalyst to heat as well as to confirm

the Ru loading. The TGA experiments were carrigdroair from 35°C to 900°C.

Figure 5.16 shows the TGA profile of 10Ru/CNM&6before heat treatment. The peak at

402 °C was attributed to the decomposition of chlorides from the ruthenium precursor salt.
Therefore in later studies the samples wereahéreated at 400°C for 3.5 hours to remove

the chlorides before the catalyst was used for FTS. The other two peak8J%0@ 554C)

are due to the oxidation of CNTs to form L£Both peaks occur at a lower temperature
when compared to those of AGCNimdaCNTR6 (section 5.2.3). This was attributed to the
catalytic effect of the metal loaded onto the MWCNTSs. The TGA profile for the uncalcined
10Ru/CNIDPM was similar to that of RU/ICNTFREP (Appendix) and therefore heat

treatment was carried out under sifar conditions before FTS.
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Figure 5.16 TGA plot 10RU/CNTR6 prepared by impregnation (a) before heat treatment and

(b) its derivative curve
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The TGA profiles of 10Ru/GBPM and 10Ru/CNIMP after heat treatment were similar
(Figure 5.17). This meatitat the thermal stability of the two catalysts was the same. The
profiles also show that similar metal loadings were achieved for both catalysts which made
comparison of FTS results obtained from using these catalysts reliable. The residue of 16%
was attibuted to mainly Ru@formation. The Ru loading was found to be 10.5 after also

taking into account of 1.5% residue from the®e catalyst used to make the CNTSs.
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Figure 5.17:TGA plot of 10RU/CNMP (IMP) and 10Ru/CNOPM (DPM) after heat

treatment at 400°C under Nfor 4 hours.

120



. o |
S J ;\
> -0.8 -
(2]
o
=
2 28
O -2.8 -
= —
) IMP
=
= DPM
= 48 -
[}
©
_6.8 T T T T 1
0 200 400 600 800 1000
Temperature {C)

Figure 5.18:Derivative TGA plot of 10RU/CNMP (IMP) and 10Ru/CNOPM (DPM) after

heat treatment at 400C under MNfor 4 hours.

5.3.6 In situ varable temperatureXRDreduction

An in situ VAIPXRD reduction study was carried out on 10Ru/CNVIR6under a 5% 4N

gas (40 mL/min) mixture. As was shown in section 5.3.1 (Figure 5.11), the heat treated
10RU/CNTREVIP catalyst consists of Rp@nd metallc Ru (Figure 5.19). From the observed

phase transition it can be confirmed that reduction takes place as explained in section 5.3.2.

RiY RS

RuQ was completely reduced to metallic Ru at 2@ This temperature is higher than that
determined inthe TPR experiment (section 5.3.7). This could be because in the in situ
analysis, the kgas passes over the sample whereas in the TPR analysis ftbe/$ithrough

the sample in a U tube reactor. The flow rate and thecéhtent in the reducing gas

(5%H,/Ar (40 mL/min)) used in this in situ XRD analysis was similar to that used in the TPR
analysis. The analysis was carried out fronf@%o 850°C and the in situ XRD reduction was

carried out from 30C to 55C°C.
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Figure 5.19VT-PXRD reduction of 10Ru/GNP; O-RuQ, R- Ru metalG¢ CNTs

The particle size of the Ru was determined using the Scherrer equation (section 2.3.6.)

incorporated in the Topas software used for the Rietveld refinement study. The particle size

of metallic Ru at 30C is 4.3 nm while that of Rg@t that sametemperatue is 8.9 nm

(Table 5.4 This agrees well with the average TEM value of 8.2 nm. 77% of the metal had

already been reduced to metallic Ru (Table 5.6) during heat treatment under an ingrt (N

atmosphere (400C).

RuQ+ G4 CQ g+ Ry
The particle size of Ru metal remained almost unchanged during th®XRD reduction

indicating that the Ru catalyst was not susceptible to sintering (Figure 5.20). The variation in

size is insignificant and within experimental uncertainty.
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Table 5.4 VT-PXRD reductiomresults ofIORu/CNIIMP at 30°Cand 270°C

Parameter 30°C 270°C
Rwp 3.73 3.81
X 1.23 1.28
CNTR6 % 89.92 87.88
RuO % 2.24 (8.2 nm) 0
Ru % 7.84 (4.3 nm) 11.83 (4.4 nm)
+ 5%
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Figure 5.20Particle size variation of Ru metal duringRXRD reduction

5.3.7 Temperature programmed reduction (TPR)
TPR was carried out on both catalysts after heat treatment undertoNdecompose
chlorides. TPR results are shown in Figure 5.21. Both 10R{@&NTand ORu/CNTMP

show three reduction peaks. The first two peaks indicate the reduction of ruthenium oxide.

RuQ is reduced to the metallic state below 20C in both catalysts. Profiles for both
catalysts show two reduction peaks. The first peaks below TDWere attributed to

moisture in the samples. The second peak, which was abovéC,0@as attributed to the

reduction of Ru@ to metallic state. However this second peak is much smaller for

10Ru/CNIDPM than for 10Ru/CNIMP. This is because there was I8€3 in 10Ru/CNT
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DPM as most of it was reduced during heat treatment under nitrogen as shown by XRD data
(section 5.12). Kang et al. (2010) also reported only one reduction peak for ruthenium

supported on carbon nanotubes.

The profile of CNTR6 shows ajor peak at 665°C. This is the temperature at which
gasification of CNTs occurs to form methane (Motchelaho et al., 2011). It can be seen from
the reduction profile that hydrogenation of carbon nanotubes to form methane starts at
~300 °C. The third pealat 513°C indicates the gasification of CNTs to produce methane.

This temperature is lower than that of CNTRG. It is therefore clear that the ruthenium metal
on the CNTs catalyses this process. This agrees with TGA results as explained previously

(section5.3.5) where it was shown that the addition of Ru on CNTs makes them less stable

in air.
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Figure 5.21TPR profiles of synthesised catalyst and CNTs
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5.4 Catalytic performance

In this FTS study, the effect of reaction temperature on the activity and selectivity of the
catalyst was investigated. It is well known that a Ru catalyst is active at the lowest of
temperatures when supported on common catalyst supports such as alummidditania
(Schulz, 1999)However the effect of operating temperature when ruthenium is supported

on MWCNTSs has been little studied. The effect of the preparation method on the activity
and selectivity of the prepared catalyst has also not previously lieerstigated. The FTS
results were analysed and conversion, activity and olefin: paraffin fraction were determined.
In this study an unusually high Ru loading (10%) was used; this was done so as to correlate

data with the XRD analysis; this study requadsgh Ru loading.

The FTS reaction was carried out at a pressure of 8 bar and a syngas flow rate of 20 mL/min.
The H: CO ratio was 2:1. Two reaction temperatures (22@nd 250°Q were employed for

each catalystORuU/CNAMP and 10Ru/CNDPM). Iniially the CO conversion increased to

a maximum of 43% average before decreasing with time and reaching a stable state at

different CO conversions.

5.4.1 Effect of reaction temperature on FTS

Activity: CO conversion increased when the reaction temperaturs wareased from 220

°C to 250 °C for both catalysts (Figure 5.22). The initial catalyst activity increased to a
maximum of 38 % CO conversion before dropping significantly in the first 24 hours on
stream. At 220 °C CO conversion was below 20% for botlystd (10Ru/CNDPM and
10RuU/CNTIMP) this increased to ca. 30% at 250 °C. At the lower temperature (220 °C) the
catalysts were less stable for the 120 hours on stream, deactivating continuously;
10RuU/CNIDPM being worse than 10Ru/CINIP. This may be due clogging of active sites

due to wax formation (Figure 5.22fjimoto et al., 1985) However at a higher reaction
temperature (250 °C) CO conversion for both catalysts stabilised after ca. 24 hours on

stream.
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Figure 5.22CO conversion over a ped®f 120 hours in FTS

Selectivity: selectivity to methane increased with increaseshction temperature (Table
5.5). Selectivity to methane doubled for both catalysts when the reaction temperature was
raised from 220 °C to 250 °C; (10Ru/@NMP, 11.6% t830.8%; 10RU/CNIMP, 14.2% to
28.1%). Hydrocarbons of higher carbon number were realised when FTS was carried out at
220 °C and less when the FTS temperature was raised to 250 °C. The selectiptyaio C
10RuU/CNIDMP decreased to 52.2 % from 75.1 % ke reaction was carried out at
250°C and 220°C respectively. A similar trend was observed for 10RIMENThere the
selectivity to G+ dropped to 51.4% from 70.28%. This is in agreement with what is
published in the literature (Schulz, 200%ungkananiet al. (2007) observed a similar trend
when an investigation was carried out on Ru/M§&0;, Ru/MgO and Ru/AD; catalysts.
Methane selectivity increased with increagirreaction temperature and mordeavier
hydrocarbons were realised at lower reaction temperature than at high reaction

temperature.
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Table 5.5 Activity and selectivity of catalysts during FTS

220 °C 220 °C 250 °C 250 °C
IMP DPM IMP DPM
% CO conversion 19 15 28 26
CO rate * 16 0.97 0.65 1.49 1.36
Activity mol/h/g 0.0069 0.0047 0.011 0.0098
h 0.80 0.81 0.78 0.78
Selectivity
G 14.2 11.6 28.1 30.8
GG 154 13.3 20.4 17.3
G-Gu 36.98 44.8 31.6 30.8
Gt 33.3 30.3 19.8 21.4
O/O+P ratio (@ 0.127 0.204 0.036 0.034

Olefin to paraffin ratio: The olefin ratio was found to be higher when théS was carried
out a lower temperature (220C) whencompared to the reaction being carried out at a
higher temperature (250C) (Table 5)6 This was the trend fot; to G exceptfor G where

the olefin paraffin ratio was almost similar.

Table 5.6 Olefin to paraffin ratio of the catalyst

O/(0+P) 220 °C 220 °C 250 °C 250 °C

IMP DPM IMP DPM
G 0.13 0.20 0.036 0.034
G 0.34 0.32 0.34 0.36
G 0.50 0.52 0.19 0.24
G 0.44 0.47 0.16 0.19
G - - 0.032 0.027
G 0.09 0.44 - -

- Not detected
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5.4.2 Effect of preparation method on FTS

Activity: 10Ru/CNIIMP exhibited greater activity than 10Ru/GRMP at 220 °C; however

at 250 °C theravas no significant difference their activities (Figure 5.22). The average CO
conversion of 10RU/CNMP at 220 °C was 19.5% whilst that of 10RU/ADINP was 14.1%

at the same temperature-ujimoto et al. (1985) found that the activity of a highly dispersed
Ru/TiQ catalyst was lower tan that of poorly dispersed Ru/Ti@atalysts. The authors also
observed a similar trend when Ru/ZrO was used in FR8. is in agreement with the
findings of van Steen. van Steen et 2D@2)also found that a Fe/CNT catalyst prepared by
the incipient wetness method was more active in FTS. The catalyst was less dispersed than
found for two other catalysts which were prepared by the deposition precipitation method
using urea and copper as deposition agenan(Steen et al., 2002The authors suggested
that different phases could be present in the different catalysts due to variances in particle

size of the metals on the support.

The 10RU/CNDMP catalyst was more stable when compared to the 10RuAGMNPTcatalyst
when FTS was carried out at 250 °C. Q@asion stabilised after 20 hours at 250 °C when
10Ru/CNIDMP was used. However, CO conversion slowly decreased when 10RMENT

was used.

Selectivity: Differences in methane selectivity of the two catalysts wemggnificant (Table

5.7). At 220°C,10RuU/CNATIMP showed a higher selectivity to methane than 10RufOINIP.

A higher selectivity to heavier hydrocarbons was observed for 10RuJIBNT than
10RU/CNIIMP (Table 5.7). This was different from what Kang et al. (2010) observed when
they carried outFTS at 260 °C over a RU/CNT catalyst. Kang et al. found that for RU/CNT
catalysts with mean sizes ranging from 2.3 to 10.2 nm, the particles with a size of 7 nm were
optimum, giving the highest selectivity to;d&; G, However Kang et al. (2010) FTS
condtions were different from ours260 °C and 20 barln this study the catalyst with mean
particle size of 2.4 nm was the one which showed higher selectivity to heavier hydrocarbons
than the catalyst which had a mean Ru particle size of 5.4 nm at 220 °C. However when the
reaction was carried out at 250 t@ere were no significant differences in the selectivity of

the two catalysts (table 5.7). This is in agreement with the observations of Carballo et al.
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(2011) when they carried out FTS at 250°C and 5.5C@ballo et al. (2011) reported that
selectiviyy in FTS was not greatly influenced by the Ru size for a series ofQwatalysts

of Ru particle size in the range 2.9 nm to 23 nm.

Olefin to paraffin ratio: The DPM method gave a higher olefin to paraffin ratio for most

hydrocarbon numbers when compad to the IMP catalyst (Table 5.8, Figure 5.23).

0.6
. /N
0.4 /
e | ~8-220 IMP
0 0.3
S —#—220 DPM
0.2 . ——250 IMP
/ 250 DPM
0.1
0 T T T T T
0 1 2 3 4 5 6

Carbon number

Figure 5.230lefin to paraffin ratio

5.4.3 Analysis of spent catalysts

The spent catalysts were analysed by TEM after 120 hours on stream. From the TEM images
the catalyst particles had hardly sintereder the period of gnthesis (Figure 5.25, Table

5.7). Kang et al. (2010) also made a similar observation for a Ru/CNT catalyst used in FTS

after a synthesis period of 10 hours. The observed deactivation when FTS was caraéd out

220 °C can be attributedto blocking of some of the active sites by wax formatidGA
analysis of the spentORuU/CNAIMP catalysts for reaction temperatures 22D and 250C
carried out at The TGA profiles show three mass loss regime2{D °C (i) 350°C(iii) at
500°C. The weight loss observed-ab00°C was due to the gasification of CNTs as indicated

earlier. The two peaks at270°C and 350C can be attributed to evaporation of waxes and
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oil trapped within the catalyst. The peak a270 °C is more pronounced fahe spent
catalyst for the reaction carried out at 22C because it contained more waxes than the

spent catalyst for FTS reaction temperature at 260

Table 5.7 Ru patrticle size of spent catalysts

Catalyst IMP 220 DPM 220 IMP 250 DPM 250
Fresh caallyst(nm) 5.3 2.4 5.3 2.4
Spent catalys{nm) 4.7 3.9 6.0 3.8
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Figure 5.24:Spent catalysts after FTS at 2@ a 10RU/CNTR®PM; b 10Ru/CNTR&VIP
and at 250; €10RU/CNTR®PM; d 10RU/CNTREVP. The arrows indicate wax present in

the analysed samples.
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Figure5.25: TGA profile of (a) spent 10Ru/CNOBM for FTS carried out at 280 and its

derivative (b)
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Figure5.26. TGA profile of (a) spent 10Ru/CNOBM for FTS carried out at 220 and its

derivative (b)
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5.5 Conclusion

The temperature, at which FTS was carried out, as expected, had a great influence on the
activity and selectivity of the Ru catalysts. Results observed for classical FTS experiments.
Thus, selectivity to hydrocarbon with higher carbon numbers was realaedower
temperature and higher selectivity to methane was observed at a higher FTS temperature. A
higher fraction of olefin was observed at lower temperature than at higher temperature as

expected for all FTS catalysts.

The preparation method did not ka great influence on activity and selectivity during FTS

though it did have an influence on the particle size and dispersion of the Ru particle.
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CHAPTER 6

6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusion

FeCo/CaCe@ catalysts were prepared by an incipient wetness impregnation from
Co(NQ)2.6H0O and Fe(NQ)3.9H0 precursor salteand analysed mainly by in situ XRD. The
major conclusion reached was that the CgG&0Opport reacted with the iron and cobalt
present in althree catalysts (10% Fe/Ca$,@0% Co/CaG@nd 10%F&€o0/CaCg) to give a
brownmillerite structure with a general formula 8405 (M= Fe, Co. Fe+Co). When the
bimetallic catalyst is reducechd&eCo alloy form which is the active phase in the synthesis of
ONTs. It was also concluded that the bimetallic catalyst is easier to reduce than the mono

metallic catalyst which is one of the reasons why it is a better catalyst for CNTs synthesis.

The 10% FR€o/CaCe@catalyst was then used to make multi walled camboanotubes
(MWCNTSs) which were used as a catalyst support for Ru catalysts. A 10% Ru/MWCNT
catalyst was synthesised by two methods; (incipient wetness impregmaind deposition
precipitation using urea as the deposition agéniThese catalysts were claaterised by

various technigues such as TGA, TPR and TEM. These catalysts were then tested for Fischer

Tropsch synthesis.

TEM revealed that the DPM catalyst gave better dispersion with smaller Ru particle sizes. A
DPM catalyst was easier to reduce when compared to the IMP catalyst though they were
both reduced below 20@&C. Ru particles made by IMP were big enough to filepaf
MWCNTs thereby reducing MWCNTs surface area whereas Ru particles did not cause
blockage of pores because of their small size. The surface area of the IMP catalyst is 64
m?g and that ofthe DPMcatalyst was 92 ffg. Ru/ MWCNTSs could be totally redt

under an inert atmosphere by the carbon support. Reaction temperature had an influence
on the activity and selectivity of the catalysts. Higher reaction temperature results in higher
activity. At 250eC the average CO conversion was 30% whereas atg220 was 15%.
Selectivity to methane increased with increase in reaction temperature. Selectivity to

methane was an average 13% at 20and this increased to 29 % at 280 A higher olefin
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fraction was observed at a low reaction temperature. The preparation method had a great
influence on the Ru particle size. The average particle size in DPM catalyst was 2.4 nm whilst
in the IMP catalyst it was 5.3 nm. However no major influence on actimityselectivity was

observed for the two catalysts (Ru/ MWCNT) prepared using the two different methods.

6.2 Recommendations
It is recommended that the actual synthesis of MWCNTSs using acetylene be carried out
under in situ XRD conditions and the actualiactphase be identified and quantified by

Rietveld refinement.

For the RUIMWCNTSs further work should be carried out on the effect of particle size. In this
work the effect was studied on catalysts with only 2 mean particle sizes. The size range may
be exended to get a meaningful trend. Further study on the causes of the deactivation on
the Ru catalyst when synthesis is carried out at lower reaction temperaturegpéhould

also be carried out.
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Figure Al: XRD pattern of CaG@t 30°C
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Figure A4: XRD pattern of 10% Fe/Cag& 700°C
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Figure A5: XRD pattern of 10% Co/Cag#& 30°C
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Figure A6: XRD pattern of 10% Co/Cag#& 700 °C

164



8000

7000

6000

5000

4000

Lin (Counts)

3000

2000

1000

s et T

10 20 30 40 50 60 70

2-Theta - Scale

mloFeCO_Red - File: 30.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 75.004 ° - Step: 0.021 ° - Step time: 368. s - Temp.: 30 °C - Time Started: 353 s - 2-Theta: 10.000 ° - Theta: 5.000 ° - Chi: 0.00 ° - Phi: 0.00 ° - X: 0
Operations: Background 1.000,1.000 | Import
EOO-OOS-OSSG (*) - Calcite, syn - CaCO3 - Y: 73.06 % - d x by: 1. - WL: 1.5406 - Rhombo.H.axes - a 4.98900 - b 4.98900 - ¢ 17.06200 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - R-3c (167) - 6 - 367.780 - I/

Figure A7: XRD pattern of 10% Féo/CaC@at 30 °C
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Figure A8: XRD pattern of 10% Féo/CaC@at 750°C
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