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ABSTRACT

FischerTropsch (FT) synthesis is the catalytic conversion of syngas (a mixture of
carbon monoxide and hydrogen derived from caatural gas or biomass) into
hydrocarbons and oxygenates. At the heart of the FT process is the catalyst, since it
provides a surface where the various reactions can take place. In this study, iron or
cobalt catalysts, and alali (Li, Na and K) promotiedin catalysts supported on
carbon nanotubes and nitrogdoped carbon nanotubes were synthesized and tested

for their performance in the Fisch&ropsch process.

The carbon nanotubes (CNTs), used as a support material for the iron and cobalt
based FT catlysts, were obtained through the catalytic decomposition of acetylene at
700°C over a 10% F€o supported on calcium carbonate (CaLMigh quality
carbon nanotubes in high yields were obtained under optimum conditions (synthesis
time: 1h, temperature 00°C, acetylene to nitrogen flowrate ratio of 1: 2.67). TEM
analysis of the CNTSs revealed that they are multiwalled, with outer diameters ranging
from 20 to 35 nm and inner diameters ranging from 8 t018 nm. The synthesized
CNTs were refluxed at 12Q in 30% HNGQ; for 2 and 6 h or in 55% HNgfor 2 and 6

h in order to remove residual growth reagents, to introduce surface functional groups
and to render the CNTs less hydrophobic. After characterization using TEM, FTIR,
TGA, Raman spectroscopy and zeta potémtizasurements, it was found that the
CNT surface roughness, together with the degree of surface functionalization

correlated with the harshness of the acid treatment.

Nitrogerrdoped carbon nanotubes -@BINTs) were synthesized by a pakiping
method usingacetonitrile as the nitrogen source at temperatures ranging from 700 to
90CPC. There was no significant change in the morphology of theN's up to
850°C.The nitrogen content and the % mass increase of4B&Ns increased almost

linearly with increasingeaction temperature whereas the surface area was found to



decrease. The Raman data showed that the graphite layers oftibgeN CNT are
more ordered than the purified CNTs as reflected by the decrease ghi ¢ghadtio.

Iron or cobalt catalysts andkali (Li, Na and K) promoted iron catalysts supported
on CNTs and NCNTs were synthesized by the deposition precipitation method using
urea as the precipitating agent. The catalysts were characterized using PEM, N
physisorption, TPR, XRD and TGA. The attic testing was carried out in a fixed
bed micro reactor at 220 (cobalt based catalysts) or 2Z5(iron based catalysts), 8
bar, 2400 H and at a K: CO ratio of 2.

The FT data of iron metal deposited on differently functionalized carbon nanotubes
revealed that the activity correlates with the degree of acid functionalisation of the
carbon support. The effect of the catalyst precursor source (BEED-)s,
Fe(OOCCH),, Fe(NQ):A 9,8 and Fe(g04) A sDHand solvent (water or acetone)
used in the prepation of iron supported on CNTs catalysts has been investigated
Results showed that the precuraod solvenused in the catalyst preparatibave an
influence onthe metal dispersion and the catalyst reducibility and this affects their

performance dung FischeiTropsch.

The effect of alkali (Li, Na, K) promoted Fe/CNT catalysts on the particle size,
surface area, catalyst reducibility, activity and selectivity during FTS was studied. It
was observed that adding the alkali promoter increased the/$talite size and as a
result the catalyst surface area decreased relative to the unpromoted catadyst. Th
study revealed that Na a@n effective promoter for Fe/CNT catalysioliowed by K

and lastly Li.

Fe catalysts supported on pastped NCNTSs rewealed that the CNT containing 1.7

% nitrogen is not a suitable support forlB@sed catalysts. However, functionalizing

this N-CNT support using 55% HNgDesulted in a better catalyst support.
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Chapter One

Introduction

A reliable supply of hydrocarbons is of vital importance to the industrialized world.
Worldwide, chemicals and fuels have been mainly produced from crudé]oil
Nowadays,with the rising cost of crude oil, the depleting oil reserves, the drive to
supply environmentally friendly automotive fuels, the diversification of sources of
fossil fuels and the commercialization of otherwise unmarketable natur$2,gdk

there is a global renewal of interest in the Fis€ch@mpsch (FT) technology. This
technology was discovered in 1922 by Fischer and Tropsch and used by Germany to
produce fuels from its coal reserve&zasol I, 1l and Il plants in South Africa are

based on the FT technology and it is used to produce synthetic fuels and chemicals.

FischerTropsch synthesis (FTS) provides an alternative and most promising route for
the production of clean fuels and cheals from norpetroleum based feedstock such
as coal biomass and natural dds 4]. FischefTropsch synthesis is the catalytic

conversion of syngas (a mixture of CO and d¢rived from coal natural gas or
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biomass) into hydrocarbons of various chain lendfjs At the heart of the FT
process is the catalyst. Catalysts are used to activate the reactants and to provide a
surface where the various reactions can take place. Several metals have been found
active for CO hydrogenation, namely I¥g, Co and R{6-9]. However, only Fe and

Co have been intensively used industrially. Fe and Co both have their advantages and
disadvantages (see ChapZefor more details) and the choice of the active FT metal

to be used is based on various paramger$, 10, 11]jsuch as: the price of the active
element, the desired product and the source of carbon used to make syngas. For
example Fe is the preferred catalyst when the syngas is produced from coal or

biomass as Fe is an active catalyst for the wgdsishift reaction.

Industrial catalysts (Fe ord} are generally supported on an appropriate support and
suitably promoted in order to achieve a well dispersed active metal with enhanced
catalytic performance. Previous work onlb&sed FTS catalysts used industrially has
focused on precipitated iron edysts [12-16]. Unlike precipitated iron catalysts,
supported iron catalysts have many advantages, such as improved metaslialisp
enhanced catalyst stability and decreased deactivatiofLraff]. Traditionally used

FTS support materials include 2813, SiO,, TiO2, and MgO[17, 20-24]. The major
drawback of these metal oxide supports is that they form strong-sugiadrt
interactions and oftelrad to the formation of mixed compounds such as Cp[bi5)

or FeOMgO [17, 20]and hence they are only reducible at very high temperatures
[3]. One way to overcome this problem is to use a weakly interacting support (but not
so weak as to allow metal sintering) such as carbon matg2él28]. Carbon
materials, for example, activated carbon and carbon nanomaterials (carbon nanotubes
(CNTs), carbon nanofibers (CNFs), carbon spheres (CSs), nitchoygad carbon
spheres (NCSs)), have been used as FTS catalyst supports because th@aprat

high temperatures, resistant to acidic or basic media, have a relatively high surface
area and precious metals can easily be recovered upon oxidizing the support from the
spent catalygR9]. Studieq30, 31Jcomparing the catalytic activity of metal catalysts

supported on various oxides, amorphous carbon, and CNTs have shown that catalytic
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performance was generally the best on CIBY. Previous studies on iron supported

on carbon nanotubes for FTS concluded that the catalyst exhibits high catalytic
activity with high olefin selectivity, high selectivity towarch<C, and G fractions

[32] and that the catalyst is stable under FTS conditib®s 33] It was also found

that iron nanoparticles encapsulated in the CNT channels are easily reduced and
showed higher FS activity than iron nanoparticles dispersed on the outer walls of
the CNTY34, 35]

The catalytic behavior of FTS catalysts is influenced by many factors such as the type
of support[23, 24] metal loadind36], particle sizd26, 37] type of metal precursor
used[24, 38] catalyst preparation methd#l9, 38, 39] types of promoterfl4, 38,

40] and catalyst préreatment conditions. Modifying any of these variables results in

a catalyst with different catalytic properties. For examplg@r&moted Fe/CNT
catalyst is known to inhibit the reduction of the Fedps[19, 38] whereas Cu
promoted Fe/CNT enhances the reducibility of Fe spd&is38] This difference in
catalyst characteristicaffects their catalytic performance during F[BB]. Also, the
source of Fe used to make a catalyst can affecadtivity. Thus,the iron catalyst
prepared from iron acetate was shown to give a higher CO convelnaiba tatalyst

prepared from iron nitrata8].

In terms of Febased FTS catalysts supported on carbon nanotubes, many issues still
need to be explored such as the effect of acid treatment on the surface of mdltiwalle
carbon nanotubes prepared from@&e supported on CaGQthe use of Ndoped

CNTs as a catalyst support, the catalyst preparation using different solvents and iron

precursors and the use of group 1 alkali promoter (Li, Na, K) on Fe/CNT catalysts.
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1.1 Aims and objectives of the study

The aims othis research work are to synthesize carbon nanotube supported Fe and

Co-based Fischefropsch catalysts and test their catalytic performance in the FT

reaction. These aims will be achieved through the follgvaibjectives:

Vi.

To synthesize multiwalled carbon nanotubes (MWCNTS) using a catalytic
chemical vapor deposition method (CCVD) with acetylene as the carbon

source, and bimetallic FEo supported on CaG@s catalyst

To prepare Ndoped MWCNTSs using a pesibping technique.

To purify / functionalize the synthesized MWCNTSs using nitric acid (HNO

To characterize the synthesized and purified MWCNTSs using Transmission
Electron Microscopy (TEM), Scanning Electron Microscopy (SEM) for their
morphology and staiure, N physisorption for surface area and pore volume,
Zeta potential (Zp) for the surface charge, Thermogravimetric analysis (TGA)
for purity, composition, thermal stability, Fourier Transform IrRed (FTIR)
spectroscopy for the qualitative evaluatiof oxygen surface groups and

Raman spectroscopy for the extent of graphitization.

To load iron (Fe) and cobalt (Co) metal on the purified multiwalled carbon
nanotubes and WMWCNTSs using the deposition precipitation method with
urea as the precipitatinggent, and characterize (i.e. measure those physical
and chemical properties assumed to be responsible for its performance in a
given reaction) the catalysts using TEM, XRD; [ghysisorption, TGA,
Temperature Programmed Reduction (TPR) apdCHe misorption

To promote Fe/CNT catalysts using promoters such as Li, Na and K.
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vi.  To evaluate the catalysts in terms of their Fis€ch@psch activity and

selectivity in a fixedbed micro reactor.

vii.  To explore issues such as supportipeatment, catalyst precursortsakffect
of promoters on the activity and selectivity of the catalyst during the Fischer

Tropsch reaction.

1.2 Thesis outline

Following this introductory chapter, a general literature review is presented in
Chapter 2. The review is followed by Chap&mhich gives a description of the

equipment used for this study. The experimental procedures are detailed in Chapter 4.
Chapter 5 presents the results and discu
treatment on the surface of multiwalled carbon nanotyirepared from F&€o

supported on CaCfOCorrelation with FischeT r opsch catalyst acti vi

6, work done on AThe effect of -Treqpsch pr ec ul
synt hesiso is presented. Chaofwwekrddononpr esent
AFe/ CNT cat aTryozpesdc hF issycrhtelre s i s : effect gro
Chapter 8 cont ai-based Mschefkopsdhocatadystsosnppoitédeon

N-doped CNTO. Il n Cha pibased calalystsrsapporteel snuONT s f o r

for use in the Fischefr o p s ¢c h s predertexl.i Ghapter 10 gives the
conclusions that emanate from the analyses of the results obtainetlowhducting

the research and recommendations for further studies.

Aspects of the study have been préed at numerous conferences and workshops
and publications have started emanating from the study for example: Chapter 5 was
published in the Journal of Molecular Catalysis A: Chemical 335 (2011) 189. More
will follow in late 2011.
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Chapter Two

Literature Review

2.1 Introduction

An increasing demandorf clean fuels and hemicals isexpected to lead to an
important shift from crude oil to natural gas as feedstockhiechemical industries

It has also been predicted that the crude oil supplies may only last for about 50 more
years[1l]. Therefore there is a need to find alternative energy sources which are
secure and stab[@]; for example, natural gas which is more widely distributed over
the world than are the crude oil depo$lts One of the approaches to the production

of substitutes for the dwindling crude petroleum reserves is FiSabesch (FT)
synthesis which involves the conversion of organic material (natural gas, coal or
biomass) into a mture of hydrogen and carbon monoxide (syngas). This syngas is
subsequently converted to hydrocarbons by reaction over suitable catalysts. The

syngas required for the FT process is produced by the gasification of either coal or
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methane. The efficiency ofymgas production is very important since syngas
production can account for up to 70% of the capital cost of the overall priddess
Therefore, for the process to be economically sustainable, natural gas and coal must

be available at low cost. A typical FT process is giveRigure 2.1.

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

synthesis gas

production * N

air or oxygen

v Yy

v

gas cleaning

v

FischerTropsch
synthesis

CHy separavn of the
1 g prolducts —] l

gas petrol chemicals diesel*- - - waxes
(Ca-Cy) (olefins, oxygenates, 40D)

Figure 2.1: FischerTropsch process overview afi@i
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Since the FT process has to compete directly with a crude oil refinery proaess, th
price of crude oil is very important and would determine the viability of the FT
process Figure 2.2presents the variation in the price of crude oil since 1240t

has been estimated that the FT -ga$quid technology would be economically
viable when the price of crude oil is about US$ 20 per b@telThe price of crude

oil has been well above US$ 50 per barrel for some fshenaking the FT process

an option for those countries having huge reserves of natural gas and coal.

400 Tso
_ Lag 2
5 300 40 ¢
13 ©
- 200 — 30 L2
G T3
100 — 109

0 | | | 0

1940 1960 1980 2000 2020

Year

Figure 2.2: Variation of the price of crude dil].

The FT fuels have some advantages compared to the crbderived fuels. For
example, crude oils are highly aromatic and as a result are not suitable for the
production of either linear alkenes, or highality diesel fue[l], whereas both of
these products are readilyopiuced via the FT synthesis. The FT fuels are sulfur and
nitrogen free and FT gasoline contains less that 1% benzene (a carcinogenic
compound) which has a much lower concentration than in crudkeioved gasoline.

FT derived fuels have low NOx and CO esions and low particulate formation

11
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values (environmentally friendlier)5]. Moreover the FT diesel is readily
biodegradabl¢l]. The FT gado-liquid technology (GTL) is nowery attractive and

competitive when compared with the current crude oil refinery industry processes.

2.2 Brief history of the FT process

The catalytic synthesis of hydrocarbons fropatd CO has a long histof$]. There

are numerous articles, including review papers by Storch @]alPichler[7] and

Dry [8] that adequately describe the hist@f the FischeiTropsch process. In this
thesis, no attempt is made to give a comprehensive literature review on the FT
process and for more detailed information on the history of FT, research and
development and early FT patents, interested readersetaged to the reviews

mentioned above. A few highlights are mentioned below:

e In 1902, Sabatier and Senderel® produced methane from,Hand CO
mixtures over a nickel catalyst at atmospheric pressure.

e In 1913,the German frmb Badi sche Anilin umds Soda
awarded apatent for the& work on the catalyticsynthesis ofheavier
hydrocarbonsand oxygenated compoundsom synthesis gas using alkali
promoted osmium and cobalt catalysts when operatingigter pressures
[10].

e In 1920, Fischer and Tropsch pioneered the technology for the production of
longer chain hydrocarbons fromy;knd CO using metal catalysts at high
pressure of up to 300ab[11] and at relatively low pressure-Blbar) with the
use of a precipitated cobalt catal{E2].

e 1In 1936, the first four production plants were commissioned in Germatay (to

capacity of 200,000 tons of hydrocarbons per year).

12
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I n the 19500s, a Bureau of Mines plant
Louisiana, Missouri, and a hydrocol plant (based on fixed fluid bed reactor,

FeK catalyst, syngas from methane) operatadfly in Brownsville, Texas.

In the mid 19506s, German plants were s
declined worldwide with the discovery of large oil deposits in the Middle

East. In South Africa, despite the oil discovery, Sasol | was commissioned

(based on Fe catalystysing ARGE fixed bed and circulating fluid bed

reactors to produce high yields of wax and diese) fuel955.

I n the 19706s and 19806s, t h€fropschwas a
synthesis due to the increasing oil praoad fear of oil shortages. Sasol Il and

Sasol 1l were commissioned based on Synthol circulating fluid bed
technology.

In 1992, the Mossgas plant (now known as PetroSA, Mossel Bay, South

Africa) was commissioned using Sasol technology and syngas fronalhatur

gas. The Shell middle distillate plant in Malaysia (based on Co catalyst and

fixed bed reactor) started operating in 19993. Other companies that took
advantages of FT technology in the 1
Petroleum), ConocoPhillips, Ergr International and Exxon (now known as

Exxon Mobil).

More recently in 2007, an FT complex came on line in the Ras Laffan
industrial city complex in Qatar. This region, situated in the North of Qatar

was chosen because it is close to large natural gasvess The planned

capacity is about one million tons of products per year. The technologies

utilized are HaldoiTopsoe for gas reforming, Sasol for slurry phase FT
synthesis using a cobalt catstt and ChevronTexaco for hygnmcessing

[13].

Towards the end of 2007, a pilot FT plant was commissioned in China using a

fixed bed reactor and supported Co and precipitated Fe catalysts. Syngas from

coal is usedor the production of a cheaper and cleaner liquid fuel. Production

started in April 2008§14].

13
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e AN FT complex is being constructed at Escravos in the Niger delta, Nigeria.
This plant will use the natural gas which is associated with the recovery of
crude oil in that region. The capacity and technologies are the same to those in
Qatar[13].

2.3 FischerTropsch reactors

The FischeiTropsch synthesis is a highly exothermic reaction with an enthalpy
change of about 16580 kJ mol CO converéd, depending on the precise product
composition[15]. All FT reactors are therefore designed in such a way as to
maximizeheat removal because inadequate heat removal would lead to an increase in
the catalyst deasfation, decreased selectivity towards the preferred products,
excessive methane yields, particle fragmentation and reactor rufabvdy]. An
overview of the current comercially used reactor designs for the Fisehpsch
synthesis is presented Table 2.1.

Table 2.1 Overview of the current commercial reactor types for FT syntfEsjis

Process type FT reaction Catalyst Techrology
Multitubular FixedBed LTFT Co and Fe ARGE
LTFT Co Shell GTL
Slurry bubble column LTFT Co Sasols slurry phase distillate,
ExxonMobils AGG 21
Fixed fluidized bed HTFT Fe Sasol's advanced Synthol
Sasols Syol ( also used by
Entrained fluidized bed  HTFT Fe PetroSA

There are two modes of operation of the fTH:

14
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e The high temperature process (38®FC), where Febased catalysts are used
for the production of gasoline and linear low molecular nodestins.
e The low temperature process (2080°C), where either Fe or Clased

catalysts are used for the production of high molecular mass linear waxes.

The reactors designed for FT synthesis are mostly one of the three types:

e The fixed bed reactors wdhi are used by Sasol to produce high value linear
waxes at low temperatures (225. Heat removal is achieved by water,
circulating outside of the tub§$8];

e The fluidised bed reactors with either a fixed or circagtbed. The major
difference between these two types of reactor is that the catalyst bed in the
fixed fluidised bed reactor remains stationary and the gases pass upward
through the bed while the catalyst in the circulating fluidised bed reactor is
entraingé in a fast moving stream of gases. The main advantages of the fixed

fluidised bed over the circulating fluidised bed reactors include:

U Low construction cost;
U Increase in cooling capacity;

U Low overall catalyst consumption.

e The slurry bed reactors in wiigas is bubbled through a suspension of finely
devided catalyst in a liquid which has a low vapour pressure at the
temperature of operation. The use of slurry bed reactors for FTS was studied
by sever al r e s e a[t7t Mleradvantages of slery dved 5 0 6 s

multitubular reactors are:
U The low cost of the reactor train;

U The lower gas compression costs;

U The lower catalyst consumption per tonne of product;

1t
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U The ability to operate at a higher average temperaturetires il
higher conversions and dime removal or addition of catalyst to
allow for longer runs.
The major drawback of this type of reactor is that of catalyst poisoning; all the
catalyst is deactivated whereas in the case of a fixed bed réacéo@mple,
the poisoning substance is adsorbed on the top layers of the catalyst, leaving
the rest of the catalyst bed unaffe cigd].

In this PhD study, a fixethed reactor was chosen to conduct experiments becaus
despite its disadvantages (poor heat transfer, tedious catalyst loading and unloading),
it had a good operational flexibility, did not required a facility for the separation of
catalyst and liquid products, no catalyst attrition was experienced and itasy to
operatg8, 17, 19, 20]

2.4 FischerTropsch Chemistry

The FT reaction converts syngas (a mixture of carbon monoxide and hydrogen)
derivedfrom coal, natural gas or biomass to liquid fu@]. The chemistry taking
place in the Fischefropsch reactor is complej2]; it involves a variety of

competing chemicaleactions[23] but can be divided into three groups of reactions

[2]:

1- Product forming reactions
Methanation: 3H, + COZz CH; + HO
Paraffins: (2n+1)H+ n C O H¥2 HH0
Olefins: 2nH, + NCOY CyHa, + nHO
Methanol: 2H, + COY CHz;OH
Higher alcholols: 2nH; + NCOY CyHzn+1OH + (n1)H0

1€
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2- Nonproduct forming reactions
Boudouard reaction: 2COY C+CO
Carbide érmation: XM + 2COY M,C + CQ
xM+CO+HY MC+HO
Catalyst oxidation: XM + yH,0' Y MOy + yH,
Catalyst reduction: MxOy + yCOz xM + yCO,
3- Secondary reactions

Water gas shiftreacton: CO+HOz CO+ H;

All the reactions mentioned abovecaant for almost all the possible products
observed during the Fisch&ropsch reaction, ranging from fuels to chemicals,
including paraffins, olefins and oxygenates.

The FischefTropsch reaction is considered to be a chain polymerization reaction and
hen@ the product spectrum can be described by a chain polymerization kinetic model
[24]. Anderson, Schulz and Flory proposed a model (ASF model) to explain the
product spectrum and the relevant equation proposetbtiel the reaction is shown

below:

W,/ n=(1-a)a™! [2.1]

where n is the carbon number,,Vi the weight fraction of product containing n
atoms and U is the chain -$chuemdryh(ASP)r obabi I

model isusually linearised into the following equation:

log(W, / n) = nlog(a)+ log((1-c ¥ lex) [2.2]

17
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This equation iIis wused to determine the U
log(\W, / n)versus carbon number (n). This plot is linear ahd thain growth
probability is obtained from its slope as

Alpha (U) can also be definedrp)amdchamrms of

termination (,) as:

a=—2" [2.3]
r+r,
The value of U typically |ies ba&dreateren 0 ar
selectivity towards waxy products. The theoretical limits of the various product cuts
for various valFRgare23f U are shown in
100
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c
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Figure 2.3: Theoretical product distribution as a function of the chain growth

probability assuming ideal 3F kineticq3].
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Deviations from the ASF model are often observed in distributions of real FTS
productq25-27]:

e Relatively highmolar methane content: two phenomena have been proposed
to explain this observation. 1) Additional sites responsible for only methane
production[28] and 2) methane formation by more than one patH2ly

e A lower than expected Cselectivity: the relatively lower than expected
amounts of @in the FischeiTropsch product distributions is believed to be
due to the much higher react-lefinst y of
[30] and their reinsertion into the growing chain.

e Positive[31-38] and negativd32, 39] deviations from the ASF plot have
been reported; especially when the carbon number is greater than 8. Various
theories accounting for chaitength related phenomena, including a vapour
liguid equilibrium, diffusiorenhanced olefin readsorption model, different
physisorption strength of the olefins and the taaivesite model, have

been proposef0].

2.5 FischerTrospch mechanism

TheFischefTropsch synthesis provides an alternative route for obtaining liquid fuels
from natural gas, coal and biomdd4]. It is a chain polymerization re@n which
produces various products and the product spectrum is described by a chain
polymerization kinetic mode42]. An understanding of this reaction at molecular
scale is very important. There is still dédaabout the FischeéfFropsch reaction
mechanism[43] although several mechanisms and variations thereof have been
proposed and reviewed in the literat{e 8, 20, 31, 4#47]. The carbide/alkyl, the
enolic, the vinyl/&enyl, and the CO insertion mechanisms are the roostmon
mechanisms proposdgd5, 4850]. These mechanisms are briefly discussed in the

next sections.

19
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2.5.1The carbide/alkyl mechanism

In this mechanism CO andzthdsorb dissociatively onto the surface of the catalyst in
such a way that the carbon monoxide forms surface carbide. The surface carbide is
hydrogenated by the dissociated hydrogen to form surface carbene species. This
species then rea further with hydrogen to form methyl species on the surface. The
surface methyl species is either desorbed by the addition of hydrogen to form
methane or it combines with another carbene to initiate a chain reaction. Larger
molecules are then formed this stepwise manngi8, 49] Because the carbide
mechanism does not explain the formation of alcohols, the enol mechanism was
proposed6, 31] The alkyl or methylene mechanism is an improved version of the

original carbide mechanisft].

H Cco HHCO CH 0
@ | | — il —_n1 r
(b) CH, H CH;
I | y
,CHa
(c) CIHz CH, __ _ CH; . R
R
N
(d) / \
/R
CH, R CH,

Figure 2.4: an Alkyl FT reaction mechanism for initiation and propagation of
hydrocabon chain: (a) methylene formation, (b) initiation, (c) initiated

chain growth, (d) propagatidl]

2C



Chapter 2: Literature Review

2.5.2The enolic mechanism

This mechanism involves the molecular adsorption of CO onto the metal surface (1)
The adsorbed CO is then attacked by dissociated surface hydrogen species to form an
enolic intermediate surface species (2) which serves as both the chain initiator and
monomer [52]. The enolic surface species (& further hydrogenated (3) and
converted to a methyl surface species (4). Two enol surface species can also undergo
a condensation reaction and a water elimination step results in chain ¢&3jth
Chainternmat i on resul ts tolefing on exygénated mantpounds. o f

Hy dr o g e n®alefinsoyirldsoyfarafilhs.

Tl) HOH MO
+2H / +H +2H
[ T — 0% o

2H
R=CH, <— R '

RCH;<— \ /

Figure 2.5: Enol mechanisnb2].

2.5.3The vinyl/ alkenyl mechanism

This mechanism involves the surface coupling of a surface methyne (CH) and
methylene (Ch) species to form surface vingG@H=CH,) [45, 50, 54] The surface

21
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methyne (CH) and methylene (gHare formed in a manner similar to that described

in the carbide mechanism. The vinyl species is considered as the chain initiator and
the methylene surface species is the chain propagation monomer. The surface vinyl
then uwndergoes chain growth by reaction with surface methylene to form a surface
allyl. The allyl isomerizes to an alkenyl which is turn reacts with more methylene.
Chain termination occurs when the surface alkenyl reacts with a surface hydride to
give an alkee Figure 2.6[45, 50, 54]a nd a c ¢ o-alefirt farmafiom as primary
products[55]. This mechanism explains the formation of branched hydrocarbons by
allyl isomerisation; however, it does not explain the formation of methane and

oxygenated compound27].

fCHg
@ cH, CH __ CH
e N
CH CH R
4 b "
CH H
b g I 4 +R s
CH CH; cI:H2 -|:H CH
I
R R CH
| | é{u
CH CH CH, CH,
N I I | N
R
P
CH
&
CH
N

Figure 2.6: Alkenyl mechanism: (a) chain initiation, (b) chain growth including

insertion of methylene and isomerization, (c) chain propag#ibln

22



Chapter 2: Literature Review

2.5.4The CO insertion mechanism

In this mechanism, the surface adsorbed CO is the building unit. This mechanism is
believed to be the main reaction pathway which accounts for the formation of
oxygenated compounds in the FJ4&/]. During the insertion mechanism, the CO
inserts into a metadlkyl (methyl or methylene) carbon bond which is then

hydrogenated to produce an alcohol or an alkene.

0
+2H +H +H CH
i— i % —7
- | == HO —— - /=
o)
/ +CO
\/ -
+2H ___|___ | ”
RY OH
\_/ —» RCHO
WE
+H
L—> RCH,OH

Figure 2.7: CO inserton mechanisri#7].
The common features of all the proposed mechanisms are: reactant adsorption, chain

initiation, chain growth (propagation), chain termination, product desorptien, re

adsorptbn of reactive products and further reactifg®.
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2.6 Fischer-Tropschcatalysts

Elements of group 8 to 10 of the periodic table are most commonly used as active
metals for CO hydrogenation reactions sitloey can dissociatively adsorb CO and

H, [53]. However, Fe, Ni, Co and Ru are known to be most active for CO
hydrogenation to hydrocarbor8, 17, 56, 57] Of the four metals Ni is the most
active for hydrogenation reactions but under typical FTS reaction conditions, it has a
very high selectivity for methane and, at high pressure, volatile nickel carbonyls are
formed and so the catalyst is lost from the reaf58¢60]. For these reasons, it is
generally agreed that nickel is not a good choice of catalyst for the Fiadpsch
reaction56, 61}

The choice has to be made between Fe, Co and Ru. Factors such as cost, availability,
desired product spectrum, require catalyst lifetime and activity are considered when
determinng the choice of a cataly$$6]. The relative price of catalytically active
FischerTropsch metals (at 2007 level) is showTable 2.2[62].

Table 2.2 Relative price of cilytically active Fischeifropsch metals (2007).
Metal  Price'

Fe 1

Co 235
Ni 140
Ru 76000

*Price per kg in 2007 relative to the price of 1 kg of scrap iron.
Ru has been found to have a lower selectivity to methane and more selective to the

Cs+ hydrocarbon fraction than other metals but the very high cost of Ru and its low

availability is a great obstacle to its commercial applicafib®, 57, 61, 63].
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However, its use as an additive to Co or Fe catalysts has been intensively investigated
[64-68].

This leaves Fe and Gxs viable catalysts for FT&7]. Fe is by far the cheapest metal
[56, 61, 62] its specific activity for FTS is high and fased catalts have high
watergas shift activity. Moreover Fe can convert low/€D ratio syngas (syngas

derived from coal and biomass) without an external shift reactiorjGtgp

Co catalyst offer advantages ovére cataysts when operating in a LTFT mode.
Theseinclude 1- higher activity per active sit§9], 2- higher selectivity for longer
chain hydrocarbons,-3ower coke formation, 4lower olefin selectivity, 5 lower
water gasshift activity, 6 lower oxygenate selectivity and higher resistance to
oxidation by water[70, 71] However, under HTFT conditions, Co displays low
selectivity generating much methg@&]. In contrast to Co, Fe displays good activity
and selectivity in HTFT synthesis. As a result, Fe is the only active metal currently in

commercial use for this applicati¢t].

The versatility, availability and cost of Feve made it the metalfochoice forthis
project. The catalytic behaviour of iron catalgstor FTS is influenced by many
factors such as the type of supppi2], the source of iroii73], Fe dispersion and
particle size[74], catalyst preparation meth¢d3, 75,76], promoters usef{i’3, 77,
78], catalyst prereatment conditiong76], etc. Some of these factors are briefly

discussed below.

2.6.1 Effect of metal dispersion/ particle size

The catdytic behaviour of a supported metal catalyst has been reported to be
dependent on the degree of dispersion of the metal on the s[$8a]. The metal

particle size is inversely proportional to the metal dispersion i.e. the greater the
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dispersion, the smaller the metal particles. It is often believed that catalytic activity
increases with increasing dispersion, ttha, with increasing surface area or
decreasing crystallite siZ@9]. It is observed that small metal particles lead to strong
metal support interactions and as a result are more difficult to reduce. Bigger metal
particles can be reduced easily due to the weak metal support interaction but are
poorly dispersed. Many researchers have shown that there is an optimum particle size
required for FTY82]. For instance, Bezemer &t [82] have demonstrated that for a

Co catalyst with a particle ®zsmaller than-® nm, the turaver frequency (TOF)
depends on the particle size and it is independent on the Co particle size for particles
> 6-8 nm. In another study, Mabaso et[@8B] have reported that carbon supported Fe
catalysts that have smaller particles (<© 7nm) exhibit lower TOF and higher
selectivity toward methane compared to catalysts bigger particle size. Park et al.

[80] have also shown that Fei@l; catalysts prepared from psynthesized iron

oxide with an Fe particle size of 6.1 nm were best suited to FTS studies (catalysts
with Fe particle 6.1 nm have lower activity per unit metal site). These results are all

in agreement and the slight difference observed in the optimum particle size could be
due to the difference in the support or the FTS conditions used. It is important to note
that somestudieq65, 70, 8489] did not observe a significant effectadbalt particle

size on specific activity.

We now know that there is an optimum metal particle size required for FTS below
which the TOF is low and the selectivity toward methane is high. How can we then
control the synthesis of the catalyst to obtain tequired particle size? Various
studies have attempted to control particle size using several techniques such as:
catalyst preparation meth@8, 81](including varying the solvent used dissolve the

metal precursof67]), different metal precursorf®0, 91] catalyst preareatment
conditions (sintering at various temperatures in a streanydrbben[79]), different

catalyst support materials etc.
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2.6.2Promoters for FischerTrospch catalysts

The FischefTropschsynthesis is a non selective reaction and therefore results in a
large variety of product§rom methane to waxe$43, 92] Attempts to improve the
product distribution as well as to increase the CO hydrogenation activity have been
made[2]. Ore way of achieving this is by modifying the supported metal through the
addition of promotersPromoters are aubject of great interest in catalyst research
due to their remarkable influea on the activity, selectivitgnd stability of industrial
catalyds [93]. A promoter is regarded as a component of the catalyst that does not

take part in the reaction, but changes the catalytic properties of the cga &3]

Typical Febased catalysts contain varying amounts of structural and chemical
promoters known to increase the overall FTS activity or to facilitate the reduction of
iron oxide to metalligron during hydrogen activatidii8, 94}

The main function of structural promoteesd.SiO, [22, 95] TiO- [22, 85, 91] CeQ

[91]) is to influence the metal dispersion by governing the rsefaport interaction

[96] whereas electronic promoters.g. K [97], Na, [78, 98] Cu [8], Ru [64]) are
known to affect the local electronic structureamfactive metal mostly by adding or
withdrawing electron density near the Fermi level in the valence band of the metal
[99, 100]

It has been shown that promoting Fe catalysts with group 1 atieadils has a strong
influence on the product selectivity, and that other promoters have a lesser influence
[8]. The basicity of the alkali metals is one of the reasons for the significant influence
of these metals orh¢ catalyst performance during FTS; it has been shown that, for
equivalent amounts of alkali present the basicity of the reduced catalysts increased in
the order Li < Na < K< Rb[101] and Anderson31] demonstrated that the
effectiveness of the alkali promoter decreases in the order Rb > K >LINg} The

more basic the alkali metal, the more readily it can donate its electrons to the metal

(Fe) and facilitate CO chemisorpti, since CO tends to accept electrons from iron
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[102]. The electrons donated to Fe from the alkali metal weaken the strength of the
Fe-H bond. Akali metals strendten the F&C bond and weakethe FeH [94, 99,

103]. Alkali promoted Fe catalysts suppress the formation methane and the amount of
methane produced during FTS decreases as the surface basicity inNGi@abes]

Modification of FT catalysts by potassium has been investigated for many[y@ars
Results showed that potassium can improve FTS actj8ityl03105], decrease
activity [8, 103] and in some cases the activity appears to reach a maximum with
increasing potassium loading then decrease with further addition of potag8jum
104]. NgantsoueHoc et al.[78] studied the impact of the group 1 alkaletals upon

the activity and selectivity of a precipitated irsitica catalyst and they reported that
the relative impact of the alkali metal depends upon the conversion level with
potassium being the promoter thaas the highest impact on tlactivity at all
conversion levelsTheir results also showed that Na and K exhibit much higher WGS
rates than the other alkali promoteshd unpromotedatalysts. A similar study by An

et al. [98] compared the effect of K or Na prmoted FeCu/Si@ catalyst and found

that the addition o& K or Na can improve the catalytic activity during FTS and shift
the product distribudn to heavy hydrocarbons tbfferent exters These two studies
show similar trends as far as Na and K are eomed.Moreover it has been shown
that sodium fays a positive role as an alkali promoter for Fiseheypsch synthesis
[101, 106, 107]The focus of the earlier studiess onprecipitated or cgrecipitated

Fe catalysts[77, 78, 108] More recently,Bahome et al. [109] investigated the
promotion of cabon nanotubesupported iron catalysts by potassium and/or Cu.
FischerTropsch synthesis (conditions: 8 bar, 225 CO/H ratio of 1:2) resuls
revealed that the potassium promoted catalyst was very active for the water gas shift
reaction (higher yields a0,), less selective to methane and produced more olefins
compared to the unpromoted catalysts. On the other hand, the addition of copper
enhanced the reducibility and the catalytic activity of the Fe catalyst but did not have
any effect on the product Isetivity. Alkali promoters have been shown to be very

important but data to document their relative influence during FTS synthesis are not
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abundant[78]. There is hence aeed to further explore the influencd alkali

promoters on carbon nanotube supported Fe catalysts.

2.6.3 Catalyst supports

The chemical composition of a catalyst is one of the parameters which determine its
activity [110]. Other factors such as a higurface area and appropriate physical
properties can also be importdhi0]. Industrial catalysts are often made of metal or
metal compounds supported on a suitable support. The interest in supports originates
from the realization that transition metlpport interfaces influence catalytic activity

and generate better catalysts than unsupported transition fhéthl412] Supported

catalysts are usi preferred in industry for the following reasofid 3]:

e Costs- the active phase of a suppatteatalyst is often an expensive
metal. The metal usually represents only a small fraction of the total
catalyst mass sce it is dispersed on the support in order to achieve a
higher activity per unit mass of metal.

e Activity - the high activity leads to fast reaction rates, short reaction times
and maximum throughput.

e Selectivity - faciltates maximum yieldof the desired products
elimination of side products and lowering of purification costs; it is the
most important parameter in catalyst design.

e Regenerability helps to keep process costs low.

The main function of the catalyst support is to increase the surfacefdieaaxtive

component by providing a surface for the dispersion of the active metals, stabilization

of the active metal against loss of surface area through sintering during reaction, to
maintain the catalystéds mec Bsoonheattansfest r engt

in a diffusionlimited or an exothermiaeaction[113-115] It also increases the
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resistance o catalyst to poisonin¢l16]. Apart from the physical effects mentioned
above, there are chemical interactions between the active phase and the support that
can significantly affecthe catalytic performancerlhis includesthe choice of the
appropriate catalyst supgdor a particular active metal since the support is not just a
carrier[111, 113, 116]For exampleReuel andBartholomew{117] studied the effect

of the support (titania, alumina, silica, carbon and magnesia) on the CO
hydrogenation properties of Co catalysts. Their results showedhenatctivity and
selectivity of Co catalysts was support dependénis also crucial to ptimize the

support and metal interaction strength, so that it is strong enough to obtain a good

dispersion but not so strong as to inhibit low temperature red &t

There are many commercially available ¢ggasupports including: activated carbon,
Al,O3, TiO2, SIO;, CeQ, MgO [72, 91, 119122] and more recely, carbon
nanostructures (CNTs, CNFs, C38®, 117, 123125] Traditionally, A}Os, TiO;

and SiQ were the most widely used supps for FT catalysts because they have a
high surface area and favour the preparation of well dispersed metal ca@lysts
However, the major drawback of these oxidic supports is that they form a-strong
metal supprt interaction and often lead to the formation of mixed compounds. These
mixed compounds are only reducible at very high temperatures, leading to catalyst
materials with a limited number of accessible surface metal [5it&&8] One of the
proposed solutions to overcome this problem is to use a weakly interacting support
such as a carbon matera3, 124, 126]

Carbon materials as catalyst supports

Carbonis a versatile, fascinating element and it is very abun@]. There is a
large difference in chemical bonding within the layers and between them in the
layer ed st r uct ur ebondsfcongectiageeich tatbon atdrh with ifs three

neighbours within the layers are created b Isybridization; they are very strong
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chemical bonds. The remaining fourth, delocalized electron in graphite is responsible
fort h e v e r-bondwactingbetween laydi?7]. The two features which make
carbon quite unique amdata carbon atom can bond with another carbon atom by
using a range of orbitgl and can also bond with amy other element$l28].
Diamond, gaphite and amorphous carbon déne weltknown allotropes of carbon.
However, other structures of carbon are now known (fullerenes, carbon nanotubes,
carbon spheres, carbon #sretc.) that emanate from the unique ability of carbon to
achieve various combinations of sp? md sp electronic configurations. Different
types of carbons possess digti physical forms and properti€gigure 2.8)and they

are widely used in a rangd industrial applications such assadption and catalytic

processes.

carbon atoms

van der waals
bonds

covalent bonds

Fullerene

nanotube

Onion

nanofiber

Carbon spheres/balls

Figure 2.8: Carbon allotropefL28].
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A large variety of carbon materials such as granular and powdered activated carbons
and carbon blackhave been used as catalyst supd@f8]. Recently, there has been

an increasing interest in related carbon materials such as carbon fibers, spheres,
nanotubes and nanofibers and a comprehensive revibhsped by Sergl124]

discusses the use of some of these materials as catalysts and catalyst supports.

Although carbon materials cannot be used as a support in hydrogenation reactions at
temperatures greater than 480(because they will gasify to form methane) or in the
presence of oxygen at temperatures greater thatC2@fecause they will gasify to

form carbon dioxide), they possess some valuable characteristics that are not
attainable with other supporfd16]. These unique characteristics/virtues Hr£6,

124]:

o The carbon surface is resistant to both acidic and basic media.
o The structure is stab& high temperatures.
o The pore structure can be tailored to obtain the pore size distribution

needed for a given application.

o The chemical properties of the surface can be modified to control polarity
and hydrophobicity.

. The active phase can be recoverssily from spent catalysts by a
controlled combustion of the carbon support (very important when the
active phase is a precious metal).

o Carbon supports are usually cheaper than other conventional catalyst
supports.

These properties of carbon can be eiptb in various catalytic reactions such as
hydrogenatiorf130-132], oxidation[133, 134]and FischefTropsch[135] reactions.

Some early studies reported on the use of activated carbons as a catalyst support but
the reproducibility as well as the microporosity of activated carbon has often
hampered catalyst delepment (activated carbon is a support with chemical

properties that are difficult to contrdl36]. As a result of this, more recent studies
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have analyzed the possibilities of using other carbon materials, sucanafibers,
nanotubes and nanospheres. Our discussion is limited to carbon nanotubes since it is

the support material that was used to conduct our investigations.

Carbon nanotubes

Elemental carbon with $phybridization can form a variety of amazingustures,

such as graphite (3D), graphene (2D), carbon nanotubes (CNTs, 1D) and fullerene
(OD) [137]. Carbon nanotubes are composed entirely of cadaomon bonds with

the carbon havingp* bonds, similar to graphiteThis bonding structure provides

nanotubes with their unique strength and flexibility.

Carbon nanotubes are divided into two major classes: sivagjled carbon nanotubes
(SWCNTSs), and multiwalled carbon nanotubes (MWCNT[I®8]. A single walled
carbon nanotube is a sheet of graphite that is one atom thick and is rolled up into a
seamless cylinder. A double walled carbon nanotube is formed when an additional
sheet of graphite exists around the central SWCNT. A GNV is made of a
multiple-shell structure of cylindrical tubes arranged coaxially along the tube axis
[138]. The separation between the neighboring tubes is about 0.34.37n138]
(Figure 2.9. These carbon materials are called nanotubes because they possess
diameters in the order of the nanometer range. They are usually a few microns to

several millimeters in length.
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Figure 2.9: Differenttypes of carbon nanotubfs39].

Carbon nanotubes are very useful in nanotechnology applications because of their
unique and novel properties (a4 @ddlngds mo
high aspect ratio of about 1000:1 and high tensile strength). The outstanding
properties of CNTs find potential applications in various fields including catalyst
supports, in hydrogen storage, lithmubatteries, biosensors, electronics, polymer
composites, energy storage, pharmaceuticals, biomedical applications, field emission

devices, fuel cell membranes and in water purificai@4, 142150].

Increasingly, carbon nanotubes are at the forefront of tpd s research
heterogeneous catalysis is among the potential applications of these fascinating
nanostructurefl24, 151] Apart from the properties already mentioned above, carbon
nanotubes @ also high in purity (which eliminates selbisoning), mechanical
strength, electrical conductivity, accessibility of the active phase and they have no
microporosity (thus eliminating diffusion and intraparticle mass transfer in the
reactions medium), ehpossibility of tuning the specific metalipport interactions

which is known to directly affect their catalytic activity and selectjviiyd the
possibility of confinement effects in their inner cav[}52]. In addtion carbon

nanotubes have a high flexibility for the dispersion of the active phase since 1t is
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possible to easily chemically functionalize their surfafis3], deposit the active
metal either on their external suréaor in their inner cavityl54, 155]and change

their chemical composition by doping (nitrogen or borMarious chemical reactions

have been successfulljonducted using carbon nanotubappated catalysts. For
instance Kang et al156] used Ru nanoparticles supported on CNT to catalyze the
conversion of syngas and the catalyst was found to be highly selective for the
formation of Gg-Cyo hydrocarbonsYin et al. [157] found that RWCNT catalystare

highly active for ammonia deenposition. A study by Bambagioni et 4158]
showed that carbon nanotubepported Pd or Pt nanopiales are effective catalysts

for the electreoxidation of methanolFe and Co catalysts supported on CNT have
been shown to be active and stable catalysts for the conversion of syngas to
hydrocarbon$109, 159]

Given all thesevirtues associated with CNTs, a focus of our research group is to
synthesize and manipulate carbon nanotubes for application as metal catalyst supports

for various reactions including the FischiEopsch synthesis.

Carbon nanotubes as supports for FT catalysts

The use of carbon nanotubes as a FT catalyst support dates back to 2002 when van
Steen and Prinslofy5] first used CNTs as a support for-based FT catalysts to
investicate the effect of catalyst preparation method and promoters on the catalyst
performance during FTS. Since then, a number of publications have appeared in the
literature on the use of CNTs as a support for Fe andd3ed Fischefropsch
catalysts[64, 109, 123, 155, 16M067] However, it is sometimes difficult to directly
compare the results reported in the literature. Different authors, although using carbon
nanotubes as catalyst support, have used carbon nanotubes frerandisources,

CNTs pretreated differently (purification and functionalisation), different catalyst
preparation methods, various metal loadings, different location of the active metal on

the CNT (ie. Inside the tube versus outside), the use of variousoper metals etc.
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In this thesis, an attempt will be made whenever possible to relate the data obtained to

the literature data.

2.7CNT synthesis methods

Several methods are currently being employed to synthesize carbon nanotubes. These
methods are: ardischarge[139, 168] laser ablatiorf169, 170] chemical vapor
deposition (CVD)[138, 172178] and more recently autoclave procesde®-182]

While all techniques used to produce CNTs have their own advantages in terms of
purity and cost, the CVD process is the method that is used most widely to produce
CNTs. High spac¢ime yields can onlppe achieved by CVD processgs33]. Table

2.3 gives a comparison of the methods commonly used to produce CNTSs in terms of

the spacdime yield, purity and amorphous content ofthe CNTSs.

Table 2.3 A comparison othe methods commonly used to produce CN'88]

Method Spacetime yield Amorphous carbon Carbon purity
Arc discharge low high high
Laser ablation low high high
CVD and CCVD high low medium- high?

4CCVD- Catalytic Chemical Vapour Deposition
PHigh purity carbon can be attained after purifica{ib®3]

In this thesis, no attempt is made to describe all the different methods used to prepare
CNTs. Interested readers are rederto the abowveited references. Because the CVD
method was used in this project to synthesize CNTs, a brief discussion of this

technique is given below.
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2.7.1 Che mical vapour deposition (CVD)

The chemical vapour deposition (CVD) method for the prddoctof carbon
nanotubes is a very promising method since it gives a large quantity, and good quality
single wall carbon nanotubes (SWCNTSs) or rawtill carbon nanotubes (MWCNTS)

at relatively low cosf175, 184186] By employing a specific catalyst material,
pyrolysis temperature and carbon sources it is possible to control the structural
characteristics of CNTs when the CVD method is y4&d].

The CVD synthesis of CNTs involves two main steps; the catalyst preparation in the
first step and the synthesis of the CNTs as the second step. The choice of the catalyst
ingredients and the catalyst preparation step is drsitiee it determines the quality,
quantity and properties of the resultant CNTs. The chemical vapour deposition
synthesis of CNTs is achieved by decomposing a carbon source such as methane,
acetylene, ethylene, carbon monoxide, benzene, short alcohatislaawe[128, 136,

187] over a supported transition metal catalg$thigh temperature. The reaction
temperature for the synthesis of nanotubes by CVD is generallynwhbi 600C-

90C°C range[128, 188] The transition metals most frequently used as catalysts are
Ni, Fe, Co, as well as alloys of these nanopartifl@9, 190] It has been observed

that mixtures of transition metals (alloys) are more efficient for CNT production than
one metal alon¢188]. These metals are usually loaded on support matehaisate

stable at high temperatur@onventional high surface areeatalyst supports such as
silica, alumina, titania and zeolites have successfully been used in the catalytic
production of CNTH187, 191200] but purification of the product has provente b
difficult due to the nature of these support materials. Support removal usually
requires several oxidation steps or very harsh acid treatment that results in damage to
the CNT graphitic structures and as a result, CNTs with lower thermal stability are
obtained.To overcomeheseproblems the use of readily removable support has been
investigated[174, 175,186, 201203] A detailed study by Magrez et 4l186]

showed that CaCfis an excellent support for CNT synthesis because of the good
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match between the calcium carbonate decomposition temperature and the nanotube
growth (700°C). The CQ originating from the carbonate reacts with acetylene to
produce carbon for the CNT production. After CNT synthesis, the residual CaO
support can be easily removed by a one step acid treafp@2nt204] Earlier studies

[185, 205, 206 evealed the order of calcium carbonate supported catalyst activity in
the CVD synthesis of CNTs is Keo/CaCQ >> Co/CaCQ > Fe/CaCQ. Because of

the high activity exhibited by the bimetallic f&0/CaCQ catalyst in the synthesis of
CNTs, this catalyst was used for the CNTs produced in this project.

2.7.2Carbon nanotube growth mechanism on supported catalysts

Many studies have reported on the growth mechanism of CNTs synthesized on
supported catalyst§188, 207217] Although, there is still some controversy
surrounding the growth mechanism, all studies agree that the mechanism can occur in
two waysdepending on the type of interaction existing between the metal and the
support. The metadupport interactions play a determining role in the carbon
nanotube growth mechanigii’3, 210] Weak interactions between the metal and the
support yield tipgrowth mode (confirmed by the presence of the metal particles at the
tips of carbon nanotubes) whereas strong interactions lead to a bagedrtit
mechanism (the metal particles remain attachedthe support). Both growth
mechanisms are shown kigure 2.10.Since both interactions can exist within the
same catalyst, it is believed that these mechanisms can occur simultarig&d8ly
Since there is aanalogy between CNTs and carbon filaments grown by CVD on a
supported cataly$88], it is proposed that the CNT growth mechanism is based on
the concepts of vapodiquid-solid (VLS) theory developed by Wagner aBdlis

[209]. In brief, the hydrocarbon molecule dissociates into molecular hydrogen and
carbon atoms on the frametal surface. The carbon dissolves in and diffuses through
the bulk of metal Diffusion through theupport cannot be excluded. Finally
precipitation of the graphite on the other side of the metal particle Jai#221]
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Figure 2.10. Posshble carbon nanotube growth mechanjd28, 188]

2.7.3Purification of carbon nanotubes

Regardless of the method used to produce CNTSs, there is always a significant amount
of impurity presenin the final produc{222] and the nature of this impurity depends

on the synthesis method, type of catalyst, catalyst support and carbon source
employed. The impurities usually present are: graphitic debesidual catalyst
particles and support materials. Since these impurities often influence the desired
properties of the CNTSs, purification is an essential issue to be add{&33édin an

effort to obtain CNTs witlihe desired purity, a number of purification methods have
been developed. These include: chemical oxidation (gas phase oxidation, liquid phase
oxidation and electrochemical oxidation), physical separation (filtration,
centrifugation, high temperature amtiag) and combinations of chemical and
physical technique$l37]. The choice of the purification technique employed is
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largely driven by the intended use of the materials as some purification methods
might add secondg impurities to the CNT (for example purifying the CNTs with
HNO3 + H,SQ; would certainly dissolve the residual metal and support but sulphur,
which is known as a poison for FT catalysts might be left behind). Discussion here is
limited to the chemical duid-phase oxidation of CNTs and interested readers are
referred to a comprehensive review on other purification procedures by Hou et al.
[137].

The commonly used oxidants for the liquid phase oxidation include: H[9£8-

226], HoO, or a mixture of HO, and HCI[227-229], a mixture 0fH,SOs, HNOs,
KMnO,4 and NaOH[176, 230232], and KMnQ, [231, 233] The disadvantages of
these mdtods are that they often open the ends of CNTs, cut CNTs, and damage the
surface structure of the CNTs. During acid treatment (surface oxidation), a wide
range of oxygen containing groups are formed which can be acidic or basic in nature
The amount of oxgen surface groups present depends on the oxidizing ageht use

its concentration and the treatment tif226].

2.7.4 Functionalisation of carbon nanotubes

Carbon nanotubes are hydrophobic and inert inregR34] and to employ them as
catalyst supports, it is important to be able to modify their surface. For example, the
introduction of oxygeftontaining surface groups via acid treatment of the carbon
nanotubes rendetbie tubes less hydrophobic, decreases the pH of the point of zero
charge and improves their wetting propertj@85, 236] These effects are very
important in catalyst preparation besauthe dispersion of an active metal phase
increases with an increasing amount of surface oxygen grfdgs 238] The
presence of carboxy groups on a CNT surface gives rise to catioangechkites

[236] which can act as anchor sites for metal partickegure 2.11presents the
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different oxygercontaining functionalities that can be present on the surface of

carbon materials after acid treatm§zg8].

O
e

Figure 2.11: Different oxygencontaining surface groups on carbon. a) carboxyl
groups, bxarboxylic anhydride groups, c) lactone groups, d) phenol
groups, e) carbonyl groups,giinone groups, g) xanthene oher

groups[238].

Detailed knowledge of the nature and amount of oxygen functional groups on CNT
surfaces is of great interest, especially when using a CNT as a catalyst §2@4prt

A critical survey of the methods most frequently used for the determination of
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surfaceoxygen groups and the use of nitric acid treatment to oxidize carbon surfaces
has been given by Boeh[d39]. Although theprecise nature of the carbaxygen
structures is not well established, results from many studies demonstrate that several
types of surface oxygegroups can be identified and quantified using titration
methods[236, 239] FTIR spectroscopy and thermogravimetmass spectroscopy
(TG-MS) [136, 238] [240], temperature programmed desorpti@41] and high
resolution XPg234, 241, 242]

2.8 Nitrogen doping of CNTs

CNTs are chemically inert in nature and functionalieatior surface modification is
crucial to make them chemically actijé43]. Doping the CNT with nitrogen
provides an alternative to surface oxidation. It is a wafychemically modifying the
surface of CNTsThe presetce of embedded N gives rise to a CNT with unique bulk
and surface propertig244]. Properties such as pH, catalytic activity, conductivity
and nanostructure can be affected due to the doping of cE24®]n

Carbon nanomaterials doped with nitrogen can be used as chemical and biological
sensorq246, 247] lithium storage materialR48], catalyst supportf249-251] etc.

The use ofnitrogendoped cebon as catalyst support &xpected to improve the
durability of the esultant catalysts owing tnhane d ~  b[26B, @53]Jargl the
enhanced surfaceasic property due to the strong electron donor behaviour of
nitrogen[254-256]

Nitrogen can be introduced into the carbon matrix by treatment with nitrogen
containing reagents such as ammonia, acetonitrile, urea, HCN, etc. The type of
nitrogen functional groups present on the carbon surface depend on the riteatme
applied (nitrogen source, chemical activity of the carbon surface and the
temperature).

Methods to synthesize-Noped CNTs can be grouped into two categd@6g]:
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1. Doping directly during the synthesis of the cantmanotubes (isitu doping).
2. Posttreatment of presynthesized carbon nanotube materials with nitrogen
containing precursor (N NHg, acetonitrile etc.). This method is called post

doping.

The insitu doping method is often used in the synthesis edoped carbon
nanotubes (NCNTs) and Ndoped carbon nanofibers {QINFs) [245]. However,
postdoping can also be employed to synthesiz€NTs and NCNFs. The post
doping reaction is carried out in a nitrogen containingogphere N|Hsz, acetonitrile
etc) at high temperatures (6DC°C) [258-260]

N-doped carbon materials are hydrophilic due to the presence of basic nitrogen
containing grops such as amines on the CNP59]. They possess sites that are
chemically active and allow for anchoring of metal precursors onto the carbon
surface It has been reported that-GINTs exhibit enhanced electrocatayactivity
toward oxygen reductiof258]. Pt has been gported on NCNTs for use in proton
exchange membrane fuel cell (PEMR€&lgctrodes and this catalyst showed superior
fuel cell performance and high stabilitwey commercial fuel cell electrod¢250,

251] The use of nitrogedoped carbon nanomaterials as a support for FT catalysts
has not yet been extensively explored. Xiong et al. demonstrated tlmabas€d FT
catalyst supported on nitrogeioped carbon spheres{BISs) can be autoreduced to
produce a stable Co/€S. In Chapter 8, we explore the use 6CNITs as supports

for Febased FTS catalysts.

2.9 Synthesis of Fischeflrospch catalysts

Catdyst preparation has a strong influence on the catalytic performance of FT

catalysts[63]. For example van Steen and Prins|@d] prepared carbon nanotube
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supported iron catagys by incipient wetnesss impregnation, deposipicatipitation

with KoCO3; and depostiofprecipitation with urea as the precipitating agent. The
results showed that, although the three catalysts showed similar metal dispersions
after the reduction stegheir catalytic activities in the Fischdropsch synthesis
differed significantly, with the catalyst prepared by wetness impregnation being the
most active. However, the selectivity was found to be independent of the preparation

method.

Several steps afiavolved in the preparation of the FT catalysts and these include: the
selection of the appropriate catalyst support, choice of the method of deposition of the
active phase on the support, choice of the appropriate promoter ategiraent
conditions. The goal in catalyst preparation is to achieve a homogenous, well

dispersed active metal catalyst that is stable.

Several methods exist for the preparation of supported FT catalysts and these include:
incipient wetness impregnatiof@5, 109, 189] depositiorprecipitation[75, 109,

261], reverse micelle impregnatigq@02], sotgel procedure$262], preparation of
eggshell structurel263], monolithic catalyst preparatiga64], use of microemulsion

[265], as well as chemical vapor deposit[@66] and plasma method267].

The incipient wetness impredi@n and depositioiprecipitation methods are the only

two methods that were used in this project and as a result only these methods are

discussed further.

2.9.1Incipient wetness impregnation method

In the chemical industry, impregnation is usually esypt for practical and
economical reasong68]. The method is relatively simple; catalyst preparation is

rapid and high metal loadings can be achig268]. However, adisadvantage of this
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method is that sometimes the active metal is nhonuniformly deposited inside the pores
of the catalyst support.

Briefly, in this method, the precursor salt is dissolved in a volume of solvent equal to
the catalyst pore volume, and thisigion is added dropwise to tlseipport (Figure

2.12). Addition of the solution continues until the pores of the support are filled
[268]. Afterward, the catalyst is dried and calcined. The precise amount attike

metal is present in the carrier/ support when this method is used. Large metal catalyst
particles are obtained when the concentration of the metal salt is high. Small metal
particles are obtained if a diluted solution of the metal salt is [2&4]. Incipient
wetness impregnation is the most common method used to preparesugipatted
catalysts[63]. Tavasoli et al[163] used this technique to prepare supported mono

and bimetallic Co and Fe catalysts on carbon nanotubes.

A‘ Impregnating solution

Catalytic support

Rotation of recipient

Figure 2.12 Schematic representation of experimental set up for incipient wetness

impregnation methogb3].
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2.9.2Depositionprecipitation method

This method is based on the use of precipitation combined with deposition from a
liguid medium[270]. The method combines all the advantages of the precipitation
method réated to size control and size distribution of precipitated particles but
reduces the risk of the formation of bulk mixed compounds of the support and active
phas€271, 272] A most importanteature of this method of catalyst preparation is to

prevent precipitation far from the support surf§Z&0].

The depositiofprecipitation method, using urea as the precipitating 868t 273]

makes it possible to avoid local pH rises and metal hydroxide precipitation in the bulk
solution. A solution of the precursor salt and urea is added to the support and under
slow heating, the OHons pecipitate slowly throughout the bulk solution due to the

hydrolysis of urea that occurs at°@n

CO(NH,),; + 3H0 > 2NH;" + CQ + 20H

After precipitation, the precurs@upport is generally washed to remove undesirable,
soluble ions, driedand finally pretreated to decompose the catalyst precursor. This
method has been used, for example by Bahome ¢41109]and van Steen and
Prinsloo[75] to prepare high loadings (10 wt.%), of wdispersed metal particles on

supports with narrow size distributions suitable for Fischepsch synthesis.

2.10Catalyst deactivation

Catalyst deactivation is the decrease of catalyst activity with. tCatalysts have a
limited lifetime with some losing their activity after a short period, while others can
last for more than ten yeal&74]. The decline or loss of activity by a catalyst during

a reaction can bihe result of various physical and chemical factors su§as:
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e Blocking ofthe catalytically active sites;
e Loss of catalytically active sites due to chemical, thermal or mechanical

processes.
Great efforts areisually made to avoid catalyst deactivation in industrial processes.
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Chapter Three

Equipment Description

This chapter is devoted to the desdoptof the experimental apparatus that was used

in this work. For the synthesis of multiwalled carbon nanotubes, a horizontal
chemical vapor deposition (CVD) reactor was used; the catalyst synthesis did not
require any equipment apart rom glassware amdllfi the catalytic performance of

the prepared catalysts were tested in a FisGhgwsch (FT) single micro reactor

system.

3.1 The horizontal CVD reactor

The horizontal CVD reactor equipment shown in Figure 3.1 was made in the School
of Chemistry, Uniersity of the Witwatersranfll-3]. This equipment, similar to the

CVD reactor used by other researcHdr$], consists of the following:
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U A tubular reactor, 510 mm long and 19 mm internal diameter, made of quartz
glass in order to withstand high temperatures up to 200

U A furnace (Lindberg Model LHTF 342C) that provided controllable heating
with the maximum temperature located at the centre of the furnace (reaction
zone).

U A quartz boat (120 mm long and 15 mm wide) used for introducing the
catalyst into the reactor.

U A mass flow controller to control the flowrate of gases inside the reactor.

0 A thermocouple placed inside the furnace and connected to a temperature
controller in order to control the heating rate and the reaction temperature
accurately.

ff Reactor inlet

to atmosphere

Temperature
controller box

Figure 3.1: The horizontal CVD set up for the synthesis of carbon nanotubes
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The quartz reactor inlet is connected to the gas sources (acetylene and nitrogen) via
the mass flow controller and the outlet is connected to the exhaust pipe. The
thermocouple is placed in such a way that the tip reaches the reaction zone i.e. zone
of maximun temperature and where the quartz boat is placed. All reactions were

carried out at atmospheric pressure.

3.2 The FischerTropsch single micro reactor system

The FischefTropsch synthesis can be defined as the catalytic conversion of syngas, a
mixture d carbon monoxide and hydrogen, into hydrocarbons of various chain
lengths. Various reactors have been used for the catalytic testing of the Fischer
Tropsch reaction such as: the constantly stirred basket rd@gtone slurry reactor

[7] and the fixeebed reactor[8, 9]. Each reactor has its advantages and
disadvantages. In this study a single feleetl micro reaor system was used for the
catalytic conversion of syngas. The FT reactor system consists of three major parts:
the fixedbed micro reactor, the knock out pots and the gas chromatographs. Figure
3.2 shows the schematic representation of the FT single figddeactor system. The
whole system (reactor, knock out pots and connecting lines), apart from the gas
chromatographs, was made of stainless steel and mounted on a stainless steel frame.

Stainless steel was the material of construction of choice beg&use

0 Its ability to withstand the high operating temperature (8 bar in this case)
U Its resistance to corrosion
U Its strength

U Its availability and low cost compared to other strong alloys.
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H,

H, /CO

._.
2
—
-1
—
0

12 X13

Figure 3.2 Schematic diagram of the FischBEopsch singleiked-bed micro reactor

system set up (not to scale)

Pl = Pressure indicator; Tl = Temperature indicator; FI = Flow indicator.

1: Hydrogen cylinder2: Syngas cylinder with H: CO ratio of 2; 3 and 4: control
valves; 5, 6, 7, 12 and 13: Shut off valves;T&mperature measuring device; 9:
Fixed-bed micro reactor with heating jacket; 10: Wax trap (jacketed, maintained at
150°C); 11: Liquid trap (maintained at room temperature); 14: Needle valve; 15 and
16: Solenoid valves; 17: GC with FID detector; 18: GEhwCD detector;

In the reactor set up presented above, the gas cylinders are connected to bedixed
reactor using 1/866 stainless steel tubin
reactor to the first knock out pot maintained at®S@r wax colection, then to the

second knock out pot at room temperature for liquid (oil + water) collection. The
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1/ 8606 tubing was used to convey the vapour
analysis. This line was maintained at 4600 avoid vapour condertgan and line

blockage. All the fittings, nuts and-fieces used in connecting the different parts

were Swagelock. The shaff valves were SS Valco valves with viton seals and the

needle valves were Whitey valves. The pressure gauges were purchasétliianm

The temperature inside the fixéed reactor was measured with a thermocouple

(with the tip just above the catalyst bed). Figure 3.3 shows a photograph of the set up

presented above.

0P
VA

Figure 3.3: Photograph of the FT single micro reactor syste nuset

The operating pressure for all the runs done using the reactor described above was
maintained at 8 bar, using the pressure regulator on the gas cylinder. The needle valve
was used to control the gas flowrate in the reactor and-fressurize the ot gas
stream before it reached the GCs for analysis. A pressure indicator was used to check
the total pressure in the reactor. Two solenoid valves, mounted after the needle valve
automatically directed the reactor outlet gas to the GCs for analysistedyteto the

atmosphere. A new sample was analyzed every two hours.
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3.2.1 The Fixedbed micro reactor

The micro reactor is the heart of the Fiscespsch reactor system. It is where the
FischerTropsch reactions take place. The micro reactor usddsistudy is a simple,
stainless steel, tubular fixdeed reactor with total height of 251 mm; internal
diameter of 16 mm, and a thickness of 4.5 mm, with the catalyst bed situated at 88
mm from the bottom of the reactor tube. Steel balls (1mm) were igéd reactor in

order to maintain constant temperature. The reactor tube is placed into a heating
jacket surrounded with fiberglass insulation in order to achieve a uniform wall
temperature along the length of the reactor. Electrical heating was prawidéd

jacket by a heating element with a 700 Watt rating. The syngas entered the system
through the top of the reactor (8 bar) and products together with unreacted gases
exited at the bottom. A schematic representation of the reactor body is shown in
Figure 3.4.
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75mm
Thermocoug —f—
’_‘ — -4........4.....,-..-4...“
Thermavell >
1 mm steeballs 176mm
Catayst bed S NS
16 mm
’ > 88 mm
25 mrr\
N A A \
Reador exit ——>| |

Figure 3.4: Schematic diagram of the fixdaed micro reactor

A photograph of the assembled fixedd micrereactor is shown in Figure 3.5 below.

The reactor body, the thermocouple and the pressure gaugkadn be seen.

12



Chapter 3: Equipment Description

Pressure gauge

Thermocouple

Figure 3.5: Photograph of the assembled fixieeld micro reactor

3.2.2 Sampling and composition analysis

Liquid and wax samples, collected from the knock out pots, were analyzed using an
offline GC equipped with an FID detectondaa ZB1 capillary column which was

able to separate hydrocarbons from. G/apour samples were sent directly to the
GCs via a heated (180) gas line. Two €ort external volume sample injector
valves (VICI Valco Instruments Co. Inc.) were used in cociiom with solenoid
valves for this purpose. Figure 3.6 below shows the connections of the valves and the

stages in the sampling process.

Two online gas chromatographs (TCD an FID), controlled by their respective timers

and connected to an amplifiers, wemnsed to obtain the accurate composition of the
vapour samples. The TCD gas chromatograph
stainless steel carboxenllSpacked column for the analysis op,H\2, CO and CQ

Ultra high purity argon gas was used asdagier gas in this gas chromatograph. A 2
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m long poropakQ (PPQ) column was used in the FID gas chromatograph to separate
hydrocarbons from Cto Cg and ultra highpurity nitrogen gas was used as the carrier

gas. The calibration procedure used for the @sesented in Chapter 4.

Sample Sample
/Ve nt /Ve nt
Sample
Loop
Columne«— Columne—

1 1

Carrier gas Carrier gas

A B

Figure 3.6: A schematic diagram of the was viewed fromthe preload end (VICI

Valco Instruments Co. Inc. Technical Note 203)

With the valve in position A, sample flows through the external loop while the icarrie
gas flows directly through to the GC column. When the valve is switched to position
B, the sample contained in the sample loop and valve is displaced by the mobile

phase and is carried into the column for separation and finally detection.
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Experimental Procedure

The FischefTropsch synthesis is a very complex reaction because of the large
number of products that are formed (from methane to heavy waxes). Although a large
number of literature ports are available on the Fiscifigopsch synthesis, there is

still insufficient information available to predict the product spectrum under various
operating condition§l]. In an attempt to narrow theqatuct spectrum and produce
mainly the desired products, researchers are constantly designing new catalyst
systems since the catalyst is the key element in the reaction. FBopsich catalysts

(Fe or Co) are generally supported on appropriate mateniadsdier to reduce the
catalyst cost, to provide a surface for better metal dispersion and to reduce metal
sintering under the reaction conditions. In this study, carbon nanotubes were used as
catalyst supports and the resulting catalyst system was testdwir performance in

the FischeiTropsch synthesis (FTS).
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This chapter describes in detail the method used for the synthesis of carbon nanotubes
and their characterization, the procedure used for loading the active metals on the
carbon nanotubes (cayat preparation), the reactor agi followed by catalyst
testing in the Fischetropsch synthesis.

4.1 Materials and chemicals used

A variety of chemicals and gases were used for the synthesis and characterization of
the catalysts as well as for thealgst evaluation.

4.1.1 Chemicals

All the chemicals (solid or liquid) used were purchased from Sigideich or Merck
chemicals and were used without further purification. The water used was distilled or

deionised water generated in the School of Cheynist

4.1.2 Gases

All the gases used in this study were supplied by African Oxygen (AFROX). Each
gas cylinder purchased was accompanied by a certificate indicating the purity of the
gas mixture, the gas composition as well as the expiry date of the gagecyllThe
synthesis gas (syngas) used in the reactor experimental runs was a premixed gas with
composition (10% B 30% CO and 60% 4H purity: 99.99%). This syngas

composiion was used for all the fixebed reactor experiments.
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4.2 Carbon nanotubes, agpport for the Fischer-Tropsch catalysts

Multiwalled carbon nanotubes were produced by a chemical vapour deposition
method (CVD). The CVD method requires a carbon source and a catalyst. In this
study, carbon nanotubes were made by the decompositiontyleaee (GH2, Afrox

South Africa) over a 10%FE0/CaCQ catalyst prepared as described below.

4.2.1 Preparation of 10%FeCo/CaCQO; catalyst

A 10%FeCo/CaCQ catalyst with 5 wt% Fe and 5 wi% Co metal loading was
synthesized by the wet impregnation techriq[2-4]. In this technique,
Fe(NG;):A 9,8, Co(NQ)A 6,8 and CaC@( Sigma Aldrich) were used to prepare

the catalyst. A calculated amount of the Fe and Co nitrates mvexed and dissolved

in distilled water to make a 0.3 M K&o (5050 w/w) precursor solution. This
solution was added dropwise to the CaGOpport and the wetted slurry was left for

30 min while stirring. The metaupport mixture was then filtered andetproduct

was first left to stand in air for 2 h at room temperature and then dried in an oven at
120°C for 12 h. The product was removed from the oven and left to cool to room
temperature. It was ground and screened through a 150 pm sieve. The catalyst
powder obtained was then calcined at 4D@or 16 h in a static air oven in order to

decompose the nitrates.

4.2.2 Synthesis of multiwalled carbon nanotubes

The equipment used for the synthesis of carbon néestis described in detail in
Chapter 3. Theoptimization and effect of various production parameters in this
equipment have been descriddfl In the synthesis of multiwalled carbon nanotubes

(MWCNTS), the catalyst (1g) was spread uniformly in a quartz @dd@ mm x 15

78



Chapter 4: Experimental Procedure

mm), which was inserted in the centre of a tubular fiked quartz tube reactor
(Length: 510 mm, ID: 19 mm). The reactor, mounted horizontally in an electrical
tube furnace, was then heated from room temperature RC7&0160C/min while N»

was flowing over the catalyst at 40 mL/min. When the temperature reachd, 700
the N; flowrate was changed to 240 mL/min and acetylené},Qvas introduced at a
flowrate of 90 mL/min. The reaction was allowed to take place for 60 min, thereafter,
the GH, flow was stopped and the furnace was left to cool down to room
temperature under the;N4O mL/min). The boat was then removed from the reactor
and approximately 3.5 g of black soot was collected. The morphologies and

microstructures of the product wetteen evaluated using TEM and SEM.

4.2.3 Carbon nanotubes purification/functionalisation

The asprepared CNTs were stirred in 30%HRjOr 55%HNQ at room temperature

for 2 h or refluxed in 30%HN®or 55%HNGQ for 2 or 6 h (2 g of raw material was
added to200 ml of acid). At the end of the acid treatment, each mixture was diluted
with distilled water followed by filtering and washing with distilled water until the
pH of the filtrate was ~7. The obtained product was dried in an oven 8€120
overnight.

4.2 4 Synthesis of nitrogerdoped multiwalled carbon nanotubes

Nitrogerrdoped carbon nanotubes were obtained by-peatment of CNTs in a
nitrogen containing atmosphere (known as pdsping). The setp used for post
doping is similar to the one used fihte synthesis of carbon nanotubes with a slight
modification to allow for the introduction of the nitrogen source. In this experiment,
CNTs were initially synthesized as described above, stirred in mild acid (30%)HNO

for 2h at room temperature in orderremove residual metal catalyst as well as CaO.
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The slurry was then filtered and washed with distilled water and dried &C120
overnight. The CNTs obtained were spread in a boat and placed in the reactor and
then put in the horizontal furnace. A bubbleontaining acetonitrile was placed
before the reactor inlet. Argon was used as a carrier gas and was bubbled through
acetonitrile at 78 and the vapour was carried through the reaction zone. The
experiment was carried out at different temperatures®@0050C, 800C, 850C

and 906C), constant reaction time (2 h) and constant flowrate (100 mL/min).

4.3 Synthesis of catalysts supported on carbon nanotubes

The catalysts were prepared according to the incipient wetness impre gt
deposition precipitation method2]. All the catalysts used in this work had a 10%

metal loading unless stated otherwise.

4.3.1 DepositionrPrecipitation Method

A depositionprecipiation method (DPU) using urg@, 3, 6] was employed to
prepare catalysts supported on carbon nanotubes. For the preparation of the catalysts
with 10% Fe loading, an gpopriate amount of Fe precursor salts and urea (1.5 mol

of urea per mol of iron) were dissolved in deionised water to make a 0.3 M Fe
precursor solution and the solution was added dropwise to carbon nanotubes (2 Q)
initially suspended in deionised wat@0(mL) and heated to 80 in an oil bath. The
mixture was left to stir at this temperature for at least 2 h to allow for the
decomposition of the urea. Thereafter, the temperature was decreasetCtdo 70
allow a slow evaporation of the excess solvent. ddtalysts were further dried in an

oven at 100C overnight and heat treated for 150 min in nitrogen at an appropriate

temperature (determined by TGA) in order to decompose the precursor salts.
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4.3.2 Incipient wetness impregnation metho¢b]

The incipient wetness impregnation (IWI) method was used to make catalysts for
comparison purposes. In this method, the pore volume of the support materials (the
CNTs) had to be determined prior to catalyst preparatioa. tdtal pore volume of

the CNTs was determined by titrating the CN10Qlg) with deionised water and the
volume required to fill the pores to incipient wetness was determined by reading off
the burette. The required amount of deionised water was thentaushssolve the
desired amount of metal precursor salts and the solution was added dropwise to the
CNTs. The metal and support were then well mixed and after aging the mixture for
about 4 h in air at room temperature, it was placed in an oven 4 bd@night and

heat treated for 150 min in nitrogen at 260in order to decompose the precursor

salts.

4.3.3 Synthesis of promoted catalysts supported on carbon nanotubes

The same procedure as described in section 2.3.1 was followed. The only difference
being that a predetermined amount of the promoter salts (LN®aNG KNO3) was
also added to the precursor salt and dissolved in deionised water.

4.4 Characterization techniques

4.4.1 Transmission Electron Microscopy (TEM)

The morphology and structurd the asprepared and acitteated CNTs as well as
the catalysts were characterized by TEM. Sample specimens for TEM studies were
prepared by ultrasonic dispersion of the sample in methanol. The suspensions were

dropped onto a SRiarbon coated copper driTEM investigations were carried out
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using a FEI Tecnai Spirit Gransmission electron microscope operating at 120 kV.
The inner and outer diameter distributions of the CNTs and the particle size of the
active phase were obtained by using Image J soétwAbout 120 CNT diameters and

~150 metal particles were measured.

4.4.2 Zeta potential measure ments

Zeta potential measurements were used to quantify the electrical potential of the solid
particles[7]. Zeta potetmals of the asgrown and acid treated CNTs were measured
using a Malvern Zetasizer nano series. CNTs were dispersed in deionised water at
room temperature and the pH values of the suspension were adjusted from 2.0 to 12.0
by adding 0.1 M hydrochloric aciHCIl) or a 0.1 M sodium hydroxide (NaOH)
solution to the glass beaker containing the CNTs. By measuring the zeta potential as a
function of pH, the point of zero charge (the pH value at which the zeta potential is

zero, i.e. the CNTs surface is electrigaleutral) can be determined.

4.4.3 \p Physisorption (BET surface area)

The surface area and pore volume of th@msvn as well as the acideated CNTs

were determined by N physisorption using a Micromeritics TRISTAR 3000
analyzer. A sample of apprimxately 300 mg was degassed atA5@nd 250C for 4

h under a flow of N, and then the surface areas and pore volumes were determined

by the BrunaueEmmettTeller (BET) method as described by Idakiev e{&l

4.4.4 Thermogravimetric analysis (TGA)

The TGA analysis was done on a Perkin Elmer STA 4000 analyzer. About 5 to 10 mg

of sample was placed in a ceramic pan and
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temperature of the sample was increased from room tampe to 900C at
10°C/min under either an oxidative atmosphere (air, 20 mL/min) or an inert
atmosphere () 20 mL/min). The TGA profile obtained gave information on the
sample compositiofincluding % metal loading in the case of a catalydtermal
stability (under a specific atmosphere) and the purity. The derivative (DTG) curve
was used to identify the decomposition temperature maxima. The extent to which
oxygen was introduced during the purification step was also assessed from

thermogravimetry analys of the CNTs in an inert atmosp h¢9g.

The catalyst wt.% metal loading was also determined using TGA by simply burning
off the carbon support in an oxidative environment. The % loading was calculated
from themass of the ash that remained assuming that the ash was only made up of the
fully oxidized iron (FeOs3). The value obtained was corrected for the ash that

remained when the unsupported carbon support was oxidized.

4.4.5 Raman spectroscopy

A Ramanspectometer (Jobk¥von T64000 micreRaman spectrometer) equipped
with a liquid nitrogen cooled charge coupled device detector was employed to
evaluate the quality of CNTs produced. All the samples were measured after

excitation with a laser wavelength of 51fm.

4.4.6 Fourier Transform Infra -red (FTIR) Spectroscopy

The presence of oxygeatontaining surface groups on the CNTs was established by
recording FTIR spectra on a Bruker TENSOR 27 FTIR spectrometer in thé0000
cm?! wavenumber range, at a spedtresolution of 4 cfh using 64 scans per

spectrum.
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4.4.7 Temperature programmed reduction

Temperature programmed reduction (TPR) experiments were performed on a
Micromeritics AutoChemll Chemisorption analyser equipment to study the
reduction behaviounf the catalysts. 100 mg sample of the catalyst was loaded into a
U-shaped quartz tube reactor. The sample was first degassed in a flow of argon (20
mL/min) at 156C for 30 min to remove traces of water, and then cooled6.4the
sample was then reduteén 5%H/Ar (50 mL/min) as the temperature was increased
from 40C to 800C at a rate of 1 /min. A thermal conductivity detector (TCD)

was used to measure ; Hconsumption. The temperature and associated H

consumption was captured electronically to dive TPR profiles.

4.4.8 H, chemisorption and G titration

H, chemisorption and ©titration were performed on a Micromeritics ASAP 2010
instrument. A sample of ~ 200 mg of iron catalyst was placed in a U shaped sample
holder which was evacuated and tagalyst was degassed using pure helium (He) at
100°C for 1.5 h. Degassing was continued at °85@vith He and then catalyst
reduction was performed using pure hydrogen)(dt 356C for 14 h. After
reduction, the sample was evacuated with He at@2&r 1 h and then at 10C for

30 min. B chemisorption was done at 220 After H, chemisorption the sample was
flushed and then evacuated using He at®’COfor 30 min. Evacuation continued at
400°C for 30 min after which oxygen titration was done using a stre& pure
oxygen at 30€C.
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4.4.9 Ele mental analysis

The nitrogen content in the-BNTs was determined by elemental analysis using a
Carlo Erba NA1500 Nitrogen Carbon Sulfur analyZgsproximately 1.01.5 mg of

powder samplavas weighed into a tin focontainer and ignited at high temperature

(102 C) i n oxygen (on a chrome oxide cataly
gas and oxides of nitrogen (plus other oxides etc.). The gases produced pass through
silvered cobalt oxide (to remove oxides of S and halogens etc.) and a column of
c opp e C), Which reduces the oxides of nitrogen to nitrogen gas (and removes
excess free ¢). After removal of water vapour by a trap of anhydrous magnesium
perchlorate, the Ngas and CQare finally separated by gas chromatography using a
helium carrier gas anddetected by a thermal conductivity detectorhese
experiments were conducted at the Institute for Soil, Climate and Water based in
Pretoria, South Africa.

An attempt to use the Inductively Coupled PlasAtamic Emission Spectroscopy
(ICP-AES Analytical Instruments) for the determination of catalysis chemical

composition was not successful

4.5 FischerTropsch studies

The catalytic testing for all the prepared catalysts was performed in abiecedicro

reactor. The experimental sepp was describesh Chapter 3.

4.5.1 Gas Chromatograph (GC) calibration

Two online GCs (FID and TCD) were used to analyze the gaseous products exiting

the reactor during the FTS. Prior to analysis, it was critical to calibrate the GCs using

85



Chapter 4: Experimental Procedure

a calibration gas mixture amyngas in order to determine the GC response. In a GC,
the number of moles of a component;ipassing the detector is proportional to the
peak area, AThe calibration gas mixture employed had the following composition:
CH, (2.5%), GH4 (0.2%), GHs (0.5%), CO (10%), CQ(5%) and Ar (81.1%). The
syngas composition was»H60%), N> (10%) and CO (30%). Calibration of the GCs
was done at the start of every catalyst test run. Typical traces produced from the
calibration were recorded using Clarity (v. 2. DataApex Chromatograph software

package). These plots are illustrated in Figures 4.1, 4.2, &4.3 below.
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Figure 4.1: A trace for the calibration gas using the TCD GC and argon as a carrier

gas
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Table 4.1 Operating conditions of the GCs used in this work

Chapter 4: Experimental Procedure

Operating Conditions

Gas Chromatographs

TCD

FID

Gas Flowrate (ml/min)
Oven Temperature Profile

30

30

Initial Temperature®C)
Temperature RampP@/min)
Final Temperature’C)
Hold Time (min)

Detector Profile

Room temperature
10
200
40

Room temperature
10
200
40

Detector Type

TCD-Gow-Mac detector

FID-Phillips detector

Temperature (0C) 220 220
Attenuation 1 1
Range b b
Injector Profile

Temperature 100 100

4.5.2 Pressure testing/ leaketection and elimination

Precise measurement and control is only possible if the system is completely free of

leaks. Thus the first stage in the operation of the FT system was the identification and

successful elimination of all leaks. The determinatibthe presence of leaks in the

system was achieved by pressurizing the system followed by complete isolation of

the section to be checked using shbfftvalves. The pressure reading on the display
was then noted and the system was left at that conditroapfaroximately 12 hours.

Any leaks in the systa were manifested in a decreasgressure reading. As a way

of detecting the individual leak if any, points on the system suspected of having leaks

were sprayed with a small amount of soapy water andné there any leak, bubbles

would be seen. The identified leaks were then eliminated by tightening the nuts or

changing themcompletely. All leaks were therebgliminated by repeating the

foregoing procedure.
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4.5.3 Catalyst evaluation

The catalyst (0.5g) &s loaded into the reactor and a thermocouple was placed in a
removable stainless steel thermowell placed in the centre of the redttdine tip of

the thermocouple inside the catalyst b&te reactor was then filled up with 1 mm
diameter inert steeldils to ensure uniform heating inside the reactor. Prior to the start
of the reaction, the system was pressure tested as described in section 2.5.2 above.
When the system was judged to be leak tight, theitinreduction of the catalyst
commenced under stream of pure hydrogen (35C, 2 bar, 20 mL/min, ~20 h).

After reduction, the reactor temperature was decreased fiC2#%e pressure was
increased gradually to 8 bar and a flow of syngas was passed over the catalyst bed
with flowrate similar to hydroge flowrate of 20 mL/min. The flow was controlled
using a metering valve and measured with a bubble meter at atmospheric pressure.
The gaseous product stream was analysed online and an offline GC was used to
analyse the oil and wax. The standard FTS reactm for approximately 120 h, with
steady state reached after about 10 h. Catalytic activity, product selectivity and the
stability of the catalysts were evaluated during the reaction period of 180ider

to verify any poor heat exchange limitatiomrchg FTS runs, an experiment was
conducted where the mass of catalyst used was doubled (1 g) and the flowrate on

syngas doubled (40 mL/min).

4.5.4 Data analysis and calculations

The molar percentage of a componéhih the gas s calculated as:

A9,gas

,cal

[4.1]

cal

%0, :L Jx %0

Where:

%00,,.= molar percentage of compourtin the analyzed gas;
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Ay gas= integrated area of the GC peakresponding to the compourdin
the analyzed gas;

A, ., = integrated area of the GC peak corresponding to the comp@imd
the calibration gas mixture;

%6, = molar percentage of compouédn the calibration gas mixture.

For compounds whose calibration data could not be obtained directly from the
calibration mixture, calibration data of a reference compound and relative molar
response faotrs were used. Molar response factors for hydrocarbon products are

presented in Table 4]20, 11] The following expression was used:

A?,gas

,cal

< RF, , [4.2]

cal

%0, = ( ]x Yorx

Where:
%ocx,, = molar percentage of the reference compoanrid the calibration gas
mixture;
A, .a= integrated area of the GC peak corresponding to the reference
compounde« in the calibration gas mixture;

RF, = relative response factor of the compouftvith respect to the

reference compound.

For olefins, the reference used wasHE whereas @Hg was used as reference for
paraffins.

The mass composition of oil and wax analyzed using an offline GC was obtained
directly from GC peak area percentages as the mass respetw's were assumed to

be 1.0012, 13]
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Table 4.2 Molar response factors for hydrocarbon prod{ib@s 11}

Carbon number Olefin Paraffin
1 b 1.00
2 1.00 1.00
3 0.70 0.74
4 0.78 0.55
3) 0.47 0.47
6 0.40 0.40
7 0.35 0.35
8 0.32 0.32
9 0.28 0.28
10 0.24 0.24
11 0.21 0.21
12 0.19 0.19
13 0.18 0.18
14 0.17 0.17
15 0.15 0.15

Mass balance calculations

The calculations used tdetermine the mass balance are similar to those used by
numerous authorfd.2-14]. A mixture of hydrogen (60%), nitrogen (10%) and carbon
monoxide (30%) was used as thedfgato the micro reactor. Hydrogen and carbon
monoxide were the reactants while nitrogen served as an internal standard. As an
inert tracer during the FT reaction, nitrogen is present in the feed stream and in the
reactor outlet gas stream in exactly tllange amounts as it does not undergo any

reactions in FTS. The nitrogen balance across the reactor was expressed as:

F x X

in N,,in

=F, xX [4.3]

N,, out
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and used to calculat

N,,out”

Where:

F,, = total molar flowrate (mol/min) of the reactor feed,;

F = total molar bowrate (mol/min) of the systenoutlet gas stream

out

(measured after the knockout potit)was calculated from the total
gas volumetric flowrate at the reactor exsing the ideal gas law (P
=1 bar, T =298 K).

X = molar fraction of nitrogen in the reactor feed,;

N,,in

X = molar fraction of nitrogen in the reactor outlet gas.

N, ,out

The outlet flow stram was measured daily (mamnimes during the dayjor the
duration of the reaction using a bubble meter and a stopwatch. Equation [4.3] was
used to determine the feed flowrate into the reactor as no mass flow controllers were
used.

The rate of CO conversion was calculated as fadtow

fo = FCO,in B Fco, out [ 4. 4]
My
Where:
o = rate of CO conversion (mol.mingit) or (mol.min®.ghctivemetal);
Feoin = molar flowrate (mol/min) of CO in threactor feed,
Feoowr = Molar flowrate (mol/min) of CO in the reactor outlet gas stream;
M. = mass (gram) of catalyst or mass (gram) of active metal.
Feoin = Fin X Xcain [4.9]
|:CO,out = I:out>< X CQou [46]
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Xcoinadnd Xqq ocare the CO molar fractions in the reactor feed and in the outlet gas

stream respectivelyf, and F_ ,were defined in equation [4.3].

The % CO conversion was calculated as follows:

X
Xeoin~ Keo,out =
0 XNz,out
/OCOconversion: x100 [47]
XCO,in
Where:
XNz,in . .
—=— | is the contraction factor.
N, ,out
The rate of Fischefropsch synthesis..s was calculated as follows:
Mers =Tco— 1 et [4.8]
r'WGS =TI CQ formatior [49]
Substituting forr,gsinto equation [4.8] gives
Mers =lco™ T CQ formatiol [4.10]

Where:

.o = rate of CO consumption;

lves= rate of wateigasshift reaction, which is also the rate of €@rmation.
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The percentage carbon balanees determined using equatif4.11] below:

Total
% carbonBalance= 0tLCO”‘xlOO [4.11]

TotalC,

The C being the atoms/moles of carbdhe number of moles of carbon that enter the
reactor must equal the sum of thmlesof carbon that exit from the reactor. The

carbon balance was acceptable when the %

The product selectivity was calculated on moles of carbon basis.

nC
Sel#) = i [4.12]

o X

Where:
Sel ) = selectivity of produaf ;

nC ) = moles of carbon contained in the proddict

t = mass balance time.

Sel(CQ) =(moles d CO, produced / moles of CO reacteki) 00

The olefin to paraffin ratiox, was given as:

Olefin fraction x,= ——2— [4.13]

m _= mass of olefin containing two carbon atoms
2

m_ + M, = mass of total hydrocarbons containing 2 carbon atoms
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Chapter Five

Effect of acid treatment on the surface of multiwalled
carbon nanotubes prepared from Fe-Co supported on

CaCQ: Correlation with Fischer-Tropsch catalyst activity”

5.1 Introduction

Carbon materials with various nmwlogies are widely used as adsorbents, as
catalysts and /or catalyst supports and for structural reinforcement of polymers. The
carbons often have relatively high surface areas, high thermal stability and show
chemical inertness. Their surface chemistegpecially the presence of oxygen
functionalities determines the application of the maté¢tia®]. Historically, activated

carbons and carbon blacks are the mostroonly used forms of carban industry.

# Myriam A.M. Motchelaho et al. Journal of Molecular Catalysis A: Chemical 335,
(2011) 189
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More recently the use of carbon nanotubes, fullerenes and related materials in high

tech applications has attracted growing intef&s4].

Carbon nanotubes, popularised hydses by lijima[5], represent one of the best
examples of nanostructures derived by botigmnchemical synthesis approac@ep

Both single walled carbon nanotubes (SWCNTSs) andtiwalled carbon nanotubes
(MWCNTSs) have a simple chemical composition and atomic bonding configuration
but exhibit an extreme diversity and richness among nanomaterials in terms of

structure and structungroperty relationg7].

The synthesis, purification, properties, manipulation and more recently, the chemistry
of nanotubes are all subjects of intensive investigations. There are three common
methods used to make CNTs: laser ablaf@jn electric arc dischargf, 10] and
chemical vapour depositiojdl-14]. Cataytic chemical vapour deposition (CCVD)

has proven to be an excellent method for lksgele production of high quality
MWCNTSs at relatively low cosfl5-17]. By employing speci@ catalyst and carbon
sources it is possible to control the structural characteristics of CNTs when CCVD is
used[18].

The CCVD synthesis method consists of decomposing a caxdnataining gas over a
supported cata$t. In order to improve the yield and quality of CNT production,
various metal catalysts, supports and carbon sources have been invefligaka]

The most widely used metals are Fe, Ca &h as well as the alloys of these
nanoparticleg§21, 22] Conventional supports such as §i@l,03, and zeolite have

been successfully used in the synthesis of CNTs but purification of dldeigirhas
proven to be difficult. A detailed study by Magrez efaf] showed that CaCgis an
excellent support for CNT synthesis because of the good matching between the
carbonate decomposition temperature andntneotube growth. The removal of the
residual CaO support can be easily done by a one step acid tre@nedt]} Earlier

studies[19, 23]revealed that the order of catalyst activity in the CVD synthesis was
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Fe Co/CaCQ >> Co/CaCQ > Fe/CaCQ. The FeCo bimetallic system supported on

CaCQ was therefore used in this present study.

Regardless of the method used to make CNTs, ibexbvays a significant amount of
impurity present in the final product (graphitic debris, catalyst particles and
fullerenes)[25]. These impurities often influence the desired properties of the CNTSs.

It is therefore important to both evaluate and reduce or completely eliminate
impurities in the agrown CNTs. Although there are many suggested methods for
CNT purification, oxidation with concentrated HN®@r HNGs-H,SOy is the most
widely used [1, 26-30]. However no purification method that fulfils all the
requirements for technical processing is currently availg@l¢ The nature of the
impurities depends on the synthesis method, reaction time, type of catalyst, catalyst

support and carbon source employed.

One of the applications of CNTs that has received much attention in tretulier
recently is its use as a catalyst support. When CNTs are used as a catalyst support, the
hydrophobic and inert nature of the-g®wn CNTs can be unfavourable. It is
therefore important to be able to modify their surface chemistry, for examplegeby th
introduction of oxyge+containing surface groups. Upon oxidation, the hydrophobic
CNTs become more hydrophilic so that wetting properties are enhanced and the CNT
surface becomes more react[@¥, 32, 33] Most importantly the dispersion of an
active metal phase during catalyst preparation increases with an increasing amount of
surface oxygen27, 34]. The presence of carboxyl groups on a CNT surface gives
rise to catiorexchange site§35] which can act as anchor positiofts the metal
particles. A critical survey of methods most frequently used for thermhetation of
surfaceoxygen groups and the use of nitric acid treatment to oxidize carbon surfaces
has been given by Boehf28]. Aqueous solutions of HN{Xxontain nitronium ions,

NO,*, which are able to attack arotiiacompounds and this is assumed to be the first
step in the introduction of oxygesontaining surface grougs]. Although the precise

nature of carbotoxygen structures is not well established, results from retudies
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demonstrate that several types of surface oxaggenps can be identified using FTIR

spectroscopy, TGA in an inert environment and Boehm mass titf2io82, 33]

The chemical modification of carbon nanotubes represents an emerging area in
research on nanotulmsed materialg36]. In contrast to activated carbons and
carbon blacks, the surface oxidation of the reddyt new carbon nanotubes and

nanofibres has been much less stud2gg.

In a study focused on the use of a Fe/CNT catalyst in Fisitb@sch synthesis we

observed that this catalyst proved to be an easy to @& statalyst with good

activity [37]. Scanning transmission electron microscopy (STEM) studies revealed

that the surface was heavily pitted and was populated with Fe and, unexpectétlly, Ca

ions [38]. This led us to propose the concept
remarkable stability of the cataly§38, 39] These Adocking statioc
mitigate sntering which in turn suppresses deactivation. To further explore the origin

of the surface roughness of the CNTs produced using GaS@ support, we herein

report on a comprehensive investigation of the CNT surface after using a range of

acid treatmerst unlike previous studies which use relatively severe acid treatments.

In particular we have established that a correlation exists between surface roughness
induced during acid treatment and the stability and activity of the Fe/CNT catalysts,

and that tis effect is related to CNT surface roughness.
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5.2 Experimental section

5.2.1 Catalyst preparation

A 10%FeCo/CaCQ catalyst with 5 wt% Fe and 5 wt% Co metal loading was
synthesized by the wet impregnation techniq@, 39] In this technique,
Fe(NG;):.9H,0, Co(NQ)..6H,0 and CaC® (Sigma Aldrich) were used tprepare

the catalyst. @Iculated amoustof the Fe and Co nitrates were mixed and dissolved
in distilled water to make a 0.3 MeCo (50:50 w/w) precursor solution. This
solution was added dropwise to the CaCfDpport and the mixture was left for 30
min while stirring. The metadupport mixture was then filtered and the product was
first left to stand in air for 2 h at room tenmpure and then dried in a static air oven
at 120C for 12 h. The product was then removed from the oven and left to cool to
room temperature. It was ground and screened through a 150 pm sieve. The catalyst
powder obtained was then calcined at 4D@or 16 h in a static air oven in order to

decompose the nitrates.

5.2.2 Carbon nanotube synthesis

Multiwalled carbon nanotubes were produced by the catalytic decomposition of
acetylene (Afrox South Africa) as the carbon source, on the 1@6KeaCQ

catalyst pepared as described above. Nitrogen (Afrox South Africa) was used as a
carrier gas and as a diluent. Previous studies in our research group have focussed on
the optimization procedure and effect of various parameters on the gsyntlies
carbon nanotubef]]. The optimum conditions used in the CNTs synthesis were:
Synthesis time: 1 h, reaction temperature:*@)Gacetylene to nitrogen flowrate ratio
of1:2.67.
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In the synthesis of multiwalled carbon nanotubes (MWCNTS), approximately 1 g of
the catalyst wa spread uniformly in a quartz boat (120 mm x 15 mm), which was
inserted in the centre of a tubular fixedd quartz tube reactor (length: 510 mm, ID:

19 mm). The reactor, mounted horizontally in an electrical tube furnace, was then
heated from room tempature to 700C at 10C/min while N> flowed over the
catalyst at 40 ml/min. When the temperature reachedC0the N flowrate was
changed to 240 ml/min and acetylene was introduced at a flowrate of 90 ml/min. The
reaction was allowed to take place for &, thereafter, the £, flow was stopped

and the furnace was left to cool down to room temperature und@ONmlI/min). The

boat was then removed from the reactor and approximately 3.5 g of black soot was
collected. The morphology and microstructuretbé product waghen evaluated
using TEM

5.2.3 Carbon nanotube purification/functionalisation

As-prepared CNTs were refluxed at £20in 30%HNQ and 55%HNQ for 2 and 6 h
respectively (about 2 g of raw material in 200 ml of acid). At the end of the acid
treatment, each mixture was diluted with distilled water followed by filtering and
washing with distilled water until the pH of the filtrate was ~7. The resulting product
was dried in an oven at 12D overnight. The four purified materials were named:
CNT-30R2 (i.e. CNT refluxed in 30% HN{£for 2 h), CNF30R6, CNF55R2 and
CNT-55R6.

5.2.4 Characterisation techniques

The morphology and structures of the-pmepared and acitteated CNTs were
characterized by TEM and SEM. Sample specimens for TEM stueies prepared

by ultrasonic dispersion of the sample in methanol. The suspensions were dropped
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onto a SRicarbon coated copper grid. TEM investigations were carried out using a
FEI Tecnai Spirit & transmission electron microscope operating at 120 kVrdyne
dispersive Xray spectroscopy (EDX) coupled with TEM was used to confirm the
elemental composition of the sample. The inner and outer diameter distributions of
the CNTs were obtained by using Image J software. About 120 CNT diameters were
measured pesample. SEM analysis was carried out using a -8Bl scanning
microscope at an accelerating voltage of 10 kV and a working distance of 15 mm,
which images the sample surface by scanning it with a-dgingy beam of electrons

in a raster scan pattern. Ea88BEM sample was sprinkled onto a disk and then coated

with gold before analysis.

The zeta potential measurement was used to quantify the electrical potential of the
solid particle[40]. Zeta potentials of the agown and acid treated CNTs were
measured using a Malvern Zetasizer nano series instrument. CNTs were dispersed in
deionised water at room temperature and the pH values of the suspension were
adjusted from 2.0 to 12.0 by adding 0.1 M hydrochloric acid (HCI). b\ sodium
hydroxide solution (NaOH) solution to the glass beaker containing the CNTs. By
measuring the zeta potential as a function of pH, the point of zero charge (the pH
value at which the zeta potential is zero i.e. the pH at which the CNTs surface is

electrically neutral) was determined.

The surface area and pore volume of thgmsvn as well as the acideated CNTs

were determined by N physisorption using a Micromeritics TRISTAR 3000
analyzer. A sample of approximately 300 mg was degassed @ 250 250C for 4

h under a flow of N, and then the surface area and pore volume were determined by
the BrunaueEmmettTeller (BET) method as described by Idakiev ef4il].

The TGA analysis was done on a Perklmer STA 4000 analyzer. About 5 to 10 mg

of sample was placed in a ceramic pan and

temperature of the sample was increased from room temperature € 2@0
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10°C/min under either an oxidative atmosphere (air, 20mm) or an inert
atmosphere (N 20 mlmin). The TGA profile obtained gave information on the
sample composition, thermal stability under a specific atmosphere and purity. The
derivative curve (DTG) was used to identify the decomposition temperature aaxim
The extent to which oxygen was introduced during the purification step was also
assessed from thermogravimetric analysis of the CNTs in an inert atmoggjhere
Raman spectroscopy (JobYivon T64000 micreRaman spectrometer) was

employed to evaluate the quality of the CNTs.

The presence of oxygerontaining surface groups on the CNTs was established by
recording FTIR spectra on a Bruker TENSOR 27 FTIR spectrometer in the 400 to
4000 crit wavenumber range, atspectral resolution of 4 chusing 64 scans per

spectrum.

5.25 FischerTropsch

Catalyst preparation

All the catalysts used in the FischBropsch runs were prepared by the deposition
precipitation (DPU) method using urea as the precipitating afgmt 39] A
predetermined amount of Fe(N@9H,O (Sigma Aldrich) urea and deionised water
were used in thgrepaation of a 10%Fe/CNT catalyst (the CNT used as a support
had different degreefeurface functional groups)The resultant catalysts were dried
(120°C overnight) and calcined (heating in nitrogen at °250or 150 min) to
decompose the saltShe catalysts prepared were named: 10%Fef@slTgrown
(CNT without any purification/functicalization), 10%Fe/CNBOR2 (CNT refluxed

in 30% HNG; for 2h) etc.The catalysts were characterized using BET surface area,
H,-chemsorption, TPR and TEM (refer to Chapter 4 for detailed description of the

technique)
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Fische rTropsch experiments

The Fische Tropsch synthesis was performed in a fotetl micro reactof42, 43}
Gas cylinders containing JHCO/N, mixtures (60%H, 30%CO and 10% M purity:
99.99%) were used to supply the reactaad gtream to the cataly$tirogen was

used as an internal standard in order to ensure an accurate mass balance.

Catalyst (0.5 g) was added to the reactor and reduced in situ at 350 °C for 20 h under
a stream of pure hydrogen (2 bar pressure, 20 mlejnutAfter reduction the
temperature was decreased to 2C5 the pressure was increased gradually to 8 bar
and a flow of syngas was passed over the catalyst bed ilagviate similar to the
hydrogenflowrate of 20 mL/min (GHSV = 2400 H). All gas linesafter the reactor

were kept at 15 and the hot trap placed immediateljeathe reactor was held at
15C°C in order to collect wax. A second trap kept at ambient temperature was used
to collect the oil and water mixture. The flow of gases was contraliging a
metering valve and measured with a bubble meter. The gaseous product stream was
analyzed online using two gas chromatographs. An offline GC was used to analyze
the oil and wax. Data analysisegsin our study was performed accordingtandard

procedures as described elsewh8i& 43.
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5.3 Results and Discussion

5.3.1 Electron microscopy

Among the numerous known techniques employed to syimh&NTs, the catalytic
chemical vapour deposition is the most reproducible, cheapest and easily scalable
method[16, 17] This method was therefore used in this study to synthesize CNTSs.
The magrity of the tubes haduter diameters ranging from 20 3 nm andinner
diameters ranging from 8 8 nm (Figures 5.1 and 5.2). After acid treatment using
the harshest oxidizing condition (sample GBHIR6), the CNT inner diameter
remained unchanged bilte outer diameter decreased relative to the non acid treated
sample. This reduction in diameter is due to the interaction of acid with the outermost

graphene layers (Figure 5.2). The decreased outer diameter is also attributed to wall

damage during aciddatment and this is confirmed by TEM micrographs (Figure
5.3).

Encapsulated
particle A

Figure 5.1: a) TEM image of agrown CNTs and b) TEM image of-@gown CNTs

showing some encapsulated metal particles indicated by arrow.
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Figure 5.2: Diameter size distribution before anfiea acid treatment. a) Comparison
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Figure 5.3: Effect of acid treatment on the texture and morphologies of CCVD
synthesized CNTs: a) CN-T3OR2; b) CNT30R6; c) CNT55R2; d)
CNT-55R6.

TEM images oflhe asgrown CNTs (Figure 5.1b) reveal encapsulated metal particles
which were shown by EDX analyste be Fe and Co (Figure 5.4a). After acid
treatment, the residual catalyst was removed (Figure 5.4b) due to the dissolution of
the metal catalysts by nitriacid. However removal of all the Fe and Co catalyst that

was observed within the tubes was not possible. The TEM images also revealed that

10¢



Chapter 5: Effect of acid treatment on the surface of NNVC

the roughness increased with nitric acid concentration and time of reaction. The tubes

became thinner and the swéarougher (Figure 5.3d).

Figure 5.4: EDX spectrum of: (a) as grown CNT showing the presence of residual
metal and (b) acid treated, CNbbR6 showing that most of the residual

metal particles are removed.
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5.3.2 Zeta potential measure men

The determination of the zeta potential of the CNTs can be used to study the presence
of oxygen surface groups. The presence of acidic groups causes the carbon surface to
be more hydrophilic, increasing the negative surface charge density and decreasin
the pH of the point of zero charge (PZ3%, 45] Figure 5.5 shows the plots of zeta
potential of the agrown and oxidised CNTs as a function of pH. The PZC for the as
grown CNT occts at pH = 4.9. That is at pH < 4.9, the surface of the CNTs is
postitively charged and at pH > 4.9, the surface is negatively charged. This result is in
good agreement with results obtained by[40] (see footnote to dble 5.1). After

acid treatment, the PZC shifts to lower pH values due to the introduction of surface
oxygen groups (Table 5.1). CN3OR2, CNTF30R6 and CNI55R2 all have values

very close to a phic around 2.6 with CNI55R6 having the lowest PZC. These
reaults suggest that acidic functional groups are formed on the carbon nanotubes

surface and their concentration increases with treatment time and acid strength.

Table 5.1 Point of zero charge (PZC) obtained from zeta potential measurements

Sample PzC
As grown CNTS 4.9
CNT-30R2 2.9
CNT-30R6 2.7
CNT-55R2 2.5
CNT-55R6 <0
%pZC = 5.0040]
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Figure 5.5: Zeta potential measurements ofgtewn and acid treated CNTs as a

function of pH.

5.3.3 Surface Aea and Pore volume measurements

Nitrogen adsorption represents the most widely used technique to determine a
materials surface area and to characterize its porous str{#@jrelhe surface area

and pore volume ahe asgrown and acidreated CNTs are given in Table 5.2. Prior

to the surface area and pore volume analysis, the effect of degassing temperature was
investigated and it was demonstrated that whether the sample is degassé@ atr150

at 250C for 4 h tle surface area and pore volume values are the same within
experimental error (Table 5.2). The surface area and pore volume increased with the

initial acid treatment due to the removal of the low surface area residual CaO and
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possibly opemig of the ends othe tubesput did not however change significantly

on further treatment.

Table 5.2 Surface area and pore volume ofgasswn and acitreated CNTSs.

BET Surface Pore Volume BET Surface Pore Volume

Sample ID area (nf/g)? (cnlg) area (nf/g)? (cnlg)
degassed under Mat 150°C" degassed under Mat 250°C"
CNT-as grown 80 0.27 77 0.27
CNT-30R2 105 0.34 103 0.35
CNT-30R6 112 0.35 114 0.34
CNT-55R2 108 0.35 - -
CNT-55R6 100 0.33 - -

2 +5% experimental error

b4 hours

5.3.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA), coupled with a derivative curve of the weight
loss (DTG), is often used to investigate the thermal stabilty as well as the
composition and purity of carbons. It is an effective way to quantitatively eealuat
CNTs, in particular, the content of residual metal. It is easy to obtain the residual
metal content using this technique by simply oxidising the CNT samples in air. The
carbon material is converted to CO/€@nd the metal catalyst is converted to an
oxide [47].

Figure 5.6 shows the TGA and DTG profiles of thegeeswvn CNTs. The residual
catalyst and CaO makes up ~17% of the mass so that 83% of the sample is due to
carbonaceous materials. There is no significagight loss before 50C in the as
grown CNTs, thus ruling out the presence of a significant amount of amorphous

carbon. In the product, most of the carbon decomposes Y 64fh a small amount
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decomposing at 72€ as seen from Figure 5.6. This is @ital decomposition
profile for multiwalled carbon nanotubes (MWCNTE)7], and confirms that the
carbon nanotubes were multiwalled. The small proportion of CNTs oxidising at the
higher temperature could be H80CNTs not in proximity to residual catalyst or due

to the presence of some highly graphitized carbon.
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Figure 5.6 TGA and DTG profiles of agrown CNTs under air atmosphere.

After refluxing in nitric acid, the impurity content decreased to less litigt with

values dependent on the treatment time and acid strength. Figures 5.7 and 5.8 show
an increase in sample mass at%Ddue to the oxidation of residual-&m metal; the
derivative peak breadth showed an increase upon oxidation due to an inoréaese i
number of defects. When the-ggown CNTs were refluxed in 30% HN@®r 2 h and

6 h, the thermal stability of the CNTs improved slightly (Figure 5.7) and the CNT
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decomposition temperature increased from°64® 685C and 696C respectively.

This imgrovement is attributed to the removal of catalyst which is known to aid the
oxidation of carbon. On the other hand, when thgrasvn CNTs were refluxed in

55% HNQ; for 2 and 6 h, the thermal stability maxima of the CNTs decreased
slightly with the decompsition temg@rature dropping to 633 and 689for the 2 h

and 6 h treatments respectively (Figure 5.8), although the purity of the CNTs was
improved. The drop in temperature can be attributed to the damage of the outer
structure as confirmed by TEM and Ramspectroscopy. These observations suggest
that acid concentration and not temperature has the more significant effect on
achieving wall defects on CNTs. In summary, the position of the decomposition peak
maximum is affected by the amount of residual gataln the sample, the defect

content on the surface of the CNTs and the amount of amorphous carbon present.
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R 40
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Figure 5.7: a) TGA and b) DTG profiles of agrown CNTs as well as purified CNTs
in 30%HNG; under air atmosphere.
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Figure 5.8 a) TGA and b) DTG profiles of agrown CNTs as well as purified CNTs
in 55%HNG; under air atmosphere.

11¢



Chapter 5: Effect of acid treatment on the surface of NNVC

TGA profiles of the agirown as well as the aciteated CNTs were also recorded
under a N atmosphre in order to determine the oxygen surface group content on the
CNTs. The weight loss occurring from P&8Dto 400C corresponds to the evolution

of gaseous C@[48] while the total weight loss from 100 to 906C was correlated

with the weight loss due to the formation of both CO and, (3D(Figure 5.9). The
derivative curve for the acid treated samples is shown in Figure 8b. The onset before
100°C is due to HO loss, bawveen 150 and 40C CQ; is evolved from acid (COOH)
groups and the weight loss at temperature *@a@uld be due to the loss of oxygen
atoms tightly bonded to the surface of the CNTs or othergnaphitic carbonaceous

species.
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Figure 5.9:a) TGA and b) DTG profiles of agrown and acid treated CNTs under N

atmosphere.

Table 5.3 shows the % G@nd CO formed during the experiment which corresponds
to the weight loss of CNTs in axMitmosphereThe weight loss is plotted amst the
reflux time in Figure 5.10, showing an increase in the amount of&®ived with
increasing reflux time and acid concentration. A similar trend was observed by de

Jong when working with carbon nanofib¢3$.
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Table 5.3 Weight loss of CNTs due to the formation of COAD heating in N

150°C-400°C 100°C-900°C
Sample ID
%CO, %(CO, + CO)
CNT asgrown 0.95 8.36
CNT-30R2 1.81 11.04
CNT-30R6 2.75 15.14
CNT-55R2 3.52 19.95
CNT-55R6 4.27 18.78

—=— 30 % HNO, .
4- +55%HN03/
. [ ]
34
© -
[<5]
>
o
=>
L o /
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O
o .
>
14 «
0 T T T T T T T
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Figure 5.10 Evolution of oxygen as Cversus reflux time.
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5.3.5 Raman analysis

Raman spectral analysis was used to determine the long range structure of the CNTs
[49, 50]. A major drawback of Raman spectroscopy is that it cannot provide direct
information on the nature of metal impurities, and it is not very effective in studying
CNT samples with a low content of amorphous carfign 52] However, Raman
spectra for agrown as well as acitteated CNTs show two characteristic peaks in all
samples, one at ~1350 ¢morresponding to the disordeduced band (D band) and

the other at ~1590 chtorresponding to the tangential mode (G band) (Figure 5.11).
The D mode indicates the disorder feas of the CNTs whereas the G mode is
associated with the ordered graphite in the C[%8% The area ratio of the D band to

the G band (/Ic) was used to estimate the amount of disorder or defects present in
the wals of the CNTs. The {¥lg) ratio was found to increase with increasing reflux
time/acid strength indicating that the longer the reflux time, the more defects are

added to the CNTs. These results are in good agreement with the TEM observations.
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Figure 5.11: Raman spectra of CNTs: a)gown CNTs, b) CNI55R2, C) CNT

30R6, d) CNT55R6.

Table 5.4 below shows the position of the D and G band as well as the ratio of areas
for the asgrown and acid treated CNTs. From the tessut is observed that there is
an upshift of the Eband for the acidreated CNTs with respect to the-g®wn

CNTs. Similar observations were obtained by Okpalugo et al. and correlated with the

inter-tubular coupling resulting from Van der Waals repuis[54].
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Table 5.4 Raman data for agrown and acigdreated CNTs

Peak position (ci)

Sample ID In/l
D-band G-Band

CNT As-grown 1345 1599 2.88

CNT 30R6 1354 1598 2.83

CNT 55R2 1353 1583 2.41

CNT 5R6 1354 1583 3.79

Error bar + 2 cm

5.3.6 FTIR analysis

FTIR spectroscopy is a very useful and direct technique for the study of the nature of
oxygen surface groups. However there are -Wwedlwn experimental difficulties
involved in obtaining IR spe of carbon material84]. FTIR can only be used for
highly oxidized carbon surfaces; otherwise the intensity of the absorption bands is
very poor[55]. The FTIR data & presented in Figure 5.12. When comparing the
FTIR spectra, peaks appear at 1737'crh364 crit and 1217 ci for the acid
treated CNTSs relative to the-gsown CNTSs. This clearly shows that acid treatment
has introduced some functional groups onto tiidase of the CNTs. The amount of
these functional groups present on the surface depends on the reflux time and/or the
acid strength. The peak appearing at ~1737' @an be ascribed to the C=0
stretching vibration of carboxyl or carbonyl grops-58] while that at 1364 cthis
associated with N@ stretching vibrationg59, 60] and the peak at 1217 €m
corresponds to € stretching and €4 bending vibrations[56-58]. It can be
concluded that FTIR analysis also provides evidence for the existence of defects in
the all of ONTs. This result is in good agreement with the Raman analysis.
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Figure 5.12 FTIR spectra of untreated (CN& grown) and oxidized carbon

nanotubes.

5.3.7 FischefTropsch catalystdata

Catalysts characterisation

The TEM images of the 10%Fe/CNaB gravn and 10%Fe/CN-B5R6 (the two
extreme cases) are presented in Figure.3tX&n be seen that the-ggown carbon
nanotube is poor at dispersing the metal particle because the only metal anchoring

sites are the surface defects that originated from & €ynthesis. Whereas in the
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case of the 10%Fe/CNJ5R6 catalysts, a much better dispersion is achieved and this

is attributed to the extra metal anchoring site created by the surface functional groups.

Figure 5.13 a)and b) TEMimages of 10%Fe/CN&s growrwith arrow indicating

large Fe clusters (iron cluster size +8%m based on 10 particlesg)
and d)TEM images of 10%Fe/CN55R6with arrow indicating small

Fe particle (iron particle size +& nmbased on® particle$,
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Surface area and pore volume measure ments

The surface area and pore volume oftb&cFe/CNTcatalysts ar@resented in Table

5.5. The surface area and pore volume increased upon acid purification. The
10%Fe/CNTas grown catalyst presents a very low sugfarea because the CNT
used as the support was not purified therefore, still contain the residual growth
reagents.

All the catalysts except the 10%Fe/CI4$ grown have similar surface ardduis is

due to the fact that the same amount of Fe was loadedl®CNT with very similar

surface area

Table 5.5 Surface area and pore volume of Fe catalysts supported on differently

functionalised CNTs

Metal loading BET Surface Pore Volume
Sample ID )
(Yowt.)? area nf/g cntlg

10%Fe/CNTas grown 11.8 30 0.14
10%FeCNT-30R2 9.6 125 0.32
10%Fe/CNT30R6 10.1 126 0.33
10%Fe/CNT55R2 10.1 117 0.31
10%Fe/CNT55R6 10.6 123 0.32

®Determined by TGA

bError+ 5%

H»> Che misorption data

The H chemisorption data obtained for the different iron catalysts are presented in
Table 5.6 In general, The Hchemisorption studies reveal that acid treatment can

result in higher metal dispersion with Fe/CId$ grown having the lowest dispersion
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and Fe/CNT55R6 the highest dispersion. The higher the dispersion the smaller the
metal paticle sizesas confirmed by TEMThe Fe particle size increases in the order
Fe/CNT55R6 < Fe/CNI55R2 < Fe/CNT30R6 < Fe/CNI30R2 < Fe/CN7as
grown. There is a clear correlation between iron dispersion and the degree of

functionalization of the CNT suppor

Table 5.6 Fe dispersion and degree of reduction for Fe catalysts

amount of Hy ) _ _
_ O, consumption Fe dispersion
Sample ID chemisorbed

(mmol/g catalft (%)P

(umol/g catal)
Fe/CNTas grown 3.52 1.02 0.52
Fe/CNTF30R2 9.15 1.18 1.17
Fe/CNT30R6 10.23 1.20 1.28
Fe/CNTF55R2 12.70 1.05 1.81
Fe/CNT55R6 17.32 1.11 2.34

#Based on the consumption at 30C after the catalyst was reduced at°85€br 16h.

® Assuming H:Fe stoichiometry of 1:2.

Temperature programmed reduction (TPR)

The TPR profile oftle CNT support and that @0%Fe/CNF55R2 and 10%Fe/CNT
55R6 catalysts are shown is Figure 5.t4an be seen that thereosly onepeak (T

> 600°C) presentin the reduction profile othe CNTFsupport The same peals
presentin the profile of the suppted catalysts. Thipeak is attributedo the
gasification d CNT at high temperature to produo®thane[39]. For 10%Fe/CNT
55R2 and 10%Fe/CNB5R6 catalyststhe TP Rprofiles showthree reduction peaks
For the 10%Fe/CNB5R2 catalyst, e first peak wich corresponds to the reduction
of F&O3 to Fe0, [44] appears at T =388. The second peak which corresponds to
the reduction of R, to Fe [44] occurs at 48€. The third peak which occurs at
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530°C could be attributed to those smaller metal partites are difficult to reduce

due to the stronger interaction between the metal and the suppere is a clear

shift toward higher temperatures for the 10%Fe/€%R6 catalyst, indicating that

the catalyst is more difficult to reduce comphite the 10%E/CNT-55R2. This
difference in reduction behavior is attributed to the difference in particle sizes
(smaller metal particles interact more strongly with the suppéitp, the carbon
support reduction peaks are so small for the catalyst containing edesiagerto that

of the carbon support only because the presence of metal on the carbon catalyses the
methanation reaction, and as a result, some of the carbon reduction peak probably

overlaps with the last reduction peak of the metal.
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Figure 5.14: TPR profilesof a) CNT55R2 support, b) 10%Fe/CNI5R2 catalyst
and c¢) 10%eCNT-55R6 catalyst.
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Catalytic activity

In order to check for reproducibility, a duplicate run was performed on the 10%
Fe/lCNT55R2 catalyst(same conditions as for the actual rura)d the CO
conversion with time on stream is shown in Feg&.15 The data show that the

experiment is reproducible.
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Figure 5.15 CO conversion with time on stream showing reproducibility of results

All FT reactions wereperformed under fixed conditiof®75°C, 8 bar, H:CO = 2,
GHSV = 2400 H). Figure 5.16 showa plot of the catalytic activity in terms of the
percentage conversion of CO, as a function of time on stream. The conversion for all

the catalysts was initially low and increased significabiifore leveling off within
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10 h on stream; afterward the catalyst remained stable for the entire experiment (15
120 h). A comparison of the FTS data obtained from the 10% catalysts prepared on
differently functionalised CNTs (Tabled.reveals that the %Q conversions, FT
activity and hydrocarbons selectivity are all dependent on the support aeid pre
treatment. Thus, the 10%Fe/CNiE grown catalyst not only has the poorest FT
performance but the highest methane selectivity and lowegtr@duct content othe

tested catalysts. The FT activity data presented in Tabls Biven per g of catalyst,
rather than as a turnover frequency. Attempts to yseheimisorption to determine

the surface area of the active metal were unsuccessful, presumably because the
particles are too small [38], as reflected by TEhd carbons as the catalyst support
seem to be problematic since thaasified under chemisorption conditions)

Consequently the turnover frequency could not be calculated.
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Figure 5.16: CO conversionvith time on stream.

Table 57: Activity and selectivity of iron catalyst supported on differently
functionalized CNTSs in FischeFropsch synthesis

%CO FT Activity Hydrocarbons Selectivity (mol %)

Catalyst _ _

Conversion pmol/min.gCat C; C, C: Cu Cs+
10%Fe/CNTFas grown 20 71 48 15 13 7.7 17
10%Fe/CNT30R2 29 153 30 15 19 13 24
10%Fe/CNT30R6 35 179 31 80 73 36 50
10%Fe/CNT55R2 44 214 29 84 6.0 26 54
10%Fe/CNT55R6 59 322 19 83 92 54 58

Conditions: 8 bar, 2P&, CO:H = 1:2, GHSV = 2400 .
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It was observed that the FT activity increased with increasing amount of oxygen
functional groups on the support i.e. the FT activity followed the order Fe/&3Rb

> Fe/CNTF55R2 > Fe/CNT30R6 > Fe/CNT30R2 > Fe/CN7as grown. From the

zeta potential measments, it can be seen that GN3R6 has the highest
concentration of negative charge andwdtidead to a bettefe dispersion; this is also

the catalyst with the highest activity. The better dispersion of the metal particles on
the surface of CN-B5R6 & due to the availability of the extra anchoring sites for the
Fe particles, leading to the smaller Fe particles [38] and the better performance during
FTS.

This study thus reveals that CNTs that are functionalized using vigorous acid
treatments generattable carbon materials that can be used as supports in catalytic
reactions. The role of the acid treatment is to create roughened carbon surfaces that
facilitate metal binding to the surface though COOH (and possibly OH) groups. The

study thus confrms th ear | i er proposals relating to
generated by acid treatment of CNTSs. [38].

5.4 Conclusion

Carbon nanotubes were successfully synthesized using the CCVD method- The as
grown CNTs were purified by refluxing the obtained pradin nitric acid.
Purification not only removes the impurities, but also introduces oxygenated surface
groups onto the CNTs. The presence of those groups altered the surface chemistry of
CNTs. The different oxygen functional groups on the CNT surfacese wer
gualitatively identified by FTIR spectroscopy. Their presence was also detected by
Raman spectroscopy where the amount of disorder was related to the presence of
surface defects introduced by nitric acid treatment. Zeta potential measurements show
that he PZC decreased witincreasing treatment duration/acid concentration

indicating an increase ithe concentration okurface acid groups with time.

131



Chapter 5: Effect of acid treatment on the surface of NNVC

Thermogravimetric analysis revealed that the CNTs produced were multiwalled as
indicated by the oxidatioremperature profiles typical of MWCNTSs. The amount of
CO,/CO desorbed from the surface of CNTs was a function of CNTs treatment
time/acid strength. Refluxing CNTs in HNGs suitable for the creation of surface
functional groups. In summary, acid treatmehtCNTs produced from FEo on

CaCQ can readily generate roughened CNT surfaces and these carbons can be used
as stable supports for FischiBiopsch catalysts as shown here and in other studies
[38]. The activity d the FT catalysts correlates with the degree of acid
functionalisation of the support, indicating that the surface groups introduced during

the acid treatment are linked to the active sites.
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Chapter Six

Fe/CNT catalyzed FischerTropsch synthesis: The effect of

iron precursor and solvent

6.1 Introduction

FischerTropsch synthesis (FTS$ a surface catgted polymerization reaction in
which syngas, a mixture of Hand CQ reacts to produce hydrocarbons of various
chain lengthd1, 2]. It is one of the leading gas-liquid (GTL) options to transport
remote natural gaq3]. The FTS process is catalyzed by various transition metals,
with Co, Fe, and Ru presenting the highest actiilyFe and Cebased catalysts are
the most frequently used buhe Fe-based catalyst system remgmithe preferred
choice in commercial H synthesis plantsvhen a higholefin content in the
hydrocarbon distributions required[2, 5, 6] However, low spacéime-yield, low

product selectivityfor the higher molecular weight hydrocarband sinteringare
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Chapter 6: Fe/CN-Effect of iron precursor and solvent

major drawback of the Febased catalyst system when operating at tempegature
between 260 and 300 [2, 6, 7]

Although the irorbased FTS catalyst system is one of the oldest and perhaps most
studied systems known in the field of heterogeneous catd8jsisngoing research

to improve the catalyst activity and selectivitgntinues. The catalygterformance

can be altered by varying the promotfg} support material§l0], the active metal

precursor saltiL1] and solvent§l2].

Little work has been reported on the use of different iron sources on carbon supports.
In one exampleXiong et al.[13] investigated he effect ofiron precursos on the
performance of a carbon sphere supported iron catalyst (Fe/CS) for FTS and found
that an iron acetate precursor showed higher CO conversion than anitiae
precursor. Howevethe study was limited to Hanitrate) and Fdacetate) precursors

supported on carbon nanospheres.

The performance of the catalysts is known to be dependent andtad crystallite

size [14], and it is one the main factors that influences the catalytic activity and
selectivity during FTS. Several researchers have investigated tlet effeobalt
crystallite size on FTS and found that the turnover @reacy depends on the Co
crystallitesize when the size is less than 8 nm big independent of the crystallite

size when the size is greater thatt@nm[14, 15] Some work has been reported on

the use of iron based FT catalysas far as the particle size effect is concerned.
Mabaso et al[16] investigated the effect of crystal size on carbon supported iron
catalysts prepared by the reverse micelle technique. They reported that a lower
turnover frequency and a higher selectivity toward metl@e®bserved when the

particle size is smaller thar nm.
Traditionally, researchers have tried to control the catalyst particle size by synthetic

procedures that include impregnation, deposiprecipitation, iorexchange and

reverse micelle procedures. Additionally various supports have been used as a means
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to control particle siz§l1, 17] The particle size can also be modifiedvayying the
reaction temperaturg¢l8]. In this study we have investigated the effect of the
precursor salt and solvent on the particle size and its distribution. The catalysts were
prepared using FefEsO,)s;, Fe(OOC®3), Fe(NQ):OH,O and Fe(@04)RH,O as

the precursor and dissolved in either water or acetone as the solvent.

6.2 Experimental Section

6.2.1 Carbon nanotube synthesis

Multiwalled carbon nanotubes were produced by the catalytic decomposition of
acetykne (Afrox South Africa) as the carboousce, over al0%FeCo/CaCQ
catalyst prepared as described elsewkiEde 20] The optimal condition used in this
study to produce high quality and agVely high purity CNTs has previously been
established in our research grojg®]. The detailed procedure for the synthesis of

carbon nanotubes is provided in Chapters 4 and 5.

6.2.2 Carbon nanotube purification/functionalisation

As-prepared CNTs were refluxeat 120C in 55% HNO;3 for 2 h (about 5 g of raw
material was added to 500 ml of acid)order to remove residual metal catalyst as
well as to introduce surface oxygen groups which render the CNT surieses |
hydrophobic and as a result enhance the wettability for polar solvents such as water
[21]. At the end of the acid treatment, the mixture was diluted with distilled water
followed by filtering and washing with stilled water until the pH of the filtrate was

~7. The resulting product was dried in an oven afCaivernight.
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6.2.3 Catalyst preparation

All the catalysts were prepared by the deposition precipitation (DPU) method using
urea as the precipitating exgfas described elsewhef20, 22, 23] The solvent used

in the preparation of the catalysts was eitheiostesed water or acetone. Briefligr

the preparation ofaalysts witha 10% Fe loading, an approaté amount of Fe salt
containing different counteions (acetylacetonate, atate, nitrate or oxalate) andea

(1.5 mol of urea per mol of iron) were dissolveckitherde ionised watepr acetone

and added dropiee to the functionalizedcarbon nanotubes (2 @lurried inde
ionised water (20 ml) and heated t@0n an oil bath. The mixture was left to stir at
this temperature for at least 2 h to allow for the decatipm of urea. Thereafter, the
excess solvenwas left to evaporate at 90. The catalysts were further dried in an
oven at 100C overnight and heat treated for 150 min in nitrogen at an appropriate
temperature as inferred from TGA data in orttedecompose the precursor salts. An

overview of the eaction conditions used for the catalysts is giveTainle6.1.

Table 6.1: Overview of the prepared catalysts

Pre-treatment

Name of atalyst Fe-counter-ion Solvent
Temperature °CP

Fe-aca€ acetylacetonat@acac) acetone 250
Fe-acae35( acetylacetonatéacac) acetone 350
Fe-acet acetate(acet) de-ionised water 250
Fe-nitr nitrate (nitr) de-ionised water 250
Fe-oxal oxalate (oxal) de-ionised water 350
Fe-acetl® acetate(acet) acetone 250
Fenitr-1° nitrate (nitr) acetone 250

2All the catalysts wer supported on CNTs and were prepared using the deposition
precipitation method with urea (DPU).

Thermal treatment of catalyst under nitrogen to decompose the precursor sal.
‘Reaction in acetone

Ydore-treatment temperature = 3%D
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6.2.4 Carbon nanotubes ad iron catalyst characterization

The morphology and structures of thepaiepared and acitteated CNTs as well as

the Fe/CNT catalysts were characterized by TEM. Sample specimens for TEM
studies were prepared by ultrasonic dispersion of the sampleethanol. The
suspensions were dropped onto a-8&bon coated copper grid. TEM investigations
were carried out usingnaFEl Tecnai Spirit G transmission electron microscope
operating at 120 kV. The inner and outer diameter distributions of the @htlibe
particlesize of the active phase were obtained by using Image J software. About 120

CNT diameters and ~150 particles were measpeecgample

The surface area and porelwme of the aggrown CNTs,the acidtreated CNTsnd

the Fe/CNT catalystsvere determined by B physisorption using a Micromeritics
TRISTAR 3000 analyzer. A sample of approximately 300 mg was degassed’@t 150
for 4 h under a flow of Bl Thereafter thesurface aremand pore volume were
determined by the Brunau&mmettTeller (BET) methal.

The TGA analysis was done on a Perkin Elmer STA 4000 analyzer. Abbitnag

of sample was placed in a ceramic pan and
temperature of the sample was increased from room temperature i€ 2@0

10°C/min unde either an oxidative atmosphere (air, 20 ml/min) or inert atmosphere

(N2, 20 mI/min). The percentage Fe loading in all the catalysts was determined using

the % residual ash that remained after burning the carbon from the catalyst and
assuming that the astonsis$ only of FeOs. The value obtained was corrected for

the ash that remains when the support alone is oxidized.

Temperature programmed reduction (TPR) experiments were performed on a
Micromeritics AutoChem1 T hemisorption analyzeéo study the redation behaviour
of the catalystsA sample of the cataly$100 mg)was loaded into a {shaped quartz

tube reactar fitted with a thermocouple for continuous temperature measurement.
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Prior to the H-TPR analysis, e sample was first degassed in a flowhah purity
argon (20 ml/min) at 15 for 30 min to remove traces of water, and then cooled to
40°C. The sample was then reduced in 598¥ (50 ml/min) as the temperature was
increased from 4T to 800C at a rate of 1M /min. The gas flow through the aetor
was controlled by three Brooks mass flow controlleks.thermal conductivity
detector (TCD) was used to measuige H, consumption. The temperature and
associated pconsumpion was captured automatically by a R& give the TPR

profiles.

X-ray powceer diffraction (XRD) patterns for the support and the Fe/CNT catalysts

were recorded with a Bruck®2 phaser diffractometer using a Cu source (1.5418 A)

and a LynxEye detector. T9& with@QSstepwats wi t hi
25°C.

6.2.5 Catalystevaluationand data analysis

The catalystsodoper for mance -Hedmicronrgactdt. AS was t
detailed description of the experimental-gptand procedures has been given in

Chapters 3 and 4. Catalytic activity, product selectivity and the stability of the

catalysts were evaluated during a reaction period of 120 h.

The calculatios used to determine the mass balance are similar to those used
previously in our group[24]. Selectivity is reported as the percentage of CO

converted into a certain product expressed in C atom&,Cefers to hydroarbons

containing 24 carbon atoms andsCto hydrocarbons containing 5 or more carbon

atoms[25]. Refer to Chapter 4 for the different formeilased.
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6.3 Results and discussion

6.3.1X-ray diffraction analysis (XRD)

Table 6.2 Figures 6.1a and 6.1tbelow show the XRD patterns of the CNT support
and the Fe/CNT catalysts prepared using different precursors and s@semidl as

the d-space values and corresponding reflection planes for all the phases identified in
XRD figures T he pe akssf2@ and 48 dorraspohduteegraphite layers of
multiwalled carbon nanotubef@6]. The peaks at 30and 33 correspond to the
presence of the magnetite ¢Er) phase and henit (FeOs) phase respectively and

the peak at 35%corresponds to the presence of either hematite or magnetite or both
phases. The br disattribpted dokthe présen2edbf small 4rBounts of

carbides as well as residual catalyst from the €blinthesi§27].

Table 6.2: d-space values and corresponding reflection planes for all the phases
identified in XRD figures

Phases Identified 2 f)( d-spacing (&) hk Iplane
graphite 26 3.37 002
45 2.04 101
Hematite (FgOs) 33 2.70 104
35.5 2.52 110
Magnetite (FeO4) 30 2.97 220
35.5 2.53 311
FeC 43 2.10 211
CoC 43 2.12 111
Fe-Co 45 2.02 110
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Figure 6.1: XRD data of Fe/CNT catalysts prepared using different iron precursors
and either a) water or b) acetone as solvents: * = gramvtd;e,0,; #
=Fe0;; 2 zanfkEg0,;; 0 -Fe, F@Q CqC or CoC [13, 27]
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When comparing the XRD patterns of the catalysts studied, it is clear that the
precursor salts and the solvargted in the catalysts preparation had an effect on the
catalystsdé phase composition (difiteer ent
were determined using thecl&rrer equation and the line broadening of the peak at

2 d Z2sinGe3t correspond® the FeO3 mo s t i ntense peak. The
could not be used because it is a mixture of the hematite and magnetite phases. Using
the Scherrer equation, the crystallite size of onlyaEet and Faitr could be
estimated and were found to be @&d 7 nm respectively. The other catalysts
crystallite sizes could not be determined probably because they were very small and
below the detection limit of the XRD. In general, the catalysts prepared using acetone
as the solvent had smaller iron particiees than the ones prepared using water.
Similar observations were made by Chroii8] and correlates witthe difference in

the solvent volatility (The catalyst particle sizes tended to decrease with decrease in

thesolvent boiling point).

6.3.2TEM analysis

The morphologyand structuref the carbon nanotuberere confirmed by TEMand
HRTEM analysis. It was shown that the CNTs produced are wallgd carbon
nanotubes with a distance of 0.34 nm between the gneplasgers(Figures 6.2 and

6.20). The inner diameters of the CNTs are not uniform throughout the length of the
tubes (Figure 6.2b) due to the restructuring of enclosed metal particle morphology
and orientation during CNT grow{fB8]. The outermost layers are typically covered

by carbon flakes (amorphous carbon) as indicategigare 6.2b(ovals) The build

up of amorphous carbonaceous materials is due to the prolonged synthesis time used
[19]. Acid treatment was used to remove impurities (residual metal cagatyespt for

the encapsulated metal partiglesipport, andomeamorphous carbon) as well as to
introduce oxygen functional groups (carboxyl, carbonyl, phenol eéicdegree of

surface roughness brought about byheacid treatmenfFigure 6.3).This roughness
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is required forthe preparation of stable metal catagysince they act aadditional

anchoring sitegor the catalyst particld29, 30]

Figure 6.2 CNT-as growna) TEM, b) HRTEM with ovals representing amorphous

carbon

Figure 6.3: TEM image of CNTafter refluxin 55%HNO3 for 2 h
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Fe-basedcatalysts were prepared byleposition pecipitation method using different
iron precursos and water or acetone as the solvent (see Table 6.1 for detdus)
purpose of using two different solvents was to try and control the particle size during
catalyst preparatiomEM analysis of the frestatalyst (before FTSevealedhatthe

metal particle size dependexh the solvent used in the preparation of the catalyst
(water, acetone), the pteeatment temperature used (260 350C) and less

significantly ontheiron precursor (Table 6)3

TEM imagesand paricle size distributions for the catalysts prepared fieeracet,
Fenitr, Feoxal, Feacetl, Fenitr-1, Feacac and Facaec350 are shown in Figures

6.4 7 6.10. For the catalyst prepared using water as the solvent, the particle size
increased in the order Fecet < Fenitr < Feoxal. When acetone is used as the
solvent in the catalyst preparation, the average Fe particle size is very sirblar (2
nm) and independent of the precursor used. The variation of particle size with the
precursor aa/or the solvent is due to the precursolventsupport interaction. The
mechanism of this interaction is not well underst¢ddl]. Feacaec350 which was
prepared using acetone and-preated at 35C to decompose ¢hsalt, showed a
slight increase in particle size-@tnm Table 6.3 Figure 6.10)confirming that the
pre-treatment temperature influenced the Fe particle size. It was also noticed-that Fe
oxal showed an increase in particle size when compared-&xdtand Fenitr and

this was due to metal sintering as®el had to be pretreated at a higher temperature
(35C°C) due to the higher decomposition temperature for the oxalate salt. The TEM
data agrees well with the XRD findings
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Table 6.3: Particle siz&omparison

Fe Particle size, nm

Catalyst
TEM (Before FTS) XRD (Fe0s)
Fe-acet 35 5.5
Fenitr 4-7 7
Fe-oxal 5-12 b
Fe-acetl 2-5 b?
Fenitr-1 2-5 b®
Fe-acac 2-5 b
Fe-acae350 4-8 b

@Could not be determined using XRD.

3 4 5 6 7 8
Particle size, nm

Figure 6.4: TEM imagewith arrows indicating the Fe particles, anddegticle size
histogram for the Facetcatalyst.
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Figure 6.5: TEM imagewith arrows indicating the Fe particles, andfagticle size
histogram for the Feitr catalyst.
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Figure 6.6: TEM imagewith arrows indicating the Fe particles, andfagticle size
histogram for the F@xalcatalys.
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Figure 6.9: TEM imagewith arrows indicating the Fe particles, andfagticle size
histogram for the Facaccatalyst
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Figure 6.10: TEM imagewith arrows indicating the Fe particles, anddeeticle size
hisbgram for the Feacae350catalyst
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6.3.3Thermogravimetric analysis (TGA)

TGA was used to determine the decomposition temperature of the precursor, the
thermal stability and the composition of the CNT support and the Fe/CNT catalysts.
TGA of all the catéysts before heat treatmem nitrogenwas performed iranair
atmosphere (flowrate: 2tl/min, heating rate: 16C/min) in order to determine the
temperature at which the precursor salt decomposed to form the meta(oigaes
6.11a and 6.12a). Afteheat treatment in a nitrogen atmosphere at the desired
temperature (25 or 350C) for 150 min, the TGA analysis wasrformed iranair
atmosphere to confirm the removal of the precursor (fadgure 6.11b and Figure
6.12b).In Figure 6.14, the weightdss at 182C is attributed to the decomposition of
acetylacetonate whereas the peak af608 due to the oxidation afie CNT. Heat
treatment of the catalyst at Z&D for 150 min under nitrogen was sufficient to
convert Feacac into FgO3 (Figure 6.10b)In Figure 6.12athe weight loss for Fe

oxal before 108C is attributed to the loss of moisture. Between 140 andCG30he
decomposition of oxalate salt takes place and the peak 3€ S@firesponds to the
oxidation of CNTs. This suggests that in ordedecompose the oxalate, the catalyst
must be heated at 3%D in nitrogen for 150 mifFigure 6.12b).

TGA and DTA profiles (in air) of some of the prepared catalysts are shown in Figures
6.13a and b. Upon adding the active metal (iron) to the CNT, thenahstability of

the CNT decreased from 675 to ~ 495C since the presence of iron aids/catalyses
the oxidation of the CNTE1]. The breadth of the DTA peak increased upon adding
the Fe meta{Figure 6.13pdue to the added defects on the surface of the CNT (The
defects came from the acid treatment of the CNTs). There was also an increase in the

residual mass due to the presence of the added iron.
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Figure 6.13 a) TGA and b)DTA of Fe-acac, Feacet, Fenitr and Feoxal.

6.3.4Surface areaand pore volume analysis

The surfae area and pore volunod thesupport and preparezhtalystsare presented

in Table 6.4 Apart from the Feacac and Facae350 catalysts that showed a lower
surface area and pore volume, the other catalysts have émag@nslightly higher
surface area relative to the CNT support. The decrease in surface area and pore
volume for the catalyst prepared from acetylacetonate precursor is attributed to pore
blockage. The precursor and the solvent used in the catalystgtiepatid not seem

to have any major effect on the surface area of the Fe/CNT catalysts. It was expected
that the catalyst with the smaller metal particle would have a higher surface area but

this was not the case.
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Table 6.4: BET surface area and povelume and of the support (CNa&nd FECNT

catalysts.

Sample 1D Metal loading Surface Area Pore Volume
(wt. %)* (m?.g )P (cnr.g™)
CNT - 108 0.35
Fe-acet 9.2 119 0.32
Fe-nitr 10.4 123 0.28
Feoxal 10.6 101 0.30
Fe-acetl 9.5 103 0.29
Fenitr-1 9.9 112 0.28
Fe-acac 10.3 67.0 0.5
Fe-acae350 10.1 72.1 0.26

ddetermined using TGA analysis
Perrorbar +5%

6.3.5Temperature programmed reduction (TPR)

TPR analysis was performed to assess the reducibility of the catalysts. The reduction
of FeO3 to Fenormally takes place in three steps:

Fe,Q—— FgQ—2> FeG—> F

Since FeO is thermodynamically unstable compared to Fe as@,H26], the
transition to and from FeO is generally not expettedppear irthe TPR profileand

as a result the reduction of#e® to Fenormallytakes place in two steps:

FeQ—> FgQ—2> Fe

It is generally accepted that the first peak in the TPR preblresponds to the
reduction ofFe03 to FgO,4, and the second pealoreesponds to the reduction of

Fe;O4 to Fe[20, 32] It is also known thaa transition metalacts asa methanation

catalyst in the presence of Bt temperatuegreater than 55C [22].
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The H2-TPR profiles of the functionalized CNTas well as thé&e/CNTs catalysts are
shown in Figure 6.14t can be seen that only one peak occurs in the TPR profile of
the CNTs; at ~6458C. This is due to the gasificati of carbon in the presence of H

at high temperature to produce methane. After loading the iron, the gasification
temperature is shiftedlightly to lower temperature (ca. 6%0). This shift to lower
temperature can be attributed to the iron acting astalyst for the gasification
reaction[20]. The H-TPR profiles of the Fe/CNT catalysts prepared using different
precursors show different reducibility behaviour which is attributed to the difference
in metal partite size which leads to different me&lpport interactions. Table 6.5
summarises the temperature data for each reduction step. The most important features
to note are: for the Fritr catalyst, the first reduction step which corresponds to
FeOsY F g0, ocaurs as two peaks (386 and 348C). The presence of these two
peaks could be related to the reduction of iron oxide located in the inner and outer
walls on the CNTs respective[f6]. The TEM image of Faitr acually confirms

that some Fe particles are located inside the teigire 6.5).The second reduction

step which corresponds ©e04Y F & occurs at 44%C and the third peak which
occurs at 53tC could be attributed to those smaller metal particles that are difficult
to reduce due to the stronger interaction between the metal and the sdjeort.
second reduction step for the-Bgal ocairs at slightly higher temperature (4€)

and this step consumed much more ¢dmpared to the second peak of all the

catalysts studiedThis suggests that Faxal is easier to reduce from4ey to Fe.
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Table 6.5: Temperatureof the peak maxima athich each reduction steps ocedr
during the H-TPR

Temperature®C)
Sample ID FeOsY F ¢y FesO,Y F & CNTY CH;,
CNT b b 645
Fe-acet 352 445 636
Fenitr 306, 340 441 635
Feoxal 346 491 628
491°C

632°C
Fe-oxal

Fe-nitr

Fe-acet

C£_//\

T T T T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900

H, consumption (a.u)

Temperature (0C)

Figure 6.14: TPR profiles of the support and the Fe/CNT catalysts prepared using

water as the solvent
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The TPR profiles of the Fe/CNT cagats prepared using acetone as the solvent are
presented in Figure 6.15. The first reduction peak@&do FeO,4) occurs at 351,

401°C and 422C for Fenitr-1, Feacetl and Feacac respectively. The shift to
higher temperature is attributed to the styeh in the metasupport interaction. The
stronger the interaction, the more difficult it is to reduce the catalyst. The second
reduction process (@4 to Fe) follows the same trend as the first step witta€ac

being slightly more difficult to reduc&he third peak probably corresponds to the
small particles that are difficult to reduce and the last peak corresponds to the
gasification of CNTs. From the TPR reduction data, it is observed that catalysts
prepared using acetone are more difficult to redcompared to the ones prepared
using deionised water. This indicated that the Fe catalysts prepared using acetone
have smaller particle size and this is in agreement with the TEM and XRD data
(Table 6.2)

= _
S Fe-nitr-1
c
2
[=1
=
>
2]
c
o
O Fe-acac
o~
I
0 200 400 600 800

Temperature °C

Figure 6.15: TPR profiles of Fe/CNT catalystsgmared using acetone as the solvent.
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6.4 FischerTropsch synthesis

The performance of the iron catalysts (prepared using different precursors and
solvent) in the Fischefropsch synthesis was tested in a fekestl micro reactor. All

the reactions were plermed under a set of standard conditions {£78 bar, 2400

hl, H, : CO = 2) as established from preliminary experimés 33] Based on the
temperature at which FTS was conducted in #higly, no gasification of CNTs
should occur.A blank FTS run was performed on the purified CNsTpport (no iron
loaded) under the same operating conditions as used for the iron loaded catalysts. In
the blank reaction, the product that formed at very laomversion (<8 CO
conversion) was methane with almost no other hydrocarbons formed. This result
implies that the residual iron particles from the CNT synthesis after acid treatment of

the CNTs have little impact on the FTS reaction.

The percentage CO coersion as a function of time on stream fordeet, Fenitr

and Feoxal catalysts is shown iRigure 6.5. The activity for all the iron catalysts
studied was initially low but increased significantly and the catalysts reached their
highest activity withinlO h on stream. Thereatfter, they remained stable for the entire
run (120 h). There is no obvious evidence of deactivation for all these catalysts within
120 h. The stability of the catalyst may be attributed to the initial presence of
functional groups otthe CNTs which act as anchoring sites for the iron particles. The
catalyst activity, under similar reaction conditions, increased in the dfder:c et O
Fe-oxal < Fenitr. The difference in activitys generallyrelated to the differencen
catalyst redaibility, dispersion and active sites available for FTBe Fe/CNT
prepared from thenitrate prectsor gave enhancedselectivity towards higher
molecular weight products which is often desirable in FT®&e olefin to paraffin

ratio was very poor for allhe catalysts studiedihe CQ production rats, under

fixed FTS conditios, increasd in the order: Feoxal < Feacet < Fenitr.
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Figure 6.16: CO conversion as a function of time on stream

Table 66 summarizes the results obtained from the FT reacfonthe Fe/CNT
catalysts.It can be seen that the performance of the various catalysts during the FT
reaction is quite different. The difference in catalyst performance is attributed to the
different types ofnteractions that exist between the Fe premussd the support and

the possible difference in particle size. It can be concluded that the metal precursor
has an effect on the catalyst activity and selectivity during FTS. In a similaristudy

with a different active metal (Co) and support (F)iCKraum et al[11] haveshown

that the type of cobalt precursor used for the preparation of SuPported catalysts

affects activity and chain growth probbtyi under fixed FTS conditions.
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Table 6.6: Activity and seletivity of iron catalysts supported on CNTs (prepared

using water as solvent) in F¥'S

Catalyts Feacet Fe-nitr Feoxal
TOS (h) 120 120 120
% CO Conversion 29.5 464 32.3
10° x CO raté 1.10 1.7 1.16
10° x CO, rate (WGS) 0.49 0.99 0.36
10° x FTS rate 0.61 0.80 0.80
Activity (umol/s.gFe) 22.0 35.8 23.2
Selectivity (nol % C)

Ci 44.1 29.1 34.2
CrCy 18.7 13.5 40.6
Cs+ 37.2 57.4 25.2
O/O+P ratié 0.036 0.023 0.050
CO; (% produced) 4.08 9.36 3.13

®Conditions: 8 bar, 27%C, CO:H = 1:2, GHSV = 280 h~
b Rate are expressed in mol/s.
¢ C3:/(C3:+C3).

Figure 6.16below shows the percentage CO conversion as a function of time on
stream for the catalysts prepared using acetone as the solvent and the summary of the
calculated parameters are presentedable 6.7 It can be seen that apart from-Fe
acetl, all the other catalysts have the same CO conversion. The CO conversion and
activity of Feacetl and Fenitr-1 improved over that of their counterparts prepared
using deionised water. These findingsuggest that the solvent used influences the
catal yst s and ptum mereases theoparformadeging FTS, probably as

a result of more active sites being created. The dispersion of metal particles on the
support is probably enhanced when acetenesed as solvent.
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Figure 6.16: CO conversion with time on stream for catalysts prepared using acetone

as solvent.
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Table 6.7: FTS activity and selectivity of iron catalysts supported on CNTs prepared

using acetone as a solvent.

Catalyts Fe-acac Fe-acae350 Feacetl Fenitr-1
Calcination Temg@C 250 350 250 250
TOS (h) 120 120 120 120
% CO Conversion 88.0 88.3 69.0 87.7
10° x CO raté 3.73 3.23 2.54 4.03
10° x CO, rate (WGS) 2.09 1.82 1.37 2.23
10° x FTS rate 1.64 1.41 1.17 1.80
Activity (umol/s.gFe) 74.6 64.6 50.8 80.6
Al pha (0) 0.64 0.54 0.67 0.69
Selectivity (nol C %)

C1 29.9 38 25.0 18.8
CrCy 27.9 29.7 25.3 30.1
Cs+ 42.2 31.9 49.8 51.1
O/O+P rati6 0.11 b 0.19 0.17
CO; (% produced) 20.3 17.4 13.3 19.8

AConditions: 8var, 275°C, CO:H = 1:2, GHSV = 2400 °h
b Rate are expressed in mol/s.

¢ sz/ (C2:+C2).

Not detected

When comparing data for Fecac, Feacae350 and Fenitr-1 which were recorded at

the same conversion level, it is clear thatrite-1 is a better dalyst: It has the
highest FTS rate and is less selective toward methane. The chain growth probability
and the olefin to paraffin ratio are also high forrte-1. The CQ production rate is
similar for Feacac and Faitr-1 which means that these catddyare active for the
water gas shift reaction. The higher selectivity ofrffie-1 catalyst toward £ results

from the lower rate of pHadsorption. It is known thatdddsorption is responsible for
chain termination. The less;ldsorbed on the surfacétbe catalyst, the longer the
hydrocarbons chain formed and the higher thelefin content. Feacae350 had
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similar CO conversion as Facac but was more selective towards lower molecular
weight product. The difference in the activity and selectivity of the two catalysts is

attributed to the difference in the particle size.

6.5 Catalyst characterization after FTS

TEM images of the Faitr-1 catalyst after 12 h (steady state condition) and after 120

h on stream were compared (Figures 6.17 and 6.18). It was interesting to ntite that
catalystparticle size increaslkesignificanty during the first 12 h of the reaction and

this is attributed to the catalyst structural changes under FTS conditions. Further
increase in the average particle size distribution after prolonged synthesis time (120
h) was noted. The further increase ie thze of the particle is due to sintering of the
catalyst particle during FTS. TEM image of the &=t catalyst after 120 h time on
stream is also presented (Figure 6.19). It was observed that all the catalysts prepared

have the similar average particlize afterl20 h time on stream (Table §.8

Abundance

2 3 4 5 6 7 8 9 10 11 12 13 14

Particle size, nm

Figure 6.17: TEM imagewith arrows indicating the Fe particles, anddéeticle size
histogram for the Fenitr-1 after 12 h time on stream (particle sizel®

nm).
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Figure 6.18: TEM imagewith arrows indicating the Fe particles, anddeeticle size
histogram for the Faitr-1 after 120 h time on stream (particle size: 7
14 nm)
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Figure 6.19: TEM imagewith arrows indicating the Fe particles, anddeeticlesize
histogranfor the Feacet after 120 h time on stream (particle siz&25

nm).
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Table 68: Particle size comparison

Fe Particle size, nm

Catalyst TEM (Before TEM after 12 h TEM after 120h
FTS) TOS TOS
Fe-acet 3-5 b’ 5-12
Fe-nitr 4-7 b 6-13
Feoxal 5-12 b 6-15
Fe-acetl 2-5 b 6-11
Fenitr-1 2-5 5-10 6-12
Fe-acac 2-5 b 5-11
Fe-acac350 4-8 b 7-12

#Time on stream

bdata not measured

6.6 Conclusion

The effect of precursor and solvent used in the preparativoro$upported on CNTs
catalysts has been investigated by TEM, TGA, TPR, BET and XRD. The Fe/CNT
catalysts have been tested for CO hydrogenation activity in a figddmicro reactor.

It was found that all the catalysts were stable after 12 h for the entiation of the

test (120 h) and the average particle size of the catalysts after 120 h time on stream
were found to be very similar. It was also interesting to note that the average Fe
particle size responsible for the catalyst performance during Figedafrom 5 to 10

nm (size obtained after ~12 h time on stream). For the catalysts prepared by
dissolving the precursors in d@nised water, the activity increased in the order Fe

a c e t -ox@l< Feaitr. The precursor salts used in the preparationettialyst has

an influence on the catalyst performance. The couater probably play a role in the

way the active metal interacts with the support thereby affecting the metal particle
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size, the reducibility and the dispersion, which in turn affect dtelyst performance

in the FTS.The mechanism by which the countems affect the active metals
deposition onto the support is not well understoddhe solvent used in the
preparation of the catalyst also has an effect on the properties of the fingdtsatal
The choice of the solvent did influence the metal dispersion, catalyst particle size,
catalyst reducibility and active site availabilitimprovements inmetal dispersion
creaed more active metaite available for FTS reaction and as a result ecg@ithe
catalyst activity Cailysts prepared using acetone exhibited better performance
during FTS.
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Chapter Seven

Fe/CNT catalyzed FischefTropsch synthesis: effect of

group 1 alkali promoters

7.1 Introduction

The FscherTropschsynthesisis a carbon chain building reaction thatkisown to

give a wide product distribution described by the AndeiSolhnultzFlory model[1].

It is possible to alter thidistribution to fawur certain partef the product spectrum
through the use gfromoterd2]. Promoters are a subject of great interest in catalyst
research due to their remarkable influence on the activity, selectivity and stability o
industrial catalystg3]. Typical ironbased catalysts contain varying amounts of
structural and chemical promoters known to increase the overall FTS activity or to
facilitate the reduction of iron oxide to tadlic iron during hydrogen activatio,

5]. A promoter is regarded as a component of the catalyst that does not take part in

the reaction, but changes the catalytic properties of ttays&[2, 3]. It has been
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shown that promoting Fe catalysts with group 1 alkali metals has a strong influence
on the product selectivity, and that other promoters have a lesser infli¢nddne

basicity of the alkali metals is one of the reasons for the significant influence of these
metals on the catalyst performance during Fit8as been shown that, for equivalent
amounts of alkali present the baisy of the reduced catalysts increased in the order

Li < Na < K< Rb][7]. The more basic the alkali metal, the more readily it can donate

its electrons to the metal (Fe) and facilitate CO chemisorption, since CO tends t
accept electrons from iro8]. Alkali metals strendien the FeC bond and weaken

the FeH bond [9-11]. Alkali promoted Fe catafts suppress the formation of
methane and the amount of methane produced during FTS decreases as the surface

basicity increasef, 12]

Promoters, especially fromoted catalystshave been shomvto either increase or
decrease the activity of Heased FTS catalys{13], and to promote the selective
formation of G-GCs olefins on aluminssupported Fe catalysts4]. NgantsoueHoc et

al. [5] studied the impact of the groupalkali metals upon the activity and selectivity

of a precipitatedron-silica catalystandthey reportedhat the relative impact of the
alkali metd depends upon the conversion level withtassium being the promoter
that has the highest impact on the activity at all conversion leleédr results also
showed that Na and K exhibit much higher WGS rates than the other alkali promoted
catalysts. A snilar study by An et al15] compared the effect of a K or Na promoted
FeCu/SiQ catalysts and they found that the addition of K or Na can improve the
catalytic activity during FTS and shift the product distributiongavy hydrocarbons

to different extents. Alkali promoters have been shown to be very important but data
to document their relative influence during FTS synthesis are not abufilant
Moreover, most of the alkepromoted Febased catalysts available in the literature
were obtained with precipitated or -poecipitated Fe/silica catalysts. A literature
survey revealed that, in terms of carbon nanomaterials (CNTs, CNFs or CSs) as
support, the most widely studiedogip 1 alkali promoter is potassiufii6-19].

Bahome et al[17] investigated the promotion of carbon nanotsipported iron
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catalysts by potassium. FischBEropsch synthesis (conditions: 8 bar, 2Z5CO/H

ratio of 1:2) results revealed that the potassium promoted catalyst was very active for
the water gas shift reaction (higher yields of £;Qess selective tanethane and
produced more olefins compared to the unpromoted catalysts. Similar observations

were reported by Xiong et 419].

The focus of this study is to investigate the influence of alkali promoted Fe/CNT
cataysts on the Fischefropsch synthesis. We herein present preliminary results
obtained when group 1 alkali metals (Li, Na, K) were used as promoters for CNT
supported Fdased FT catalysts. The amount of promoter was not optimized. The
focus here is on a oaparative study of the effect of equimolar amounts of alkali

metals on an Fe Fisch&ropsch catalyst.

7.2 Experimental section

Carbon nanotubes were synthesized byctmalytic decomposition of acetylene at
700°C over a bimetallic F&€o catalyst suppted on CaC@ A more detailed
description of the experimental procedure for the synthesis of this bimetallic catalyst
as well as the CNT synthesis was given in Chapter 5 and will not be repeated here.
The asgrown CNTs were refluxed in 55% HN@t 120C for 2 h in order to remove
residual catalyst and to functionalize the CNT surface. These purified and

functionalized CNTs were used as the catalyst support in this study.

The alkali promoted FT catalysts supported on CNTs were preparethey
depositiorprecipitation method using ureas described elsewhejts, 17] The Fe
LI/CNT, FeNa/CNT and Fe&K/CNT catalysts were prepared in such a way that the
molar ratio was kept constant at a ratio 00103.4 moles of Fe/promoter. The
catalyst will be described as 100-B&tA/CNT (where A= Li, Na or K) in this study.

A 100Fe/CNT unpromoted catalyst was also prepared and used as the reference
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catalyst. The nitrate salts of Fe and the alkali promotense wised during the
preparation because they mixed easily in agueous solution and the nitrates are readily
removed without undesired residues being left on the catalyst after calcifzdijon
Typically, Fe(NQ)3.9H,O (144 g) and urea (0.32 g; 1.5 moles urea per mole of iron)
were dissolved in d@nised water (20 ml). To this Fe solution was added LNO
(0.0083 g, 0.04 wt.% Li), or NaN§X0.0101 g,0.14 wt.% Na) or KNQ@ (0.012 g,
0.23 wt.% K) and the resulting mixtureaw added dropwise to the carbon nanotube
support (2 g) slurried in d®nised water (20 mL). After allowing about 2 h for the
hydrolysis of the urea at 80, the sample was dried by evaporating the excess
solvent at 98C. The different catalysts preparecene further dried in an oven
(12C°C, in static air overnight) and then hégated in nitrogen at 25 for 150 min

in order to decompose the nitrates. Additionally, 10QEBla/CNT and 100Fe
24Na/CNT were also prepared by following the procedure deslcabeve. Table 7.1
below gives a summary of the catalysts prepared.

TEM, XRD, TGA, BET and TPR techniques were used to characterize the CNTs, as

well as the promoted and unpromoted Fe/CNT catalysts. All characterization analyses

were performed according tstandard procedures as described in Chapter 4. The
catalystsdéd performance durbédnmgero Fedck®r. vas t es
detailed description of the experimental-gptand procedures has been given in

Chapters 3 and 4 and will not be repedteck.
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Table 7.1 Summary data of the catalysts prepared

Mass of Mass of Calculated

Catalysts M:;I? (c;f)aFe alkali CNT molar rat i.o P:;\)/tr.n((;;[er
salt (gf support (g) (Fe:alkali)

100Fe/CNT 1.44 b 2 b b

100Fe3.4LICNT 1.44 0.0083 2 100 :3.38 0.042

100Fe3.4Na/CNT 1.44 0.010 2 100:3.35 0.14

100Fe3.4K/CNT 1.44 0.012 2 100:3.31 0.23

100Fel1l2Na/CNT 1.44 0.037 2 100:12.4 0.51

100Fe24Na/CNT 1.44 0.074 2 100:24.3 1.00

*Fe(NO3)»0H,0

"LiINO3 or NaNGQ or KNO;3

7.3 Results and discusion

7.3.1Effect of alkali promotion (Li, Na, K)

TEM analysis

Figures 7.1a and 7.1b show the TEM and HRTEM images of tHygoasn CNTS;

where the morphology and the structure can clearly be séerCNTs produced are
multiwalled carbon nanotubes withuter diameters ranging from 20 to 40 namd

length ranging from hundreds of nanometers to micromegirece the agrown

CNTs contained some neararbonaceous materials (residual growth reagents),
purification is an essential step to remove the-camMban materials. In the process,

the CNTs are functionalized and as a result become less hydrophobic. Figures 7.2a
and 7.2b show the TEM and SEM images of the purified CNTs. It is clearly seen
from TEM images (Figure 7.2a) that the CNT surface is roughe ned pyrdication.
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This roughness igequired forthe preparation of stable metal catadysihce they act
asadditionalanchoring sitegor the catalyst particle1, 22] Residual metal in the

form of encapsulated particles (Figure &)lare generally not removed in the acid

washing.

Encapsulated
particle

Figure 7.1: CNTs asgrown- a) TEM, b) HRTEM with red ovakpresenting

amorphous carbon
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Figure 7.2 PurifiedCNTs a) TEM b) SEM
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Fe-based catalyss (promoted and unpromotedyere prepared bya deposition
precipitation method using urea as a precipitating agent. A TEM image and an EDX
spectrum of the fresh, unpromoted catalyst is presentdeigmre 7.3. Small Fe
particles can be seen dispersed lmngurface of CNTs and some are indicated using
an arrow (Figure 7.3a and b). The presence of Fe on the surface of the CNT is also
confirmed by an EDX spectrum (Figure 7.3€EM images of Liand Napromoted
Fe/CNT catalyst are presentedHigures 7.4 and.5 respectivelyFigure 7.6 presents

the TEM and EDX spectrum of the potassium promoted Fe catalyst. The presence of
potassium could not be detected using EDX, probably due towhkevelsof K used
relative to the Fe. TEM images suggest no differendde morphology of CNTs in

the presence or absence of K (or Na or Li). From the TEM images, it can be
determined that the addition of alkali promoter to the Fe/CNT catalyst caused a slight

increase in the Fe particle size when compared to the unprocaitdylsts.
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20 111

Spectrum B

Figure 7.3:a) TEM image and b) EDX spectrum of unpromoted Fe/CNT catalyst

with arrows indicating the Fe particles
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Figure 7.4:a) and b) TEM images of Lipromoted Fe/CNT catalysts (100Fe
3.38K/CNT) wih arrows indicating the Fe particles

Figure 7.5:a) and b) TEM images of Na promoted Fe/CNT catalysts (£F00Fe
3.35K/CNT) with arrows indicating the Fe particles
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Spectrum 11

Figure 7.6: Potassium promoted Fe/CNT catalyst (10@F&LK/CNT): a)TEM

image with arrow indicating an Fe particle and b) EDX spectrum
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Thermogravimetric analysis (TGA)

TGA was used to determine the thermal stability and the composition of the CNTs as
well as the unpromoted and promoted Fe catalysts. TGA and D3tegr(in an air
atmosphere) of all the catalysts are showRigures 7.7a and b The analysis shows

that the unloaded CNTs are stable up to°80With the majority of the materials
oxidizing by 674C (half width information). The CNTs consist of abo®%
carbonaceous materials and the remaining 1% is the residual encapsulated growth
catalyst (FeCo) that could not be removed by acid treatment. Upon adding the active
metal (iron) to the CNTSs, the thermal stability of the catalyst decreased frd@ 6r4
52(°C (Figure 7.7b) because the presence of iron aids/catalyses the oxidation of the
CNTs [23]. There was no further decrease in the thermal stability upon adding the
promoters. This result was expected beeaasvery small amount of promoter was
added to the catalyst. The ~ 10 wt. % difference after complete weight loss of the
CNTs indicates the amount of iron on the support (Figure 7.7a (b)). The slight
difference observed in the wt. % residual mass couldueeto the mass of K, Na and

Li.

18C



Chapter 7: Fe/CNT catalyzed FT synthesis: effect of prersot

a
100+
80
S 60-
= ——CNT
@ | ——100Fe/CNT
= 100Fe-3.38Li/CNT
S 40+ ——100Fe-3.35Na/CNT
G 100Fe-3.31K/CNT
2
20
_ v ‘b
0 T T T T T T ' ! '
0 200 400 600 800
Temperature ( °C)
0 === f
2 ]
2 -2 b
R
(8] ]
=
()
2 4-
©
2 i
o
al ——CNT
61— 100Fe/CNT
| 100Fe-3.38LI/CNT
—— 100Fe-3.35Na/CNT
8- 100Fe-3.31K/CNT 520°C 674°C
T T T j ) ' !
200 400 600 800
Temperature (°C)

Figure 7.7:a) TGA and b) DTA of CNTs, and promoted and unpromoted Fe

catalysts
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Temperature programmed reduction (TPR)

H.-TPR was used to investigate the effect of various group 1i plkamoters (Li,

Na, K) on the catalyst reducibility and the profiles are showAigare7.8. It is worth
mentioning again thathe catalysts have the same number of moles of alkali. Four
major peaks are present in each profile except that of the CNEwhérone peak is
present (peak 4). Peak 1 corresponds to the reduction,@f; Fe FgOy; peak 2
corresponds to the reduction otPa to Fe; peak 3 is associated with the presence of
small iron oxide particles that are difficult to reduce and peak vesponds to the
gasification of the CNTs in the presence ofdi elevated temperature (~ 600 to
produce methangl6]. The presence of the peak 16
FeOs found inside the tubes. Has been reported thatJ&g inside the tubes reduces

at a lower temperature (31) when compared to the #&5 found on the outside of
the tubes (33%C) [24, 25]

The addition of the alkafpromoters influenced the reduction behavior of the catalyst
differently in each case. Li shifted the reduction peaks to slightly lower temperatures
whereas Na and K shifted the peaks to higher temperature relative to the unpromoted
Fe/CNT catalyst Kigure 7.8, Table 7.2). It can therefore be concluded that Li
enhances the reducibility of the catalyst whereas Na and K inhibi its reduction. The
retarded reduction of Na and-promoted catalysts can be explained in terms of the
strong interaction between sadh oxide and iron oxide as well as potassium oxide
and iron oxide. This interaction could result in the suppression, @ddorption on

the catalyst surfad@6].
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H, Consumption (a.u.)
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Figure 7.8: TPR profiles of the CNT, unpromotecahé alkalipromoted Fecatalysts:
a) CNT support, b) 100Fe/CNT, c) 106B88LI/CNT, d) 100Fe
3.35Na/CNT, €) 100F8.31K/CNT.

Table 7.2 Temperature of the peak maxima at which each reduction steps occured
during the H-TPR

Temperature®C)
Sample ID FeOsY F ¢4 FesOsY F & CNTY CH,
CNT b b > 600
100Fe/CNT 301, 339 435 635
100Fe3.38LICNT 334 426 637
100Fe3.35Na/CNT 330 451 640
100Fe3.31K/CNT 300, 338 466 640
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X-ray diffraction (XRD) data

The powder Xray diffraction patterns for the CNTs, unpnoted and alkali promoted

Fe/CNT catalysts arehown in FigureZ.9 with the most pronounced lines indicated

The peaks appear P, A48 aetpresert in alldile XBE paterhs 2 6

and are characteristic of the graphitic walls ofthe CR¥$. The broad peak
value of 43 is attributed to the presence of small amounts of carbides as well as
residual catalyst from the CNT synthesis in the sample€@;d~eC, CaC or CaC)

[27]. The peak’sanda3cor@spdnhdito thef preSefice of the magnetite

(FesO4) and hematite (R©3) phases respectively and the peak at3B.Selated to

the presence of both hematite and magnetite phases.

The peak at@ v a | B theonfiost BitBnse peak ofe in the XRD spectrum of

the catalysts. Due to the low content of alkali promoters in the Fe/CNT catalyst, no

peak was observed indicating the diffraction lines of lithium oxide, sodium oxide and
potassium oxle. The iron oxide average crystallte size for the catalysts was
measured wusing the ||line broade’mndntge o f t h
Scherrer equation. The data are presentetiaire 7.3 The XRD data are in good

agreement with TEM data.

The peak intensity of F&j3 in the alkali promoted samples is higher than that of the
unpromoted catalyst andNai rOdtrikples et thd n t he
addition of alkali promoter to the Fe/CNT catalyst promotes the aggregatiop@f Fe
crystalltes. This is consistent with the observed decrease in the promoted catalyst

surface area.
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Figure 7.9: XRD patterns of CNTs, unpromoted and alkali promoted Fe/CNT
catalysts: a) CNT support, b) 100Fe/CNT, c) 168E8LI/CNT, d)
100Fe3.3Na/CNT, e) 100FR8.31K/CNT; * = graphiteg = FgO4 ; # =
FeOs;, 2 6sandFgd;; O -Fe, F&Q CaC or CoC[19, 27]

Table 7.3 Iron particle size measured using XRD and for comparison TEM data are
added.

Fe,O3 average particle size, nm

Catalyst TEM XRD?
100Fe/CNT 511 8.5

100Fe3.38LICNT 7-13 12.7
100Fe3.35Na/CNT 8-12 14.7
100Fe3.31K/CNT 8-12 14.5

rror £ 1 nm
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Surface area and pore volume measure ments

The surfae area and pore volun@f the CNTs, unpromted (Fe/CNT) and alkali
promoted Fe/CNT catalys¢ése presenteth Table 7.4.

Table 7.4 BET surface area and pore volume of the CNT, unpromoted and

promoted catalysts.

Sample ID Surface area (M/g)®  Pore volume (cnilg)
CNT 105 0.35
Fe/lCNT 123 0.28
100Fe-3.38LICNT 106 0.31
100Fe3.35Na/CNT 92 0.27
100Fe3.31K/CNT 89 0.30

derrorbar £5%

The presence of Li, Na and K clearly has an effecthe surface area relative to that

of the unpromoted catalyst. The analysis of the BET results shbaisthe surface

area decreased in the order 100Fe/CNT >F&d)38 LICNT> 100Fe-3.35Na/CNT

O 1 OD3EKICNT and it is observed thate more basic the alkali added, the
greater the loss in surface area (the basicity of the alkali insreéasiee order Li<

Na< K [5, 20). The pae volume however, is not affected by the addition of alkali
promoters. TEM and XRD studies of the freshly prepared unpromoted and alkali
promoted Fe/CNT revealed that the promoted catalysts have larger Fe crystallites
than the unpromoted catalyst hence tlecrease in surface area could be due to
crystallite growth and not pore blocking since the presence of alkali could improve
the agglomeration of the iron precursor and as a result enlarge the crystallite size of
iron oxide[28, 29]
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Catalytic testing

The performance of the iron catalysts (promoted and unpromoted) in the Fischer
Tropsch synthesis was tested in a foledl micro reactor. All the reactions were
performed under a set of standard aitians (278C, 8 bar, 2400h H,: CO =2) as
established from preliminary experimefi¥]. The activities, stabilities and product
selectivities were tested over a period of 72 h. A blank FTS run was firstipedo

on the purified CNTsupport (no iron loaded) and the produstnied at very low
conversion (3% CO conversion) was methane with almost no other hydrocarbons
formed. This result implies that the residual iron particles after acid treatment of the
CNTs have little impact on the FTS product range

The CO conversion was used as an indication of the overall FH3ctesch activity.

The % CO conversion as a function of time on stream is showigure 7.10. The
initial CO conversion for all the catalgstunder investigation was initially low.
However, it increasedapidly and stabilized within 12 h time on stream. Tégsults
obtained show that th€EO conversion increased in the ordél0Fe-3.31K/CNT <
100Fe/CNT < 100Fe-3.38/CNT < 100Fe-3.35Na/CNT. Under fixed operating
conditions, the potassium promoted catalyst, 108B&K/CNT shows the lowest
fraction of CO transformed into hydrocarbon products; the lowest CO conversion
observed may be due to K ions covering some of the Fe activeositesild also
result rom carbon deposition on the-Kesurface, which leads to the formation of

inactive carbon covering the active surface Jie80].

The Napromoted catalyst, 100F&235Na/CNT, exhilts the highest CO conversion.

The 100Fe3.35Na/CNT catalyst is more efficient in converting syngaprtmuct

than the other promotedr unpromoted catalysts when studied under similar FT
conditions. The wategasshift reaction is an important side reiact during FTS
because it generates hydrogen. Carbon monoxide can be converted either into

hydrocarbon products and water (FTS) or into carbon dioxide and hydrogen (WGS).
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The Napromoted catalyst exhibits the highest wages shift rate. This means that
Na can effectively be used as a promoter for an Fe/CNT catalyst timedsfor the

conversion of low hydrogeoontaining feedstock.

The hydrocarbon product distribution of the catalysts studied is shown in Table 7.5. It
can be seen that both potassiund aodium enhance the selectivity to olefins. The
result also shows that the selectivity to methane decreases in the order unp©moted
Li-promoted > Kpromoted > Ngpromoted catalyst, whereas the probability of chain
growt h (U) i ncr -grasmet edpmmdoted<d-pmmotbeé<rNa L i
promoted catalysSeveral studiefs, 15, 31, 32]have indicated that the presence of
alkali enhance the surfae basicity of catalysts ands a result suppresses the
selectivity to methanet has been shown that the effectiveness of the alkali promoter
decreasein the order Rb > K > Na > UB3]. It is generally acceptethat the effect

of alkali promoters is to inhibit the hydrogenation stg#q; alkali may act to reduce

the availability of hydrogen, and modify the rate at which hydrogen adds to carbon
[34]. It could alsoinhibit the mobility of B by blocking the lowcoordination edge

and corner sites for dissociative adsorption of hydrofg5). Inhibition of the
hydrogenation steps leads to actkase in K conversion, increase in selectivity
towards longer chain hydrocarbons (implying increased chain growth probability) and
increase in the olefin content as found in this investigafitable 7.5).Previous
studiesin this areahaverevealedtha K is a better promoter thawa [5, 15, 31, 32]
However in the present studya seems to be a better promoter when compared to
K. The change couldesult from the use of CNT as a support, the amount of the
promoter used and/or the catalyst preparation method. A comparison of these two
promoters at the same conversion level should be done in order to properly
effectively assess their influence on tpeoduct distributio. Unfortunately, a
comparison auld not be made with the data available in the literature because the
data are collected at different FT conditions or different Fe/promoter ratio or prepared
on different supports using different catdlyseparation methoddt was noticed

from this study that the potassium promoted catalyst appeared to be out of line
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regarding the basicity aspect. The FT runs were repeated and results within

experimental error were obtained.
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Figure 7.10. % CO conver®n versus time on stream for unpromoted and alkali

promoted Fe/CNT catalysts.
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Table 7.5 Activity and selectivity of unpromoted and alkali promoted iron catalysts
supported on CNTs during F§.S

Catalyts 100Fe/CNT 100Fe3.38LVCNT 100Fe3.35Na/CNT 100Fe3.31K/CNT
% CO Conversion 464 62.2 730 38.4
10° x CO rat& 1.79 2.74 2.94 1.44
10° x CO, rate (WGS)  0.99 1.18 149 0.93
10° x FTS rate 0.80 1.56 1.45 0.51
Activity (umol/s.gFe) 35.8 54.8 58.8 28.8
Al pha (U0) 0.53 0.52 063 0.68
Selectivity (nol % C)

C1 29.1 30.2 120 13.6
CrCy 13.5 17.6 25.1 29.9
Cs+ 57.4 52.2 63.0 56.5
O/O+P (weight ratid) 0.023 -d 0.58 0.39
CO; (% produced) 9.36 10.31 14.01 8.52

4Conditions: 8 bar, 27%C, CO:H = 1:2, GHSV = 2400 it
PRates are expressed in mol/s.

CCg,:/ (C3:+C3) .

Yot detected.

7.3.2Effect of varying the sodium loading

Preparation

Since this study revealed that Na was an effective promoter for the Fe/CNT catalyst, a
more detailed study on the Na pmoted Fe/CNT catalyst was undertaken. A series of
catalysts were prepared in which the sodium content was varied. In addition to the
100Fe3.35Na/CNT, two other sodium promoted catalysts were prepared: -L00Fe
12Na/CNT and 100F24Na/CNT (refer to experimeaitsectiory.2).
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X-ray diffraction (XRD) data

The X-ray diffraction patterns for the unpromoted and Na promoted Fe/CNT catalysts
areshown in Figurer.11 with the most pronounced lines indicatétle peaks that
appeared at °2nd 448arkaharacterietic of 2aBbon nanotub@s].

The broad pe ak®isatribuged tothadresesmce offsmast 8mounts of
carbides as well as residual catalyst from the CNT synthesis in the samplés,(Fe
FesC, CosC or CaC) [27]. The pe dand38correspbnddofthe Présence

of the magnetite (R©4) and hematite (R€©3) phases respectively and the peak at
35.5 is related to the presence of both hematite magjnetite phases. It is observed
from the XRD patternghat varying the amount of Na in the catalysvegaise to
different XRD patternsThis indicates that the iron phases present in the catalyst are
different or the relative amount of each phase piesedifferent. For instance the
XRD patternof the 100Fe3.35Na/CNT catalyst shows the presence of the hematite
peak at2 d o°fand3wBen thesodium loading is increased.2 fold (100Fe
24Na/ CNT catalyst), t°iseo longendatécied aand ipsteak a't
the peak Castorodtlehedo f 35. 5
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Figure 7.11: XRD patterns of unpromotechd Na promoted Fe/CNT catalysts: a)
100Fe/CNT, b) 100F8.35Na/CNT, c) 100F42Na/CNT, d) 100Fe
24Na/CNT; * = graphiteg = FgO, ; # = FeOsg; 2 0z and Fgdy;
0 =-F& Be3C, Co3C or Co2C;

Temperature programmed reduction (TPR)

H,-TPR was usedot investigate the effect of varying the Na loading on the
reducibility of the Napromoted catalysts and the profiles are showRigure 7.12

As discussed earlier, the reduction 03Geto Fe takes place in 2 steps with peak 4
corresponding to the gasiition of the CNT$16]. In general, the addition of Na to
the Fe/CNT catalyst inhibits its reducti@iue to the interaction of iron oxide with
sodium oxide.Howe\er, increasing the Na conteBf7 and 7.2 fold did ot have a
significant influence on the reducibility of the catalyiSsigure 7.12, Table 7.6).
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Figure 7.12: H,-TPR profiles of the unpromoted and Maomoted Fecatalysts
supported on CNTs: a) 100Fe/CNT, b) 10(8=85Na/CNT, C) 100Fe
12Na/CNT,; d) 100F€24Na/CNT.

Table 7.6 Temperature of the peak maxima at which each reduction steps occured

during the H-TPR

Temperature (C)

Sample ID FeOsY F g0y FesO,Y F & CNTY CH;,
CNT b b > 600
Fe/CNT 361 467 650
100Fe3.35Na/CNT 392 492 662
100Fel12Na/CNT 381 464 657
100Fe24Na/CNT 395 497 678
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Surface area and pore volume measure ments

The surfae areas and pore volumes of the-pfamoted catalyts are presented in
Table7.7. The surface area decreased upon adding the promoter. However, there is
no significant decrease in surface area and pore volume with increasing Na loading.

The surface area data are within £ 5% experimental error.

Table 7.7. BET surface area and pore volume of the unpromoted and Na promoted

catalysts.

Sample ID Surface area (M/g®  Pore volume (cni/g)
100Fe/CNT 123 0.28
100Fe3.3Na/CNT 92 0.27
100Fe12Na/CNT 86 0.28
100Fe24NaCNT 85 0.28
%errorbar +5%

Catalytic testing

The performance of the N@romoted iron catalysts with different amounts of Na was
tested for FischeTropsch synthesis using a fixéed micro reactor as described

before The unpromoted Fe catalyst was used as a reference.

From Figure7.13 and Tablg.8, it is observed that the % CO conversion/activity of
the Napromoted catalysts significantly increases relative to the unpromoted one, this
increase in activity could be due to the increaseoncentration osurface active

sites in the Na promotedatalysts. However, the % CO conversion/activity did not

change significantly with increasing sodium loading. The selectivity to olefins, the
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selectivity towards €. and the chain growth probability were found to increase with
increasing Na loading (Table8). The selectivity to methane was found to decrease
upon promotion with sodium relative to the unpromoted catalyst. A further decrease
in the methane selectivity was noticed witbreasing sodiumontent in the catalyst.
Such effects are attributed mimally to the geometric effects of surface alkalis,
which can block active catalyst sites, and mostly to the electronic effects which have
been shown previously to affect BInd CO adsorption and dissociat{@able 7.8)
Increasing the sodium contemeyond that of the 100F8.5Na/CNT samplelid not

have a significant effect on the water gas shift reaction as seen by the fractiop of CO

produced (Table 7.8).
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Figure 7.13: CO conversion versus time on stream for unpromoted and sodium

promoted Fe/CNTs catais.
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Table 7.8 Activity and selectivity of sodium promoted iron catalysts supported on

CNTs with different sodium loading

Catalyts 100FeCNT 100Fe3.35Na/CNT 100Fe-12Na/CNT 100Fe24Na/CNT
% CO Conversion 464 73.0 74.1 71.0
10° x CO raté 1.7 2.94 3.07 3.06
10° x CO; rate (WGS) 0.99 149 1.55 1.59
10° x FTS rate 0.80 1.45 1.52 1.50
Activity (umol/s.gFe) 35.8 58.8 61.4 61.2
Al pha (0) 0.53 0.63 0.66 0.74
Selectivity (nol% C)

C1 29.1 120 9.3 6.6
CrCy 13.5 25.1 27.7 21.6
Cs+ 57.4 630 63.0 71.8
O/O+P (weight ratid)

Co/(C+0C) -¢ 0.068 0.27 0.35
C3/(C57+G) 0.023 0.59 0.81 0.78
C4 /(C4+Cy) -¢ 0.39 0.84 0.7
Cs /(Cs+Gs) -¢ 0.13 0.15 0.16
CO;, (% produced) 9.36 1401 14.07 14.24

Conditions: 8 bar, 27%C, CO:H = 12, GHSV = 2400 h.
a Ratesare expressed in mol/s.

b CHC+C).

‘not detected.
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7.5 Conclusion

Carbon nanotubes were successfully synieelsand used as a support forlfased

FT catalysts. For Fe/CNT catalystbeteffect ofdifferent alkali promoterson the
particle size,surface areacatalyst reducibility, activity and &ectivity during FTS

was investigatedIt was observed that addjrihe alkali promoter increased the Fe
crystallite size and as a result the catalyst surface area decreased retaavetthe
unpromoted catalyst. The presence of Na and K promoters slightly hindered catalyst
reducibility by increasing the Fe redwmti temperature; the potassium promoted
catalyst showed theost pronounced effed this regard. The potassium and sodium
promoted catalysts were found to decrease the selectivity toward methane, increase
the olefin production and shift the product selatt to higher molecular weight
hydrocarbons during FTS when compared to the unpromoted catalyst. However, K
lowered the CO hydrogenation activity whereas Na greatly increased it. Increasing
the sodium loading in the catalyst By and 7.2 foldvas foundto have very little
impact on the CO hydrogenation rate, but the product selectivity was affected, with
100Fe/24Na/CNT being the more selective catalyst toward higher molecular weight
products. This study revealed that Na is a most effective promotenfére/CNT

catalyst, followed by K and lastly Li.
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Chapter Eight

Iron-based FischerTropsch catalysts supported on

Postdoped nitrogen-containing carbon nanotubes

8.1 Introduction

The FischeiTropsch (FT) synthesis is a surface catalyzed polymerization reaction
that uses CH monomers, generated from the hydrogenation of adsorbed CO over
transition metals, to produce hydrocarbons and oxygefibjteIhe FT process is a
proven method for the production of fuels and chemicals from gpatraleum based
feedstocK2, 3]. The FT prauct distrbution depends on a catalydte type of reactor

used and the operating conditions (temperature, pressure, space VElpcitherole

of the catalyst is to activate the reactants and to provide a surface wbevarious
reactions can take place. A catalyst usually consists of an active metal (Fe or Co)

deposited on a #able support. The support is not a neutral spectator in the reaction
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and thetransition metalsupport interfacenfluences catalytic activityand typically

generatebetter catalysts than unsupported transition mggaB).

Carbon materials have been used as active metal supports in many reactions
including the Fischelfropsch eaction because carbon hasrelatively high surface

area, good thermal and mechanical stability, inertnedsnaost importanthtunable

surface propertie§7]. Numerous studies over the years have focusedotivated

carbon as a catalyst support; however the recent interest in shaped carbon materials
(carbon nanotubes, carbon nanofibers, carbon spheres, carbon nanocoils etc.) has led
to much interest in the synthesis of new carbon morphold8jesaving different

properties for use as catalyst supports.

Carbon nanotubes (CNTs) have been used as catalyst supports for the- Fischer
Tropsch synthesig9-13]. Because of their inert nature, CNTs have to be
functionalized or their surfaces have to be modified to make them chemically active
[14]. Generally,acid treatments have been used to functionalize the carbon surface
and to create surface functional groups (carboxylic, carbonyl, hydroxyl) that are able
to act as anchoring sites for metal particles. These acid treatments, if very harsh
conditions are usedan considerably reade the mechanicaerformance of carbon

due to the introduction of a large number of def¢t®. An alternative to surface
functionalisation is surface doping and indeddping ofa CNT with nitrogen has

been used as an alternative to modify surface activity.

There are two methods that arentmonly employed to dop€ENTs with nitrogen

[16]: doping directly during the synthesis of carbon nanotubes (knowmeas situ
doping) or postreatment of presynthesized carbon nanotubes with a nitregen
containing precursor (A NHs, acetonitrile etc.) which is called pedbping. It has

been established that the incorporation of nitrogen in nanotubes results meethha
conductivity, enhanced surface basicity due to the strong electron donor behaviour of

nitrogen [17-19] and also reduced surface hydrophobiciAp]. Nitrogerdoped

20z



Chapter 8: Febased FT catalysts supported pdeped NCNT

carbon nanotubes @ENTs) possess chemically active sites for use in catalytic
reactions and these sites also allow for anchoring of metal precursors onto the carbon
surface [15, 21] Sidik et al [22] has reported that {CNTs exhibit enhanced
electrocatalytic activity toward oxygen reduction. Pt has been supported @\ TN

for use in the proton exchange membrane fuel (@EMFC) electrodes and this
catalyst showed superior fuel cell performance and high stability when compared to

commercial electrodg3, 24]

The use of NCNTs as a catalyst support for FT casddyhas not yet been extensively
explored. A study by Xiong et al5] demonstrated that a €wased FT catalyst
supported on nitrogen doped carbon sphere€8$) can be autoreduced to produce a

stable Co/CS catalyst.

In this study, nitrogen doped carbon nanotubesC(NITs) were synthesized by the
postdoping method using acetonitrile as the nitrogen source and the suitability of N
CNTs as support for Feased FT catalysts was investigated. For purposes of
comparisonfFe supported on nitric acid functionalized@NTs was also prepared,

characterized and tested in the Fisehepsch reaction.

8.2 Experimetal

8.2.1 Synthesis of the NCNTs by the postdoping technique using acetonitrile as

the nitrogen source.

The pos$-doping method of synthesizing nitrogdoped CNTs involves two steps: in
the first step, the CNT is produced and in the second step tieymifgesized and
purified CNT is treated with a nitrogecontaining precursor at elevated temperatures
(600-900°C) [22, 25, 26]
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Synthesis of carbon nanotubes (CNTSs)

CNTs were prepared by the decomposition of acetylene over a 10C/EaCQ
catalyst in a chemical vapour deposition (COMIhit. Details concerning the catalyst
(10% FeCo/CaCQ) preparation and the carbon nanotube production are given in
Chapters 4 and 5. The-gsown CNTs were purified using a mild acid treatment
(30% HNG; for 2 h at room temperature) in order to remo\sdngal reagents used in

the synthesis. The CNTs were then washed with distilled water and dried in an oven
at 120C for ~ 12 h. Th sample was named purified CNT

Postdoping treatment of CNTs

The setup used for doping the CNTs with nitrogen is simttathe one used for the
synthesis of carbon nanotubes with a slight modification to allow for the introduction
of the nitrogen source. In this experiment, the purified CNTs obtained above were
spread ina boat and placed ia quartz tube. The quartz tuleas then put in a
horizontal furnace (see Chapter 3). A bubbler containing acetenitas placed
before the quartz tubialet. High purity argon (100 mL/min) was used as a carrier gas
and was bubbled through the acetonitrile maintained &€ #hd the apour was
carried through to the reaction zone where the boat containing the purified CNTs was
placed. The experiment was carried out at different furnace temperaturé€,(700
750°C, 800C, 850°C and 900C). The reaction time and the argon flowrate we gt ke

constant at 2 h and 100 mL/min respectively.
N-CNTs obtained by podteatment at 75 for 2 h, were alsdunctionalized by

refluxing the material in 55% HN$at 120C for 2 h. The sample was labeled N
CNT-750-55R2. Table 8.1 below gives an overviefitlte N-CNTs synthesized.
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Table 8.1 Overview of the NCNTs synthesized

Doping ) Argon flowrate

Doping Further post
Sample ID temperature _ through bubbler

time (h) _ treatment

(°C) (mL/min)

Purified CNT b b b b
N-CNT-700 700 2 100 b
N-CNT-750 750 2 100 55R>*
N-CNT-800 800 2 100 b
N-CNT-850 850 2 100 b
N-CNT-900 900 2 100 b

aRefluxed in 55%HNQ@at 120C for 2 h.

8.2.2 Synthesis of Fe supported on-RBNTs catalysts

Fe (10 wt.%) was loaded on the®BNTs (NNCNT-750 or NCNT-750-55R2) by the
deposttion preipitation method using urea as the precipitating agent. Typically,
FeNO3)sPH,0 (1.44 g) and urea (0.322 g; 1.5 mol of urea per mole of ineame
dissolved in deonized water (20 mL) and added dropwise to the nitrogen doped
carbon nanotubes (2.00 gjitially slurried withde-ionised water (20 ml) and heated

to 9FC in an oil bath. The mixture was left to stir at this temperature for at least 2 h
to allow for the decomposition of urea. Thereafter, the temperature was decreased to
80°C to allow for theevaporation of the excess solvefibe catalyst was further dried

at 100C for 12 h and hedteated in N at 25GC for 2 h in order to decompose the

nitrate.
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8.3 Characterization techniques

8.3.1 Transmission electron microscopy (TEM) analysis

The dructure and morphology of purified CNTs;GINTs and Fe/NCNTs catalysts

were characterized by TEMeample specimens for TEM analysesre prepared by
ultrasonic dispersion of the sample in methanol, and the suspensions were dropped
onto a SRicarbon coat copper grid. TEM images were obtained using a FEI Tecnai
Spirit G transmission electron microscope operating at 120 kV. For the-EB/N
catalystsseveral TEM micrographs were recorded for each sample and analyzed for
particle size distribution using @imageJ software. A least 120 metal nanopatrticles

per sample were analyzed to determine the average catalyst particle size.

8.3.2 Elemental (CNS) analysis

The nitrogen content in the-BNTs was determined by elemental analysis using a
Carlo Erba NA150Nitrogen Carbon Sulfur analyzespproximately 1.01.5 mg of
powder samplevasused for the analys&nd a GC, coupled to a thermal conductivity
detector, was used to separate the gases pradlicesle analysewere conducted at
the Institute for Soil, Ginate and Water based in Pretoria, South Africa.

8.3.3 BET surface area measurements

The surface areand pore volume of the CNTs as well as theCNTs were
determined by K physisorption using a Micromeritics TRISTAR 3000 analyzer. A
sample of approxiamtely 300 mg was degassed at A5@r 4 h under a flow of B
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and therthe surface area and pore volume were determined by the BruBaueett
Teller (BET) method

8.3.4 Thermogravimetric analysis (TGA)

TGA analysis was used to determine the thermallgiaof N-CNTs as well as the %

wt. metal loading.The TGA analysis was done on a Perkin Elmer STA 4000
analyzer. About 50 10 mg of sample was placed in a ceramic pan and placed in the
i nstrument 6s furnace. The t e mpoanrraomur e
temperature to 90C at 16C/min underan oxidative atmosphere (air, 20L/min).

The metal loading was determined using TGA by simply burning off the carbon
support in an oxidative environment. The % loading was calculated from the mass of
ash tha remained assuming that the ash was only made up of fully oxidized iron
(Fe0Os3). The value obtained was corrected for the aahrdmained when thearbon

support was oxidized.

8.3.5 Raman spectroscopy

Raman spectroscopy (JobYivon T64000 micreRaman spectrometer) was
employed to evaluate the quality of the CNAsgrating with 600 grooves/mm was

used to disperse the spectrum onto a charge coupled device (CCD) detector.

8.3.6 Temperature programmed reduction (TPR)

The TPR experiment wgserforned ona Micromeritics AutoChem IChemisorption
analyserto study the reduction behaviour of the catalystsample of the catalyst
(100 mg)was loaded into a{dhaped quartz tube reacgtditted with a thermocouple

for continuous temperature measurement. Baetor was placed in a furnace. Prior

of
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to the H-TPR analysis,iHe sample was first degassed in a flowhimh purity argon
(20 mL/min) at 156C for 30 min to remove traces of water, and then cooled 16.40
The sample was then reduced in 59#f (30 mL/min) as the temperature was
increased from AT to 800C at a rate of 1 /min. The gas flow through the reactor
was controlled by three Brooks mass flow controlleks.thermal conductivity
detector (TCD) was used to measuhe H, consumption The temperate andH,

consumpion was captured automatically by a RCgive the TPR profiles.

8.3.7 Xray diffraction

X-ray powder diffraction (XRD) patterns of the purified CNTs and the FeNNI

catalysts were recorded with a Brucker D2 phaser diffractometer as@g source

(15418 A)andalywnEye detector. The scamfwims withi
0.03 steps at 2%C. Crystallite phases were determined by comparing the diffraction

patterns with those in the standard powder XRD files (JCPDS).

8.3.8 Catalytic testing

The FischeiTropsch swythesis was performed in a fixded micro reactr. Gas
cylinders containing HCO/N,; mixtures (60%H, 30%CO and 10% N purity:
99.99%) were used to supply the reactant gas stream to the catialyggen was

used as an internal standard in order to 8o accurate mass balance.

Catalyst (0.5 g) was added to theateas and reduced in situ at 38D for 20 h under a
stream of pre hydrogen (2 bar pressure, 20 /minute). After reductionthe
temperature was decreased to Z7hunder the flow of nitroge the pressure was
increased gradually to 8 bar and a flow of syngas was passed over the catalyst bed
with a flowrate of 20 mL/min (GHSV = 2400 H). All gas lines afer the reactor were
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kept at 150C and the hot trap placed immediatelfeathe reactowas held at 15

in order to collect wax. A second trap kept at ambient temperature was used to
collect the oil and water mixture. The flbw of gasess controlled using a needle
valve and measured with a bubble meter. The gaseous product stream Wasdana
online using two gas chromatographs. An offline GC was used to analyze the oil and
wax. The data analysismethod used in our studyas performedaccording to

standard procedures described elsewhegf.

8.4 Results and discussion

8.4.1 Purified carbon nanotubes and nitrogen doped carbon nanotubes

CNS elemental analysis, BET surface area and pore volume measurements

Table 8.2 presents results rom the CNS elemental analysis, the BET surface area and
pore wlume measurements. It is observed that the purified CNTs (ho nitrogen post
treatment) contain 0.35% nitrogen. This indicates that a small amount of nitrogen
used as the inert gas atmosphere in the C\wvtr of carbon nanotubes may be
incorporated into tACNTSs.

An investigation of the effect of reaction temperature on the carbon mass and
nitrogen content in NCNTs was carried out using a reaction time of 2 h. Figure 8.1
shows the effect of reaction temperature on both the % mass increase (amount by
which mass of solid CNTs increases) and % nitrogen content of the product. Both
mass and % N increase with increasing reaction temperature from 700 °®. 900
Thus, as the reaction temperature is increased from 700 $€ 96@re acetonitrile is
decomposed inhe reaction zone and as a result more nitrogen and carbon are

incorporated/deposited onto the CNTs. As the reaction temperature is increased, the
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C/N ratio decreased indicating that more N than C from the decompositions&iINCH

is being deposited on the Oul

Similarly, the effect of the reaction temperature on the surface area and pore volume
was studied after a reaction time of 2 h. The graph presented in Figure 8.2 shows the
dependence of surface area an€CNT mass increase on reaction temperatures It
observed that as the reaction temperature is increased from 700°@ @@surface

area of the NCNTs decreases. The decrease in surface area is attributed to the
increased inthe amount ofcarbon deposad (probably amorphous material) with
increasing temperature. Similar observations (decraasspecific surface area with
increasing synthesis temperature) were made by Shalagina ¢273l.when
investigating the texture of {ICNFs. The observed decrease pore volume with
increasing reaction time suggestedt thecarbon nanotubes tips wertosed by the

carbon deposiino evidence to support this was found using TEM.

Table 8.2 % mass increase, C/N ratio, surface area and pore volume of purified and

N-CNTs as a function of reaction temperature.

Sample Mass increase  Nitrogen C/N  Surface area Pore volume
(%) content (%) ratio (m?/g)? (cnlg)
Purified CNTs b 0.35 273 91 0.34
N-CNT-700 0.4 0.70 137 85 0.30
N-CNT-750 7.98 1.75 54 73 0.28
N-CNT-800 23.5 2.59 37 59 0.22
N-CNT-850 57.5 4.21 22 41 0.17
N-CNT-900 174 6.54 14 14 0.06

3Error + 5%.
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TEM analysis

TEM analysis revealed that nitrogen incorporation via the post doping method did not
have a significant impact on the morphology and structure of the CNTs up to about
800°C reaction temperature (Rige 8.%-d), probably because the concentration of
nitrogen incorporated was very low. At temperatures greater thaC8@ere were
some obvious changes in thppearance of thBl-CNT, amorphous material was
clearly being deposited on the surface of lRi&€NTs. The material originated from

the thermal decomposition of acetonénvith the NNCNTs produced at 96Q being

the mostaffected Figure 8.3). No bamboo structusswereobserved in these N
CNTs as is in the case oFQNTSs prepared by the-situ chniqueqd16, 28] This

means that, the mechanism of N incorporation is different.
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Figure 8.3: TEM images of CNTs and {CNTs (prepared by posioping at different
temperatures): a) purified CNTs; b}GINT-700C; ¢) NCNT-750C; d) N-CNT-
80C°C; e) NCNT-850°C; f) N-CNT-900°C (Durationof deposition in all cases is 2 h)
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Thermogravimetric analysis (TGA)

Thermogravimetricanalysis (TGA), coupled witllerivative curveanalysisof the

weight loss (DTA) was used to investigate the thermal stability of the purified CNTs
and NCNTs in an air atmosphere. Figures 8f4dow the TGA and DTA profiles of

the purified CNTs and Moped CNTs obtained after reactiat different reaction
temperatures. Table 8.3 presents the summary of the temperatures at which the
carbon material decomposes (half width information) as well as the derivative peak
breadth. It is observed that the purified CNTs decomposed a€C&aithey are in
general more stable than their doped counterparts. The thermal stability of the N
CNTs shifts to slightly lower temperature as the nitrogen content increases (Figure
8.4, Table 8.3). This is attributed to the presence of nitrogen atoms, grieattized

defects that are energetically less stable than the pure carbon[ldlice

The dervative peak breadth decreases slightly with increasing reaction temperature
up to 856C. This could be due to the foation of a more uniform type of surface
material upon heating. For the sample prepared &@aBe thermal stability of the
N-CNTs increases with a shoulder peak appearing &iC7Iowever the derivative
peak breadth significantly increases and thiatisbuted to the deposition of some
other form of carbon material on the surface eCNT as confirmed by TEM (see
figure 8.3 above) that is stable above DO
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Table 8.3 Decompaition temperature and peakdth of purified and NCNT as a

function of reactio temperature.

sample Post treatment Decomposition Peak Breadth

temperature °C)  Temperature (°C) (°C)
Purified CNTs b 675 236
N-CNT-700 700 675 228
N-CNT-750 750 637 224
N-CNT-800 800 595 207
N-CNT-850 850 580 196
N-CNT-900 900 635% 262

®Shoulder peak at 73¢

Raman analysis

Raman spectroscopy is one of the methods used for determining the degree of
structuralordering or the presence of defects in graplite materials[29]. The
Raman spectra of the purified and@NTs are shown ifrigure 8.5and three peaks
can be observed. The first peak at ~ 1350 @wrrespond to the disordeinduced
band (Dband), the second peak at ~ 1590’ccorresponds to the tangential mode
(G-band) and the last peak Gceurring at 2D = ~ 2700 chis an overtone mode of
the Dband[30] (Figure 8.9. The area ratio of the D and G bandgld) is useful in
estimating the defect concentration in the CNTs an@NN\l's. Table 8.4 presents the
positions for the most intense components corresponding to the D, G' é&aahds,
the b/lg area ratios as wellsathe nitrogen content for the purified andQWTs
prepared. It is clear from Table 8.4 and Figure 8.6 that $He ratio decreases
slightly with increasing nitrogen content up until a reaction temperature 8€82Q
temperature > 85C, the b/Igratio was found to increase significantly. These results
suggest that increasing the reaction temperature from 700 € &sually reduces

the disorder of the carbon material and that the nitrogen incorporation did not
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significantly affect the bulk structuref the NNCNTs. This could be due to the low
C/N ratio in these temperatures range. Hellgren et al. sththat low concentratins

of nitrogencan be incorporated in the graphene layer without changing the graphitic
properties too muckB1]. However, when the reaction temperature was’@0@he
nitrogen content had increased to about 6.5% andtheratio was found to increase
significantly i.e., there is a loss in ordering in the graphene layers as more nisogen

incorporated into the CNTs. These results are in agreement with TEM and TGA data.

It is also observed from the Raman data (Table 8.4) that increasing the reaction
temperature leads to an-shift of the Dband. The largest shift (up to 43 ¢rfor the
N-CNT-900) is characteristic of the D band and indicates the appearance of new
types of disorder in NCNTSs relative to that of pure CNT29]. Similar observations

were also obtained by Jafri et[2ll] and Yang et d32]. The position of the G and

G bands is also shifted. However, the G and&hds are not related to the structural
defects and a modification in the electronic dtute of CNTs with nitrogen doping

could be the reason for the observed 488{.
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Figure 8.5: Raman spectra of CNTs andGNTs (obtained at different post
treatment temeratures): apurified CNT; b N-CNT-700C; ¢ N-CNT-
750°C; d N-CNT-800°C; e N-CNT-85C°C; £ N-CNT-90C°C.
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Table 8.4 Raman data for the purified and nitrogéoped CNTs

Nitrogen Peak position (crm')?
Sample ID content Ip/l
D-band G-band G'-band
(%)
Purified CNT 0.35 1348 1591 2694 1.04
N-CNT-700 0.70 1350 1589 2694 0.99
N-CNT-750 1.75 1350 1578 2698 0.94
N-CNT-800 2.59 1352 1577 2703 0.90
N-CNT-850 4.21 1357 1589 2707 0.87
N-CNT-900 6.54 1391 1585 b 1.28
Error bar + 2 cm
1.3 1.3
a b
1.2 ; 1.2 /,-'
1.1 //‘ 1.1 ',"/:
0104 . _./"/. 0 1.0 o ; |
0.9+ e 0.9- R, S ,//
............. y
0.8 0.8
0.7 T T T T T T T T T 0.7 T T T T T T T
0 1 2 3 4 5 6 700 750 800 850 900

Nitrogen content (%)

Reaction temperature (°C)

Figure 8.6 Ip/lg ratio as function of (a) nitrogen content and (b) reaction temperature
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8.4.2 Fe catalyst supported on nitrogeqtloped carbon nanotubes

N-CNT-750 was chosen as a suppoiir the Fe catalyst ashe preliminary
characterizatiorstudiescarried out abovesuggestedhat this support hadhe most
desirable charcteristics for studylow nitrogen content: 1.75 %, 73%hg surface

area, thermally stable up to S@etc.). Fe supported d-CNT-750 and NCNT-
750-55R2 wereused for the studies whiokere conducted othe prepared catalysts

in order to compare the two supports and determine which of the two would provide a

better support for Fe based FT catalysts.

CNS elemental analysis and surface area measurements

Results from the CNS elementatadyss and BET surface area measurements are
displayed in Table 8.5. The nitrogeontent was found to e2 % forthe NNCNT
supported iron catalyst. The surface area and pore volume did not change
significantly when Fe was loaded onteethN-CNT-750. The Fe/NCNT-750-55R2

had a larger surface area. This could possibleXx@ained by the increase the
surface area of NCNT-750-55R2 brought about by the roughened surfirened

during acid functionalisation.

Table 8.5 Nitrogen content, surface area and parkime measurements

Nitrogen Surface Pore volume
Sample ID
content (%) area nf/g cnlg
N-CNT-750 1.75 73 0.28
Fe/N-CNT-750 1.23 76 0.27
Fe/N-CNT-75055R2 b? 98 0.28

%o data available
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TEM analysis

The morphology of two the MCNT supported Featalysts was investigated using
TEM. Figures 8.7 and 8.8 are the TEM images and histogram of the Fe particle size
of the FE/NCNT-750 and Fe/NCNT-75055R2 samplesespectively. It is clearly

seen from the TEM images and histograms that the two catalysts have very different
particle sizes and distribution. The Fe particles are smaller and more uniform on the
N-CNT-750-55R2. The difference in the Fe particle sizetislauted to differences in

the amount of functional groups on the support surface. FRNN-750 support has
localized defects created by the presence of nitrogen (~ 1.7%) as well as surface
defects originating from the CNT synthesis as anchoring sitethdometal particle.
Catalyst preparation on this type of support would result in particle
agglomeration/sintering during het¢atment because there are not enough surface
functional groups to anchor the metal particles. As a result, a brpaddcle size
distribution, and a poorly dispersed catalyst is obtained with an average particle size
of 27 nm (Figure 8.7).

Functionalizing the NCNT-750 support with 55%HN¢) creates additional surface
functional groups that are more evenly spread onto the €lfaice to anchor ¢h

metal particle. Thishelped in the preparation of a narrower size distribution, well
dispersed catalyst with an average particle size of 8 nm (Figure 8.8). These results

imply that COOH > N in dispersing particles in this study.
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Figure 8.7: (a) and (b) TEM images and (c) Fe patrticle size histogram of the Fe/N
CNT-750 catalyst, (arrows on the TEM images show iron particles)
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Figure 8.8:(a) and (b) TEM images and (c) Fe partgilee histogram of the Fe/N
CNT-750-55R2 catalyst, (arrows on the TEM images show iron

particles)
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XRD analysis

The XRD patterns of the purified CNTs and the two FE€NT catalysts are
displayed in Figure 8.9. Several diffraction peaks are observedpéghes appearing

at 2 cbf 26° and 45° are characteristic of the graphitic walls of the CN33]. The
broad peaKRisattbuteldo the pres@&nce of small amounts of carlzides
well as residual catalyst from the CNTs synib@sthe samples (Cé&e, FeC, CaC

or CoC) [33]. The peaks aP dof 30° and 33 correspond to the presence of the
magnetite (Fg04) and hematite (R©3) phases respectively and the peak at 35.5
corresponds tohe presence of both hematite and magnetite phases. When comparing
the XRD patterns of the two catalysts, it is clear that they exhibit different diffraction

patterns.

The ironoxide average crystallitgize was measured using the line broadening of the
pe a k at °alddhe Sche8r@r equatioFhe data are presented in Table 8 6e
Fe/N-CNT-750 has an average particle size @ 8m whereas the Fe/SNT-750

55R2 catalyst has an average iron particle size of 6 nm. This is in good agreement

with TEM measired particle size.
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Fe/N-CNT-750-55R2

Fe/N-CNT-750

Intensity (a.u.)

Purified CNT
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260 ()

Figure 8.9: XRD patterns of the purified CNTs and Fe supported eé@NNI's: * =

graphites = FeOs; # = FeO3;, 2 OsanFfeOs;, O -Fe, FEQ
CosC or CoC[33, 34]

Table 8.6 Metal loading and average particle size of theCNT supported Fe
catalyst

Metal Fe,O3 average particle size, nm
Catalyst .
loading (%)? TEM XRD
Fe/N-CNT-750 10.3 27 30
Fe/N-CNT-75055R2 9.8 8 6

®Determined by TGA
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Temperature programmedreduction (TPR)

H2-TPR was used to assess the reducibility of the taGNNI' supported Fe catalysts
(Figure 8.10). The profiles are characterized by multiple peaks resulting from the
different reduction steps that are taking place. The first significaak perresponds

to the reduction of R©3 to Fe&O,4 (3601 410°C) whereas the second peak (460
500°C) is associated with the reduction of6gto F& [9, 35] The reduction peak
occurring at B9°C could be attributed to small particles that are difficult touoed
because of the strong metarbon interaction. Tehpeaks appearing at temperatures
greater that 60{C are due to the gasification of the carbon suppb2]. The
reduction from FgO3 to FeO4 occurs at a lower temperature (8C2 for the Fe/N
CNT-750-55R2 catalyst than the Fe/QINT-750 catalyst, however, the reduction
from FeO4to FE appears to be more difficult when compared to the F&’NI-750

TPR data. This is probably due to the difference in particle size as observed by TEM
and XRD analysis. It is known that smaller particles tend to interact more strongly
with a support and as a result they are more difficult to reduce as compdaegeto

particles
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Figure 8.10 Hpo-TPRprofiles of Fe/NCNT-750-55R2 and Fe/NCNT-750 catalysts.

8.4.3 Catalytic evaluation

The performance of the iron catalysts supported e@NNI in the Fischeifropsch
synthesis was tested in a fixed bed reactor ugiagdllowing reaction conditions: T
= 275°C, P = 8 bar, GHSV of 2400*and a H:CO ratio of 2. Figure 8.11 shows the
% CO conversion as a function of tiroe-stream. The catalytic activity and product
selectivity data have been calculated after stabhversion was achieved @0 h)

and results are presented in Table 8.7.

From Figure 8.11, it is observed that the activity of the catalysts was initially low (~
15%) but increased significantly within 15 h, dropped slightly and become stable
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after 30 h br the entire experiment (120 h). The activity drop within the first 10 to 30
h could be due to the restructuring of the catalyst under FT conditions. The catalysts

showed limited signs of deactivation after 30 h.

90 -

80
. M‘W

S 60-
C -
2 50-
5
S 40-
O -
© —&— Fe/N-CNT-750-55R2
8 _ —O— Fe/N-CNT-750

20 -

o]

! | ! | ! | ! | ! | ! |
0 20 40 60 80 100 120

Time on stream (h)

Figure 8.11: CO conversion versus tinga stream.

The Fe/NCNT-75055R2 catalyst showed a CO conversion of 70% compared to that
of Fe/NCNT-750 catalyst with a conversion of 55%. The difference in CO
conversion is related to the number of metal active sites available for the FTS
reaction. Thdower CO conversion of the Fe/NINT-750 catalyst is due to the larger

particle size (TEM imageBigure 8.7) which results in poor metal dispersion in the
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catalyst andhence a smaller number aftive metalsites for the FTS. The Fischer
Tropsch rate as vlleas the water gas shift rate for the FEINT-750 catalyst are also
lower than for the Fe/NCNT-750G55R2.

Comparing the selectivities of the two catalysts revealed that the GR/N750

55R2 catalyst showed lower selectivity to methane and high satlector Cs.
hydrocarbon wit hFe/A-@NTUS50 caalysi by cantfast 8hovéed a

very high selectivity to |ighter-CRlydrocarhb
750 catalyst behaves like a methanation catalyst with a methane selectivity of 64%.

The medanism of hydrocarbon synthesis on the Fe catalysts includes three steps
namely initiation, propagation and termination reactif@®. The higher production

rate of CH by the Fe/NCNT-750 catalyst is hence attrited to the faster rate of
hydrogenation of the methyl species formed on the surface of the catalyst. No olefin
production was observed with the Fe@WT-750 -catalyst because of its

hydrogenating capabilities.

Clearly, the FE/NCNT-75055R2 catalyst has parior FTS activity compared to the
Fe/N-CNT-750 catalyst. The superior behavior relates to the smaller Fe particle size
and higher metal dispersion. For comparison, one would need to investigate the FT
performance of Fe/CNT50 without any nitrogen in aufther study to determine the

role of nitrogen in the catalyst.
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Table 8.7: Activity and selectivity of Fe/NCNT catalysts in FTS.

Catalyts Fe/N-CNT-750 Fe/N-CNT-75055R2
Average particle size (nfh) 27 8.0
CO Conversion (%) 55.3 70.1
10° x CO rae’ 1.83 2.75
10° x CQ rate (WGS) 0.89 1.46
10° x FTS rate 0.94 1.29
Activity (umol/s.gFe) 36.6 55
Alpha (U0) 0.29 0.65
Selectivity (mol C %)

Ci 63.5 13.5
CrCy 19.6 25.6
Cs+ 16.9 60.9
O/O+P rati§ b 0.31
CO; (% produced) 7.70 13.4
TEM

b Rae are expressed in mol/s.
“x @ % +(Cg, where x=2,3,4,5.
%hot detected.

8.5 Conclusion

N-CNTs were synthesized by a pakiping method using acetonitrile as the nitrogen
source. There was no significant change in the morphology of t@NWs p to

85(°C (reaction temperature). The nitrogen content and % mass increase of the N
CNTs increased almost linearly with increasing reaction temperature whereas the
surface area was found to decrease. The Raman data showed that the graphite layers
of the N-doped CNT are more ordered than the purified CNTs as reflected in the
decrease in thepllg ratio up to 850C. Two Fe catalysts were prepared using N

CNTs as a support. The FelSBNT-750 catalyst, containing 1.7% nitrogen was found
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to have a very broad andrge Fe particle size distribution which resulted in a poor
FTS catalyst. However, functionalizing the-@NT before metal loading created
more surface functional groups on which to anchor metal particles. The Fe metal
deposited on this support has a oauy smaller Fe particle size and exhibited
significantly improved activity during FTS activityThe doping of a CNT with

nitrogen is not a necessary condition to generate Fe FT catalysts.
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Chapter Nine

The effect of Co(nitrate) and Co(acetate) catalysts
supported on CNT for use in the Fischer-Tropsch

synthesis

9.1 Introduction

The FischefTropsch synthesis, which is the catalytic conversion of syngas (a mixture
of CO and H) to hydrocarbons, has been shown to be catalyzed by grddp 8
transition metals, with Fe, Co and Ru exhibiting the highest acfi48].

Co-based catalysts have been seen as the preferred candidestalyse the FT

reaction based on natural gas because of their high selectivity to linear hydrocarbons,

their high stability towards deactivation by water (apgogduct of the FT reaction)
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and their low activity for the competing watgasshift reaction.Cobalt catalysts are

also cheaper than ruthenium and can be used at lower temperatures and pressures than
iron catalyst43, 9-13]. Cobalt precursors are usually placed on a support in order to
obtain well dispersed, high density surface active sites. Previous research- on Co
based FT catalysts has been mostly conducted on cobalt metal supported aiican ox
support such as SiO AlbOsz and to a lesser extent THO10, 11, 13] One
disadvantage of these support materials is that they are very reactive t@baid c
and they form mixed compounds with the metal that are only reducible at high
temperature$s, 10, 11, 14] More recent studies have reported om tise of carbon
materials such as carbon nanotubes (CNIS)18], carbon nanofibers (CNF§)9,

20], [21] and carbon spheres (C322, 23] as a support material. Bezemer ef%al.

have shown thacarbon nanofibers may be a promising support forfb@sed FTS
catalysts, exhibiting good activity and selectivity towards high molecular weight
hydrocarbons. De Jong and-smrkers[19, 24] have used fishborkke CNFs as a
support to study Goased FTS catalysts. They reported that the turn over frequency
(TOF) for CO hydrogenation was lower for small Co particles {& rim); and that

with Co patrticles with sizes larger thar86nm, theTOF was not dependent on the
cobalt particle sizd19]. Studies on the effects of cobalt precursors reported in the

literature have focussed on cobalt supported on oxidic sud@é1t26]

Conventional cobalt FT catalysts are usually prepared using cobalt nitrate as the
precursor. However the desire to control parameters affecting the catalyst behaviour
such as cobalt dispersion has prompted researachstsdy the effect of other sources

of cobalt. Some early studies have shown that cobalt acetate can be used to prepare
highly dispersed cobalt metal catalysts supported on $dich titania[25] or SBA

15[13]. The resulting catalysts were found to be poorly reduced in a hydrogen stream
and as a result these catalysts were much less active for CO hydrogenation compared

to catalysts mpared using cobalt nitrate as precursor.
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This work presents a preliminary study on the effect of catalyst precursors on the
properties of carbon nanotube supportedh@eed FTS catalysts. The catalysts were
prepared by a deposition precipitation methosing either Co(NOs)6H,O or
Co(OOCCH), as precurars. The resulting materialsvere characterized using
transmission electron microscopy (TEM), temperature programmed reduction (TPR),
No-physisorption, thermogravimetric analysis (TGA), anerax diffracion. The
catalytic testing was carried out in a fixbdd micro reactor at 8 bar, 2400, [220°C,

and at a b: CO ratio of 2.

9.2 Experimental

9.2.1 Carbon nanotube synthesis

Carbon nanotubes were grown from the catalytic decomposition of acetylene at
700°C over a 10% R€0/CaCQ catalyst. Detailed synthetic procedsican be found
elsewhereg[28]. The asgrown CNTs were purified and functionalized by refluxing
the material in 55% HN@at 120C for 2 h. After washing and drying at 120 for
approximately 12 h, CNTs with a BET surface area of 16/f and pore volume of

0.32 cni/g were obtained.

9.2.2 Catalyst preparation

Cobalt (10 wt. %) was loaded onto the CNTs obtained above using a deposition
precipitdion method with urea as the precipitating agent. In b@a{NOs),A6H,O

(0.987 g) and urea0(306 g; 1.5 mol of urea per mole of cobaligre dissolved in
deionized water (20 mL) and added to the functionalized carbon nanotubes (2.00 g).
The temperaturevas subsequently raised to°@0 After allowing sufficient time (at

least 2 h) for the hydrolysis of urea, the excess solvent was evaporated, followed by
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drying in a static air oven at 1890 for 12 h. The catalyst obtained was heeated in
N, at 250C for 2 h in order to decompose the nitrate; this catalyst was denoted Co
N/CNT (N = nitrate). The same preparation procedure was followed for the
preparation of CA/CNT catalyst (A = acetate) using Co(OOCgHas the

precursor.

9.2.3Catalyst characteiization

The structures and morphologies of the CNT support and the Co/CNT catalysts were
characterized by TEM. Sample specimens for TEM studies were prepared by
ultrasonic dispersion of the sample in methanol, and the suspensions were dropped
onto a SPRicarlon coated copper grid. TEM investigations were carried out using a
FEI Tecnai Spirit G transmission electron microscope operating at 120 kV. Several
TEM micrographs were recorded for each sample and analyzed for particle size
distribution using the Imagesoftware. A least 120 metal nanoparticles per sample

were analyzed to determine the average catalyst particle size.

The surface area and pore volume of the catalysts were determined; by N
physisorption using a Micromeritics TRISTAR 3000 analyzer. A dampf
approximately 300 mg was degassed afT5fr 4 h under a flow of N and then the
surface area and pore volume were determined by the BruBaueett Teller (BET)

method.

The TGA analysis was done on a Perkin Elmer STA 4000 analyzer. AbbQutnag
of sample was placed in a ceramic pan and
temperature of the sample was increased from room temperature i€ @10
10°C/min underan oxidative atmosphere (air02mL/min). The percentage Co

loading in the catalystvas determined using the % residual ash that remained after
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burning the carbon from the catalyst and assuming that the ash consists only of
C030..

The TPR experiment waserforned on a Micromeritics AutoChem @hemisorption
analyserto study the reductio behaviour of the catalystd. sample of the catalyst

(100 mg)was loaded into a{dhaped quartz tube reacgtditted with a thermocouple

for continuous temperature measurement. The reactor was placed in a furnace. Prior
to the B-TPR analysis,ie samplavas first degassed in a flow aigh purity argon

(20 ml/min) at 156C for 30 min to remove traces of water, and then cooled %6.40

The sample was then reduced in 59#f (50 mL/min) as the temperature was
increased from AT to 800C at a rate of 1 /min. The gas flow through the reactor

was controlled by three Brooks mass flow controlleks.thermal conductivity
deector (TCD) was used to measule H, consumption The temperature ard,

consumpion was captured automatically by a RCgive the TPRvrofiles.

X-ray powder diffraction (XRD) patterns for the support and the Co/CNT catalysts

were recorded with a Brucker D2 phaser diffractometer using a Cu source (1.5418 A)

and a LynxEye detector. TRh7€witho.3hstepgats wi t hi
25°C. Crystallite phases were determined by comparing the diffraction patterns with

those in the standard powder XRD files (JCPDS).

9.24 Catalyst testing

Catalyst (0.5 g) was added to the fixeed reactor and reduced-situ at 356C for

20 h under a stream of pure hydrogen (2 bar, 20 mL/minute). After reduction the
temperature was de@sed to 220 under the flow of K the pressure was gradually
increased to 8 bar and a flow of syngas was passed over the catalyst bed at a flowrate
of 20 mL/min. All gas lines after the reactor were kept afC5@nd a hot trap placed

immediately afterthe reactor was held at 1%D in order to collect wax. A second
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trap, kept at ambient temperature was used to collect the oil and water mixture. The
flow of gases was controlled using a metering valve and measured with a bubble
meter. The gaseous productreem was analyzed online using two gas
chromatographs. A thermal conductivity detector (TCD), equipped with a Poropak Q
packed column, used to analyze, iCO, CQ and B, and a flame ionization detector
(FID), used to analyze the hydrocarbon productsofime GC was used to analyze

the oil and wax products.

9.3 Results and discussion

9.3.1Surface Area and pore volume measurements

Results of surface area and pore volume measurements of-tiewas CNTSs,
functionalized CNTs and Co/CNTs catalysts presented iTable 9.1.As observed

in Table 9.1, the BET surface area increased from 70 to £0J afier purification

due to the removal of residual catalyst and CaO support as well as the opening of
some carbon nanotube caps. Upon loading the puriéigolony nanotubes with cobalt
nitrate or cobalt acetate, the BET surface area of the resultant catalysts decreased
from 101 to 86 and 71 %y respectively. The pore volume also decreased upon
adding the Co metal from 0.32 to 0.22 and 0.24/gm_oading of he cobalt metal

onto the CNT support led to a decrease in both the surface areas and pore volumes
and these are attributed to pore blockage. Similar observations were made by
Tavasoli et al[29] and Martinez et a[13].
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Table 9.1 Metal loading, BET surface area and pore volume results of CNT and
Co/CNT

Cobalt Surface Area Pore Volume
Samples 5
Precursor (m?/g)? (cnrlg)
As-grown CNTs b 70 0.28
PurifiedCNTs b 101 0.32
Co-N/CNT nitrate 86 0.22
Co-AICNT acetate 71 0.24
%Error + 5%

9.3.2 TEM analysis of carbon nanotubes

CNTs were produced by the catalytic chemical vapour deposition method where
acetylene was decomposed over a 109%6B66CaCQ at 700C. TEM images of the
asgrown and the purified CNTs are shovim Figure 9.1 The morphology and
structure of the CNTs are clearly visible (Figure 9.1a) which were found to be multi
walled Figure 9.1b HRTEM inset) with internal diameters ranging frorl8 nm,

and outer diamets ranging from 2@B5 nm. The agrown CNTs Figure 9.1a
contain some ne@NT material such as the residual growth catalyst and the catalyst
support. Purification is therefore an essential step to remove thearioon materials

and at the same time, ddunctional groups that render the CNTs less hydrophobic.
Figure 91c shows the TEM image of the purified CNTs. Upon purification, the CNT
surface is roughened and this roughness is required for the preparationlef stab
catalysts sincé provides addibnal anchoring sites for the catalyst nanopartif2es

30].
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Figure 9.1: (a) TEM image of agrown CNTSs; (b) HRTEM of CNTs showing multi
walls and (c) TEM image of piied CNTs
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9.3.3 TEM analysis of Co/CNT catalysts

Co-basedFTS catalystswere prepared by a deposition precipitation method using
Co(NGs)2/6H,0O and Co(OOCCH), as cobalt precursors. Figures 9.2 and 9.3 show
the TEM images and particle size histograms lef CoN/CNT and CeA/CNT
respectively. The CNT structure was clearly preserved after cobalt loading and
thermal treatment. It can be seen that the majority of the cobalt particles were
distributed on the outer surface on the CNTs with very few faumtheinside. This

differs from the results obtained by Trépanier et[&l] who prepared 10%Co/CNT

and found that the majority of the cobalt particles were distributed inside the tubes.
However, their catalysts werergpared using the incipient wetness impregnation
method and that could explain the observed difference. TEM analysis of the catalysts
revealed that the average cobalt particle size is dependent on the precursor used with
Co-A/ICNT having the smaller averagearticle size of ~ 9 nm. The @d/CNT
catalyst has a broader range of particle sizeE5(Hm) with an average particle size
centered at ~ 12 nm. The difference 1in

due to the way the precursors interact whié $solvent and the support surface.
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Figure 9.2 TEM image and cobalt particsze histogranfor Co-N/CNT (average
cobalt particle size = 12 nm): some Fe particles are indicated by the

circles
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Figure 9.3: TEM image and cobalt particle sihéstogram for COA/CNT (average
cobalt particle size = 8.9 nm): some Fe particles are indicated by the circles
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9.3.4XRD analysis

The XRD patterns of CNT, CbI/CNT and CeA/CNT catalysts are displayed in

Figure 9.4 with the most pronounced diffacton & s i ndi cat ed. The p
values of 28 and44.6’ are present in all three XRD patterns and are characteristic of

the graphitic walls of the CNTE1, 32] The XRD pattern ofCo-N/CNT shows
several diffracti ohf, 3p8&PKand 832 wketkasvhatlofu es o f
the Co-A/CNT catalyst shows one diffraction peaka?2 d v al uéAlodf 36. 8
these peaks are related to the diffraction of differ@gstal planes of the GO,

phaseThe peak a2 & 36.8 is the most intense peak 6b;04in the XRD spectrum

of the catalysts. However, the intensity@d;O, in Co-A/CNT was much lower than

that of the catalyst prepared from cobalt nitrate, suggesting that most of the cobalt
crystals in the acetate sample are small and are highly dispersed on the CNT surface.

It is clear from the XRD patterns that the precursor used in the preparatibe of

cobalt catalysts has a majonpact on the fraction of different cobalt phases present.

Using the Scherrer equation, the average crystallites size of @, @dhe catalysts

was estimated from the line broadening of a@pat2 d val ué Jabl®@92 36. 8
presents the result of the average crystallite size obtained by XRD and the data are in
good agreement with cobalt particle sizes determined by TEM for thBI/CNT

samples. The average crystallite size for the ABONT catalyst could not be

measured using XRD possibly because the crystallite size in this catalyst is below the
detection limit of the XRD.
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Figure 9.4 XRD patterns of the CNT support and
Co04; O -Fe, GBO, CoC or FeC.

Table 9.2: Metal loading and particle size for &/CNT and CeA/CNT

Metal Cobalt Particle size, nm

Catalyst oading (%)?
oading (%) TEM XRD
Co-N/CNT 10.3 5-15 7.0
Co-AICNT 9.5 8-10 bP

®Determined by TGA.

bcould not be measured.
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9.3.5 Temperature programmed reduction (TPR)

TPR is a powerful tool for studying the reduction behaviour of oxidized catalysts. It
is sometimes possible to obtain useful information about the degree of interaction
between the active metal and the support from the reduction profiles of sgpor
catalystd13]. The reduction of CsD, takes place in two step33]:

CxOs+H,Y 3Co0Q0 + H
Coo+hBY CeHO

Figure 9.% presents the TPR profile of cobalt oxide obtained by calcining
Co(NG3)66H,0 at 256C for 150 min and Figure 9.5b the TPR profiles of-Co
N/CNT and CeA/CNT. From Figure 9.5a (unsupported cobalt nitrate used as
reference), there are three peaks present. The low temperature TPR peak appearing at
T = 176C is commonly assigned to either the partial reduction @0z ¢C0:04 Y

CoO) or the reduction or decomposition in hydrogen of residual cobalt r{iteje

The second reduction peak, which corresponds to the reduction’bfa08d* [34],

occurs at 31%C and the third reduction step from%€do Cd [34] occurs at 45%C.

The TPR profiles of the Co/CNT cataly$tigure 9.5p, show three reduction peaks

and the temperature at which each peak occurs is preserield|en9.3. As revealed

by XRD in Figure 9.4 Cx;04 is the main cobalt phase the Co-N/CNT and Ce
AICNT catalysts after thermal treatment ip. Nhus the T and 29 peaks are ascribed

to the stepwise reductionof @@ Y Co O %andGhe % peak corresponds to the
hydrogenation of the CNT to produce methdthe 34] The reduction of CNT
supported Co catalysts (G@MTs) (Figure 9.5p occurs at a slightly lower
temperature and the peak intensities are also smaller relative to those of the
unsupported G4 (Figure 9.5 The presence of the CNT support enhances the
reducibility of the Co catalyst. The first reduction peak (T =°8330f CoOA/CNT
catalyst is very small compared to that of SECNT (T = 303C), this suggests that
there is a rapid conversion from £ to CoO n the case of the CA/ICNT
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catalysts; and the second reduction peak (T 2@B%r the CeA/CNT catalyst is
broader and occurs at higher temperature than that of tHd/CHT catalyst (T =
376°C), suggesting a hindered reduction of CoO td ®o the CGA/CNT catalyst
(Figure 9.5D. It is suggested that the kinetics of the CoO reduction to metallic cobalt
strongly depend on the initial @04 particle size[10, 35] Smaller particles reduce
slowly due to their interaction with the support. We can therefore say that the
difference in the reduction behaviour of the-RECNT (TEM average particle size =

12 nm) and CAA/CNT (TEM average particle size = 8.9 nm) catalysts is related to

the difference in paicle size of the two catalysts.

455 °C
a
>
8
c
e
a o
£ 314 °C
>
wn
c
(@]
&)
I(\I
176 °C
. , . , . , .
0 200 400 600 800

Temperature °C



Chapter 9: CaN/CNT and CeA/CNT for use in the FT synthesis

Figure 9.5: TPR profiles of (a) Co(N§).6H,0 calcined at 25 for 2 hand (b) 10
wt% Co/CNT prepared using cobalt nitrate and cobalt acetate

precursors.

Table 9.3 Temperature offe peak maxima at which each reduction steps occured
during the H-TPR

Reduction temperaturéQ)

Catalyst peak 1 peak 2 peak 3
CozsOsY Co O CoOYCc CNTYGH

Coz:0,° 314 455 b
Co-N/CNT 303 376 581
Co-AICNT 333 433 575

4C 04 wWas obtained by calcining Q9Q3)26H,0 at 250C for 150 min.
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