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ABSTRACT

This study reports the synthesis of carbon mate(@hrbon nanotubes (CNTSs), coiled carbon
nanofibers (CCNFs) and carbon spheres (CSs)) ubmghemical vapour deposition (CVD)
method. The as-synthesized carbon materials weretifuwalized using nitric acid in order to
introduce functional groups and improve the hydraplehavior of the carbon materials. Both
the as-synthesized and functionalized carbon naddéemvere characterized by TEM, TGA,
Raman and FTIR spectroscopy. The presence of madtgroups was confirmed by alkalimetry
titration and IR spectroscopy data. Ceria (syn#tegkusing the sol-gel method), activated carbon
(AC) and titania (P25) were other catalysts supparsed and their morphologies were
determined by TEM.

Platinum was deposited on the various supportgvi® Pt loadings of 0.5, 1 and 5 % using the
polyol method. It was found that small Pt partisiees were obtained with average particle sizes
of 1.8, 2.3, 2.6, 2.9, 2.7 and 1.6 nm for P/CCRECNT, Pt/CS, Pt/AC, Pt/Ceand PUTIQ
respectively at 0.5 % Pt loading. Pt was also dégbsn the Ce&CM supports (5 % and 10 %
Ce(Q loadings) to make Pt-Ce(@M catalysts. The Pt supported catalysts wereacharized by
TEM, EDS, XRD, TPR, BET and TGA.

The platinum supported catalysts were tested ferhyydrogenation of ethylene. The effect of
functionalization of the carbon materials was deteed. Pt/functionalized carbon materials had
better activity than Pt/as-synthesized carbon naserOn the effects of supports; Pt/FiO
showed the best activity compared to Pt/CCNF, PUCRL/CS, Pt/AC, Pt/Cefand this was
attributed to the small Pt sizes formed on J{Bt mean size was 1.6 nm). An interesting feature
in this study was the higher activity of the Pt-GKIM as compared to Pt/CM. This was due to
the effect of ceria in preserving the surface are®t by suppressing sintering. The effect of
increasing the ratio of hydrogen to ethylene wagstigated and the findings indicated that all
the ethylene was converted to ethane. This wabattd to the fact that at a high hydrogen
concentration, the rate of formation of the cardeposit is slow and the rate of hydrogenation is
high. No carbon deposits are thus expected on theatalyst particles. It was found that an

increase in the Pt loading resulted in an incr@adiee rate of reaction.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Hydrogenation is the addition of molecular hydrogen an unsaturated hydrocarbon.
Unsaturated hydrocarbons possess either doublesbanttiple bonds as found in alkenes
and alkynes respectively. The importance of hydnagien is seen in the petrochemical
industry where compounds in crude oil containindtiple bonds are converted to saturated
compounds before use in gasolfiehe unsaturated compounds are not wanted bedaerge t
are unstable and burn in air with a smoky fl&me.typical olefin saturation reaction is

shown below.
CeHiz+ Hy  GCeHia

Hydrogenation is also essential in the fine cheli@nd pharmaceutical industries, for
example, in the production of sorbitol from glucoSerbitol is a sweetener in “sugar free”
food products intended for diabetics and is used starting material for vitamin synthe$is.
In the food industry hydrogenation is used to convegetable oils to margarin€A typical
example is the conversion of oleic acid to steacid? which is shown below.

CH3(CH,);CH=CH(CH,);COOH + H  CHy(CHy)7CH,CH,(CH,)-COOH

Hydrogenation is a process which can be perfornyegither heterogeneous or homogeneous
catalyst® Heterogeneous catalysis is a two phase reactiomhioh the catalyst is a solid
(either a finely divided metal such as platinumllgghum and nickel or supported metals
such as palladium on activated carbon) and thetaetscare gaseous or liquid substances
(hydrogen gas and an unsaturated hydrocarbon).oinobeneous catalysis, the reaction
occurs in one phase. Typically organometallic caaxes$ of ruthenium, rhodium and iridium
are used. In this project, hydrogenation using &ehdeterogeneous carbon supported

catalyst was used.

Heterogeneous catalysts used for hydrogenatiortioeacare based on transition metals.

These are classified as base metals (Ni, Cu and@bplatinum group metals (Pt, Pd, Rh,



Ru, Ir).” The platinum group metals were selected for use theebase metals because they
are more active and thus require milder conditiand a smaller amounts of catalyst. The
disadvantage of the platinum group metals is tiey fare more costly. Platinum was selected
because of its outstanding ability to catalyze higdrogenation of alkenes. In contrast with
palladium, isomerization and double bond migratadmost never occur when platinum is

used®

The hydrogenation of ethylene is one of the moshroon reactions used in organic
chemistry. It was first studied by Sabatier and deeens in an effort to understand this
simple alkene hydrogenation reactfofhe hydrogenation of ethylene was used to undedstan
the mechanism of the reaction with the assumptiat the data would apply to more
complicated alkenes. For example, the principleolved in this reaction was used to
understand the catalytic hydrogenation of unsatdraegetable oils used in the production of
margarine’’ In this project the hydrogenation of ethylene wasd as a test reaction to study

the effect of different catalyst supports on catalgerformance.

1.2 Motivation

Platinum is one of the most expensive platinum grooetals. The role of platinum is
attributed to its excellent chemical and physicalperties. For instance, its resistance to
oxidation and its ability to withstand high temperas in the catalytic converters used in
cars make Pt very useftfiln 2006 the platinum demand by application wad%0for use as
an autocatalyst in vehiclé$lt is very important to use such a precious metay effectively
and efficiently. Use of unsupported platinum inatygis is very wasteful as only the outer
layer will be involved in the reaction and the bullil not used. Supported platinum will also
reduce sintering and poisoning of the catalyst. plaginum nanoparticles can be dispersed
evenly on a support thus increasing the surface ahech in turn will increase the rate of the
reaction. Carbon materials (CMs) come in many molgiies ranging from fullerenes to
graphenes. In this project the CMs used includebararnanofibers (CNFs), carbon
nanospheres (CNSs) and carbon nanotubes (CNTSs).Hams been selected as the support
because of their unique chemical and physical ptiggze The properties include their
inertness and their ability to resist acidic oraditke conditions. The catalysts used in the

study will be as denoted as Pt/CM.

Some examples of the use of Pt or Pd supportedwwh&ve been described in the literature.

Pt/CNF has been reported to have a better actmiggn compared to platinum on activated



carbon (Pt/AC) and platinum on alumina (P#®{) for the hydrogenation of tolueri2High
activity and selectivity were obtained using a 2%WCRT catalyst in the selective
hydrogenation of citral? Functionalized carbon microsphere supported pattachas been
shown to be effective in the hydrogenation of ezhgf

Despite the good activity of the Pt/CM catalyste reports have suggested that sintering is
a major problem leading to catalyst deactivatiarhas been suggested that the addition of
ceria to a Pt catalyst could reduce sinteffhGeria has been reported to be useful in the
catalytic converters of vehicles where it stabgizbe precious metals (and alumina) against
sintering and particle growt. Pt/ceria has been found effective in the selective
hydrogenation of , unsaturated aldehyd&sCombining the beneficial aspects of CMs and
ceria could yield a good catalyst for hydrogenatieactions. These catalysts are denoted as
Pt-CeQ/CM. A Pt-CeQ/C catalyst has been studied in the citral hydragen reactiort’
The results indicate that the presence of ceriabeagficial. The beneficial effect is brought
about by interaction between ceria and Pt, fornairigf-O-Ce bond which acted as an anchor
to suppress sintering.In this work, further investigations of the bewél effects of ceria in
the hydrogenation of ethylene were studied. Toilfalfis goal, ceria was added to the
different Pt/CM catalysts.

1.3 Objective of the project

The main aim of this project is to study the effetthe addition of ceria to the Pt/CM catalytic

system for the hydrogenation of ethylene. The dbjes of this study include:

1. To synthesize carbon materials (CNT, CNS, CNF) gighee chemical vapour deposition
(CVD) method.

2. To synthesize and characterize platinum suppometi@ carbon materials.

3. To synthesize Pt on CefCM, Pt on ceria, Pt on activated carbon and Ritania to provide
comparative data.

4. To study the hydrogenation of ethylene by varyimg active catalysts.

This study will then provide results that will aldfor the evaluation of the Pt/CM catalysts as
potential olefin hydrogenation catalysts.



1.4

Outline of the dissertation
The outline of the dissertation is given below:

Chapter 1 (Introduction) — This Chapter gives an insight, motivation amgkeotives of
the study.

Chapter 2 (Literature review - A review of the literature pertaining to carborterials,
ceria, titania and activated carbon as catalyspetpn the hydrogenation reactions is
given. A brief discussion of the metals involved hgdrogenation reactions is also
included.

Chapter 3 (Experimental - The experimental procedures and all analytieahniques

that were used in this study are presented andibdedan this chapter.

Chapter 4 (Results and discussions The results obtained in this study, togethethwi

their discussion and interpretation are presemtedis Chapter.

Chapter 5 (Conclusiony — Conclusions are drawn from the results obtaimedhis

project.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

This chapter focuses on the literature associatddsalid catalyst involved in hydrogenation
reactions. Solid catalysts can be classified dseeiinsupported catalysts or impregnated (or
supported) catalysts. The different supports used Hydrogenation activities will be
discussed. The chapter will conclude with literat@associated with the hydrogenation of
ethylene.

Heterogeneous catalysts used for hydrogenatiorntioeacare mostly based on transition
metals. These are classified as base metals (Ngnd Co) and platinum group metals (Pt,
Pd, Rh, Ru, Ir}. The platinum group metals are more active as coeaptir the base metals

and require milder conditions and smaller amouritsatalyst as compared to the base
metals. The disadvantage of the platinum group Iséathat they are more costly and for
that reason they are usually supported to redweartiount of precious metal used. Platinum
metal was selected in this dissertation study bezaf its outstanding ability to catalyze the
hydrogenation of alkenes. In contrast with palladiuisomerization and double bond

migration in olefins almost never occurs when piaiti is used.

Homogeneous catalysts used for hydrogenation oeectaire mainly based on the organic
complexes of ruthenium, rhodium and iridium. Themechanism of reaction involves
forming active complexes with the reactants thatwarstable. The unstable complexes will
breakdown to form the product and reform the cataljhe major drawback of homogeneous
catalysts is that they are difficult to separatarfrthe products (and reactants). For this reason
heterogeneous catalysts are preferred because e&#ie to separate them from the product.

2.2 Unsupported catalysts

Unsupported catalysts are typically made by préatipin, hydrothermal synthesis and fusion.
They can be (mixed) metals or oxides and, as tiaire suggests, the entire catalyst is made
of active materials. Raney nickel and Adams’ catiafall into this category and both are

active in the hydrogenation of hydrocarbons.



2.2.1 Raney nickel

Raney nickel was discovered by an American engifdarray Raney in 192%. He
discovered that metal alloy leaching gave a supé&ydrogenation catalyst when compared
to unleached metal. He made a 50:50 Ni/Al alloyflession and then leached out Al with
aqueous NaOH. The resulting Ni sponge is the Rarakel. The synthetic process is shown
in Figure 2.1. The advantage of the catalyst is itha ready for use, requiring no reduction
or other activation and has a high surface area.di$advantage of the catalyst is that high
temperature is required for fusion, it is pyrophofwill ignite instantaneously in air) and
therefore it has to be stored under water. It $® & health hazard since acute exposure to
Raney Ni may causes irritation of the respiratagct, nasal cavities and it also causes
pulmonary fibrosis if inhaled.Apart from safety concerns, a Raney Ni catalyst lcave a
slower of rate of reaction and requires high terapges when compared to the platinum
group metal catalysfs.

Fusion at high
temperature

A 4

Figure 2.1 The Raney process, in which a nickel/aluminiunolis prepared by fusion and

subsequently the Al is dissolved by NaOH, leavirgj aponge’

An example of a reaction catalyzed by Raney Nihésdonversion of benzene to cyclohexane.
The reaction is a liquid phase reaction which og@itra temperature between 200 - 225
and pressure of 50 bar. Li and Xthave shown that silica-supported Ni—P amorphous
catalysts had a higher activity than the Raney &algst. Liu et al® also cited the lower
efficiency and environmental pollution caused byw&®aNi and proposed the use of Ni/CNF

(CNF=carbon nanofiber) as an alternative catagtli/CNF catalyst presents high activity



in the liquid phase benzene hydrogenation to cytahe, and gives 99.5% vyield of
cyclohexane. In other words a supported catalystldvbe preferred to an unsupported

catalyst.

2.2.2 Adams’ catalyst

Adam’s catalyst is made of platinum oxide (PtOAdams’ catalyst was discovered by
Voorhees and Adantslt was prepared by fusion of chloroplatinic acidRtCk) or

ammonium chloroplatinate [(NjEPtCE] and sodium nitrate. In the process platinum tetra
is heated to remove nitrogen oxides leaving belplainum oxide. The equations for the

synthesis of Pt@are shown below.

H.PtCk (ag) + 6 NaN@(agq) Pt(NGs)4 (s) + 6 NaCl (aq) + 2 HN§Xaq)
Pt(NGy)s(s) PtO:(s) +4 NQ(9) + & (9)

An advantage of using the Adams’ catalyst is thaisieasy to prepare. Brown et*al,
investigated the hydrogenation of cyclohexene uBit®, unsupported Pt and supported Pt.
They discovered that the platinum catalyst produbgdoorohydride reaction caused the
absorption of hydrogen to proceed at nearly twloe tate observed with the commercial
Adams’ catalyst. The supported platinum showedbbst activity, an activity 3-4 times that
of an unsupported catalyst.

2.3  Supported catalysts

Supported catalysts are commonly used in the cds@recious metals or unstable
compounds. Here, the active metal precursor is silggbon a porous support. The support
can be an oxide (e.g. silica, titania, aluminajec&nd magnesia), or a carbon (activated
carbon, carbon nanotubes, carbon spheres and cadoofibers). A supported catalyst
facilitates the flow of gases through the reactanis diffusion of reactants through the pores
to the active phase to enhance the selectivitgrdetg the sintering of the active phase and

increasing the poison resistance of the métal.
2.3.1 Role of support

The basic role of the support is to maintain thlgtcally active phase in a highly dispersed
state, stabilization of the active component ankirgement of the specific surface atéa.



The role of the support is not limited to being ar@r, and it can also contribute to the
catalytic activity and can react to some extenthwather catalyst ingredients during the
manufacturing process. The support can also play@al role in terms of providing either
acidity or basicity to the reaction.

2.3.2 Desirable characteristic of a support

1. The support material should be inert towards thergbal reaction. The advantage is
that it will not interfere with the reaction, butdan affect the shape selectivity due to
the pore arrangement. Thus, the effect of addibbra promoter may be studied
without interference from the support.

2. Adequate structural properties to allow the tramspd gases through the support
structure.

3. High surface area and a well-developed porosityvarg important for achieving a
high dispersion of the active phase in the catafyst

4. Stability of the support at high temperature.
2.3.3 Why supported catalysts?

Costs. The active components for a catalytic reacire often expensive metals (e.g.
Pt, Ru, Rh and Re) and through dispersion theafasitalyst can be minimized.
Activity. A supported catalyst has a comparablevaygt to that of unsupported
catalyst, which leads to fast reaction rates, shesdction times and maximum
throughput, elimination of side products and lowgrof purification costs.

Selectivity. Supported catalysts have a high seigcttowards the desired product.
This means they facilitate generation of a maxinyietd of a desired product.

Regenerability helps to keep process costs low.
2.4  Carbon supports for hydrogenation reactions

Carbon materials have been used for a long tinhetierogeneous catalysis, because they can
act as direct catalysts or more importantly they satisfy most of the desirable properties
required for a catalyst suppdttCarbon materials are good as catalyst supportagd
their specific properties: they are stable in batid and basic media, and the carbon can be

burnt off, allowing an economic and ecological nesny of the precious catalytic metAl.



The interaction of the active phase with the supfs@arbon) can be modified by pretreatment
of the support. However carbon materials cannotded in reactions that are carried out
under the following conditions: hydrogenation ahperatures higher than 42C (methane
will be formed) or oxidation above 22€ (carbon dioxide will be given off}

The carbon materials can exhibit a range of diffepore sizes (micro, meso, and macro) and
pore distributions. According to IUPAC, micropore® smaller than 2 nm, mesopores are in
the range between 2 and 50 nm, and macroporesirger than 50 nm. The different pores
have different effects on catalytic reactidhddicropores show strong adsorption for small
molecules. The mesopores allows access of readitke active phase of a catalyst. The
macropores are useful for the transport of molecudetween the liquid phase and the
mesopores. Several studies have reported thaiguidiphase hydrogenation reaction, the
use of CNT and CNF supports possessing large messipo provides better catalytic
activities than an activated carbon, for which maassfer limitations are in operatioh.
Mesoporous carbon spheres has been reported toitexiigh specific activity compared to
the monodisperse carbon spheres.

2.4.1 Carbon nanotubes

The discovery of fullerene in 1985 by the Smallegearch group at Rice University
stimulated the research into other forms of carffolm 1991 a Japanese scientist ljima
studied the carbons formed by an arc dischargeepsognder a TEM. His findings of carbon
nanotubes led to an explosion of other studiehénared’ Carbon nanotubes (CNTs) can be
thought of as narrow strips of graphene rolledntp seamless tubéSCNTs are allotropes

of carbon with a cylindrical nanostructure.

CNTs are classified as single walled nanotubes N$%Y, double walled nanotubes
(DWNTs) and multi walled nanotubes (MWNTS) depedon the number of rolled up
graphene layers that they possess. A typical M\&&hbwn in Figure 2.%.



Figure 2.2.Image of a MWNT showing different graphene sheelied togethe™®

There are various methods used to synthesize CNRAs. major methods used are
discharge, laser ablation and chemical vapour dépogCVD) methods. Arc discharge
the simplest method used to produce CNTs. It im®breaking down the reactant @ining
carbon by an electric current between two grapéléetrodes. A disadvantage is that i
difficult to separate th€NTs from the soot and the residual catalytic metalsgmen the
crude product? Laser ablation involves the laser vaporization @pljite rods e.g. with
50:50 catalyst mixture of cobalt and nickel at 1 °C in flowing argon. Its drawbac}
include difficulties in purifying and scaling up @hCNT productior”™ Chemical vapour
deposition (CVD) of hydrocarbons over a metal gatiais a classical method that has b
used for many decades to produce various carbomriaat such as carbon fibers &
filaments. Largeamounts of CNTs can be formed by catalytic CVD of, for examy
acetylene over nickel, cobalt and i catalysts supported on silica, alumina, calc
carbonate and titania. The method is consideo be a low cost, large scale procedure for
synthesis of high quality CNTs using gaseous aridiqiydrocarbons as carbon source.
mechanism of synthesis involves decomposition o ttarbon source, followed |
dissolution of the carbon phase intotal catalytic nanoparticles and redeposition oboal
on the catalytic surfacg.

CNTs have been used to support metals in hydrogenegaction. A % (w/w) platinum
catalyst deposited on CNTs was found to be activéhie hydrogenation of nitroberne?? A

yield of 90 % aniline was obtainecPt, Rh and PRh patrticles supported by CNTs wx«
effective catalysts for the hydrogenation of bemzanroom temperatu® Pd/CNT catalysts
were found to be active for a cyclooctene hydragien reactior*® Pan andWai** have

reported the hydrogenation of benzene and itsvalgre at room temperature using



Rh/CNT catalyst. CNTs supported on palladium cataljave been reported for the selective
hydrogenation of cinnamaldehyde at atmosphericspres Ge et & have reported that the
Pd/CNT catalyst has a good conversion of 92 % ifmnamaldehyde and 90.8 % selectivity
of cinnamaldehyde to hydrocinnamaldehyde. Ju @t tave found that depositing a NiP
amorphous alloy on CNTs can improve catalytic atgtiwvhich is attributed to the dispersion
produced by the support, an electron donating ef@c the hydrogen storage ability of
CNTs. Pt/CNT showed a higher activity in comparigonPt/AC in the hydrogenation of
trans-stilbené’ The advantage of Pt/CNT was in avoiding the eftédhe diffusion of the
reactant and product molecules in the microporem &t &® have reported a high catalytic
performance of a Pt-Sn-B/CNT catalyst in the liqughase hydrogenation of
chloronitrobenzene. The conversion of chloronitrad@ne could reach 99.9 % and the

dechlorination of chloroaniline was less than 1.9 %
2.4.2 Carbon nanofibers

The history of graphitic carbon nanofibers (CNFsgg back more than a century. The first
patent describing the production of carbon filarsemas published in 1889 The fibers were
often formed by metal-based catalysts used forctireversion of carbon-containing gases,
such as in Fischer-Tropsch syntheses or steammifgrreactions. Their occurrence was
considered a nuisance. In the 1980s researchdiserkahe potentials of the CN¥sas

unique materials suitable for various applications.

There are three main types of CNEsyhich differ in the alignment of the graphene Isye
In ribbonlike CNFs (r-CNFs) the graphene layers paeallel to the growth axis. Platelet
CNFs (p-CNFs) display graphene layers perpendi¢aléine growth axis, while herringbone
or fishbone CNFs (f-CNFs) have layers stacked oblig with respect to the growth axis.
The schematic diagram for the three types of CNFshown in Figure 2.5 In general CNFs

have a larger diameter than those presented by ENTs



p-CNF r-CNF

f-CNF

Figure 2.3.Schematic representation of different stackingpebaf graphene sheets of CNF. P-CNF:
platelet carbon nanofibers; r-CNF: ribbon-like aarb nanofibers; f-CNF: fishbone carbon

nanofiberd?

The methods of synthesizing the CNFs are similathtse used in CNT synthesis, which
include arc discharge, laser ablation and chemiapbur decomposition (CVD). Owing to
the low cost and ease of large scale productio@Mfs, the CVD method is preferred over

other methods. The mechanism of CNF synthesisowsin Figure 2.4.

H./CO,/H-0
Carbon source

— — Metal particle

Carbon nanofibers

L
P P7a

Figure 2.4. Mechanism of CNF synthesis. The first step isdheomposition of carbon-containing
gases on the metal surface, followed by carbon @issolving in and diffusing through the bulk of

the metal. Lastly the precipitation of carbon ia torm of a CNF occurs

CNFs have been used as a catalyst support in aeruaflreactions. Ni and Pd particles
supported by CNFs have shown an excellent selechiydrogenation capacity for

crotonaldehyd®to crotyl alcohol and cinnamaldehydeto cinnamyl alcohol. Rh



nanoparticles on CNFs are highly active in theitlgphase hydrogenation of cyclohexéne.
Liang et af® have reported that Pd/CNF has a high activity statility in the hydrogenation
of cyclooctene, presumably as a result of a specethl-support interaction and absence of
micropores. Liu et 4 have reported the high activity of Ni/CNF in thiguid phase
hydrogenation of benzene to cyclohexane. The hajivity was attributed to the effective
surface area, the skeletal structure and the neetaild semi-conductive properties of the
CNFs. Among the different types of CNFs supporpraginum, p-CNFs were found to be the
best support in the hydrogenation of nitroareneartmatic amined’ The efficiency of the
Pt/p-CNF was attributed to the steric and the sdeat effects derived from the interaction
between Pt nanopatrticles and the p-CNF supportil&@inesults were obtained by Motoyama
and co-workers® they showed that p-CNF was more effective as a@uin comparison to
other types of CNFs. They used ruthenium in tharestigation and they concluded that the
Ru/p-CNF catalyst was highly active and reusabteafene hydrogenation reactions. Toebes
et af? studied the effect of the different concentratioh®xygen-containing surface groups
on the CNF support for the hydrogenation of cinndetayde. They found that the activity
was strongly dependent on the amount of oxygemitiie CNF support. The as synthesized
Ni/CNF catalysts have been reported to show a geyd activity and selectivity for the

hydrogenation of chloronitrobenzene to the corradpuy chloroaniline$’
2.4.3 Carbon spheres

The discovery of fullerenes in 1985 stimulated aesle effort into carbon materials. This

included studies on the well known carbon sphe@mbon spheres (CSs) have always
attracted a lot of attention due to their uniqueperties and applicatiofts Carbon spheres

have similar properties to graphite or fullerengj ¢hey have been used to fabricate diamond
films, lubricating materials and special rubber iidels** Carbon spheres can be used as
electrodes, as a support for catalysts, capsulesnégnetic nanoparticles, a template for
synthesizing other hollow materials and for theivéy of drugs. Carbon spheres can be

hollow or solid.

Carbon spheres can be synthesized using variousodsethich include chemical vapour
deposition, arc plasma techniques, catalyzed reduand hydrothermal synthesis. Chemical
vapour deposition can occur in the presence ornalesef a catalyst. Carbon spheres have

been obtained by pyrolysis of acetylene at tempegdbetween 908C and 1000C.** This



method does not require a catalyst hence there isatalyst removal step required. In the
hydrothermal synthesis method the carbon sourteased in an autoclaé Owing to the
advantageous properties of carbon spheres as statalgports, several studies have been
carried out on different catalytic reactions.*Cand P& nanoparticles supported on carbon
spheres have shown high activity for the conversibethylene to ethane. Ni/CS catalysts
were found to be active in the gas phase hydrogenat nitrobenzene with aniline formed

as the sole produdéf.

2.4.4 Carbon helices

Helical carbon materials such as carbon micro-coflsnano-coils have a relatively long
history and have received increasing attentioneirent year&® Great efforts have recently
been made to study single carbon nanofffeasid nanotub&® because of their coiled
morphologies and potential applications. Some ef dpplications for the carbon helices
include nano-scale mechanical springs and elettiichctors®® Carbon helices are also
ideal candidates for electromagnetic wave adsortugratble micro-devices, bioactivators, Li
battery electrodes and hydrogen contaifef$ano-coils are also interesting in that helices
abound in nature e.g. DNA, proteins, etc., and raneotion can be made at the nano-scale
between carbon based inorganic and organic stesturfor application of coils it is
necessary to have control over the coil morphokgyy geometry, which to date has not been
adequately achieved. It has been proposed thaewind curvature in the case of helically
coiled single walled nanotubes could possibly be thuthe regular insertion of pentagon-
heptagon pairs at the junction, it is however uaclghether a similar mechanism could hold
for multi-walled nanotubes. Figure 2.5 shows aembikcarbon nanotube with pentagon-

heptagon rings®

Figure 2.5.Coiled carbon nanotubes with pentagon-heptaggs?in



CVD has been used to synthesize the helical cantaterials. By varying the experimental
conditions it was established that it is possildeproduce carbon nanostructures with
significant structure differences such as straightrved or helical morphologies. For
example, coiled nanocoils with a twisted form candsown from the Ni/AlO; catalysed

pyrolysis of acetylen&

Not much is known about helical carbon materialsasalyst supports. Li and Zhaitave
reported the use of helical nano-coiled and miaited carbon fibers as catalyst supports for
the electrooxidation of methanol. They concludeat the platinum supported on the helical
nano-coiled and micro-coiled carbon fibers exhibiiperior electrocatalytic activity and
anti-poisoning ability relative to the straightdils. The use of helical carbon nanofibers as
catalyst supports for the hydrogenation reactianarn area of interest as it has not been

studied to date.

2.4.5 Activated carbon

Activated carbon (AC) is also known as activatedrchal and it refers to the type of carbon
formed from a carbon source which is processed @iilgen in order to increase the number
of pores in the producf. The highly porous carbon materials with high stefarea are used
to absorb other substances for example the impsritin sugar. The surface area for an
activated carbon is at least 506gmh

For the production of activated charcoal, carbomrses (wood, charcoal, peat, lignite, coal
and petroleum pitch) are used as the precursorawmaterials. The methodology used for
the synthesis of activated charcoal involves eitpérsical reactivation or chemical
activation. In the former type, the raw materiabhivated by using specific gases, whereas
in the latter case, the precursor is impregnatdati wertain chemicals (strong salt, base or
acid), which is then carbonized at a lower tempeeaf One of the limiting factors in
chemical activation is the retention of the impragal substances in the activated carbon
product. Chemical activation is preferred over ptgls activation owing to the lower

temperatures and shorter time needed to activateaitbon.

AC has been used as a support for metal catalysts ¥ery long time. A 2.4 % Pt/AC has
been reported to have a toluene conversion of 56 %ive methylcyclohexan®.Jiang et

al>® showed that platinum catalysts supported on aetivaarbon with high purity, large



surface area, large pore volume and appropriate gioucture exhibited a high activity for
the hydrogenation of ortho-nitrochlorobenzene t@-@ichlorohydrazobenzene. Palladium
supported catalysts on AC have been used to sthdy sklective hydrogenation of
cinnamaldehyd&’ Cabiac et &P, reported the presence of hydrocinnamaldehyde tlaaid

there was no sign of cinnamyl alcohol formatiorthia reaction.
2.5 Metal oxides as support

The conventional supports for hydrogenation catalysclude titania, silica, alumina and
ceria. These supports have different morphologres$ structures. Their influence on the
hydrogenation activity varies depending on how th@gract with the active phase. Only
ceria and titania are discussed below. Ceria vélldiscussed since its effect on addition to
the Pt/C systems is the one that will be examineithis dissertation. Titania was selected in

order to compare the carbon supports with a comwegitsupport.
2.5.1 Ceria

Ceria is an oxide of cerium and cerium is the nadstndant of the rare earth elements. Itis a
pale yellow powder with chemical formula Ce@eQ is stable at room temperature and
atmospheric pressure. It can maintain its structurder intensive reduction at elevated
temperatures. Ceria in the fluorite structure eitbibeveral defects depending on the partial
pressure of oxygen. The defect structure is amsitr property required for its potential in
catalysis, energy conversion éfc.

There are various methods used to prepare ceskide particles, such as by precipitation,
hydrothermal, sol-gel and microemulsion procedf@he sol-gel method has the advantage
in that the ceria produced has the following atti@s: purity, homogeneity and controlled

porosity combined with an ability to form a largefsce area at low temperatufés.

Monyanon et & prepared ceria using a sol-gel method. Ceriumateitvas used as the
source of ceria and urea as a precipitating addrd. mechanism of reaction is as follows:
Urea in solution hydrolyses to give hydroxyl io@erium nitrate reacts with hydroxyl ions to

give cerium (I11) hydroxide. In the presence of agpheric oxygen, cerium (lIl) hydroxide is



oxidized to cerium (IV) hydroxide. The cerium (I¥ydroxide is dehydrated to give cerium

(IV) oxide (ceria). The chemical equations for edormation are shown below:
CO(NH) (aq) + 3HO (I)  CO (g) +2NH," (aq) + 20H(aq)

Ce(NGy)3.6H,0O (aq) + 3NH+ (aq) + 3OH- Ce(OH}(s) + 3NHINOs(aq) + 6H0 (1)
Ce(OH}(s) + G (g) +2HO (I) 4Ce(OH)(s)

Ce(OH), -nH,O (s) CeQ.xHx0 (I) + yH,O (where x +y =n)

Ceria has unique properties which include high raatdal strength, oxygen ion conductivity
and oxygen storage capacibylt is used in fuel cells, optical films, polishimgaterials, gas
sensors, promoting precious metals in the waterspds (WGS) reaction and it is a crucial
component of automotive, three way, emissions-cbm@talyst$® The role of ceria in the
three way catalyst (TWCs) of automotives is veriraative and important in utilising
efficiently precious metals. Ceria is suggested‘to:

Promote the noble metal dispersion

Increase the thermal stability of the,@®%

Promote water gas shift and steam reformation igasct

Favour catalytic activity at the interfacial mesalpport sites

Promote CO removal through oxidation employingdatbxygen

Store and release oxygen under lean and rich ¢onslitespectively

Ceria is a good catalyst support. Phenol has bgdrogenated to cyclohexanone at 80
and under atmospheric pressure on 3 % Pd/@&@ phenol conversion was 80 % (in which
about 50 % was cyclohexanone, 35 % cyclohexanol Ehd% cyclohexanéf For the
conversion of propionitrile to n-proplyamine, a pep-lanthanide oxide catalyst has shown
that CeQ was more active than the other lanthanide oxXidleShe selective partial
hydrogenation of acetylene to ethylene was repanedu/CeQ in the gas phase at 360.”°
The selectivity towards acetylene was 100 %. Ni/Cefdalysts were reported to be effective
for the conversion of benzene to cyclohexane at°@dand the reaction was reported to be
stable for at least 20 1.Cerium-based platinum catalysts have been extelystudied for
the hydrogenation of crotonaldehyde. On chlorirefPt/CeQ a crotyl alcohol selectivity
has been reported to be 83 % in the hydrogenafiorotonaldehydé?



2.5.2 Titania

Titania is an oxide of titanium. Its chemical forkaus TiO,. It has many crystal forms. These
forms include rutile, anatase and brooKiteRutile is the most stable form of titania.
Commercial titania (Degussa, P25) typically cord@b % anatase and 15 % rutile.

Titanium dioxide is a white powder with high opggibrilliant whiteness, excellent covering
power and resistance to colour change. These pgrepé&iave made it a valuable pigment and
opacifier for a broad range of applications in psimplastic goods, inks and papéfitania
shows photochemical properties, such as high tefeathdex, excellent transparency in the
visible and near infra red region, as well as Ipghformance in the photocatalysis of water
splitting and for degradation of organic compoundser UV light irradiatior> Also, TiO;

is a widely used oxide semiconductor material usetye-sensitized solar cells.

Palladium nanoparticles supported on titania haeenbused in the hydrogenation of
acetylend® These catalysts showed 66.8 % selectivity for letigy after 10 h. In the
hydrogenation of heptyne, Pd/TiGhowed a very high selectivity of at least 90 % to
hepten€’. The hydrogenation of propylene has been studied®TiO,, Pt—Au/TiG and
PLAU4/TIO, catalysts’® It is also important to note that Ti®as been implicated in strong

metal support interactiors.

2.6 Combination of ceria and carbon materials

Several studies have been done on the enhancefidet catalytic activities when ceria has
been added to metals supported on carbon matevlakst. studies have focused on fuel cells.
Wang et d, reported a comparison between Pt-@&MTs and Pt supported on CNT in
terms of their electrochemical active surface (EA&as, methanol electro-oxidation activity
and chronoamperometry. The results indicated tle& Can enhance the catalytic activity of
Pt for methanol electro-oxidation with no appar@atrease of EAS. Similar results were also
obtained by Xu and Sh&hfor the electrochemical oxidation of ethanol. #ssshown that Pt-
CeQ/C gave a better performance than Ptompared with Pt/CNT, Pt—Ce@NT
exhibited higher catalytic activity for methanogeiro-oxidatiort?

In the hydrogenation of citral, Pt—-C¢O has been reported to have a good actWifjhe

conversion of citral reached close to 100 %, whHendatalyst was reduced at 2@. The



main products reported were citronellal, unsataratkeohols (geraniol and nerol) and the
saturated alcohol, citronellol. For hydrogenati@aations, not much has been done to

examine the effect of adding ceria to a carbon rstsupported catalyst.

2.7 Preparation methods for supported catalysts

The purpose of this sub-section is to present aergéroverview of the most common
synthetic methods used for fabricating supportethlgsts. The methods include low
temperature chemical precipitation, deposition ipr&tion, colloidal, sol-gel, impregnation,
microemulsions, electrochemical methods and theawave heated polyol method. It is
important to note that there is no single methodclwhs superior to any other. Methods

depend on the end applications of the catalysthecicals availabl&:

2.7.1 Low temperature chemical precipitation

Platinum based catalysts can be made by chemiadipitation at low temperature.
Supported and unsupported catalyst can be madéhangrocess involves the addition of a
reducing agent to a platinum salt solution. Bi-rietacatalysts can be made by co-
precipitation of a solution of two metal precursaits. The precursor salt is reduced to the
metallic state and will precipitate out of solutidfor supported catalysts, the support is
added prior to metal precursor reduction. A typietample is the reduction of
hexachloroplatinic acid using sodium borohydfid@he advantage of this method is that the

preparation occurs under mild conditions i.e. at temperatures.

2.7.2 Deposition precipitation

Deposition of a precursor of an active componeainfra solution onto a support can be
brought about by chemical reactions. This is dogeallding an excess solution of the
precursor with respect to the pore volume of thgpsu and using the support in the form of
a powder. Deposition precipitation can be realireal number of ways:

Increase in solution pH

Change of valency of the metal ion

Removal of a stabilizing ligand surrounding the ahein
A typical example is the synthesis of nickel nantpkes supported on CNFs. The increase
in pH brought about by hydrolysis of urea has ledhe deposition of nickel from aqueous

solution.



The following reactions are envisaged:
CO(NHy); (ag) + 3HO  CO;, (9) +2NH," (aqg) + 20H (aq)

Ni%* (ag) + 20H(ag)  Ni(OH); (s)

The nickel hydroxide deposited on the CNF was reduat elevated temperatures. Ni
particles with sizes ranging from 6-8 nm were régarto be obtained by this meth®drhe
advantage of the deposition precipitation technigués reproducibility, high metal loadings
can be achieved, high metal dispersion at high Infeding and a uniform distribution of the
active component over the support.

2.7.3 Colloidal methods

The method is similar to the chemical precipitatmathod. However it involves the addition

of a capping agent or protecting agent. A cappiggné is a material that prevents
agglomeration of the catalyst particles and carused to control particle size. Common
capping agents include ligands, surfactants orrpetg. The experimental procedure entails
combining the metal source, a reducing agent, stpaod a capping agent and mixing the
reagents together under appropriate reaction dondit The colloidal metal particles

obtained are stabilized by either steric hindranceby electrostatic charges. A typical

example is the synthesis of Pt/C using the sunfa&812%’

The advantage of using the colloidal method is #@atarrow size distribution of metal

nanoparticles is obtained. The major drawbackespitesence of the protecting agent, which
may hinder the catalytic performance of the nantipas. The protecting agent can be
removed by decomposition at elevated temperatinegs.to a sintering effect the distribution

of metal particles are affected by template remowaald can result in lowered catalytic

performancé®

2.7.4 Sol-Gel method

The sol-gel technique begins with the formationsn$pended particles (a sol) that is aged
and dried to form a semi-solid suspension of pagien a liquid (a gel), which is finally
calcined resulting in formation of a mesoporousdsot powder. There are four distinct steps
involved in the sol-gel techniqu®:

1. Formation of the gel

2. Aging to allow fine tuning of the gel



3. Drying to remove the solvent from the gel

4. Calcination to permanently change the physicalcdramical properties of the solid
Hu et af° reported the synthesis Bf/Al,O; using the sol-gel technique. The advantage of the
sol-gel technique is that it allows the controlsife through the aging and calcination steps.
This method can be used to produce catalysts witiniorm metal distribution, tuneable
particle size, high surface area, and stable digpet’ The major drawback associated with
this method is that the catalytic nanoparticles mayburied within the structure rather than
within the pores. If the particles are not locatedr the pores they will not be accessible to

reactants and therefore will not generate efficeatalysts.

2.7.5 Impregnation

Impregnation is the most commonly used method hadate catalysts. The method involves
the impregnation of the support material with tla¢t solution containing the metal to be
deposited. This is followed by a reduction stepe Téduction step can either be carried out
by liquid phase reduction using borohydride, formaid and hydrazine as a reducing agent,
or gas phase reduction using hydrogen as a redagegt under elevated temperatures. For
example, Zhotet af* synthesized Pt nanoparticles supporteck@72R carbon black using
formaldehyde as a reducing agent.

The advantage of the impregnation method is th& gimple and can be used for mass
production of supported catalysts. However its draok is that the metal particles have a

large size, a broad size distribution of the cataparticles and a poor reproducibility.
2.7.6 Microemulsions

Microemulsions are also known as reverse miceflésigh water concentration an emulsion
consists of small oil droplets surrounded by a iomoius water phase. At a high oll
concentration an emulsion consists of small watepldts surrounded by a continuous oll
phase. Since most metal precursors are inorgaiis sey are soluble in water, hence
emulsions made of high oil concentrations are ud$eelerse micelles are water-in-oil
droplets stabilized by a surfactant. A very commgonked surfactant is sodium bis(2-
ethylhexyl)sulfosuccinate (Na(AOT)). The dropletg dispersed randomly in solution and
are subject to Brownian motion. They exchange watertent and re-form into distinct

micelles. The size of the water-in-oil dropletsremses with increasing water content. The



droplet size and the resulting particle size canintfielenced by the chain length of the

stabilizer.

In order to obtain the catalyst nanoparticles, rttegal salt is reduced by adding a reducing
agent into the microemulsion system. When the namigpes are formed, they are deposited
onto the support, which is done by adding a soh&nth as tetrahydrofuran (THF) in
conjunction with the support powder to the microésimn system. For example, Pt-Ru
catalysts can be formed using the microemulsiohrigeies and have been directly deposited
onto carbon black without the need of an emulsi@aking solvent (such as TH¥)The
advantage of the microemulsion method is the tgbib control particle size easily by
varying the synthesis conditions. Unfortunately tatalyst fabrication by microemulsions is
costly since expensive surfactants and oils ardeted-urthermore, both surfactants and the

oils can have a negative environmental impact.
2.7.7 Electrochemical deposition

Electrochemical deposition occurs at the interfat@an electronically conductive substrate
and an electrolyte solution containing the salthef metal to be deposited. There are five
stages to the electrochemical deposition of metals:

1. Transport of metal ions in solution to the eleceasdrface

2. Electron transfer

3. Formation of metal ad-atoms via adsorption

4. Nucleation and growth of metal particles

5. Growth of the three-dimensional bulk metal phase
If growth is stopped at the fourth step it resuttsthe production of nanoparticles and if
growth is continued metal films will be producededdsition occurs when the substrate has
been supplied with sufficient potential to reduoe inetal salt to a zero valent state:

M*+ze M°

The electrochemical method has been used to ddpositto carbon substrates at the anode
and cathode of fuel cells to improve the Pt uttima and reduce the Pt loadifyThe
advantage of using the electrochemical methodatrhnoparticle size can be controlled by

controlling the deposition potential and time.



2.7.8 Polyol method

Microwave irradiation through dielectric heatings$ois a fast, simple and uniform energy
efficient method that has been used to synthesigmlncatalysts. The microwave heating
process has been used in place of a conventiorsingemethod to produce supported
catalysts* For example, in the conventional method, a polyobst commonly ethylene
glycol) solution containing the metal salt is redd at 160°C for 3 h to decompose the
polyol to yield an in situ generated reducing seedor the reduction of the metal ions to
their elemental stat®. The fine metal produced can be captured by th@mtpmaterial
suspended in the solution. For the microwave methgablyol solution containing the metal
salt is put into a microwave oven and hedfed typical synthesis can be outlined as
follows:** an aqueous solution of,PtCk is mixed with ethylene glycol and the pH of the
solution adjusted by the addition of KOH. Then, theified CNTs are uniformly dispersed
in the mixed solution by ultrasound. After a perafdnicrowave heating, the resulting CNTs
are filtered and the residue washed with acetorn® fesidue is then dried at 160G

overnight in a vacuum oven.

The pH value of the Pt precursor solution is anartamt factor for the preparation of Pt/CNT
catalysts by the polyol process. Li et’dbund out that at a lower pH range (pH 3.6-5.8%, t
Pt nanoparticles are agglomerated and not wellediggl on the CNT surface. On the other
hand a more uniform dispersion of Pt nanopartislese formed in the pH range 7.4-9.2. The
proposed mechanism to explain the pH effect duttiegformation of the Pt nanoparticles in

ethylene glycol solution is:

CH,OHCH,OH (I) CHsCHO (I) + HO (1)
2CH;CHO (1) + (PtCh? (aq) + 60H(agq) 2CHCOO (aq) + Pt (s) + 6Claq) + 4HO (1)

The acetate formed can act as a stabilizer by fayrai chelate-type complex via the acetyl
groups. The polyol method is very attractive ais & simple and straightforward method to

synthesize catalysts.

2.8 Hydrogenation of ethylene

The hydrogenation of ethylene involves the additddbrmolecular hydrogen to ethylene to

yield ethane. The reaction is exothermic suchtéraperature control is essential.



The equation for the formation of ethane is shogioWw:
CoHa (9) + Ho(9)  CoHe (9)

The reaction occurs in the presence of a catdiysst of the catalysts used contain transition
metals or transition metal oxides. The hydrogematatalysts frequently used are grouped
into two types; base metals (Ni, Cu and Co) antimlen group metals (Pt, Pd, Rh, Ru and
Ir). The advantage of the base metals is that #ieycheap compared to the platinum group
metals. However they require high temperature ardspre in their operation. The platinum

group metals on the other hand can be used unddemuonditions and small amounts of

catalyst are used.

2.8.1 Why hydrogenate ethylene?

Ethylene hydrogenation has been selected to ewealtn& catalytic properties of various
catalysts because the reaction is structure inbesiSi and occurs at low temperature,
yielding only one product ethaféStructure insensitivity implies that the activitjethylene
hydrogenation is independent of the catalyst pgarticorphology. In other words the particle
size of the catalyst does not affect the activityhe reaction. Somorj&i described structure
insensitivity as a reaction in which the kineticat¢, activation energy) are the same for a
crystal surface, dispersed particles, films andaimiils. The difference in rate will be
associated with different supports. The other athgaof using ethylene is that it has a high

reaction rate when forming ethane.

2.8.2 Studies undertaken using ethylene hydrogenat

Hydrogenation of ethylene has been used as a preaetion in many studies. The
hydrogenation of ethylene has received much attenéind a full underst