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Abstract

Iron (Fe), catalysts were prepared by incipientness impregnation method using Ca@® a
supporter. 0.6% Cu, 0.4% K, 0.6% Cu/0.4% K, 0.lofTetraethyl orthosilane (TEOS) in 2ml
water were used as promoters for the Fe catallsesspromoted catalysts were then employed in
the synthesis of carbon nanotubes (CNTs) usingemnadal vapor deposition (CVD) method.
Transmission electron microscopy (TEM) revealed ®a increased the diameter of the CNTs
and caused them to be coiled, thereby alteringhlage of the CNTs. The addition of K resulted
in no recognizable change in the microstructurethafse tubes. The CNTs obtained looked
similar to those obtained when Fe was used witlaoptomoter. However, the diameter of the

tubes also increased due to K addition.

Thermol Gravimetric Analysis (TGA) results showénttthe addition of K to the Fe catalyst
(Figure 20, p56, 57) resulted in the enhancemetitermal stability of the CNTs. BET analysis
revealed that Cu increased the surface area whitkedfeased the surface area of this solid
material. The Cu/K promoted catalyst produced CMith diameters of 60 nm which was the
same as unpromoted catalyst. However, the CNT dexrdestribution was quiet different for the
two catalysts. The surface area was less thanath#tte unpromoted catalyst. The Fe/Cu/K
synthesized CNTs were coiled and they looked mike the product produced from Fe/Cu
CNTs. Thus the Cu catalyst has the dominant effedetermining the CNT morphology. When
SiO, was used as a promoter no change in the diametétbdtion of the CNTs could be
detected. Thus while changes to the carbon surfamehave occurred at the atomic level, the
changes were not detected at the TEM resolutiod. (8ee surface area was also less than that of

CNTs produced over the unpromoted catalyst.

Both promoted and unpromoted Fe/CNT were tested-Tosynthesis. The activity, selectivity

and CO conversions were recorded. The K was foarstrongly influence the production of the

hydrocarbon yield and increased the CO converdibe.K promoted catalyst increased the CO
reaction rate, and increased the olefinity andatpba value. The effect of K on the olefinity of

the G hydrocarbon ranged from 0.04 to 0.2 increase in FTS activity is also observed Fer t

K promoted catalyst. Cu decreased the reductiopeeature of Fe oxides as noted by TPR
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studies. The Cu promoted catalyst showed a higictety to methane and a decrease e¢f C
hydrocarbons, the {lefins also decreased.
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Chapter 1

Chapter 1

Introduction

1.1 Carbon nanotubes

This section gives a short overview on carbon navexd (CNTs). This includes a brief overview
of the history and development, applications ammperties, synthesis, growth mechanism, and
characterization of CNTs. A review of the applioatof CNTs as catalyst support in Fischer-

Tropsch synthesis is presented.

1.1.1 History & Development

CNTs were reported by lijima in 1991[1]. ljima iially observed only multi walled carbon
nanotubes (MWCNTS) between 2 and 20 layers. Latet993 he reported the discovery of
single walled carbon nanotubes (SWCNTSs) and reddaleir structure. The discovery of CNTs
is linked to the discovery of the Buckyball by sttists in the late 1980’s. In a Radioastronomy
study, scientists established unusually long mdéscuhat had not been synthesised in a
laboratory. Their concentration was much highentbaeryone expected. The synthesis of these
long carbon chains was attempted in the laboratgrgcientists. They used a powerful laser to
evaporate small amounts of graphite into a hotclouparticles, and then cooled the cloud with

a stream of helium gas [2]. In this way buckybalise synthesized.

Buckyballs are made up of 60 carbon atomg)(©@rdered in the shape of a sphere (Figure 1). In
fact, what had been discovered was not just aesinglv molecule but an infinite class of new
molecules: the fullerenes. Each fullereneeo(CCro, Cgs, etc.) possessed the essential
characteristic of being a pure carbon cage, eadiboaatom being bonded to three others as
observed in graphite. Unlike graphite the fulleerse not planar due to the presence of
pentagons. Every fullerene has exactly 12 pentddanes with a varying number of hexagonal

faces (e.g., buckyball —.s6&— has 20 hexagonal faces).
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Figure 1.1: Various forms of carbon [2]

Some fullerenes, like dg are spheroidal in shape, and others, likg Bave a rhombus shape
like a rugby ball. Smalley et al [1] discovered 1890 that, in principle, a tubular fullerene
should be possible, capped at each end, for exafmyplthe two hemispheres o4& connected
by a straight segment of tube, with only hexagamats in its structure. Dresselhaus et al,
dubbed these imagined objects “buckytubes.” [3].

A nanotube may consist of one tube of graphite (8W/) or a number of concentric tubes
giving rise to so called (MWCNTSs) (Figure 2(c) af@)).When viewed under a transmission
electron microscope (TEM) SWCNTs appear as twogdaMWCNTs more than two graphite
sheets are observed, and can be seen as paredke[4]] (Figure 2 (a) and (b)). The SWCNTSs are
generally narrower than the MWCNTSs, with diametgysgcally in the range of 1-2 nm [5], and
they tend to be curved rather than straight.
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graphene sheet ST

Figure 1.2: TEM images of (a) MWCNTs (b) SWCNTs anda graphical representation of
the formation of SWCNTSs (c) and (d) MWCNTSs [5, 6]

1.1.2 Multiwalled Carbon Nanotubes

Ten years after lijima’s initial observation, mubhas been said about nanotubes and tubular
fullerenes. MWCNTSs are generally produced with ghhfrequency of structural defects. In
comparison with their larger relations, the 5-2@nmin-diameter graphite fibers, MWCNTs are
quite sound structurally; nevertheless, they fretjyecontain regions of structural imperfection.
The occurrence of defects leads to inevitable dlgien of the material properties of the
substance, such as strength. Typically the acttagepties of a bulk material are only a few
percent of what the material would exhibit if it meestructurally perfect. For example, a

structural defect such as a microcrack in a stém, will lead to catastrophic failure at 1-2% of
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the theoretical breaking strength that would bedigted based on fundamental chemical

principals [3].

1.1.3 Singlewalled Carbon Nanotubes

SWCNTSs are a very important variant of CNTs. Thelileit important electrical properties that
are not observed in the MWCNTs. SWCNTs can be @sediiniaturizing electronics beyond
the micro electromechemical scale that is curretitey basis of modern electronics. The most
basic building block of these systems is the alegtire, and SWNTSs, because they are excellent

conductors may eventually be useful in the eleatraworld [7].

1.2 Properties and applications of carbon nanotubes

The major properties of CNTs are the optical proper Thermal properties of CNTs have great
implications for science and CNTSs are said to akee elastic properties as well [8]. Preliminary
experiments and simulation studies on the thermagaties of CNTs show that they have very
high thermal conductivity. It is expected, therefdhat nanotube reinforcements in polymeric
materials may also significantly improve the thermad thermomechanical properties of the

composites [9].

CNTs have attracted considerable attention becaafseheir potential applications in
nanoelectronics [10-13], energy storage [14-16]caimlyst supports [17] and in many other
devices [18-21].They have extraordinary electricnductivity, heat conductivity and
mechanical properties. Others have reported thatQNTs could be the best electron field-
emitters possible. Ideally they are polymers ofepcairbon and can be reacted and manipulated
using the tremendously rich chemistry of carbonisTgrovides an opportunity to modify the
structure and to optimise their solubility and dispon. Very significantly; CNTs are in
principle molecularly perfect, which means thatytlaee free of property-degrading flaws in the
nanotube structure [22]. These extraordinary chearistics give CNTs potential in various

applications. Some examples of CNT applicationgdaseribed below.
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1.2.1 Field Emission

CNTs are the best known field emitters of any maltethis is understandable, given their high
electrical conductivity, and the sharpness of thipithe sharper the tip, the more concentrated
will be an electric field, leading to field emisgiothis is the same reason lightening rods are
sharp). The sharpness of the tip also means thptaimit at especially low voltage, an important
aspect for building electrical devices that utilthes feature. CNTs can carry a very high current
density, possibly as high as 1013 Afciurthermore, the current is extremely stable.[T3ie
high current density, low turn-on and operatingtagé, and steady, long-lived behaviour make
CNTs attractive field emitters to enable this apgtion. Other applications utilising the field-
emission characteristics of CNTs include: genem@d-cathode lighting sources, lightning

arrestors, and electron microscope sources.

1.1.2. Conductive Plastics

Much of the history of plastics over the last hedéintury involves using the plastics as a
replacement for metals. For structural applicatigriastics have made a tremendous headway.
However, when electrical conductivity is requirgdiastics are unsuitable since they are good
electrical insulators. This deficiency is overcobydoading plastics with conductive fillers, such
as carbon black and graphite fibres (e.g to makkajabs and tennis racquets). The loading
required to provide the necessary conductivitysdally high, and results in heavy parts. More

importantly the structural properties are highlgideed by plastic parts.

It is well established that the higher the aspatit rof the filler, the lower the loading requirtd
achieve a given level of conductivity. CNTs areaidm this sense, since they have the highest
aspect ratio of any carbon fibre. In addition, theatural tendency to form ropes provides

essentially very long conductive pathways everitea-low loadings [22].
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1.2.3. Energy Storage

CNTs have the essential characteristics desiradaterials used as electrodes in batteries and
capacitors, two technologies of rapidly increasimgortance. CNTs can have a tremendously
high surface area (~1000°hy), good electrical conductivity, and more impattg, their linear

geometry makes their surfaces highly accessibéatelectrolyte.

Research has shown that CNTs have the highestsiedecapacity of any carbon material for
use in lithium-ion batteries [24]. In addition, CBl&re outstanding materials for supercapacitor

electrodes [25] and are now being marketed.

CNTs also have applications in a variety of fuell cemponents. They have a number of
properties including high surface area and theromiductivity that make them useful as
electrode catalyst supports in proton exchange mameb(PEM) fuel cells. They may also be
used in gas diffusion layers as well as in currewitectors because of their high electrical
conductivity. The high strength and toughness t@ktecharacteristics of CNTs may also prove
valuable when used as composite components in dek#d that are deployed in transport

applications where durability is extremely impott§2®].

1.2.4. Conductive Adhesives and Connectors

The same properties that make CNTs attractive adumive fillers for use in shielding etc;
makes them attractive for use in other importantens, such as adhesives and other

connectors such as solders.

1.2.5. Molecular Electronics

The idea of building electronic circuits out of tlessential building blocks of materials -
molecules has seen a revival. Electronic circugrg key component of nanotechnology. In any
electronic circuit, but particularly as dimensicstwink to the nanoscale, the interconnections
between switches and other active devices becormmasingly important. Their geometry,

electrical conductivity, and ability to be preciselerived, make CNTs the ideal candidates for
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the connections in molecular electronics. In additithey have been demonstrated as switches
themselves [22].

1.2.6. Thermal Materials

The record-setting anisotropic thermal conductiatyouckytubes is enabling applications where
heat needs to move from one place to another. 8nchpplication in electronics, particularly
advanced computing, using uncooled chips is nowirrely possible where temperatures can
reach over 10C. Chickasaw Nation Industries (CNI) technology ¢egating aligned structures
and ribbons of CNTs [26] is a step toward realisgf§icient heat conduits. In addition,
composites with CNTs have been shown to dramagicatirease bulk thermal conductivity at

small loadings.

1.2.7. Structural Composites

The world-record properties of CNTs are not limitecklectrical and thermal conductivities, but
also include mechanical properties, such as stffnoughness and strength. These properties
lead to a wealth of applications, including advahcemposites requiring high values in one or

more of these properties [27].

1.2.8. Fibres and Fabrics

Fibres spun of pure CNTs have recently been demaiadt [9] and are undergoing rapid
development, along with buckytube composite fibr8sich super strong fibres will have
applications including body and vehicle armournsmission line cables, woven fabrics and
textiles.

1.2.9. Catalyst Supports

Open CNTs have an essentially high surface arefgcin every atom is not just on a surface -

each atom is on two surfaces, the inside and @it<ibmbined with the ability to attach
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essentially any chemical species to their sidewalis provides an opportunity for unique
catalyst supports. Their electrical conductivity yrelso be exploited in the search for new
catalysts and catalytic behaviour [29].

1.2.10. Biomedical Applications

The exploration of CNTs in biomedical applicatiaasunderway, and has significant potential.
Cells have been shown to grow on CNTSs, so theyapjehave no toxic effect. The cells also
do not adhere to the CNTSs; potentially giving tisepplications such as coatings for prosthetics
and anti-fouling coatings for ships. The abilitydeemically modify the sidewalls of CNTs also
leads to biomedical applications such as in vascatants, and for neuron growth and
regeneration. [29]

1.2.11 Other Applications

There is a wealth of other potential applicatioos@NTs, such as solar collection; nanoporous
filters; and coatings of all sorts. There are alim@estainly many unanticipated applications for

this remarkable material that will come to lightthre years ahead and which may prove to be
important and valuable.

1.3 Synthesis of carbon nanotubes

There has been intensive research into the praguofi CNTs in recent years as they are novel
nanomaterials with unique properties that prombeances in a diverse number of areas with
many potential applications. Various CNT preparatinethods have been reported and these
methods include arc-discharge [30-32], laser aiafB3-35] and chemical vapor deposition
(CVD) [36-38]. Among these methods, catalytic cheahivapor deposition appears to be the
most promising way for producing MWCNTSs in largalscwith good quality at a relatively low
cost [39].

Table 1 presents some typical characteristics dohdechnique in terms of yield of (SWCNTSs)
or (MWCNTSs) and the carbon nanotube diameter. [40]
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Table 1.1: Features of different techniques for thaeynthesis of carbon nanotubes [40]

Arc Discharge Laser Ablation CvD
Yield 30-90% <70% 20-100%
Diameter of SWGIT  0.6-1.4 nm 1-2 nm 0.6-4 nm
Diameter of MWQNT 1-3 nm - 12-240 nm

The CVD method requires the use of both a catéyptcally Fe, Co or Ni) and a carbon source
to produce MWCNTs or other novel carbon ‘shaped’temals. The two typical CVD
methodologies require either a floating catalydt48] or a solid catalyst typically deposited on
a support [44-45].

1.3.1. Arc discharge

The arc discharge technique involves a simple getnd the method can produce CNTs in high
yield. This was the method originally used by Ig§inj46] for the production of buckyball
structures and CNTSs. It comprises the vaporizatibone of two carbon electron rods, placed
end-to-end, with a current passing through the pdie high temperature of the discharge causes
the consumption of one of the rods. The consumdda@node) can be found deposited on the
end of the other rod (cathode) in the form of samigasionally described as a ‘cigar-like’
structure that contains nanotubes. A ‘bowl’ shapathode used by Huang [47] has the added
advantage that it allows for a greater surface,aleareasing the defects in the product and
producing cleaner carbon nanotubes. The cathodeaats as a good collector. The rods must be

kept at a constant distance apart of approximdtéymm.
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1.3.2. Laser ablation

Laser irradiation offers much more space and tiorerol during the interaction process than the
former method. However, the composition of the eamgaterial also plays an important role in
the production of CNTSs. It is commonly observed thaevaporation of pure graphite, MWNTSs
are produced. Graphite doped with small amountedhin kinds of metals enhances the growth
of SWCNTs. Not only is the chemical composition ortant, but also the target's physical
properties, i.e. roughness, porosity and thermatuaotivity. These physical properties have an
influence on the dissipation of the incoming lasstiation and as a consequence of heat and
evaporation, as has been demonstrated by sevéharaudt is a promising and not so expensive

alternative to conventional synthesis routes [34]

1.3.3. Chemical vapour method (CVD)

The (CVD) method is most commonly used for the pmtidn of CNTs and it is a chemical
process used to produce high-purity, high-perforreasolid materials. The CVD process is often
used in the semiconductor industry to produce fitnms. During CVD, a substrate is prepared
with a layer of metal catalyst particles most comiyioNi, Co, Fe, or a combination of the
metals. The metal nanoparticles can also be pradbgeother methods e.g. by reduction of
oxides or solid oxide solutions. The diametershefianotubes that are to be grown are related to
the size of the metal particles. In a typical CViDgess, the substrate is exposed to one or more
volatile precursors, which react and/or decompasthe substrate surface to produce the desired
deposit. Frequently, volatile by-products are gisoduced, which are removed by gas flow

through the reaction chamber [48].

1.4 Growth mechanism

The way in which CNTs are formed is not exactly wno The growth mechanism is still a
subject of controversy, and more than one mechamigght be operative during the formation of
CNTs. In this section, the possible mechanism ppsued CVD synthesized CNTSs is reported.
When weak interactions between the metal and thpatiexist, then the tip growth mechanism
is observed and when strong interactions exist therextrusion/root/base growth mechanism is

observed [49]. The mechanisms are listed in Figur&irst a precursor to the formation of
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nanotubes and fullerenes;, @& formed on the surface of the metal catalystigga. From this a
metastable carbide particle, a rodlike carbon,agidly formed. Secondly there is a slow
graphitization of carbon on the metal wall. This cm@nism is based on in-situ TEM
observations [50]. The exact atmospheric conditiepends on the technique used. The actual
growth of the nanotube seems to be the same ftireathethods mentioned above.

CH
Metal c ﬂ._
B B
Support
TIP GROWTH

B e B A A e e
Support

Figure 1.3. Visualisation of a possible carbon namobe growth mechanisms [49].

1.5 Characterisation of carbon nanotubes

CNTs due to their specific atomic structure hauveristing chemical and physical properties
different to those of graphite and diamond. Thaspgrties can be measured and characterized
by a range of techniques. Transmission electronrasgopy (TEM), scanning electron
microscopy (SEM), thermogravimetric analysis (TGRaman spectroscopy, Brunauer, Emmett
and Teller (BET) surface area and prosity analyamisl powder X-ray diffraction (PXRD). The
most important characterization techniques areudsed below [51].
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1.5.1 Electron microscopy (EM)

TEM is a technique used to study the morphologystallographic structure, and even
composition of a specimen. TEM provides a much éigpatial resolution thaBEM and can
facilitate the analysis of features at the atoneiles (in the range of a few nanometers) using

electron beam energies in the range of 60 to 350 ke

TEM uses an electron gun to produce the primarynbef electrons that will be focused by
lenses and apertures into a very thin, coherenhb&ais beam is then controlled to strike the
specimen. A portion of this beam gets transmittethé other side of the specimen, is collected,

and processed to form the image.

For crystalline materials, the specimen diffrad¢te tncident electron beam, producing local
diffraction intensity variations that can be tratst into contrast to form an image. For
amorphous materials, contrast is achieved by vanatin electron scattering as the electrons
traverse the chemical and physical differences iwitthe specimen[52]. The greatest

consideration when performing TEM analysis is sampleparation. The quality of sample

preparation contributes greatly to whether the agcaph will be good or not.

SEM is used for inspecting topographies of specsnah very high magnifications. SEM

magnifications can go to higher than 300,000 X tmaist semiconductor applications require
magnifications of about 3,000 X only. During SEMspection, a beam of electrons is focused
on a spot volume of the specimen, resulting inttaesfer of energy to the spot. To produce the
SEM image, the electron beam is swept across #we la@ing inspected, producing many such
signals. These signals are then amplified, analyaed translated into images of the topography

being inspected.

The SEM and TEM equipment may be equipped with aer@y dispersive X-ray (EDX)
analysis system to enable it to perform compositi@malysis on specimens. EDX analysis is
useful in identifying elements and contaminants, wsll as estimating their relative

concentrations on the surface of the specimen [52].
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1.5.2 Thermogravimetric analysis (TGA)

TGA is a simple analytical technique that measthesveight loss (or weight gain) of a material
as a function of temperature. As materials aredigdhey can lose weight from a simple process
such as drying, or from chemical reactions tharhblte gases. Some materials can gain weight by
reacting with the atmosphere in the testing enwitent. Since weight loss and gain are
disruptive processes to the sample material orhbaknowledge of the magnitude and
temperature range of those reactions are necesgsarger to design adequate thermal ramps and

holds during those critical reaction periods [53].

1.5.3 Raman spectroscopy

Raman spectroscopy is one of the most powerfuktéml characterization of CNTs. Without

sample preparation, a fast and non-destructiveysisak possible. All allotropic forms of carbon

are active in Raman spectroscopy [54]: fullerenembon nanotubes, amorphous carbon,
polycrystalline carbon, etc. The position, widtimdarelative intensity of bands are modified

according to the carbon forms [55].

1.5.4 Brunauer-Emmett and Teller (BET)

The BET method is the most popular method useceternhine total surface area of materials.
This method is used to determine the specific serfarea, pore volume and pore size
distribution of a sample. The determination of acef area is considered to be an important
requirement in catalyst characterization, althotigg catalytic activity may only be indirectly

related to the total surface area [56].

1.5.5 Powder X-ray diffraction (PXRD)

Powder X-ray diffraction is a non-destructive teicue widely applied for the characterisation
of crystalline materials. The method has been ticadilly used for phase identification,
guantitative analysis and the determination ofcétme imperfections. The method is normally

applied to data collected under ambient conditidng, in situ diffraction as a function of
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external constraints (temperature, pressure, stedsstric field, atmosphere, etc.) is important
for the interpretation of solid state transformasicand materials behaviour. Various kinds of
micro- and nano-crystalline materials can be charsed from X-ray powder diffraction,
patterns including inorganics, organics, drugs,erafs, zeolites, catalysts, metals and ceramics.
The physical states of the materials can be looseders, thin films, polycrystalline and bulk
materials. For most applications, the amount obrimiation which is possible depends on the
nature of the sample microstructure, the complexdtthe crystal structure and the quality of the

experimental data [57].

1.6 The Fischer-Tropsch Synthesis.

This section describes an overview of the Fishep3$ch (FT) process. The history and
development of Fischer-Tropsch synthesis, processtors, Fischer-Tropsch catalysts and

promoter effects all are described below.

1.6.1 History and development

The Fischer-Tropsch (FT) process was discovere@daynan scientists and used to make fuels
during World War 1l. There has been continued ieiof varying intensity in Fischer-Tropsch
technology ever since. The FT reaction convertsidune of hydrogen and carbon monoxide
derived from coal, methane, or biomass to liquidigu[58]. Since the discovery of the FT
reaction in the 1920s, the industrial catalystshadice have proven to be cobalt and iron. Either
Co or Fe is typically used in combination with aga of supports and promoters that permit
further control over the product selectivity. Inrgpeular it has been reported that a mixture of the
two most active catalysts, Fe and Co, have gertepateluct streams in the FT reaction richer in

olefins and alcohols than expected from either Héacatalysts [59].

Fe is known to be a catalyst that forms carbontpelg/oligomers including MWCNTSs from a
range of carbon sources. Fe has also been foune tme of the two industrial metals of choice
in the FT reaction. In this reaction CO + &te converted to (Chk (x>1) oligomers, typically
for use in the chemicals and fuel industry. Thiggasts that promoters that are known to modify
the Fe FT reaction could have applicability in MWCBynthesig60]. In industrial applications,
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a high performance catalyst plays an essential foléhe FT process, the catalyst activity and
selectivity are influenced by the metal dispersiomgtal loading, and catalyst preparation
methods [61]

1.6.2 Process reactors

There are many reactors that are currently usedh®FT reaction. The types of reactors are
divided into two categories: The first type of reacis used for high temperature Fischer-
Tropsch (HTFT) synthesis and the second one is fmetbw temperature Fischer-Tropsch
(LTFT) synthesis. The difference between the twothat LTFT is mainly used for the

production of wax whereas HTFT is mainly used far production of alkenes and gasoline [62].

The tubular fixed bed reactor (TFBR) was used foFL at Sasol. These reactors had many
disadvantages e.g. high pressure drop [63]. Amdjipe of LTFT (Sasol slurry bed reactor) was
thus developed and commissioned in 1993 at Sagsbhars a number of advantages over the
TFBR. 1t is very easy to control temperature ie teactor due to the well mixed state in the
reactor; the pressure drop is very low and thelysitaan be added on line. Low temperature
operation of this reactor favours wax productiord dngh quality diesel fuel, whereas low
molecular weight alkenes are favoured by high teatpee operation [64]. The slurry reactor is

used for the synthesis of gasoline from coal [65].

Another type of reactor is the circulating fluidisked (CFB) reactor. This reactor is mainly used
for HTFT. This reactor has an advantage in thigtéasy to replace the used catalyst online. The

reactor temperature is controlled by means of @eelhangers in the reactor.

Sasol commissioned a fixed fluidised bed (FFB) tegain 1990 [66].The reactor is much
simpler to run, a lot less complex and smaller ttiencirculating fixed bed reactors as shown in
Figure 4. Due to the nature of the reactor itsklfprovides high oil selectivity and higher

conversions than that obtained for an equivaler® @factor [67].
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Figure 1.4: Fluidised bed FT reactors: (A) CFB reator; (B) ebulating or FFB reactor; (C)
Slurry phase bubbling bed reactor, Types (A) and (Bare two phase systems (gas and solid
catalyst), while type (C) has three phases presemjas passing through a liquid in which the
solid particle catalyst are suspended. Note the digams are not drawn to the same scale.
The CFB reactors are about three times higher thathe FFB or slurry reactors. [60]

1.6.3. Fisher-Tropsch catalysts

Several types of catalysts can be used for FT $grthThe most important ones are based on
iron or cobalt. Cobalt catalysts have the advantdggenerating a high conversion rate and they
have a long life time. The Co catalysts are img@gle more reactive for hydrogenation and

therefore produce less unsaturated hydrocarbonalaalols compared with iron catalysts.

Iron catalysts have a higher tolerance for sulphue,very cheap and produce more olefin and
alcohol products. The life time of the iron catdbyare, however, very short (about eight weeks)
[68]. Iron based catalysts produce mostly normahfbiaic and alpha-olefinic hydrocarbons and
a smaller quantity of oxygenate such as normalhalso[69]. Most of the water formed as a

product is converted to carbon dioxide and hydrdgethe water gas shift reaction (WGS).
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Most studies on FT catalysts have been carriedvahtthe metals supported on silica, alumina,
or titania. In recent years, other families of supp with a carbonaceous base in the form of
activated carbon and CNTs have been investigate&Toreactions [61]Activated carbon has

many advantages if utilised as a FTS catalyst sugpesistance to acidic or basic media, stable
at high temperatures, etc). CNTs possess similapgoties and in most cases outperform
activated carbon for FTSCNTs as a new type of carbon material have integgiroperties

favouring catalytic activity. Their special strucl characteristics and morphology are quite

suitable for use as catalytic support mateffialy.

1.6.4. Promoter effects

Promoters are doping agents added to catalyst imaten small amounts to improve their
activity, selectivity, and/or stability [71]. It igenerally accepted that promoter elements may
induce these beneficial effects in several way® Why of controlling the product selectivity in
FT reaction is to introduce promoters into the lyataand is considered as a component of the
catalyst that does not take part in a catalytictiea but changes the properties of the catalyst.
There are two types of promoters usually employadimproving the Fe catalysts in FTS,
chemical and structural promoters. Structural pr@maan improve a catalyst’s structural
features by enhancing its surface area while maint its stability in a catalytic reaction.
Chemical promoters affect the catalysts electranitature. This occur as a result of a change in
the electronic environment of the catalyst surfacel can lead to enhanced reactant gas active
site interactions which can lead to bonding de8itation of the reactant gas [7All this has

led researchers to come up with a classificatibrese for promoter effects. Although promoter
elements are not considered themselves to be te#dlly active, they may play other roles
under FT catalytic conditions. This is highlightéat the Fe catalyst used in FT synthesis.
Potassium, for example, produces an increase ifoth@ation of alkenes and decreases the yield
of methane while copper decreases the temperatdihe aron reduction reaction [73]. A survey
of the literature has revealed a number of stuidieghich promoters have been used to enhance
the activity of Fe for MWCNT synthesis [74{76
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The data obtained in this study can be comparedcanttasted to literature reports on related
systems. In particular two papers have appearezk dims work was commenced that have
bearing on the results obtained in this study. Timmarize. A consideration of the project
objectives can be seen on the Table below.

Table 1.2: Comparison of data for the synthesis o€ENTs produced from this study and
similar literature studies.

Catalyst Temperature regime
<35C°C 300-500C >500°C
Fe FT regime Qi et al. [77] This study
Fe-Cu FT regime Qietal. [77] This study
Fe-K FT regime - This study
Fe-Co/K FT regime - Balogh et al. [78]

®any studies by others have also been performeteaatalysed CNT production.

Qi et al [77] cover a different temperature regitinan that investigated in this study, while the
study by Balogh et al. [78] covers a K contenteti#ht from that used in this study. Even the Cu
content used by Balogh et al. [78] is differentiat used in this study.
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Balogh et al. [78] study the influence of K on tw@duction of different shaped carbons , in
particular CNTs was investigated over a Co/Fe gatalDifferent Co/Fe ratios were used.

Specific conclusions revealed from the study were:

1) When different KA salts [ A = N§ CH;COO, 1Q;, COs;, (COO), CO(CH)] were used
the anion, A, influenced the CNT vyield. Their résulevealed that A= I9and (COO)

were able to increase activity and give yields evigher than produced over A= NO
2) The optimum K content was found to be 3% K by n{aslative to Fe).

In this study only Fe(Ng), was used as an Fe source so direct comparisorBaltigh et al.’s
[4] results can be made. However then this studyved that as the K content increased, the

CNT vyield decreased.
The conclusion reached is that:

The effect of K on Fe in the FT reaction , K is fumto lead to higher olefin content in the
production stream, suggesting a less hydrogenattgyst. This same phenomenon seems to
hold at the higher temperature, even though thelymois different. In this study as the

temperature increased from 600°C-700°C the yielthefproduct decreased over the Fe catalyst.

Qi et al [77] synthesised Fe/Cu catalysts andstigated their effect on the synthesis of shaped
carbon materials. The Fe:Cu ratios used was 1:16hwh not a typical ratio used in FT studies
or in this study. In this study a Fe:Cu ratio of D06 was used , values normally used in FT
studies. As a consequence in the Qi et al [77dysthe influence of Cu will dominate over that

of Fe and hence carbon will be produced that isentypical of the presence of Cu than of Fe.

Furthermore the temperature regime used to makedtmn nanotubes was 400-500°C, which
is between FT and CNT synthesis temperatures (S&& T17). They observed high yields of
carbons with shapes dominated by carbon nanobdtbelical tubes. The catalyst reduction was
carried out at 400, 450 and 500°C ( 4 h reactiow) the reduction temperature played a large
role in both yields and carbon structure produddtir study also revealed that when only Fe
was used, no carbon nanobelts were formed, and yhédtis of helical CNTs were produced.

When only Cu was used some helical carbons andikeltarbon nanofibers were produced. It
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was also noted that temperature played a significde in the formation of products produced.

The diameters of the nanotubes ranges betweamrm8a00 nm.

Munga et al [79] studied the effect of catalystrpation on the FT synthesis of Fe/CNT catalyst
promotion and they revealed that the unpromotead stgpported on CNTs produces a very stable
and active catalyst. The effect of K on Fe in tAer€action, K leads to decreased hydrogenation
and increased chain growth, producing higher madecweight products. Also the production
of C; olefins increased and the methane production deesewhile WGS activity increases. The
effect of copper increases FT synthesis reactioe bat did not have a major effect on the

production spectrum.

Tavasoli et al [80] studied FTS on CNT supported alumina supported cobalt catalysts. They
observed that using CNT as cobalt catalyst supgaurses the reduction temperature of cobalt
oxide species to shift to lower temperatures adédiin well dispersion of metal clusters size
decreased. CNT caused a slight decreased in thpréduct distribution to lower molecular

weight hydrocarbons.

In this study the influence of the Cu on the Fapparent. Instead of straight CNTSs, coiling
dominates. This is an expected feature when Cusésl o make shaped carbons [81]. The
diameters are in 60 and 100 nm range for Fe an@uFeespectively. Promotional effects of the
Fe/CNT catalyst for FT synthesis were examined,as Yound to increase the hydrocarbon yield
and the CO conversion. The K promoted catalysteemed the CO reaction rate. Addition of K
on Fe/CNT also increased the olefinity and the alplalue. Cu decreased the reduction
temperature of ion oxides as noted by TPR studibs. Cu promoted catalyst showed a high

selectivity to methane and a decrease«f The G olefins also decreased.
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1.7 Aims and objectives of this study

The objective of this project was to investigate thfluence of Cu, K, Cu/K and SjCas

promoters for Fe in the synthesis of MWCNTSs antesi this catalyst for FT synthesis.

(1) The effect of Cu and K promoters on Fe FT catalystell known. These reactions are
performed at low temperatures (200-35) Fe is an excellent catalyst used to synthesize
CNTs at higher temperatures (600-1%Gp The question then arises as to the impact of

these promoters on Fe catalysts in the high tertypereegime in the synthesis of CNTSs.

(2) In particular the Cu should aid Fe reduction pdgdémading to modified behaviour of the
Fe catalyst (higher yields) for the synthesis ofl[SNSimilarly the ability of K to produce
longer chain hydrocarbons in the FT reaction cde&tl to modified CNT products. A
SiO, containing catalyst should improve catalyst stgbilue to the strong Fe-SiO

interaction.
The specific aims of the project were the following

(1) To synthesise CNTs over Fe/Cagé€atalyst and over Cu, K, Cu/K and SiPromoted
Fe/CaCQ catalysts.

(2) To provide basic characterization of all catalystspared using TEM, SEM, TGA, Raman
spectroscopy, Brunauer-Emmett and Teller (BET) aswfarea, Energy dispersive X-ray
(EDX), temperature programmed reduction (TPR) awldictive couple plasma (ICP-EOS).

(3) To use the CNTs produced as supports for Fe caialyd synthesis.

This study should then provide further details d¥TGsynthesis as well as on carbon supported

Fe FT catalysts.
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Chapter 2
Experimental

2.1 Carbon nanotubes.

Carbon nanotubes (CNTs) were synthesized by chéwagmr deposition (CVD). Among the
different methods of synthesising carbon nanotubeselectric arc discharge [1], laser ablation
[2] and chemical vapour deposition [3-6], the cheahivapour deposition method seems to be
the most promising, in particular in terms of lasgpale industrial applications. This is due to the
relatively easy possibility to upscale both theparation and the purification methods [7, 8]. The
method has certain advantages such as giving high yialdscantrollable growth conditions.
CVD synthesis using a CaG@atalyst support can overcome the difficultiescafalytic CNT
production. CaC@is a nonporous material where the formation oboardoes not occur in
pores during the nanotube growth and thereforectbedeformation of CNTs is promoted. The
advantage of using CaG@s catalyst support is the decomposition of Cai@t@ CaO and C®

at the reaction temperature. Hence, after multedatiarbon nanotubes synthesis the main by-
product is CaO, which is soluble in dilute acidsisT simplifies the purification procedure

considerably [9]

2.1.1 Preparation of catalysts

The catalysts were prepared using the incipientnesst impregnation method [10].
Fe(NG)3.9H,O, Cu(NQ)..3H,O and KNQ were used as precursors. All chemicals were
purchased from MERCK Chemicals (PTY) LTD. The FBgN.9H,O precursor was used as a
source of iron (dissolved in 30 ml distilled,®) and was added dropwise onto the CaCO
support to give the desired 10 wt % loading of Retlee support. The promoted Fe catalysts
were prepared by dissolving Fe(§)¢9H,O and KNQ(0.4%K) or Fe(NQ):.9H,O and Cu
(NO3)2.6H,O (0.6% Cu) or Fe(N€s.9H,O in 30 ml distilled HO. Tetraethyl orthosilane
(TEOS) was added in 2ml distilled water. These temhs were also added dropwise to the
CaCQ support. The amount of K promoter was varied f@&, 0.3, 0.4, 0.5, and 1 % and Cu
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from 0.4, 0.6, 1 and 2 %. After impregnation of BaCQ support, the solutions were stirred
for 2 hour and filtered to produce slurry which wagen dried overnight at 120 °C. The dried

slurry was ground, sieved and calcined at 400 °&rifor 16 hour.

2.1.2 Synthesis of carbon nanotubes (CNTS)

The CNTs were prepared by the decomposition ofybaret (GH,) (Afrox PTY LTD) using the
CVD method. Catalyst 0.5 g was added to a quaret 20 mm x 15 mm) which was
horizontally placed in the centre of a quartz tabactor (51 cm x 1.9 cm i.d.). The quartz tube
reactor was placed in a temperature controlled aiten This furnace was electronically

controlled making it possible to control the hegtrate, reaction temperature and gas flow rates.

The catalyst was activated by passing(Afrox PTY LTD) through the reactor for 1 hour at
flow rate of 40 ml/min. After 1 hour had lapsed tgtene (GH,) and N were introduced into the
reactor at flow rates of 90 ml/min and 240 ml/mé@spectively. The reaction was allowed to
continue for 1 hour at a specific reaction tempemtReaction temperatures investigated were
700 °C, 750 °C, 800 °C and 850 °C. The nitrogenngasreplaced with hydrogen at a flow rate
of 100 ml/min. The reaction temperatures used W&®&C, 800C, and 908C. Hydrogen was
first used to activate the catalyst at a flow ratel0 ml/min. and hydrogen gas flow rate was

increased to 100 ml/min simultaneously with acetglat flow rate of 2100 ml/min for 1 hour.

The GH> flow was stopped after 1 h and the furnace wagdetool down to room temperature
under a N flow (40 ml/min) and under Hin the case of the reaction that was reduced by
hydrogen. The black carbon material (CNTs and atmaap carbon) deposited onto the boat was

then weighed.

The differences in mechanism of activation of ad H are the quality and the yield of the
CNTs produced underJ\vas found to be excellent compared to those prediuader H(figure
23).
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Figure 2.1: CVD setup used for the synthesis of CNST

2.1.3 Purification of carbon nanotubes

Purification mainly involves the separation and ogal of catalyst particles, support material
and armophous carbon from CNTs. A 30% (HN@itric acid solution was used to purify the
carbon nanotube product. The carbon nanotubes wasbed by stirring vigorously in excess
30% nitric acid (HN@) for 2 hours at room temperature. The material wasovered by
filtration, thoroughly washed with distilled watentil neutral and finally dried in an oven at
120°C overnight. Hence the one step chemical trewattis simple and does not affect the CNTs
structure (see figure 3.26). No residual CaO weyspted after acid treatment.
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2.2 Fisher-Tropsch

The Fischer-Tropsch (F-T) reaction converts a metof hydrogen and carbon monoxide to
liquid fuels. The Fischer-Tropsch process wasaliseed by German scientists in the 1920’s
and used to make fuels during World War Il. Thkees been continued interest of varying
intensity in Fischer-Tropsch technology ever sititat time. The Fischer-Tropsch reaction is
used commercially to synthesise clean liquid fufeden synthesis gas (syngas). The Fischer-
Tropsch syngas conversion can be achieved witlystgdbased on Fe, Co and Ru [11].

2.2.1 Synthesis of catalysts supported on CNTs

2.2.2 Preparation of Catalysts

The Fe catalyst was prepared by the incipient vestimapregnation method. A 10% Fe solution
made from Fe(Ng)3.9H,O dissolved in 4.5 ml de-ionised water was addeg-avise to 2.5 g
purified carbon nanotubes support. The promoted datalyst was prepared by adding 0.6%Cu
from Cu(NQ)s3.3H,0, 0.4%K from KNQ respectively to the iron solution prepared above a
the mixture added drop-wise to 2.5 g of the carbanotube support. The slurry was dried

overnight in an oven and calcined in nitrogen & 22for 2.5 hours.

2.2.3 Fisher-Tropsch synthesis

Synthesis of Fischer-Tropsch products was carrigdiroa fixed bed micro-reactor [12]. Gas
cylinders containing HCO/N, mixtures (30%CO, 60%j#1and 10% &) were used to supply the
reactant gas stream to the cataljtrogen was used as an internal standard in dalensure
an accurate mass balance. The hydrocarbon prodaes avere corrected for olefins and
paraffins by using response factors based to theed by Dietz [13], and Scanlon et al. [14].
The mole fraction of hydrocarbongXjwas calculated as.
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RFi.AHC.

XHC,i: (Aczcalj c2, cal

Where RFis the response factor for carbon number ¢ Ais the integrated GC area for a
hydrocarbon with carbon number i ¢;A.a and X, ca refer to peak area and mole fraction of

the G hydrocarbon in the calibration gas [15].

The % CO conversion was calculated e[s?m:jﬁ Nin/Nout] *100
mn

Where CQ, is the area of the CO peak in the feed,,&@ the area of the CO peak in the
gaseous product stream,Nis the area of the nitrogen peak in the feed anaii is the area of

the nitrogen peak in the product stream.

The product selectivity for hydrocarbonsnw&s calculated for component & follows:

[mass component Xi

IXi

SI:

] * 100%

The olefin to paraffin ratio Xwas given as:

mass elefin X2

total hydrocarbon mass X2

About 0.5 g catalyst was added to the reactor amduced in situ at 350 °C for 24 h under a
stream of pure hydrogen (2 bar pressure, 20 mif@jnuAfter reduction the temperature was
decreased to 275 °C, synthesis gas was introdaceidthe pressure was increased gradually to 8
bar. All gas lines after the reaction were ke %@ °C and the hot trap placed immediately after
the reaction was held at 150 °C in order to colweix. A second trap kept at ambient

temperature was used to collect the oil and watetune.

The product stream was analyzed online using twas ghromatographs. The thermal
conductivity detector (TCD) was used to analyze i, CO, CQ and CH and was calibrated
using a calibration gas mixture with a 30%CO, 6Q%&hd 10% N composition. Before FT
reactions, carbon monoxide and hydrogen were atlowebypass the reactor. The peak areas

obtained from bypass were used to calculate theébruwf moles of each component going into
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the reactor. During FT reaction, injections wemnel for both TCD (B CO, CH, and CQ
analysis) and FID (hydrocarbons analysis) online.

The first peak on TCD was identified as hydrogeakpand both areas of hydrogen in the
calibration gas and in gaseous product stream wéegrated. Argon was used as an internal
standard and the Jkignal was big enough to do a quantitative anslyBhe flame ionization

detector (FID) was used for the analysis of hydrhocas and was calibrated with a calibration

gas in order to identify the hydrocarbon peaks.[16]
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FID (Flame ionization detector)

Thermal conductivity detector

Thermocounple

Heating Jacket

Hot trap

Cold trao

Computer

Figure 2.2: F-T reactor with temperature controller, FID, TCD and Computer.
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2.3 Characterisation techniques

2.3.1 N Physisorption

N, physisorption was employed for the surface-aregerdenation and pore volume
measurements of all the Fe catalysts. The sampdes eegassed using [t 150 °C for 6 hours
before measurement.,MNadsorption-desorption isotherms a bbiling point (-196 °C) were
measured on a Micromeritics TRISTAR 3000 analyZée surface areas were determined by
the Brunauer-Emmett-Teller (BET) method [17].

2.3.2 Transmission electron microscopy (TEM)

TEM was employed to verify the yield, the wall stiwre and the purity of carbon nanotubes
produced. A small amount of the sample was soricatea water bath for 10 minutes and
methanol was added to each sample. The sampleddasl @ropwise to a copper-grid, allowed

to dry and it was then ready to be viewed undeERTEECNAI SPIRIT electron microscope.

2.3.3 Thermogravemetric analysis (TGA)

TGA was performed with a Perkin EImer STA 6000 gmat to monitor the weight loss of the
carbon nanotubes, the thermal stability and th@m@osition temperature of the samples. The
temperature of the samples was increased at @fd@C/min from 29 to 900°C under air flow

of 20 ml/min.

2.3.4 Raman Spectroscopy

Raman spectroscopy (SENTERRA) at laser wavelengi32nmwas employed to show the
graphitic layers and disorder bands in the carbamotubes. The ratio between the D and G
bands is a good indicator of the quality of thekibedmples. If the intensity of these both bands

are similar this indicates a high quantity of stanal defects.
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2.3.5 Scanning electron microscopy (SEM)

SEM analysis was carried out using a JSM-840 sognmicroscope that images the sample
surface by scanning it with a high-energy beam letteons in a raster scan pattern. The
electrons interact with the atoms that make up ghample producing signals that contain
information about the sample's surface topogragbyaposition and other properties such as

electrical conductivity.

2.3.6 Energy dispersive X-ray (EDX)

EDX is a technique used for identifying the eleraémiomposition of the specimen and was
carried out using a FEI TECNAI SPIRIT (TEM-EDX) eteon microscope. An EDX spectrum
plot not only identifies the element correspondiogeach of its peaks, but the type of X-ray to
which it corresponds as well. Each of the peaksigue to an atom, and therefore corresponds
to a single element. The larger the peak intensita spectrum, the more concentrated the

element is in the specimen, once the cross sefaaiors have been applied.

2.3.7 Temperature programmed reduction (TPR)

The temperature-programmed reduction (TPR) expetimas performed on 0.1 g sample in a
Micromeritics AutoChem11 Chemisorption Analyser mbdquipment, using a 5%.HAr gas
mixture. Before the analysis, the samples wereedeander an argon flow (20 ml mip at
10 °C min* until 150 °C for 30 min. Then a temperature proyree allowed the temperature to

be ramped linearly from room temperature to 800AGeu a flow of 5% Hbalanced in argon.
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2.3.8 Inductive Coupled Plasma-Optical Emissionc8pscopy (ICP-OES)

Inductively Coupled Plasma Optical Emission Spetopy (SPECTRO GENESIS) was used

for obtaining the elemental analysis of a mateaiadl the metal loading on the support. In this

technique, the determination of trace concentratmfrelements in a sample was achieved using
atomic emission spectroscopy.
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Chapter 3
CNTs Synthesis

Results and Discussion

3.1 Introduction

Carbon nanotubes (CNTs) can be produced using a veidge of catalysts [1-Fs well as
templates [6]. Indeed their production, rangingrirthe milligram to multigram scale can be
regarded as straight forward and conventional. Mbstanding, there are still issues of purity,
chirality and type of CNT that are not controllablemost of the procedures that have developed
over time. As the production of CNTs has now mofredh the era of exploration, this control

has become the focus of attention.

It is well known in the field of catalysis that pnoters can assist in catalytic reactions.
Promoters are generally broken down into two tygésictural and electronic [7]. The role of a
promoter is to “fine tune” a catalyst. In Fischaopsch (FT) synthesis the metals of importance
from an industrial perspective are Fe and Co. M@wews and publications have been written
on catalyst use in FT synthesis and the role cfetuatalysts in converting syngas (CO 4 td
fuels and chemicals. Further, the standard Fe anddinmercial catalysts are now known to
contain specific promoters that aid the FT reactidme Fe FT catalyst is typically promoted by
Cu, K, and Si@ The catalyst is typically operated at T < 350and the impact of these
promoters in the FT reaction in this temperaturgime is well established. As mentioned in
chapter 1, CNTs can readily be made using Fe adysat This then leads to an interesting
guestion: Can the well known promoters that arel ilsd-e catalyzed FT catalysis influence the
behavior of the Fe catalyst used to make CNTs.r&hetion conditions are clearly different viz
FT catalysts operate at T < 3&and CNT production occurs at 8@ T <900C. However, in

both regimes carbon deposits do occur and therebmggarallels between the two processes.
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This chapter is then taken up with the synthest @raracterization of CNTs produced in the
presence of Cu, K and Si@romoters. In the following chapter these same €W&re used as
catalyst supports for FT catalysis. Further theCR¥ catalyst was promoted with Cu, K and

Cu/K for use in FT catalysis.

In terms of prior studies by others, little has beeported on the role of the promotion of Fe
catalyst by Cu and K in CNT synthesis. After thisdy was commenced a report did appear by
Balogh and co-workers [4] in which K doped Fe wagdias a catalyst for CNT synthesis.
Comparisons of the results obtained here with tbdysreported by Balogh et al. [4] will be

made in the discussion. In principle the resultamfrthis study are in agreement with that
reported by Balogh et al. In terms of prior studvasthe promotion of Fe/CNT catalysts by Cu,
K, and Cu/K there have been reports by Bahomevggj, Steen [9], Hayakawa [10], etc. Again

the new results (Chapter 4) reported here will betrasted with reports that have previously

appeared.

In summary. The results include the effect of prero(Cu, K, SiQ) on the synthesis of carbon
nanotubes over an iron catalyst. A number of charasation techniques were employed to study
the effect of promoters on iron catalysts. In abes, the promoted and unpromoted catalyst
produced a black product. Prior to analysis thb@amaterial was treated with 30% Hp@nd
10% HF for the Si@containing catalyst) by stirring the product vigasly in excess acid for 2
hours at room temperature. The carbon was thenesashtil the pH of the washings was

approximately 7.0. The washing removed the catalgst promoters fron the CNTSs.

The physical properties of CNTs synthesized withnprters were compared to those obtained
when using the unpromoted Fe catalyst. The varammsunts of promoters loaded onto the
catalyst at different temperatures used for ther®sis of carbon nanotubes is also reported. A
temperature of 60C was found to be an optimum temperature for lop@NTs with 0.4% K
and 0.6% Cu. These same loadings of both K and €re wsed to promote iron catalyst
supported on carbon nanotubes for Fischer-Tropguthasis.
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3.1.1 Effect of copper (Cu) on carbon nanotube pragttion

A Fe/Cu catalyst was used to synthesise CNTs.dhnpinary studies the temperature was varied
from 600-900C and 600C was found to give the optimal yield of CNTs witie 0.6% Cu
promoted catalyst (see section 3.1.6) on page B8.rdaction entailed passage of acetylene over
the Fe/Cu on CaC{catalyst (Chapter 2 for details) for 1 hour. Afeard treatment the black

carbonaceous material was analysed.

()  Electron microscopy (TEM and SEM) analysis

Figure 3.1: TEM and SEM images of the product prodeed from Fe (a), (b), (c), and Fe-Cu
(d), (e), (f) catalysts at 600°C for 1 hour.
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TEM and SEM images of the product produced fromRbeeand Fe-Cu on CaGQupport is
shown in Figure 1. Figure 2 show that the unprochai®alyst produced CNTs the majority of
which had a diameter of 60 nm. Addition of a snaatlount of Cu (0.6%) to the Fe increased the
yield and the diameter was also increased to 80Tima.implication of this result is that the Fe
particles are larger in the Fe/Cu catalyst leadothe larger diameter CNTs [11]. Fe patrticles
could melt and agglomerate, creating larger padithan observed for the original catalyst. The
non-agglomerating characteristic of,©eg facilitates growth of thin CNTs [12].

There was no amorphous carbon observed in theigruigarbon nanotubes. Iron particles were
observed inside the carbon nanotubes in both thanBeFe/Cu materials. No particles were
observed in the tips of the carbon nanotubes wihnidicate that there is a strong interaction
between Fe metal particles and the CaO supporthatch base growth mechanism is operating
to produce the CNTs [13].

The most important difference between the prodpotsluced from Fe or Fe/Cu relates to the
morphology of the CNTs produced by the differenilysts. The small amount of Cu introduced
a higher degree of coiling in the CNTs (see Figrhe effect of Cu on CNT production has been
extensively reported in the literature [14] and &uow temperature (< 40Q) produces high
yield of coiled CNFs. The percentage of coiled CNsnpared with straight CNTs in the
product is approximately 90%. The yield of unproetbFe is 2.27 g and the promoted Fe is 4.04
g. Earlier it has been observed that CNTs preparedemperature around P@have a straight
morphology. This morphology change of the CNTsuse tb a variation in the catalyst shape at
different synthesis temperatures [15]

T.Kente Page 42



Chapter 3

4 G

&
1
&

% Abundance
|
1 1 1
% Abundance
B

= 0 ] B 1m 1 1140 = a s} | ™m 1= 140 18
O amee m imy DEmeE & fm)

Figurer 3.2: Diameter distribution of the products produced from (a) Fe (b) Fe-Cu catalyst
at 600°C

(i) EDX Spectrum

The EDX spectrum (Figure 3) confirmed that thers wa Cu left behind after purification of the

carbon nanotubes with acid. It also confirmed thes@nce of iron. The presence of titanium is

related to the Ti grid.

Figure 3.3: EDX spectrum of purified Fe-Cu CNTs
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(i) BET analysis

The surface area of carbon nanotubes that contdier$ higher than that of the unpromoted
catalyst (Figure 4). The specific surface areangframoted catalyst was found to be 88grand
the pore volume of 0.190 éfg. The surface area of the promoted iron cataiyst 100 g
with a pore volume of 0.225 éfy. This modest increase could be associated ithtoiling of
the CNTs.
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Figure 3.4: Surface area for Fe and Fe-Cu CNTs

(iv) Raman spectra

Structural features of the purified CNTs were stddby Raman spectroscopy. The typical
analysis involves a comparison of two Raman adbaeds, called the D and G bands that are
associated with the graphene structure of carbbms.D band is associated with “disorder” i.e

with sp’ type carbon atom while the G band is associatéll the classic Spbonding in carbon.
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The band at 1592.3 choorresponds to the G mode i.e to the movementemfposite direction
of two neighbour carbon atoms in a graphite shiglt [The 1334.8 cthband is assigned to the
D mode. The intensity ratiop/ls is known to depend on the structural charactessti CNTs
and gives a measure of the tube quality. The latgels /I value the poorer the quality of the

CNT structure suggestive of a higher degree ofrdexoi.e more defects [17].

The Raman spectra for the two samples are givéiigure 5 and Table 1. The/lg values are
equal to 1.3 and 1.1 for the Fe and Fe/Cu produtaeérials respectively. The loweylls value
for the Fe/Cu sample indicates that the extentisdrder in the CNTs hagcreased relative to

the samples produced using the unpromoted Fe/Gaa@lyst.

Table 3.1:Peak positions and the intensity ratio data (1 o/l g) for the purified samples (a) Fe (b)
Fe-Cu

Sample name Position Intensity Bandwidth Integral Line shapé lo/lc RMS

Fe 1334.8 48.158 142.49 10778 100%Lorentz+Gauss 1.3 2.17

1592.3 36.656 72.50 4174 100%Lorentz+Gauss

Fe/Cu 1337.5 19.136 258.86 7780 100%Lorentz+Gauss 1.11.76

1587.7 17.398 81.14 2217 100%Lorentz+Gauss

* Line shape is the shape of the balRIMIS stands for root mean square ,this is the stenda

deviation of the curve fitting
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Figure 3.5: Raman spectra of (a) 10% Fe (b) 10%e-0.6%Cu materials.
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3.1.2 Effect of potassium (K) on carbon nanotube productn

The synthesis of CNTs using a 0.4% K on Fe cataypported on CaC{Qs reported below.
The reaction was performed at 800(acetylene as carbon source) and yields aretezpafter 1
hour of reaction. (See section 3.1.6 for choiceeattion conditions).

(i) Electron microscopy (TEM and SEM) analysis

Figure 3.6: TEM and SEM images of the product prodeed from (a) Fe and (b) Fe-K
catalyst at 600°C
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TEM images revealed that the potassium promotealysttproduced a mixture of CNTs and
carbon nanofibers (CNFs) .The percentage of CNigpemed with CNFs is approximately 50%.

The average diameter of the CNTs produced over#iK catalyst was on average 100 nm.
Compared to the Fe catalyst the diameter has isedelay use of a Fe/K catalyst (Figure 7). The
yield also increased from 2.27g to 3.26 g. Potassappears to improve the catalytic activity of
the Fe for the CVD synthesis of carbon nanotubgsTere was no amorphous carbon observed
in the purified carbon nanotube sample. Iron pkatiavere also observed for both materials

inside the carbon nanotubes.
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Figure 3.7: Diameter distribution of the product produced from (a) Fe (b) Fe-K catalysts
at 600°C

(i) EDX analysis
The EDX spectrum shown in Figure 8 confirmed thestré was no detectable potassium left

behind after purification of the carbon naotubele EDX confirms the presence of residual

iron. The copper peak is due to the use of a Gli gri
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Figure 3.8: EDX spectrum of purified Fe-K CNTs

(i) BET analysis

The surface area of carbon nanotubes that wereupeddfrom Fe/K is less than that of the
unpromoted catalyst. Figure 9 shows that the seréaea decreased for the carbon nanotubes
produced from the promoted catalyst. The resutigcated that the BET surface area decreased
with increase in diameter of the MWCNTSs [18].

The specific surface area of the unpromoted cdtalgs found to be 85 #y and the pore
volume 0.190 criig. However that of the promoted iron catalyst wasrf/g with pore volume
equal to 0.14 cffig. This suggests that the addition of potassitaddeo blocking of the pores of

this material.
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Figure 3.9: Surface area for Fe and Fe-K CNTs
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(iv) Raman spectra

The bl/lg ratio, as mentioned in section 3.1.1 ,(iv) was snead to evaluate the graphitic nature

of the CNTs produced over the Fe/K catalyst.

50,00

40.00

20,00

20,00

Raman Intensity

1000

0.00

T T T T T T T T T T T T
200 Q00 1000 1100 1200 1300 1400 1500 AG00 1700 1800 1900

Wavenumber [cm]

120

20 100

&0
L

Raman Intensity

T T T T T T T T T T
200 ang 1000 1100 1200 1300 1400 1500 1600 1700 1300 1900

Wavenumber [cm™]

Figure 3.10: Raman spectra of (a) 10% Fe (b) 10%F@-4%K materials
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The D and G band for the Fe/K sample is shown guifé 10 and data listed in Table 2. The
Ip/lg values are equal to 1.3 and 1.5 for the Fe anld Eamhples respectively which suggests a
greater degree of graphitization in CNT structyrexiuced from the Fe/K catalyst. The position
of the G band is shifted from 1592.3 to 1583.4 wuthe addition of K.

Table 3.2:Peak positions and intensity ratios for the purified samples (a) Fe (b) Fe-K .

Sample name Position  Intensity Bandwidthintergral Line shage o/l RMS
Fe 1334.8 48.158 142.49 10778 100%Lorentz+Gaus: 1.3 2.17
1592.3 36.656 72.50 4174  100%Lorentz+Gaus:

Fe/K 1333.3 117.11 115.86 21314 100%Lorentz+Gau$.5 3.68
1583.4 80.65 76.16 9649  100%Lorentz+Gaus:

2 Line shape is the shape of the band, RMSnds for root mean square, this is the standard

deviation of the curve fitting.

3.1.3 Effect of co-addition of copper and potassium to HE€aCO;

Many promoters are known to have cooperative effethat is, the addition of two promoters

can have a different effect than expected from Kadge of the effect of the separate promoter
effects. To explore this issue, a catalyst comprgsef 0.6% Cu, 0.4% K added to Fe/CafCO

was synthesized. This catalyst was used to makesdNifh acetylene at 680. The reaction

was carried out for 1 hour.
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(i) Electron microscopy TEM analysis

Figure 3.11: TEM images of the product produced fron (a) Fe (b) Fe-K-Cu catalyst at
600°C

TEM analysis of the purified products produced frira Fe and Fe-Cu-K on Cag®upport is
shown in Figure 11.The bar graphs showing the geediameters of the CNTs produced by the
two catalysts is shown in Figure 12. The unpromaigdlyst produced CNTs with a diameter of
60 nm, while the Cu/K promoted catalyst also pr@ducCNTs with diameters of 60 nm.
However, the CNT diameter distribution was quietetent for the two catalysts, and is
different from the data produced from the sepaugteof the promoters (Figures 2, 7). Addition
of a small amount of Cu (0.6%) and K (0.4%) to @ ancreased the yield of the CNTs from
2.27 g to 2.98 g. There was no amorphous carboareds in the purified carbon nanotubes
sample. Iron particles were observed inside thbarananotubes while Cu and K were washed
away by 30% diluted HN® The wider range of diameters suggests that theysa is most
probably heterogeneous in composition. Thus, alsimpxing of the promoters did not simple
produce a CNT sample with diameter ranging betwg®80 nm. The data rather suggest that
the Fe particles are smaller than expected fronptédictive effect. The morphology of Fe/Cu/K
CNTs is coiled meaning they look more like the pretdproduced from Fe/Cu CNTs. Thus the
Cu promoter has the dominant effect in determiniggCNT morphology.

T.Kente Page 52



Chapter 3

4 H W W &

SeLbandance

A Ahundance
fr]

1
o
n

2]
1

L <] L+ ] m = =}

Dharreters i) Ciamers (rm)

Figurer 3.12: Diameter distribution of the products produced from the (a) Fe (b) Fe-Cu-K
catalysts at 600°C

(i) BET analysis

The surface area of carbon nanotubes that weraipeddfrom the catalyst that contained both
Cu and K is less than that of the unpromoted csttalyigure 9 shows that the surface area
decreased for the product produced over the pramo#talyst. The specific surface area of
product produced over the unpromoted catalyst wasd to be 85 filg with pore volume of
0.190 cni/g, however that of the promoted iron catalyst Késrf/g with pore volume of 0.335
cm®g. It should be remembered that the Fe/K catallgst showed a similar effect, whereas the
Fe/Cu catalyst had a higher surface area. ThuK thiays a more significant role in affecting

the CNT surface area than does Cu.
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Figure 3.13: Surface area for Fe and Fe-K-Cu CNTs

(iv) Raman analysis

The Raman spectrum of the CNTs produced from tii&/Ee was recorded (Figure 14). The D
and G band positions and intensities were measiitegl.l/Ip ratios (Table 3) indicate a high
guantity of structural defects. Thg/li; values were 1.3 and 1.0 for the Fe and Fe/Cu/Kpkssm
respectively which suggests a lower degree of gtiaphion in the CNTs produced with the
promoter. It is clear that the effect of the twompoters on the Raman spectrum is similar to that
of the use of either promoter used separately. Hewthe shape of the Raman D band looks
more like that of the Cu promoted samplae position of the D band is shifted up while he
band is shifted down for the CNTs produced on t#KFECu/CaCQ catalyst.

T.Kente Page 54



Chapter 3

50,00

Zooo 20.00 4000

Raman Intensity

10.00

0.00

T T T T T T T T T T T T
=00 Qoo 1000 1100 1200 1300 1400 1500 600 1700 1800 1800

Wavenumber [cm]

5000

40.00

20,00

Raman Intensity
20.00

10,00

000

r T T T T T T T T T T T T
Foo 200 j=Iulu} 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Wavenumber [cm]

Figure 3.14: Raman spectra of (a) 10% Fe (b) 10%F@e-6%Cu/0.4%K material
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Table 3.3: Peak positions of the purified samples (a) Fe (b) Fe-Cu-K and the intensity ratio of
the bands.

Sample name Position  Intensity Bandwidth Integral Line shape Ip/lc RMS®

Fe 1334.83  48.158 142.49 10778 1Q0@¥entz+Gauss 1.3  2.17
1592.27 36.656 72.50 4174 100%Lorentz+Gaus:

Fe/Cu/K 1338.85 46.087 264.19 17103100%Lorentz+Gauss 1.0  1.68
1581.68 45.890 94.20 5279 100%Lorentz+Gaus:

%Line shape is the shape of the bdiRIMS stands for root mean square, and this is #redsrd

deviation of the fitting.

3.1.4 Effect of SiQ on carbon nanotubes production.

The use of Si@as a promoter was also explored. TEOS was usedeaSiQ source and Si
addition was achieved by adding 0.1 ml of TEOS iml2of water. The mixture was added to
Fe/CaCQ. CNTs were produced over the Fe/gi€talyst supported on Cag®om acetylene

at 600C for 1 hour. The Si©was removed from the carbon deposit after readtjonse of 10%
HF. TEM analysis of the carbon material both unpsted and promoted indicated the change in
the diameter distribution of the CNTSs.
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(i) Electron microscopy TEM Analysis

Figure 3.15: TEM and SEM images of the product prodced from (a) Fe and (b) Fe-Si@
catalyst at 600°C

TEM and SEM images of the catalyst are shown infed.5. The average diameter of the CNTs
is much larger than those produced over the unpiesnGNTs (Figure 16). Addition of a small
amount of SiQto Fe decreased the yield of the CNTs from 2.2@ .55 g. The bar diagram
shows a CNT diameter distribution that is heteregais which in turn suggests that a range of

Fe particle sizes occur in this catalyst.
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Figure 3.16: Diameter distribution of the product produced from (a) Fe-SiQ (a) Fe catalyst
at 600°C

(i) EDX analysis

The spectrum in Figure 17 confirmed that there m@asetectable Si{that was left behind after

purification of the carbon nanotubes. The EDX speotconfirms the presence of iron.

Figure 3.17: EDX spectrum of purified Fe-SiQ CNTs
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(i) BET analysis

The surface area of carbon nanotubes that cont@i@dis less than that of CNTs produced
over the unpromoted catalyst. The Figure 18 shtnatsthe surface area decreased for the carbon
nanotubes produced over the promoted catalyst.speeific surface area of the product was
found to be 85 fig, while CNTs produced over the promoted iron lyatavas 55 g with
pore volume of 0.19 cffy.
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Figure 3.18: Surface area for Fe and Fe-SiEXCNTs

(iv) Raman analysis
The D and G band intensities and positions wererded (Figure 19 and Table 4). Thélé
value is equal to 1.3 and 1.1 respectively whichgssts a greater degree of defects in CNTs

structure produced over Fe/SiCatalyst.
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Figure 3.19: Raman spectra of (a) 10% Fe (b) 10%F@-1%SiO, samples
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Table 3.4 Peak positions of the purified samples and the intensity ratio of the bands

Sample name Position  Intensity BandwidthIntegral Line shage Ip/lc RMS
Fe 1334.83 48.158 142.49 10778100%Lorentz+Gaus: 1.3 2.17
1592.27 36.656 72.50 4174 100%Lorentz+Gaus:

Fe/SiQ 1326.83 129.291 153.53 31181 100%Lorentz+Gaus: 1.1 4.43
1585.51 116.839 66.51 11758 89%Lorentz+Gauss

3.1.5 Thermogravimetric Analysis (TGA) of CNTs performed in air

It is well known that the TGA technique can be udeddetermine the purity and gives
information on the degree of crystallinity of CNTi$1e carbon content of different carbonaceous
materials can be associated with the weight lossnwtarbon is oxidized in air [18]. Purified
unpromoted Fe and promoted Fe with Cu, K and Ca@ipmes show an approximately 98%
mass loss when heated in air (Figure 20 and T3gbl8i6, promoted Fe shows about 75% mass
loss at a temperature greater than®@0rhis may be due to the incomplete extractiosiah

by HF of the CNTs produced using Fe promoted with,Slt is to be noted that the unpurified
samples showed a higher non-carbon residue, dubetg@resence of catalyst, promoter and
support. These impurities can be removed by aeldetd wash. The 2% residue left in the CNT
sample may be attributed to Fe oxide [18]. The T@#file of all the purified CNTs clearly
shows that CNTs commence oxidation at a relatil@lytemperature (408C). The presence of
the lower oxidation temperature implies that la&taefects trigger and accelerate the oxidation

process, which is supported by the presence ofagrasslope in the TGA curves [19].

The effect of the promoters on the carbon combunsten be evaluated from the TGA curves
(Figure 20b). The peak positions can be correlatgt the ease/difficulty of the oxidation
process. The addition of promoters generally lodettee oxidation temperature. This would

suggest more defects in the carbon structure werguped in the presence of the promoters
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(Table 5). Addition of K raised the oxidation temgieire; this agrees with Raman data of Fe/K
samples. Interestingly, the addition of both Cu andgave the lowest CNT oxidation
temperature, suggesting the most defective CNTs e produced by this promoter
combination. An interesting feature relating to therivative curves is that all the promoted
samples show two maxima. The second maxima occuherhigher temperature side of the
curve. This would suggest a more crystalline carbas been produced in the sample. Again,
the implication from the data is that a more hedereous carbon material has been produced in

the presence of all the promoters.
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Figure 3.20: TGA (a) Fe, Fe/Cu, FelK, Fe/Cu/K, Fel®, profiles and (b) Fe, Fe/Cu, Fel/K,
Fe/Cu/K, Fe/SiQ, derivative curves of purified CNTSs.

Table 3.5:Data from the derivative curves.

Catalyst Temperature®C) Weight loss (%)
10%Fe 680 98
10%Fe-0.6%Cu 650 98
10%Fe-0.4%K 690 98
10%Fe-0.4%k-0.6Cu 620 98

10%Fe-SiQ 630 75

T.Kente Page 63



Chapter 3

3.1.6 Effect of temperature and promoter loading orthe Fe catalyst.

Prior to the results given in sections 3.1.1 ta4dl series of reactions were performed in which
both reaction temperature as well as the promatadihg were varied. The results of these
extensive studies are summarized in Table 3.6. §dti®f data was used to generate samples for

further characterization.
Some generalizations that derive from the study are

1. As the temperature increased from 600 to°@ifthe yield of product decreased over the Fe
catalyst and went through a minimum at 850for the Fe/K (0.4%) and Fe/Cu (0.6%)
catalysts. In every instance the higher yields waveained at 6(fC. For these reasons

600°C was chosen as the reaction temperature for tidy.st

2. An increase in K loading from 0.4 to 0.6 to 1.0%eaa&ed a decrease in CNT vyield with K

loading.

3. For the Cu promoter, a 0.6% loading gave a higlhedyxt yield than that produced at 0.4
and 1.0% Cu loadings.

The above data is summarized in Figures 3.21 &1 3.

Table 3.6: Properties of purified MWCNTSs produced & a function of promoter loading

Temperature | Catalyst MWCNTSs produced
(°C) composition :
Yield BET surface areaPore Volume
(Wt. %) (mass/g )| (m?/g) 5
(cm’/g)
600 10Fe/CaC@ 2.27 85.48 0.190
10Fe- 3.46 47.37 0.141
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0.4K/CaCQ

10Fe- 1.70 56.10 0.234
0.6K/CaCQ

10Fe-1K/CaC@ | 1.53 54.56 0.223
10Fe- 291 77.02 0.298
0.4%Cu/CaC@

10Fe- 4.04 100.54 0.225
0.6Cu/CaCQ@

10Fe- 3.38 92.25 0.241
1Cu/CaCQ

10Fe-0.4K- 2.98 74.48 0.335
0.6Cu/CaCQ@

650 10Fe/CaC@ 1.38 30.01 0.164
10Fe- 1.46 49.11 0.214
0.4K/CaCQ
10Fe- 2.12 59.87 0.241
0.6Cu/CaCQ@

700 10Fe/CaC@ 0.86 28.63 0.126
10Fe- 1.72 78.14 0.201
0.4K/CaCQ
10Fe- 3.61 51.29 0.229
0.6Cu/CaCQ@
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Figure 3.21 : Yield of Fe, Fe-K, Fe-Cu obtained oveaemperature 600, 650 and 700C
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Figure 3.22 : Yield obtained over 10%Fe, 10%Fe-0.4%u and K, 10%Fe-0.6%Cu and K,
10%Fe-1%Cu and K catalyst containing various amountof loadings of Cu an K

promoters.
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3.1.7 Effect of carrier gas on CNT production

The effect of carrier gas on the CNT synthesistreas was also investigated. Instead of N,
was used as an inert carrier gas. Although the flates were not equivalent the effect of a
reducing gas could be evaluated from the study.

0] Effect on yield, H is known to aid the Fe reduction process, esggaaltemperatures
greater than 53C. Thus it would be predicted that the use efwduld result in lower
CNT vyields as less Fe would be in a reduced statetlae catalytic behaviour would
hence be lowered. Data for a comparative studgiaen in Tables 8 and 9. As expected
the use of H resulted in the unpromoted Fe catalyst produciragentcarbonaceous
products. Surprisingly, addition of K also promothd formation of more products. The
effect of Cu is as predicted. Undep Bl small effect is seen, under, lthe effect is
dramatic. This is expected from the known behaviouCu on the Cu promoted Fe
catalyst. Cu aids the Fe reduction process [20].

(i)  Effect on the morphology. The effect on the carlmoarphology produced was quite
dramatic.

(a) Fe unpromoted catalyst. Fe produced both tubespimeres when Nwas used. This
is not unexpected as acetylene decomposition irlisence of catalyst is known to
produce spheres.

(b) The quality of the CNTs produced under Was found to be excellent compared to
those produced underKFigure 3.23).
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Table 3.8: Reaction conditions of the synthesis GINTs under H,?

Catalyst Temperature®C) Yield (9)
10%Fe 700 0.86
10%Fe-0.6%Cu 700 3.61
10%Fe-0.2%K 700 1.53

%Gas flow rate ; Acetylene 100 ml/minute, Hydrod®® ml/minute

Mass of catalyst=0.5¢g

Table 3.9: Reaction conditions of the synthesis @NTs under N,

Catalyst Temperature®C) Yield (9)
10%Fe 700 0.42
10%Fe-0.6%Cu 700 1.30
10%Fe-0.2%K 700 0.56

%Gas flow rate; Acetylene 90 ml/minute, Nitrogerd 2vl/minute

Mass of catalyst =0.5¢g
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Figure 3.23: TEM images of unpurified CNTs (a) 10%f (N,) (b) 10%Fe (Hy)

Figure 3.24: TEM and SEM images of unpurified CNTga) 10%Fe (b) Fe-0.6%Cu (c) Fe-
0.2%K at 700°C under N;
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TEM and SEM results showing the effects of Cu angrégmoters under Nare shown in Figure
24. TEM analysis revealed that carbon nanotubee Haxk spots inside the tubes which are Fe
particles. The Fe -K shows a rough surface forGhNg's. From SEM images it can be seen that
the carbon nanotubes are long and the wall surfackan. Addition of a small amount of Cu

(0.6%) to 10% Fe increased the yield of the CNosf0.42 g to 0.56 g and K (0.2%) increased
the yield to 1.30 g.

The TGA profile for unpurified Fe-CNTs differs fromther TGA profiles at the start of
oxidation, i.e. about 3% weight increase. This olmge fact is due to the,Q@liffusion through

lattice defects to react with encapsulated Fe, thuming FeOs, and the residual weight 35% is
also oxide [21]Unpurified material for Fe-Cu, Fe-K and Fe showlealt tabout 20%, 65% and
35% respectively of the impurities remain behinte purified material for Fe-Cu, Fe-K and Fe
showed that about 10%, 9%, 23% respectively ofirtimurities remain behind after performing
TGA up to 900C. The residual are attributed to the iron oxide ateoimpurities TGA results

that showed purified CNTs by 30% HN®ad the highest weight loss (%) due to amorphous
carbon that has been removed.
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Figure 3.25: TGA profile of (a) unpurified and (b) purified CNTs
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Figure 3.26: TEM images of (a) unpurified and (b) prified Fe/CNTs

4  Conclusion

CNTs were successfully synthesized by CVD procsssgy unpromoted and promoted catalysts
with Cu, K, and Cu-K promoters. The promoted catsymproved the catalytic activity of the
Fe for CVD synthesis of CNTs. The vyield of the @arbmaterial produced from promoted
catalyst increased. Addition of small amount of &uand SiQ to the Fe catalyst increased the
yield. The average diameter of the promoted mdseras also increased compared to the

unpromoted catalyst. Cu promoted catalyst afféetsnorphology of the CNTs produced.

The temperature 60C was chosen as the reaction temperature in thdy stue to the high
yield obtained at this temperature. As the tempeeaincreased the yield of the product
decreased over these catalysts. The effect ofecagas was also investigated. The quality of the
CNTs produced underNvas found to be the best compared $dHit the use of Nresulted in a
lower CNT yields.

TGA results revealed that the synthesized underoHtain a small amount of inorganic residue
compared to the catalysts synthesized undewiiere the inorganic residue for Fe is 10%, Fe-Cu
is 9% and Fe-K is 23%. All of these materials wauefied by 30% HNQ This shows that there

is a significant amount of Fe oxide left from th&l T3 synthesized under,Nvhile the CNTs

synthesized underjtlo not show a substantial amount of impurities.
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Chapter 4
FT Synthesis

Results and Discussion

4.1 Introduction

This chapter represents a preliminary study ofude of the new CNTs (produced in Chapter 3)
in Fischer-Tropsch (FT) synthesis. Most of the tispent on the study was devoted to the
synthesis and characterization of the CNTs. Thesthin focus of this chapter was on obtaining
the first data on the use of the CNTs in a catlygiaction. The differently produced CNTs
should have different amounts of residual catedyst promoters left on the surface (Cu, Fe, and
K). In this study the CNTs investigated were thpsaduced from Fe, Fe-Cu, Fe-K, Fe-Cu-K and
Fe-SiQall supported on CaGOThe other materials will only be investigatedstadies by other

group members.

The FT synthesis is in principle a carbon chairldig reaction, where CHyroups are attached
to a growing carbon chain. The two main charadiesiof Fischer-Tropsch synthesis (FTS) are
the production of a wide range of hydrocarbon potsiolefins, paraffins, and oxygenated
products) and the release of a large amount offh@atthe highly exothermic reaction. The FT
process produces different olefins and paraffinth wlfferent lengths. The process is a chain-
building reaction, in which the chain either gdimsgth by incorporating another carbon atom, or
terminates and desorbs the catalyst as eitherfipacafan olefin. This is graphically shown in
Figure 1. Figure 1 shows that there are two reacpossibilities; either the growing chain
terminates to form a paraffin (right side) or aafml (arrow to the left), or the chain continues to

grow further by addition of a GHunit which is generated by the absorption of CO Hs[1].

In this chapter the effect of promoters on thelgttaactivity of a Fe/CNT catalyst is described.
Studies by other workers have also been reportati@R T reaction using Fe/CNT catalyst and
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also Fe/AlQ catalyst and this study will be compared with tteer studies. The ranges of

promoters used in other studies are shown in Thble

Table 4.1 Different levels of promoters and supports

Promoters Promoter loading (%) Support Reference
Cu, K 0.6,0.4 CNTs [2]
Cu, K 1.2,4.7 CNTs [3]
Cu 1.00 A}Os3 [4]
K 3.00 ALO; [5]
CH. Xtk _, CH.

alfa \ +CH2

CoH: t—o C:Hs L CaHs

s |+ CH?

CH: —— CiH: — .H,

alfa

efc.

Figure 4.1: Chain growth and termination [1].
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4.1.1 Catalyst characterization

Prior to the FT reaction all the catalysts, eithepromoted or promoted with Cu and K (see
section 2.2.2 for details) were characterized udlffgrent techniques as described below (Table
2, 3, 4 ). Each catalyst was tested for performaimcéhe FT reaction. Selectivities and
conversions for these catalysts are also showmb@lable 5 and Figure 4).

It is well known that the promotion of iron by pstaum has a significant effect on the FT

performance of catalysts, since K is assumed t@tgoalectrons to the vacant d orbital of the
transition metal. Potassium suppresses the praducti methane and improves the effective

hydrocarbon selectivity [5]. Much literature hasebereported on the interaction between

potassium and structural promoters in Fe basedaklysts. The reports also revealed that there
is a K-support interaction in catalysts, which @ases the promotional effect of K on FT

activity and selectivity [6]. It has been reportédt the addition of copper enhances the rate of
reduction of Fe catalysts for FT synthesis [The Cu promotion enhances the activity of

supported Fe catalysts but does not have an effeEfl product selectivity [4]f the promoters

(Cu, K) are used they have an effect on both thigigcand selectivity of iron catalysts.

Table 4.2:Metal content of various catalysts determined by | CPOES #

Catalyst %Fe %Cu %K
10%Fe/CNTs 10.4 0 0
10%Fe- 0.6%Cu/CNTs 9.6 0.65 0
10%Fe-0.4%K/CNTs 10.5 0 0.38

4 CPOES = Inductive Coupled Plasma-Optical EmisSiprctroscopy

The results obtained in Table 1 revealed the eaawmbunt of the metal ratios added in the

catalyst that are close to the predicted values fite catalyst preparation.
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Table 4.3: Surface area analysis of catalyst determined by BET

Catalyst Surface area{fg)  Pore volume (cf Pore size (nm)
10%Fe/CNTs 62 0.162 10.4
10%Fe-0.6%Cu/CNTs 88 0.138 6.2
10%Fe-0.4%K/CNTs 52 0.148 11.3

Table 2 shows the BET data of the unpromoted anthpted Fe/CNTs used. It is seen that the
addition of Cu increases the surface area of th@amoted catalyst while addition of a K
promoter decreases the surface area when adddtk toatalyst precursor. These promoters
increase the pore size of the catalyst precursor.

Bahome et al [8] studied the effect of these pramso(Cu, K) and they discovered that addition
of the Fe and promoters to the CNTSs resulted edaction of the surface area. Duvenhage et al
[9] reported an increase of the surface area onokhption but this was on a TiQupport. Also

it was mentioned that very low levels of K incredise effective surface area of catalysts and as

a consequence the activity.

TEM analysis performed on a range of catalystsuffeigl) revealed that the catalyst particles
grow at the tip of the carbon nanotubes. Many efdarbon nanotubes are open at the end, and
Fe metal particles are observed on the surfaceNdfsGand do not affect the morphology of the
CNTs.
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Figure 4.2: TEM image (a) 10%Fe/CNTs (b)10%Fe-0.6%G/CNTs and (c)10% Fe-0.4% K

4.1.2. Reduction behavior of the catalysts

A TPR study was carried out on the unpromoted Ralyst and the Cu, K promoted catalyst
containing different loadings of promoter. Figuresi2ows the TPR profiles of 10%Fe/CNTSs,
10%Fe-0.6%Cu/CNTs, and 10% Fe-0.4%K/CNTs. The tegluof iron oxides takes place in
consecutive steps: Fe;—Fe0,—~FeO—Fe. The first peak can be asigned to the reducifon
Fe0s; to FeO,4. The peak observed (or shoulder) observed at 2% associated with the
reaction FeOs- F&0,. The peak at 43T is associated with reduction ofsBg to FeO. The
peak observed at 500-6@ can be related to the reduction of FeO to metdie. At
temperatures higher than 8@ gasification of the CNTs occurs [10{Cu is able to lower the
reduction temperature of Fe hence providing morgveacsites for catalyst at the lowest
temperature. The reduction peak atZ2% associated with a transformation of both CuCCu

and FeO; — Fe04 [2]. Table 3 shows the reduction temperaturesliidhe catalysts.

T.Kente Page 78



Chapter 4

8B 8 8 B 8

H, Consumption

8

8

g

B

87

81

87

87

81

87

87

QA

H, Consumption

(

b)

5]

81

8]

8]

87

81

87

81

@_

H,Consumption
g B 8 8 B 8 §

8

g

Figure 4.3: TPR profiles (a) 10%Fe/CNTs, (b) 10%F&.6%Cu/CNTs (c) 10%Fe-0.4%K.

Table 4.4 Fe peak positions of the catalyst obtained from a TPR profile.

Catalyst Peak 1 Peak 2 Peak 3
Fe 330°C 450C 630C
Fe-Cu 290rC 480C
Fe-K 375°C 525C 560C
¥Peak at 22%C due to CuG~ Cu reduction and possible some Fe reduction.
PReduction temperatur&Q) based on HTPR analysis.
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Bukur and Sivaraj suggested that only a small portf the iron oxide is reduced to metallic
iron during the first reduction process, with madtthe FgO, being reduced at a higher
temperature (second peak) [11].This study showsathshe peaks in the Cu promoted catalyst
were shifted to lower temperature when comparedh wie unpromoted catalyst and the K
promoted catalyst shows a shift of peaks to higbemperature. Pansanga et al [4] reported that
the Cu- modified Fe/AD; catalyst was similar to Fe/AD; with only a single reduction peak

being observed.

4.1.3 Catalyst tests, data analysis and calcukation

Catalyst tests were carried out in a fixed bedtoFad@he catalyst (0.5 g) wasduced in a flow

of hydrogen (2 bar, 623 K) and then cooled to raemperature before switching the gas stream
to a H/CO mixture at 8 bar, 548 K, and/@O0O ratio of 1:2. The catalytic results were reeard
at steady state after stabilization. The C@, &, and CH products were analyzed using TCD.
The gas productarere separated by the capillary column and theactlst using FIDLiquid

products and wax were collected in a cold trapahdt trap, respectively.

The calculations that were used in this study arglax to those described by Duvenhage et al

[13]. % CO conversion was calculated as follows:

CO () {250 8ty 100

The product selectivity for hydrocarbons was calted as follows:

[IfT.I.E.BB components

S= RS %100

The FTS rate frs) and water gas shift ratexts) were calculated from the values obtained in

the experiment.
f'wes = Icoz

fFTs=fco - Ico2
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Where eo is the rate of carbon monoxide conversion agqs is the rate of carbon dioxide

formation.
Olefins and paraffins ratio = mass olefin/ masaltbydrocarbon.

log (Wn/n) = n log ¢) + log ((1-a)/a)?

This equation is used to determimealue from experimental data. A plot of log (Wnirersus
carbon number (n) is linear and the chain growtbability is obtained from its slope as lag (
or from the intercept as log ((@fa) % at n = 1.

4.1.4 Catalytic performance

The performances of the catalysts were measuredfixed-bed reactor. All the reactions were
performed under a standard set of conditions (75°@, P = 8 bar, Flow rate = 20 ml/mingH
CO = 2). CO hydrogenation studies were performetherunpromoted iron catalyst and the iron
catalyst promoted with Cu, K. Figure 4.4 shows @@ conversion as a function of time on-
stream (TOS). In the case of the Cu promoted csitdhe CO conversion is the same as that
observed for unpromoted catalyst (19% and 18%)exsgely, The K promoted catalyst gave a
similar activity (22%). The addition of K promotéras been reported to increase the CO
conversion [5].

Table 4.5 Activity, CO conversion and Selectivity of iron catalyst.

Catalysts Activity(umol/sec.g) Conversion (%) Selectivity

Ci G=IC,
Fe 14.8 18 28.17 0.04
Fe-Cu 13.7 19 29.31 0.03
Fe-K 14.7 22 24.11 0.26
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Figure 4.4: CO conversions with time on stream (afe/CNT (b) Fe-Cu/CNT (c) Fe-K/CNT.

4.1.5 Product selectivity

General Comments

General observations regarding the effect of patasgpromotion on iron catalysts for FTS
include (a) an increase in the average moleculaght/échain length) of hydrocarbon products
(i.e., decrease in production of methane and ligises), (ban increase in olefin selectivity, (c)
an increase in activity for the water gas shift (8JGeaction, (d)an increase in carbon
deposition and catalyst deactivation rate, andafe)ncrease in FTS activity at low potassium

concentrations, followed by a decrease at highlavKls [13].

Copper has been widely used as one of the promfwefSTS on iron catalysts, particularly in
bubble column slurry reactors [14-16]. Its functiento decrease the temperature required for
reduction of iron oxides. Kolbel et al. [1@bserved an increase in the overall activity ay Vew
levels (ca. 0.1 wt %)pf copper promotion, with no further enhancementhigher copper
loadings. Wachs et al. [18] reported that produstritbutions did not change appreciably when
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copper is incorporated into an iron catalyst fopexriments in a differential fixed bed reactor

(CO conversion less than 1%).

Zhao et al [5] reported that K promotion restraihe production of &C,4 hydrocarbons and
increases the 4 selectivity. The addition of K promoter can markedhcrease the CO
conversion. Van Steen et al [3] have reported aedse in CO conversion over an iron catalyst
supported on CNTs and promoted with Cu and K. Aféeluction all three catalysts had similar

metal surface areas. But the activity of theselysttadiffered significantly in FT synthesis.

Bahome et al [8] reported that the addition of G@tFe/CNT catalyst resulted in an increase in
CO reaction rate, activity and G@roduction rate. Addition of K to the Fe/CNT shalvan
increase in olefinity and alpha values and a deeréa CH selectivity. The effect of the K on
the olefinity of the G hydrocarbon (0.10 -0.72%) is remarkable.

Duvenhage et al [9] reported that the addition 428K to Fe:Co:K/TiQ increased the specific
activity, oxygenation formation and olefinity but laigh loading of K the reverse occurred. It

appears that the promotion enhances behavior epéat the traditional Fe catalyst.

Effects observed in this study:

The product selectivity of the catalysts (£1d>-C4, Cs.and CQ) after 225 h on stream is given
in Table 6. The data show that the £é¢lectivity of the Fe/CNTs catalyst (28.17%) ighar
than that of Fe-Cu/CNT catalyst (29.31%) and lowean Fe-K/CNT (24.11%), The &,
fraction obtained from the Fe catalyst (54.64%)ower than that obtained from the Fe-Cu
catalyst (56.30%) and higher than Fe-K catalyst§8%). The C@selectivities of the Fe, Fe-Cu
and Fe-K catalysts were formed to be 1.72, 1.4d,1a88 % respectively. The alpha values of

these catalysts are ranging between 0.45 and 0.65.
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Table 4.6 Activity and selectivity of iron catalyst in FTS

Catalyst Fe Fe-Cu Fe-K
CO raté 7.69E-07 7.56E-07 7.91E-07
CO; rate (WGS) 1.07E-07 9.16E-07 8.6E-08
FTS rate 6.62E-07 6.64E-07 7.05E-07
Activity (umol/sec.qg) 15.38 14.26 15.22
Alpha (@) 0.51 0.45 0.65
Selectivity (%)

C 28.17 29.31 24.11
Cx-Cs 54.64 56.30 50.88
Cs+ 17.18 14.38 25.01
Co=/(C+Co=)" 0.04 0.03 0.26

CO, 1.72 1.47 1.38

Data consist of £ 5% experimental errors.
®Rate (mol/s)

POlefin to total G hydrocarbon weight ratio
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ASF Plot (10%Fe-CNTs)
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ASF Plot (10%Fe-K)
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Figure 4.5: Anderson—Schulz—Flory (ASF) Carbon numér distribution of hydrocarbons
formed over unpromoted Fe and Cu, K promoted iron atalyst [13].

4.8 Conclusions

The results of this research in agreement withwtbek of Zhao et al. [5] where K enhances the
production of olefins and increases the CO conwarsThe potassium promoted catalyst has a
higher CO rate than that of unpromoted Fe. Theltealso agree with the findings of Bahome et
al. [8] in which K addition enhanced olefinity atlde alpha values. The effect of K on the
olefinity of the G hydrocarbon in Table 4.5 is 0.04 to 0.26. An iase=in FTS activity is also
observed on K promoted catalyst. Copper decre&gesetiuction temperature of iron oxides as
shown by TPR studies. Copper promoted catalystsv shdiigh selectivity to methane and a
decrease in thesCand G olefins as well as an increase in the FTS rate.
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5.1 General conclusions

Both promoted (Cu, K, Cu/K and SiDand unpromoted Fe/CaG®ere successfully used to
synthesize CNTs using the CVD process. The Cu apdokhoted catalysts gave the best yields
when compared to the unpromoted and,S@moted catalysts. The effect of temperature and
metal loadings were investigated. When the synshesnperature was increased from 600 to
700C the yield of CNTs decreased, when the loadinthefpromoters were increased from 0.4
to 0.6%, the yield increased and thereafter deetedche maximum % loading of the promoters
used was 1%. Consequently 8D0wvas chosen as the reaction temperature for Chihegis

and 0.4 and 0.6% loadings were chosen as optimadirigs of K and Cu respectively.

The CNTs prepared in the presence of the Cu prafrezttalyst gave a coiled morphology while
the combination of both K and Cu promoters produgedixture of coiled and straight CNTSs.
The SiQ promoted catalyst also increased the yield of CNI'fee diameters of the promoted

catalysts were larger (80 - 100 nm) than thoseuwred from the unpromoted catalyst (60 nm).

The effect of the carrier gas was also investigatedand N were used as carrier gases.isl
known to aid the Fe reduction process, especialigraperatures greater than 300and also
increase the yield of CNTs. The use ofridsulted in lower yields of CNT as less Fe wouwdrb
a reduced state and hence the catalytic behaviasilawered. However the use ofldsulted in
higher yields of CNTs. The quality of the CNTs puodd under Blwas found to be excellent

compared to those produced under H

The materials were successfully characterized Hgrdnt techniques: TGA, BET surface area,
TEM, SEM, EDX and Raman spectroscopy. It was fotnad the decomposition in air of CNTs
purified by diluted HNQacid showed about 98% weight loss for the promatsti unpromoted
CNTs. The Si@ promoted CNTs were purified by diluted HF and sadwonly about 75%
weight loss due to incomplete extraction of Sty HF from the CNTs. For CNTs that were
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synthesized under JNthe Cu promoted and unpromoted CNTs lost abouaréd 91% mass

respectively, while K containing CNTs lost abouf4.7

The surface area of K and Sipromoted catalyst decreased while addition of i@ueiased the
surface area. TEM and SEM revealed that the mooglyohnd diameters of CNTs mentioned
above. All the CNTs were multiwalled in nature witaried size distribution. EDX analysis
confirmed the absence and presence of the speu#ial. Raman spectroscopy was used to
measure the tube quality and it was observed thgémeral a higher degree of disorder i.e. more

defects was detected for promoted Fe catalyst&xbeption being Fe-K.

Promotional effects of the Fe/CNT catalyst for Fthesis were examined and the activity,
selectivity, and CO conversions were recorded. IS Yoand to increase the hydrocarbon yield
and the CO conversion. The K promoted catalystesmed the CO reaction rate. Addition of K
on Fe/CNT also increased the olefinity and the alpalue. The effect of K on the olefinity of

the G hydrocarbon is from 0.04 to 0.26. An increaseTiBRctivity was also observed for the K
promoted catalyst. Cu decreased the reduction tetye of ion oxides as noted by TPR
studies. The Cu promoted catalyst showed a higicelty to methane and a decrease ¢f.C

The G olefins also decreased.

5.2 Future Research

For future work it would be interesting to furthexamine the role of the Cu, K, and Siby
themselves on carbon nanotube synthesis and sdetlvehdifferences between these materials

and the ones from this study are.
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