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Abstract

Abstract

Over the past decades it has become clear that gghgorted nanoparticles are
surprisingly active and selective catalysts for esal green oxidation reactions of
oxygen-containing hydrocarbons, in particular atdehusing molecular oxygen as the

stoichiometric oxidant.

In this research, ethanol was oxidized to acetid asing molecular oxygen as oxidant
in a presence of gold supported catalysts. Catalysttaining 1 wt.% Au supported on
TiO,, ZnO, ALO;, C and MgAYO, were prepared using different methods which
includes inverse deposition precipitation, incipienvetness impregnation and
immobilization of metal sol. It was found that Ti@Qave the most superior activity as

support for gold in ethanol oxidation, followed BgO and A}$Os.

High ethanol conversion of 93% and selectivity 8%®to acetic acid was achieved when
using TiQ as support for gold after 20 h reaction. The ¢fééaising excess oxygen was
also investigated in the study. It was noticed Hidtigher oxygen pressures it is possible
to convert ethanol to 100% conversion. When exoasgen was introduced into the
autoclave, an ethanol conversion of 99.4%, selégtof 99.8% and yield of 99.2% was

achieved without altering any reaction conditions.

The catalyst recycling studies were also conductedAu/TiO,, The activity studies
showed that the catalyst can only be used twiceséilianaintain the ethanol conversion
of greater then 90%. When the catalyst was re-tmetthe third time it was noticed that
the catalytic activity had dropped to 29% and thiss due to leaching of gold on the
catalyst which was observed in a third cycle.

The concentration of ethanol was varied from 5 w#06 and it was noticed that at high
ethanol concentration, the formation of ethyl ametaas most favoured compared to

acetic acid. Acetic acid was only favoured at ldhaaol concentration.
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Chapter 1 I ntroduction

Chapter 1

1. Introduction

1.1. Background

The cost of various fuels and chemicals is larggbyerned by the cost of the raw
material and the efficiency of the processes in@@IVvOil resources are becoming far
more expensive compared with biomass resources.dotentially possible to convert
biomass (e.g. bioethanol) to essentially all highie commodity chemicals and fuels
currently available from fossil resources. Theraildobe more advantages in using
biomass as a feedstock compared with fossil ressufor example, in the chemical
industry the introduction of oxygen functionaliti@sto hydrocarbons can be rather
difficult, whereas many products derived from bi@malready contain some oxygen [1].
However, this entails an increase in productiontcder some of the non-oxygen
containing products, such as gasoline [2]. It isgilde to produce some chemicals more
easily and in fewer steps from biomass than frossifaesources [3]. The use of biomass
as a sustainable resource for production of fuetsc@mmodity chemicals could offer an
improved security in supply, since biomass can tmavg in most parts of the world.
BioEthanol could be one of the examples of a chahderived from biomass that could

be used in future as a feedstock, consideringrddability.

The oxidation of many organic substrates leadsegoroduction of many functionalized
molecules that are of great commercial and syrahegportance. The selective oxidation
of alcohols to carbonyl compounds or carboxylicdlags a fundamental transformation in
organic chemistry as these compounds are widelyd e intermediates for fine
chemicals [4-6]. The traditional inorganic oxidgntsuch as permanganate and

dichromate, however, are toxic and produce a largeunt of waste. The separation and

S.M. Tembe University of the Witwatersrand, Johannesburg 1



Chapter 1 I ntroduction

disposal of this waste material increases cosh@mical processes. Therefore, from both
economic and environmental viewpoints, there isuegent need for greener and more
efficient methods that will replace these tradiibtoxic oxidants with clean oxidants,
such as @ and preferably, a separable and reusable catdgty researchers have
reported the use of molecular oxygen as an oxiftaralcohol oxidation using different
catalysts [7-11] and a variety of solvents. Duéh®volatile, flammable, and toxic nature
of organic solvents [12-14], solvent free oxidatlmrame the preferred method because
it is environmental friendly and associated withigh atom efficiency.

1.2. Motivation of the study

Presently, acetic acid and other carbonaceous caiityrghemicals are mainly produced
from petrochemical sources, but due to a diminghamount of fossil fuels it is
important to investigate new routes. One possybititto use renewable feedstocks such
as bioethanol. The production of bioethanol is gngywand it could be economically
feasible to convert bioethanol into acetic acidddy bioethanol is mainly used as a fuel
or fuel additive, and it has also attracted sigaifit interest as a source for hydrogen
production [15]. However, it appears much moreifdago use ethanol as a feedstock for
chemical production from both an economical andegrperspective. In addition, the
demand for acetic acid is increasing, which furtiveicates that it is time to find
alternatives to the fossil fuel feedstocks. Furtiae the price of renewable feedstocks is
decreasing, whereas the price of fossil fuels e¢seasing making the ethanol route even

more interesting

The main concern of government regarding the mesdugtion of industrial chemicals
from fossil fuels is the environmental impact ass@o with their application which
results in production of greenhouse gasses. Tharg i growing pressure to find more
“green” processes for the production of these chal®i An obvious route to acetic acid
production would be the fermentation of bioethabal; thus far it seems that this is only
cost effective for the production of vinegar not &zetic acid demand by the chemical

S.M. Tembe University of the Witwatersrand, Johannesburg 2



Chapter 1 I ntroduction

industry due to small volume. A better route wolhi&dthe direct oxidation of bioethanol
to acetic acid under mild conditions using molecwaygen (from air). This process
would produce enough acetic acid to meet the derbgnithe chemical industry, hence
the process is facile and the starting materiaseasy to get.

1.2.1 Acetic acid demand

Acetic acid is one of the simplest and most widedgd carboxylic acids having many
important chemical and industrial applications. #icacid has a world demand of about
6.5 million tonnes per year [16], of which aboutlion tonnes are produced by the
methanol carbonylation process and by bacteriahdetation. The remaining 1.5 million
tonnes come from recycling [17]. Since the methatabonylation process is highly
dependant on natural gas which is a non-renewabtauirce, it will not be able to support

the acetic acid industry indefinitely.

1.2.2 Availability of bioethanol

More than 80% of the world’'s energy consumption grdduction of chemicals
originates from fossil resources (oil, gas and oHhe use of fossil resources coupled
with concerns about global warming, as mentionetieean this chapter, results in a big
drive to develop new technologies for the genenatib energy and chemicals. In this
respect, it has recently been considered that lieroauld become a major source for the
production of energy and chemicals [18].

Bioethanol can be obtained from the fermentatiorbiomass. It contains about 8-10
vol% of ethanol [19]. It can be concentrated u@&ovol% by a distillation process [20].
The total world production of bioethanol is congiaimcreasingly and was estimated to
be more than 12.1 billion gallons per year in 2Q@%]. The global production of
bioethanol reached 13.5 billion gallons in 20061fr@2.1 billion gallons in 2005 [22].

S.M. Tembe University of the Witwatersrand, Johannesburg 3



Chapter 1 I ntroduction

Bioethanol currently accounts for more than 94%gtdbal biofuel production, and
mostly of it comes from sugar cane [23]. About 6684he global bioethanol production
comes from sugar cane as the resource and 40%ofiteen agricultural crops [24]. Brazil
and the United States are world leaders, whicho#ixpligar cane and corn, respectively,
and they together account for about 70% of the dvdwlbethanol production [22].
Bioethanol can be used as an alternative resoorgeréducing chemicals like ethylene,
acetaldehyde, butadiene, acetic acid etc. Toda&yatinual production of bioethanol is
around 45 million tonnes [2], which is significagmough to replace the petrochemical
products produced from fossil resources. The przdpmoduced from bioethanol must
obviously be more valuable than bioethanol itself the process to be economically
valuable. Instead of using bioethanol for transpgrfuel purposes where it seems to
have relatively low value nowadays, it could beteasl be used as a feedstock for other

important chemical products which have a much highéie.

The use of bioethanol in the transport sector wibst certainly have some positive
influence on CQemissions, but it might prove possible to achiameadditional benefit

by using it as feedstock for the chemical industtyseems realistic to produce, for
example acetic acid from bioethanol with a propatakytic reaction pathway. Such a
reaction was recently proposed by a research gnoupenmark, where ethanol was
oxidised to acetic acid with air, in an agueoussgheeaction over a gold catalyst [20].
The production of chemicals from bioethanol carualty lead to higher COsavings

than by using it as a fuel.

1.2.3 What is acetic acid?

Acetic acid is an organic chemical compound thdidst recognized for giving vinegar
its sour taste and pungent smell. When pure, aaetitis a clear, colorless liquid with a
sharp, irritating odor. Its structural formula che represented by GHOOH. It has a
freezing point that is slightly below room temperatat 16.7 °C. Concentrated solutions
of acetic acid are very corrosive and can causgyddiurns on contact with skin.

S.M. Tembe University of the Witwatersrand, Johannesburg 4



Chapter 1 I ntroduction

1.2.4 Importance of acetic acid

Acetic acid is a commodity chemical that has denrated relatively rapid growth in
production volume and is used in several areasglwinicludes the production of vinyl
acetate monomer which polymerizes to form polyviagétate, which is used in water-
based latex paints and in glues for paper and wtiog. an important industrial and
chemical reagent that is used in the productiopalyethylene terephthalate which is
mainly used for making soft drink bottles; cellldoacetate for making photographic
film; and as well as synthetic fibres and fabrBscause vinegar is weakly acidic, it has a
variety of properties that are useful around theseo Mineral deposits formed when hard
water evaporates, such as those found on plumbihgds and in tea kettles, dissolve in
acids, so vinegar can be used to remove those ahideposits. Vinegar is also used as a
food preservative, and the sour taste makes itlpoms a flavoring in cooking and in
salad dressings.

1.3. Aimsof the study

The aim of the study was to repeat the very prargisesult on the oxidation of ethanol
to acetic acid using Au/MgAD, which was previously done by Christensral. [20],
and then to set about discovering other new gositbacatalysts that will perform the
reaction with high conversion and selectivity. Alseluded in the study would be
comparison between the reactivity of standard AuTdaikalysts from Mintek (Au/Ti@
and Au/ZnO and others). Wet chemical and deposipoecipitation methods were
proposed as initial methods to deposit gold on shpport in the search for novel
catalysts. In addition to standard catalysis swdséudies of the activity of the catalysts,
parameter scans of temperaturg,pfessure, ethanol concentration, and pH and cataly
selectivity will be investigated. The catalysts Iwhle fully characterized by various
methods including XRD, XPS, ICP, TEM, and TPR/O/D.
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1.4. Dissertation outline

Chapter 1: presents, the background, motivation and aimbestudy

Chapter 2: presents the literature review

Chapter 3: presents the experimental work carried out instiidy for ethanol oxidation
Chapter 4: presents the results and discussion of the nedinfiys on ethanol oxidation
using gold supported catalysts.

Chapter 5: gives the general conclusions from all the wornkied out and presented in

this dissertation.
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Chapter 2

2. Literature Review

2.1. Introduction

Heterogeneous catalysis plays a major role worldywebt only from the economic point
of view, but it also provides the necessary inftagtre for the well being of the society
as a whole. It is hard to imagine what modern sgpamuld be like without chemicals,

polymers, and pharmaceuticals, most of which aepamed industrially by catalytic

chemistry. Without effective heterogeneous catalyise manufacture of many materials
such as, pharmaceuticals, foodstuffs etc. would b®tpossible. It is therefore not
surprising; that heterogeneous catalysis is a stulifgat spans chemistry, chemical
engineering and materials science in working togretb break new ground. There is
intense and broad interest in the design of newlysts and as well as seeking to

understand how these materials function as casalyst

Since the pioneering discovery by Haruta and hockers that gold nanoparticles can
catalyze CO oxidation effectively at low temperas)fl] there has been tremendous
interest in gold-catalyzed oxidation reactions J2I18 particular, the oxidation of alcohols
has received significant attention, and rightfudly, since the reaction satisfies most of
the demands for a modern, sustainable, and “greeaction [4]. The high activity of the
supported gold nanoparticles allows the use ofaaithe stoichiometric oxidant, thus
ensuring optimal atom economy. Furthermore, theti@a has the potential to play an
important role in the synthesis of both commoditg dine chemicals, where the use of a
heterogeneous catalyst allows the isolation of pct@®) by a simple separation [5]. This

represents a major improvement in catalysis as aomapwith “traditional” oxidation
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technologies used before, especially in the chdmiwdustry, which often rely on

stoichiometric amounts of heavy metals and/or hexisg

2.2. Reactions catalyzed by gold

Over the past decades it has become clear thatogedpgold nanoparticles are
surprisingly active and selective catalysts for esal green oxidation reactions of
oxygen-containing hydrocarbons (for example, altphsing molecular oxygen as the

stoichiometric oxidant.

In the fine chemical industry, and as well as iaditional organic chemistry, many
oxidation reactions are carried out using inorgasiaants. The application of these
types of reagents often containing chromium or raaege, inevitably leads to the
generation of huge amounts of metal waste. In tegesrs several new procedures have
been developed wherein a catalyst is used to t@elithe oxidation of alcohols
employing molecular oxygen as the stoichiometricdart [6—9].In this emerging field

of “greerf oxidation chemistry, catalystomprising gold nanopatrticles have attained a
very prominentrole, [10] since they are often surprisingly active and somesti exhibit
different chemoselectivity than platinum group nhettalysts. Thus, from a fundamental
point of view, gold catalysis is a topic of intersaentific interest; drawing attention
from a very diverse groupf researchers. So far, literature reports [11{ tha selective
oxidation of alcohols has focused primarily on azilnlg alcohols into:

» Aldehydes,

» Carboxylic acidor esters, and

» Oxidation ofaldehydes to esters,

» Epoxidations of olefins,

» Activation of C—H bonds in alkanes,
» Oxidation of amines,

* Propene epoxidation and alkanes to alcohol
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2.3. Green catalysis

The consumption of fossil fuels using existing pakis is likely to continue for some
time. However, there are distinct sustainabiliguiss with the availability of these fossil
resources and there is now considerable interestilising bio-renewable feedstocks,
which do not have sustainability issues associat#lal them. Bio-renewable feedstocks
can provide a valuable new route to the productibplatform chemicals on which the
generation of finished products can be based. Aljhahese materials (bio-renewable)
can be gasified and pyrolysed to produce syngasadrdike materials, that can be
processed by existing technology to a desired fireuct chemicals. Bio-renewable
feedstocks have the potential to replace fossduees; hence it is possible to convert
them into syngas by using an appropriate technolégyyexample by gasification or

pyrolysis as shown in Figure 2.1 below.

Carbohydrates/ lignocellulosic materials

l |

Pyrolysis/gasification

Hydrolysis (enzymatic/chemical)
J o J
Syngas Bio-oi Fermentationg
~ e ﬂ ﬂ Platform
Hydrogen Fuel (/ Ethanol |=> molecules

Figure 2.1: Scheme of biorefinery procesg&g].
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2.4. Biomass

During the growth of plants, water and carbon diexare absorbed and transformed into
carbohydrates through the process of photosynthesike presence of sunlight. The
organic matter that makes up these plants is kresusiomass. Biomass contains a lot of
energy that can be used to produce heat, transiporfaels, or chemicals depending on

the processing technology used [13].

Human beings have used biomass as a source ofydoetousands of years, ever since
human beings started burning wood to cook fooa deep themselves warm. Nowadays
with a proper technology it is possible to cony@amass into chemicals such as acetic

acid depending on the type of biomass used.

2.5. Bioethanol

Today, mankind faces two major air pollution prabtei.e. global warming which is
mainly caused by the emission of £@nd acid rain, caused by emissions of 8 as
well as NQ. Both problems are exacerbated by the use oflfossources i.e. coal,
petroleum, and natural gas which are non renewadsdeurces. The use of renewable
feedstocks is of crucial importance for a sustdmawciety. In this respect, catalysis
represents a key approach to green chemistry irattigation and utilization of bio-
renewable chemical feedstocks e.g. bioethanol.uBkeof bioethanol as feedstock for the
production of chemicals is one of the ways that lsarused to reduce both consumption
of fossil resources and pollution of the environméey the chemical industry. The
production of chemicals from fossil resources rssul an increase of G@oncentration

in the atmosphere, which contributes to global wagrj14]. The combustion of fossil
fuel contributes about 73% of the €f@leased to the atmosphere [15]. More then 95% of
carbonaceous chemicals are currently produced fossil resources [16], which means
that more CQis being released to the atmosphere. Reducinggb®f fossil fuels as the

resource for chemicals would considerably redueeatimount of C@produced, as well
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as reduce the levels of pollutants [17]. To rediaeenet contribution of greenhouse gases
to the atmosphere, bioethanol has been recognssdtegotential alternative resource to

petroleum-derived fuel [18].

Bioethanol can be used as fuel or a fuel addifiee use of bioethanol as fuel offers
many advantages which include higher octane ratirmpder flammability limits, higher
flame speeds and higher heats of vaporization ¢fa@oline which is derived from fossil
fuel [19]. Bioethanol can also be used as a fuelita® where it enhances the octane
rating and improves the combustion, which reduc&3 &nhd ground level ozone
emissions [20]. Using ethanol as a fuel additiiersfmany advantages because it is also
less poisonous to the environment than other odv@osters such as lead and methyl
tert-butyl ether (MTBE). Bioethanol is an attractiveteahative fuel because it is a
renewable bio-based resource and it is oxygenditedeby providing the potential to
reduce particulate emissions in compression—ignigmgines [21]. The presence of
oxygen facilitates the complete combustion of tlydracarbon in the engine. Higher
octane numbers are preferred in internal combustizgines. Using an oxygenate fuel
such as bioethanol will provide a reasonable antiknvalue, and combustion will be

more efficient, reducing the hydrocarbons and paldies in the exhaust gases.

2.5.1 Challenges of using bioethanol

The only major problem with bioethanol productientihe availability of raw materials
for the production. The availability of feedstodks bioethanol can vary considerably
from season to season and depending on geograyatdn. The price of raw material
for bioethanol production is also highly volatilghich can highly affect the production

costs of bioethanol [22].

Ethanol has lower energy density than gasolineethanol has 66% of the energy that
gasoline has by volume %); it is corrosive, hasveel vapour pressure, is miscible with
water and toxic to ecosystem [23]. Inspite of this advantages of using bioethanol seem
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to override its disadvantages. Today most hydraggmoduced by the steam reforming
of natural gas. However this is not a solution ubstantially decrease the emission of
greenhouse gases to the atmosphere unless thalngasris normally vented or flared
instead. Bioethanol can be used in hydrogen pramtustia catalytic steam reforming
rather than using natural gas as feedstock whiddsextensive purification. Many
consider hydrogen to be a future energy sourcescefy for transportation sector and
mobile devices [24]. The use of bioethanol in hygdno production would offer a green

route.

2.6. Production of acetic acid

Acetic acid can be produced both synthetically laypdbacterial fermentation. At present,
the main route for the production of acetic acidhysmethanol carbonylation [25]. This
process includes the use of metals as catalystide Wwhcterial fermentation only uses

enzymes or bacteria during the oxidation process.

2.6.1 Methanol carbonylation

This process involves the reaction of methanol wéhbon monoxide in the presence of a
rhodium complex catalyst at a temperature of 1500 °C and a pressure of 30 to 60
atmospheres [26]. This process accounts for apmprabely 60% of the total world acetic

acid manufacturing capacity [25].

CHzOH + CO  _Rhodiunm complex CH;COOH............cooviiiiiiiiiiiin, 2.1

This process (Eqg. 2.1) exhibits high selectivityatetic acid based on methanol (99%)
and carbon monoxide (85%) [27]. Carbonylation oftmaeol, catalyzed by rhodium, was

invented by Monsanto in the 1960s, and this progesked for about 25 years as the
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leading technology for the production of aceticdadn the early 1990s, the difference in
the prices of rhodium (US$ 500/0z) and iridium (U&%¥oz) was the driving force for the
replacement of rhodium with iridium.[25]. In 1996naw, more efficient, process was
announced by BP Chemicals for the carbonylatiormethanol, and this time using
iridium as catalyst [26]. The potential use of iwieh instead of rhodium was identified in
the early work done by Monsanto [25]; however, tkaction rate exhibited by the
rhodium catalyst system was superior to that aliumm. It was disclosed that the
combination of the iridium catalyst with a metabproter such as ruthenium increases
the activity of the catalyst and minimizes the prctdimpurities more than previously
reported iridium systems without a promoter [26heTmajor problem facing the
chemical industry in using this process is tha highly dependent on fossil resources as
feedstock, and it uses a PGM catalyst. Due to ere@se in oil prices and PGM catalysts,
there is obviously economic pressure on acetic pduction. It is therefore imperative
for scientists to look for alternative routes foe tproduction of acetic acid, which will be

cheaper and economically valuable rather than wesxpgnsive PGM catalysts.

2.6.2 Bacterial fermentation

Typically, vinegar contains about 4 to 8% aceticdads the defining ingredient of

vinegar, acetic acid has been produced and usdtlimans since before the dawn of
recorded history. Vinegar used to be produced fdiote solutions of alcohol, such as
wine, apple cider and fermented grain, malt ane, ribrough the action of certain
bacteria in the presence of oxygen. These bactedaire oxygen, and the overall
chemical change is the reaction of ethanol withgexyto form acetic acid and water as

indicated in equation 2.2.

CH3CHOH + O, — CH3COOH + HO ... e 2.2
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Due to an increase in applications for acetic acithe chemical industry this process
could not meet demand for acetic acid and this reaslted in exploration of new

alternative routes for the production of acetidaci

2.7. Alcohol oxidation

The selective oxidation of alcohols is one of thesmimportant transformations in
organic synthesis [28]. Although a number of methbdve been developed, the search
for new facile, cost-effective and environmentdtigndly procedures that avoid the use
of large excess, toxic and expensive metal oxidargsrequired [28]. An attractive and
promising alternative route is the direct oxidatioh alcohols catalyzed by reusable
heterogeneous solid catalysis, using molecular exy@) [10]. The catalytic oxidation
of alcohols with air has attracted significant atiten as a “green” chemistry reaction [29]
in catalysis. The catalysts used include mainlyapahm and platinum and have shown
some promising results in alcohol oxidation [29]ovitver these metal catalysts
generally suffer from rapid deactivation due tocldag as a consequence of over-
oxidation of the metal active sites [30]. One o tnajor problems associated with the
use of these catalysts in oxidation reactions aslpet selectivity, since a broad range of
products often exist at the end of reaction. Fangxe, in glycerol oxidation, there are
six potential G oxygenated products as demonstrated in Figureb@l@w. Selective
versus nonselective oxidation is, therefore, thgedbiallenge and requires the design of
new effective catalysts that will provide a higtesgivity to the desired product.
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Figure 2.2: Different oxygenated products arising from glyceswidation [31].
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2.7.1 The superior performance of gold catalyser @latinum group metal

catalysts in alcohol oxidation

The oxidation of glucose has been investigatedguBihgroup metals as the catalyst;
although these catalysts have been reported terdudim rapid deactivation due to metal
leaching, self-poisoning and over-oxidation [32heTuse of bi-and tri-metallic catalysts
have been proposed to overcome these effects. riicydar, Bi promoted catalysts
showed the best performance for improving the gstahctivity [33]. However, the
catalytic activity of these catalysts did not swgpahe activity of the gold catalyst for
glucose oxidation as shown in Figure 2.3 below. gblel catalyst showed an outstanding
performance for glucose oxidation as compared togmup metal catalysts. Gold
catalysts showed a much better selectivity and hegistance to poisoning compared to

Pt group metal catalysts [34].

3000 -
2500 / T
2000/ |
1500/ N

1000/

TOF(h™)

1%Au/C
5%Pd-5%Bi/C
1% Pt-4%Pd-5%Bi/C

pH 7

Figure 2.3: Catalytic performance of different catalysts inggise oxidatioh34]
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Pd nanoparticles supported on hydroxyl apatitegifatite) has recently been reported by
Kaneda and co-wokers as one of the most activdystdgdor the aerobic oxidation of

alcohols [35]. In contrast Abaet al. reported Au/Ce@as the most active catalyst for

alcohol oxidation compared to palladium supporia@lysts as shown in Figure 2.4 [30].
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Figure 2.4: Comparison of catalytic activity of Pd/Ceg(Cayellow), Au/CeQ (m pink),

and Pd/apatite®( navy) for the aerobic oxidation of alcohols. TogpHenylethanol.
Bottom: 3-octanol [30].
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2.7.2 Ethanol oxidation by gold catalysis

It has recently been shown that acetic acid camsymthesized directly from aqueous
phase oxidation of ethanol using gold based cataly29]. The supported gold
nanoparticles have attracted considerable attemdoently as promising new materials
for alcohol oxidation owing to their higher seledly and lower susceptibility to leaching

as compared to platinum group metal catalysts [36].

CH3;CHOH + O Gold Catalyst‘ GHOOH + HO......coiiiii 2.3

There is a significant amount of work that has beéeme on ethanol oxidation using gold
catalysis, amongst this work, it is reported tldahe reaction is taking place in aqueous
solution the formation of carboxylic acid is favedras the main product over the
aldehyde, but in solvent-free experiments, aldehpdmation is favoured as the major
product [30]. Idriset al. investigated the effect of temperature in the gfagse oxidation
of ethanol over Au/Cefcatalyst in the temperature range of 100-800 °€the study
revealed that the product changed significantlyhwiarying temperature [37]. At low
temperatures the acetaldehyde was the main prodbdstenseret al. reported that, the
highest yield of acetic acid can be achieved whbar®l is oxidized in aqueous phase at
moderate temperatures and pressures [29]. The dtigield of 90-95% was reported

with a proper selection of reaction conditions whsimg a gold supported catalyst [38].

The catalysts that have been used before to attémeptiqueous phase oxidation of
ethanol to acetic acid include palladium and platinin homogeneous phase reaction.
The use of these catalysts in ethanol oxidatiowslkdosome promising results [39, 40].
Though there was a problem associated with thenchwivas poor selectivity towards
acetic acid formation. Secondly they produced ai@ant amount of acetaldehyde [29].
The catalytic activity of Pt, Pd and Au was alsadgtd in the aqueous phase oxidation of
ethanol. The results showed that all catalyststhadame catalytic activity [29], but the
only difference was that the gold catalyst showédyh selectivity to acetic acid.
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The effect of support was also investigated. Godd Yoaded in different supports, such
as magnesium-aluminium oxide (Mg@l;) and titanium oxide (Tig). The results
reported in the study showed that there was nafsignt difference between the two
metal oxide supports [38], but if the supports usede non-metal oxides the effect could
have been very different; and this has been regpdrteselective oxidation of glucose
[41].

2.8. Factor s affecting alcohol oxidation

The gold particle size is considered to be of tlaeamount importance for aerobic
oxidation of alcohol [42]. It has been shown thapmort may also play a key role in
determining the catalytic activity and selectivadf the reaction [30, 43]. For example,
certain reactions reach an optimum activity andsédectivity at larger particle diameters
of the catalysts while other reactions show supeperformance at smaller particle
diameters. The shape and symmetry of the paitgg# can influence the site population
and geometry [44]. Some studies have also showrthbaaddition of a base can highly
affect the oxidation of alcohol [45].

2.8.1 Effect of metal oxide support

The catalytic properties of supported gold havenls®wn to depend very sensitively on
a number of factors such as particle size; pretreat, calcination temperature and
preparation method. The nature of support matamnal its physical state seem to play
one of the critical central roles in gold catalypl$, 47]. Transition metal oxides are
generally used as support in heterogeneous caalysie overall performance of a
supported gold nanoparticle is highly dependenthenstructure and properties of oxides
supports, and the gold-oxide interface interactid®s 49]. A wide range of metal oxides
and other materials have been studied as supportyarious reactions in alcohol

oxidation over supported gold catalysts.
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The supports studied include C [31], Tif38, 41, 50], AJOs [51], MgAl;0O4 [29], SIO;,
Ce( [50, 52-54],y-Ga03, Ga0Os [55]. However there is still a lot that needs téodone
in order to understand the mechanism as to howcttalyst works in alcohol oxidation

reactions.

2.8.2 Effect of gold particle size

It has been shown both experimentally and theaficthat the activity of Au

nanoparticles in the oxidation of CO increases wd#dtreasing particle size and is
strongly affected by the type of support used [B-FHowever, bulk Au has been
employed in certain oxidation reactions as weligating that, the presence of larger Au

particles can be favourable for certain oxidatieactions [59].

Some studies have shown the effect of the sizeoltf garticles in alcohol oxidation
using CeQ@ and TiQ as support for the aerobic oxidation of benzybhtd. The gold
particle size prepared was in the range of 1.31t8 hm. The catalysts were then tested
for aerobic oxidation of benzyl alcohol. The residhowed that there was a huge effect
of gold particle size in alcohol oxidation. The iopl activity was observed for the
catalysts with an average particle size of 6.9 nmereas smaller and bigger particles
showed a poor activity. This behavior was obseiwedpective of the support (CeOr
TiO,) and of the reaction conditions applied [50]. $&mresults were also reported by
Zheng and Stucky for aerobic oxidation of ethangihg gold supported on silica4].
Three Si@-supported catalysts with 3.5, 6.3, and 8.2 nm galticles were prepared by
depositing the nanoparticles on chromatographyasiljel from their corresponding
chloroform solutions. The catalytic screening o¢ tinree catalysts was performed on
ethanol oxidation at 200 °C using molecular oxygsrthe oxidant. The results showed

that Au patrticle size has a crucial role in alcobxibdation as shown in Figure 2.5.
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Figure 2.5: Different gold particles size supported on Sié@nd their ethanol conversions
[54].

The catalytic study of three catalysts with diéier Au particle size, showed that the
smallest gold nanoparticles (3.5 nm) did not exhalkihigh a catalytic activity as 6.3 nm
gold nanopatrticles (45% EtOH conversion). Both &8 8.2 nm nanoparticles showed
lower ethanol conversions of 24% and 22% respdgtij®4]. Sun et al. [52] also

reported the effect of gold particle size on ethamxadation using gold on silica prepared
by immobilization of metal sol. The results of tteidy showed that, gold particles with
an average diameter of 5 nm had a high activityethanol oxidation, about 3 times
higher than that of smaller (3 nm), and 15 timeghér than that of larger (10-30 nm)

gold particles.
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2.8.3 Effect of a base in alcohol oxidation

The oxidation of alcohols to acids and aldehydésgugold catalysts has been one of the
success stories in gold catalysis, following thais@l studies of Prati and Rossi [39, 40,
60]. It has been shown that heterogeneous ceriposigal gold catalysts are able to
oxidize several higher alcohols to their correspogccarboxylic acids using air as an
oxidant [7]. Prati and Rossi were the first to shibwat alcohols, specifically diols and
sugars can be oxidized to the corresponding acitfisgeld catalysts but only when base
is present [39, 40]. A similar observation was atgaorted by Carretiat al. where 100%
selectivity of sodium glycerate was observed incghpl oxidation reaction when the
reaction was carried out with an addition of NaGdi][ In the absence of NaOH, no
glycerol conversion was observed. The presencehafsa is essential for some reaction
to take place in alcohol oxidation, for exampleshswn in Figure 2.6 addition of 10%
KOH promoted the oxidation of benzyl alcohol to mgtbenzoate [45].

100 5

] i _
o0 - e
d Vy — L .
80 - V4
& ]
m 70+
Q i !'
& sd | O 0% KOH-AWKTIO,
E 1 Je = 10% KOH - AWK.TL,O .
e O 0% KOH -AWTIO,
e 1 [
g -9/ ® 10% KOH - AuTiO,
E- I
v 7/
1] Tm
£ 20
1)/ : .
10 i4 -
r e .
D‘L ﬂr1 T — T = r_lnI T — T T T T
0 10 20 30 40 50
Time (h)

Figure 2.6: The effect of a base added in alcohol oxidati@ttien [45].
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The presence of small amount of base (KOH) promthedreaction to give a higher
yield of methyl benzoate. Less then 5% yield of mgebenzoate was observed when the
base (KOH) was not added, but when the base wasdatthe yield exceeded 80% as
shown in Figure 2.6. On the contrary it was notedl tatalysts such as Au/$&x can
also perform aerobic oxidation of alcohols at rommperature without a base being
added [62].

The effect of having a base in alcohol oxidatiorciigical for some reactions to take
place. Some reactions require a bit of a basekmtace, while some do not need a base
at all. For example, for the oxidation of etharmlatcetic acid, no base is required [4, 8,
61].

2.9. Gas phase oxidative dehydrogenation of ethanol

The vapour- phase oxidative dehydrogenation ofrethlaas been considered as the most
important process for the production of acetic aeid acetaldehyde, the process includes
dehydrogenation of ethanol over copper-chromiunpsttpd catalyst, vanadium based
catalysts etc. The majority of the known procedsespreparing acetaldehyde from
ethanol are generally incapable of producing acatitl as co-product except by a
sequential operation wherein the acetaldehyde forimg dehydrogenation is further
oxidized to acetic acid in a separate reactor.s Tapresents a significant limitation on
the efficiency of acetic acid production using thgsocesses. On the other hand, those
ethanol dehydrogenation processes which are knawrprbduce acetic acid and
acetaldehyde directly from ethanol are generallyeei characterized by very low
selectivities to acetic acid or are operated uedaditions which are impractical in large
scale application. For example U.S. Pat. No. 13356 describes a process whereby a
mixture of air and ethanol in a ratio of 14:1 (&thanol) is passed over a vanadium oxide
catalyst resulting in the production of about 10%ete acid and 70% acetaldehyde.
Although the reaction produces both acetic acid aoetaldehyde at relatively high
guantities, it does this by using an extremely hoglggen to ethanol mole ratio, which
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results in the feed being diluted to a point wheeenergy requirements for pumping the
resulting large volume of feed gas through the lgtitareactor becomes a serious
problem which affects the overall process econonWasrking with large volumes of gas

feed which contains £and a hydrocarbon is not an easy thing to harnmleause it is

often associated with explosions and fire. So diedaof ethanol in aqueous phase
reaction using gold supported catalysts overconhes problem of the high energy
requirements for pumping the large volume of feas gequired in these systems. In gold
catalysis systems no large volumes of air are redupr oxidation to take place; only a
1:1 mole ratio of ethanol to air is required foe treaction. The use of gold catalysts
offers many advantages which include high alcotwiversions and selectivity to the

required products based on the reaction conditbonsen.
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Chapter 3

3. Experimental

3.1. Materials

The gold precursor HAuG:kH,O was obtained from Next Chimica and contained %0.0
0.5% by weight of gold. During the preparation bbfcatalysts, deionized water was used
to prepare the solution of 2.54 x™ 1M of HAuUCl,. Titanium oxide used was obtained
from Degussa as 7711 P-25 with a reported surfee af 50 rfyg and containing 80%
of anatase and 20% of rutile. The zinc oxide usad @btained from Sud-Chemie as G72
D. The base, sodium carbonate, used to adjust khelying the preparation of the
catalysts was obtained from SAARCHEM. Nitric acd2%) was obtained from MERCK
chemicals. Sodium citrate that was used duringtbparation of gold catalyst supported
on carbon was obtained from SIGMA ALDRICH.

Activated carbon derived from coconut was obtaifedm SIGMA ALDRICH.
Aluminium oxide (gamma phase) and silver nitrate were purchased MERCK
chemicals. Ethanol was of the highest purity (99.88m Fluka and was used without
any further purification. The nitrogen and hydroggs used for reductive pre-treatment
of the catalysts were obtained from AFROX. The taaicgases for oxidation reaction
were obtained from AFROX i.e. air (20% oxygen bakxuh with nitrogen), and pure
oxygen (99.9% oxygen). Ethanol was added to thetoeaat the beginning of the

reaction.
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3.2. Preparation of catalysts

There are several methods actually available tgagree gold supported catalysts:
coprecipitation [1], deposition-precipitation [2]chemical vapour deposition [3],
impregnation of phosphine complexes [4] and them#g introduced immobilisation of
gold sols [5-6]. However, the choice of the preparamethod depends on the type of

support material employed.

Deposition-precipitation (Dp) method is the modeetive method for the preparation of
gold supported on metal oxides. The advantageingu3p in catalyst preparation is that,

it offers good dispersion of gold on metal oxideh&as been shown that, Dp is not a
suitable method for the preparation of gold supabdn carbon. The most useful method
that has been shown to be the best for preparing gopported on carbon is

immobilization of gold sols; this method providesod dispersion of gold metal on the
carbon support [7]. When using this method the ahoif protecting agent is paramount
in order to get a good metal dispersion and parscte on the carbon [8]. The methods
used for the preparation of the catalysts usechénstudy include inverse deposition
precipitation, incipitient wetness impregnation amenobilization of the metal sol.

3.2.1 Inverse deposition-precipitation

The gold catalysts supported on metal oxide wewrpgred by inverse deposition-
precipitation technique with intended gold loadioigl wt.% with respect to material
support. The catalysts prepared using this metmatudes Au/TiQ, Au/Al,O; and

Au/ZnO. These three catalysts were supplied tosustandard by AuTEK. During the
preparation of these catalysts, the standard donditof the inverse deposition
precipitation technique were used, which involvatecting 13.5 mL of gold containing
solution per gram of support material. The coneditn of gold present in the solution is
varied depending on the loading required and thditg efficiency for a particular metal

oxide at a specified pH value.
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During catalyst preparation, 50g, HAuCl, was added to the necessary amount of
deionised water and heated to°C0 The pH of the solution was altered to pH = 7.5
(Degussa, 7711 P25, TiPand (Sud-Chemie, AD;) or pH = 8.5 (Suid-Chemie, G72D,
Zn0), over a period of 10 minutes using a 0.5 M@ solution. The gold bearing
solution and catalyst support material were corthédr one hour at 7€ while the pH
was kept constant using 0.5 M i&; and 2 M HNQ. After the prescribed ageing time
the material was filtered and washed using 5 mk/of deionised water for five minutes.
The material was then filtered with this procedoeeng repeated with fresh wash water a
total of five times. The catalyst was then dried20 °C for a period of 16.5 h in a fan

assisted oven.

A reductive pre-treatment was performed by pasS#gH, in N, over a packed bed of
500 g of catalyst at a flow of 525 SCCM and a terapee of 120°C for a period of 1 h.

3.2.2 Gold on activated carbon

Gold supported on activated carbon was prepardchimobilizing gold sol as described
below. An aqueous solution of gold chloride of 2:5640" M was prepared. To this was
added the solution of the protecting agent, sodaitnate (0.15 M NgCsHs0;.2H,0),
while stirring vigorously. The molar ratio of gold citrate was kept constant at 1:6
throughout the synthesis. Sodium citrate servell bstprotecting and reducing agent for
the gold into metallic state. Immobilization of dolvas carried out by simply adding
carbon support to the metal dispersion while sigyrvigorously until the solution was

clear.
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3.2.2.1 Gold sol preparation

The gold sols were synthesized by adding 2 mL & % 10' M HAuCI, solution into
300 mL of distilled water contained in a beaker IAABMAX instrument. The
temperature was raised up to 65 °C, and then atlot® equilibrate for a few minutes.
The pH of the solution inside beaker was 2.1. Tthensolution of sodium citrate was
added into the beaker, and the solution mixture aggesd for an hour while stirring. The
stirring rate was maintained constant throughouattssis at 400 rpm. After an hour the
solution changed from yellow to reddish-pink inaal. The pH was measured to be 5.8.
The carbon support (about 10 g) was then addedtih@aeddish-pink solution of gold
nanoparticles. The solution was then aged for 3@utes on stirring before immobilizing
the gold nanoparticles on carbon. After the additf activated carbon the pH increased
to 6.5.

3.2.2.2 Sol immobilization

The gold sol was immobilised by simply dipping ttegbon support in the reddish-pink
solution that had a metal sol contained in a beakdtABMAX instrument. After the
addition of the carbon, the reddish-pink solutiamed clear, implying that all the gold
particles had already been adsorbed on the caftbencatalyst was calculated to have a

final gold loading of 1 wt.%.

The gold nanoparticles were immobilized by decreashe pH of the solution from pH
6.5 to 3.7 using 2 M nitric acid. The solution moice was aged for 10 minutes while
stirring. The catalyst was then filtered and thgfdy washed with about 2 liters of
distilled water adjusted to a pH of 4.1. The catblyas dried overnight at 80 °C. A
reductive pre-treatment was performed by passingi# N, over a packed bed of 10 g
of catalyst at a flow of 100 SCCM and a temperanir200 °C for a period of 90

minutes.
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3.2.3 Incipient Wetness Impregnation Method

The calculated amount of metal salt (i.e. coppt&ata or silver nitrate) was dissolved in
20 mL distilled water and subsequently added dreggvo 10 g of TiQ contained in a

500 mL beaker, while slowly stirring. The resultislgirry was placed under continuous
stirring on a hot plate kept at room temperatureatmout an hour. The resulting mixture
was dried at 120 °C overnight and then collectedrggpowder. It was then calcined in a
furnace at 400 °C for 16 h in the presence ofTdie total concentration of loaded metal

was about 1 wt.% with respect to support material.

3.3. Feed preparation (5wt. % ethanol)

The selective oxidation of alcohols is fundamemtatiportant in the chemical industry,
and it has recently attracted significant attentonesearchers around the world [9]. In
particular, ethanol is considered to be a promigsiegewable resource for replacing
decreasing petrochemical reserves. As mentionecthiapter two, ethanol can be
produced from biomass via fermentation with possdgbplications as alternative fuels,
solvents, fuel cells and as a feedstock for pradudbulk chemicals via selective

oxidation [10].

The feed was prepared by diluting concentratedneth@®9.6 wt.%) with distilled water
up to 5 wt.% ethanol (i.e. 5mL ethanol + 95 mL what&ypically bioethanol contains
about 8-10% ethanol [11]. It has been reportedhm literature that at low ethanol
concentration, acetic acid is favored as the mamdyct for the reaction, while at high
ethanol concentrations greater then 60 wt.%, edbgtate is formed as the main product

[11].
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3.4. Catalyst characterization

3.4.1 Surface area determination (BET).

This method was used to determine the specificasarfireas and pore volumes of the
catalyst samples. The measurements were donsotleermal adsorption of nitrogen at
normal boiling point of liquid nitrogen. The speaciturface areas were determined by the

Brunauer-Emmett-Teller (BET) method.

The analysis of the samples was performed on a TRIB00 Micromeritics analyzer.
The TRISTA 3000 is an automated gas adsorptionyaealwhich contains three ports,
allowing the analysis of up to three samples siamdobusly. It consists of the TRISTA
analyzer and a FLOWPREP 060 Degasser.

The FLOWPREP 060 Degasser prepares samples foadberption analysis. It uses
flowing gas passed over a heated sample to remoigure and other contaminants. The
degasser has six heating stations for degassinglesmnd six cooling stations. The
desired temperature is set on the temperature ailemntpad located at the front of the

instrument.

3.4.2 Powder X-ray Diffraction (PXRD)

The synthesized catalysts were analyzed using ¥XRDPto see whether gold was

deposited on the catalysts. The PXRD gives theadifion pattern of different elements

in a particular region. The powder samples werelddaon the sample holder that has
eight chambers for sample loading. This was peréarron a D800 Brucker Powder X-

ray diffractometer using Cu as a target.
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3.4.3 High Resolution Transmission Electron Micaze (HRTEM)

The gold patrticles size distribution on the cat@ysas determined using a TECH NEI
NOVA SPIRIT Transmission Electron Microscope opiaigiat a voltage of 120 kV. The
powdered samples were ground and mixed with metfaantbplaced for few minutes in a
sonicator for thoroughly mixing. A drop of samplassthen placed on a copper grid and
allowed to dry for a few minutes, and then the @gpid was mounted onto the probe of

the microscope. The micrographs were then takenmesuided.

3.4.4 Inductively Coupled Plasma (ICP)

In this method, the determination of trace con@dins of elements in a sample was
achieved using atomic emission spectroscopy (AERS.atomic spectroscopy method is
based on the measurement of the amount of electyostia radiation absorbed or
emitted by an analyte atom to determine the conagom of the sample. The liquid
products were analyzed using the ICP to investighée leaching of gold from the

catalyst.
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3.5. Catalysts evaluation for ethanol oxidation

3.5.1 Catalytic activity measurements

The experiment was conducted in 75 mL stainlessl stetoclave reactor (Figure 3.1)
which was made by thelrstitute for Industrial and Macromolecular Chennyst

research, in Aachen University (Germany) which is the inlseuworkshop of the

Institute.

Air/oxygen
control valve

Oxygen inlet

Thermocouple

Bolt

Flange

Autoclave (75 mL)

Magnetic stirrer

Figure 3.1: Picture of autoclave used for ethanol oxidation
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The magnetic stirrer was only used for stirring liqaid mixture inside the autoclave not
for heating purposes. The autoclave was surroubgieal heating coil jacket, which was
then connected to a temperature controller togethir a thermocouple to control the
inside temperature of the autoclave.

The autoclave was charged with 10 mL of aqueouanethof desired concentration
ranging from 5-40 wt.% ethanol diluted with watand 150 mg of the catalyst. It was
then closed and charged with technical air (80 v 20 vol% Q) at the required
pressure of 30 bar. The autoclave was then heatdtetdesired reaction temperature of
150 °C under stirring conditions for a requiredctean time (5-25 h). It was noticed that
after the autoclave was heated t0150 °C the pressside the autoclave went to 48 bar
and this was due to partial pressure of air, water ethanol at 150 °C in the autoclave.
The stirring rate was kept constant at for all tiess. After each reaction, the autoclave
was cooled with an ice-water mixture to a tempeetelow 5 °C, to ensure that the
volatile products such as acetaldehyde do not esbafore analysis. At the end of each
run, the liquid reaction mixture was separated fittva catalyst by centrifuge, and then
analyzed using a gas chromatograph equipped witaraowax column (2m x 2mm I.D.
glass) and FID detector. At the end of reactionat®clave was depressurized, and the
gas from autoclave was collected with a gas caledor analysis using a gas
chromatograph equipped with a TCD detector. This d@ane to check for the presence

of gaseous products from the reaction, for exarGide

To investigate the effect of excess i@ the reaction, the autoclave was charged with 30
bar air, and then the reaction was allowed to m#ii all the G had been used up. This
was recognised by the constant conversion of ettedtes 20 h. After 20 h the autoclave
was depressurized to atmospheric pressure andréicbarged again with air to 30 bar

and the reaction was performed for the requiree@itime products were then analysed.

Figure 3.2 shows a typical spectrum for liquid prod obtained from FID gas

chromatography (GC), after offline analysis of ladjmixture from the autoclave.
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Figure 3.2: GC trace from ethanol oxidation

Figure 3.3 shows the schematic diagram of howealttions were carried out in the study
for the oxidation of ethanol.

Autoclave (75 ml)

— |— Computer
.
oooo
Magnetic stirrer GC-FID Amplifier

Air

Figure 3.3: Schematic diagram of ethanol oxidation flow chart.
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3.6. Calculations

a). % Ethanol conversion EtOHj, - EtOH gy x 100 %
EtOH i,

b). Selectivity (%) = Productiormed x 100 %

EtOH conversion

b). %wt Au = Mau x 100 %
M+ My

Where:

EtOH;, = peak area of ethanol for the inlet ethathmed from chromatogram
EtOH, = peak area of ethanol for the outlet ethatdhined from chromatogram
M as = molecular weight of gold

M syp = molecular weight of support

S.M. Tembe University of the Witwatersrand, Johannesburg 40



Chapter 3 Experimental M ethods

3.7. References

1. Hutchings, G.JGold Bull 1996, 29, 123.

2. Tsubota, S.; Cunningham, D.A.; Bando, Y.; Haruta, i Preparation of
Catalysts V| Vol. 91, eds. Poncelet, G.; Martens, J.; DelmBn,Jacobs, P.A;
Grange, P1995, p. 227.

3. Okumura, M.; Nakamura, S.; Tsubota, S.; NakamuraAZuma, M.; Haruta, M.
Catal. Lett 1998, 51, 53.

4. Kozlov, A.l.; Kozlova, A.P.; Liu, H.; lwasawa, YAppl. Catal.A 1999, 82, 9.

5. Grunwaldt, J.D.; Kiener, C.; Woegerbauer, C.; Bgike J. Catal.1999,181, 223.

6. Prati, L. and Martra, G5old Bull 1999, 32, 105.

7. Bianchi, C.; Biella, S.; Gervasini, A.; Prati, LRossi, M.Catal. Letf 2003, 85,
91.

8. Coluccia, S.; Martra, G.; Porta, F.; Prati, L.; Rod. Catal. Today 2000, 61,
165.

9. Sheldon, R.A.; Arends, I.W.C.E.; ten Brink, G.JijkBman, A.Acc. Chem. Res
2002, 35, 744.

10.Christensen, C.H.; Jgrgensen, B.; Rass-Hanserkgéblad, K.; Madsen, R.;
Klitgaard, S.K.; Hansen, S.M.; Hansen, M.R.; AndersH.C.; Riisager, A.
Angew.Chem. Int. EQO06, 45, 4648.

11.Jegrgensen, B.; Christiansen, S.E.; Thomsen, M.L(Brjstensen, C.HJ. Catal.
A: Gen.2007, 251, 332.

S.M. Tembe University of the Witwatersrand, Johannesburg 41



Chapter 4 Results and discussion

Chapter 4

4. Results and Discussion

Oxidation of ethanol to acetic acid using gold-based catalysts

4.1. Introduction

In this chapter we explain the results obtainedetiranol oxidation using gold-based
catalysts, and show how the outstanding propedfesanogold can be used in new
processes based on alcohol oxidation using moleoxiggen as oxidant. The catalytic
properties of nanogold in the selective oxidatiborganic compounds represent a recent

but exciting contribution to the art of heterogemecatalysis.

The selective oxidation of alcohols is one of thesmimportant reactions in organic
synthesis [1], and is applied on an industrial esgal the production of humerous base
chemicals and down to laboratory scale in the prtdn of various fine chemicals [2-4].
Recently, there has been a considerable interesfoousing on aerobic oxidation
reactions of alcohols, using air or pure oxygerthasoxidant rather than using classical
metal oxides as the oxidizing reagent. The us@o¥ersional transition metal oxides and
salts such as permanganate, chromate, bromateearsibichiometric oxidants generates
a high amount of toxic wastes [5] as mentioned&arhlthough these reagents are quite
general in scope, they cannot be appropriate ie€fgr chemistry, because the oxidation
reaction requires them in stoichiometric amount @nely produce problematic by-

products which are difficult to handle [6].
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The main reason for this new approach for alcolxadation can be attributed to the low
cost of oxygen and the fact that oxygen is a “gr@dant leading to water as the only
by-product. There is no doubt that from the “greeh&mistry point of view molecular
oxygen is an ideal oxidizing reagent for oxidat@fralcohol, since water is the only by-

product of the reaction (Eqg. 4.1).

Supported catalysts
CH3CH,OH + O, . CH3COOH+HO .................. 4.1

Aerobic oxidation of alcohols

Previous investigations on ethanol oxidation haeu$ed on metals such as platinum [7,
8], ruthenium [9], palladium [10, 11] and molybdem{i12]. Recently there has been an
increase in interest in gold catalysis which folemlvthe two seminal discoveries of
Harutaet al. [13] and Hutchings [14] in CO oxidation and acetghydro-chlorination
respectively. It has been found that Au supporiaélgsts are selective and stable for
oxidation of various alcohols to their correspomdaidehydes, acids and ketones [15-
17].

The results presented in this chapter, are basedh@anol oxidation using gold catalysts
supported on different metal oxide supports, ramd@iom acidic to basic oxide supports.
The support materials used include 7i@nO, ALOs;, Au/MgAl,O, and activated C.
Silver supported on titanium oxide was used to canaphe catalytic activity of gold with
other transition metal belonging to the same gréupAu/MgAl,O, catalyst was used as
the reference catalyst to start off with, as it weysorted elsewhere to work very well for

ethanol oxidation [15]. No detailed study was castdd on this catalyst.

4.2. Catalyst activity tests

The catalytic activity of different catalysts wasnducted at 5 wt.% ethanol, and later in
this chapter (section 4.8) the results showingettiect of ethanol concentration will be
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presented. The metal loading of all catalysts wAshly mass of support material. The
reaction conditions were kept constant for all tieas, and the duration of the reaction
was varied from 5-25 h in 5 hour intervals. Thewarsion of ethanol using each of these
catalysts will be discussed under the subheadiatysvb Figure 4.1 presents the catalytic

test results on ethanol oxidation using differeatatysts at 150 °C and 30 bar pressure of

air.
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Figure4.1: The conversion of ethanol with gold supported lgata

4.2.1 The activity study of Au/Ti£and Au/ZnO

The study investigated the conversion of ethanwigugold metal supported on different

metal oxide supports. The catalytic activity offelient catalysts was plotted as a function
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of reaction time. The result observed when gold sagported on titanium and zinc
oxides showed a high activity towards ethanol oxisaas shown in Figure 4.1. An
ethanol conversion of > 90% after 20 h was achiew@tiout altering any reaction
conditions. After 10 h about 80% of ethanol conmersvas observed, and this ethanol
conversion was also reported by Christeresteal. where 1% Au/MgAIO,was used as a
catalyst [15]. Ethanol conversion of 93% was obsénafter 20 h when using 1%
AU/TiO,, and then it remained constant afterwards andwhss attributed to insufficient
of oxygen being present in the autoclave. Only 8064 of ethanol remained unreacted
in the autoclave after 20 h. No other products wayserved since the catalyst has an
intrinsic selectivity to acetic acid after 20 h.eTimsufficient of oxygen was confirmed by
calculating the number of moles of oxygen requitedfully oxidize 10 mL ethanol
present in the autoclave. The constant conversigthanol after 20 h was expected as
the number of moles of oxygen calculated at 30drassure of air was less than the
number of moles of ethanol in 10 mL. In order thiage 100% conversion of ethanol, an
equal number of moles of ethanol and oxygen isiredqun the system. Since the overall
reaction has the reactant mole ratio of 1:1 (Ef)) grovided that the products are only

acetic acid and water.

4.2.2 The activity study of Au/AD;

The catalytic activity behavior observed when getals supported on aluminium oxide
was a bit different from the other metal oxide supg Ethanol conversion was observed
to increase linearly with increasing reaction tiae shown in Figure 4.1. This catalyst
showed lower conversion of ethanol compared to rothetal oxide catalysts (i.e.
AU/TiO, and Au/ZnO) when reaction time was kept small «e25 h, but after 25 h
ethanol conversion was almost the same for all damlysts. The difference was

insignificant.
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4.2.3 The activity study of Au/C and Ag/TiO

The catalyst showed a poor activity towards ethamadation, though it has been
reported that this catalyst showed some good datafctivity for the oxidation of
glycerol to glycerate [18]. The corresponding seNgy of 100% to sodium glycerate
was observed after 3 h when the catalyst was uk8d Qther examples where gold
supported on carbon showed some good catalytigitycincludes the higher selectivity
(up to 97%) for the formation of 1, 2, 3, 5-tetrdindbenzene and 90% selectivity to
epoxide [19]. The literature revealed that the lgatas good for the oxidation of alcohol,
but this was in contrast with our findings for etbhoxidation. The conversion of ethanol
observed when Au was supported on carbon wasHess20% after 25 h which was the
lowest compared to the other catalysts used. Thetgaf Ag/TiO, was also tested for
ethanol oxidation, and the results observed shaavpdor activity with a corresponding
conversions of < 30% after 25 h (Fig. 4.1).

4.3. Catalysts selectivity

The selectivity of the catalysts was calculatededasn the mol of products i.e. acetic
acid (AcOH), ethyl acetate (EtOAc) and acetaldehideH) in the liquid phase. The

direct oxidation of ethanol to acetic acid resulted other side products such as
acetaldehyde and ethyl acetate. These chemicalssateby the chemical industry quite
extensively as the starting material for the sysithef fine chemicals, for example,

acetaldehyde can be directly oxidized to acetid agithe use molecular oxygen. Hence
studying their selectivity would be of great int&réor the future. The selectivity of each

catalyst will be discussed under the subheadinigsbe

S.M. Tembe University of the Witwatersrand, Johannesburg 46



Chapter 4 Results and discussion

4.3.1 Selectivity of Au/TiQ

The oxidation of ethanol using gold supported daantum oxide showed a good
selectivity of 97% to acetic acid after 20 h. Whika reaction time was kept short (ie.

5 h), it was noticed that the selectivity of 7%atwetaldehyde and 11% to ethyl acetate
was achieved. It was noticed that as the reactie increases the selectivity of the side
products decreases to almost zero as shown iné=@garbelow, and this showed that all
side products were oxidized into acetic acid withet After 25 h the catalyst was highly

selective to acetic acid.
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Figure 4.2: Selectivity of Au/TiQ on ethanol oxidation
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4.3.2 Selectivity of Au/ZnO

Ethanol oxidation using gold supported on zinc exsthowed a good catalytic activity
with a high selectivity to acetic acid. The seleityi to acetic acid of 96% was achieved
after 20 h. The selectivity to acetaldehyde and/lefitetate was observed when the
reaction time was kept short, but as the reaciioe increases their selectivity dropped

to about < 1% as shown in Figure 4.3.
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Figure 4.3: Selectivity of Au/ZnO on ethanol oxidation
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4.3.3 Selectivity of Au/AlO;

The oxidation of ethanol using gold supported amrada, showed similar behavior to the
other metal oxide supports. A selectivity to acatid of 81% was observed after 5 h, but
as the reaction time increased the selectivityeased to about 95% after 25 h. All gold
catalysts supported on basic metal oxides showgdoa selectivity to acetic acid as

compared with acidic oxides.
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Figure 4.4: Selectivity of Au/ALO3 on ethanol oxidation
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4.3.4 Selectivity of Au/C

Gold supported on activated carbon showed a polectsety to acetic acid as the
reaction time increases. A progressive increaseleictivity to acetic acid was observed
from 5 - 20 h, thereafter was a suddenly drop técsieity to acetic acid favoring the

formation of ethyl acetate.
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Figure 4.5: Selectivity of Au/C on ethanol oxidation
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4.3.5 Selectivity of Ag/TiQ

The selectivity of silver metal supported on titani oxide was studied on ethanol
oxidation. After 5 h the silver catalyst showedetestivity of about 60% to acetic acid
and it kept increasing up to 95% after 15 h, arehti drops after wards. The drop in
selectivity was attributed to acetic acid reactbagkwards with ethanol to form ethyl
acetate. It was noticed that as the acetic acatgeity drops, the ethyl acetate selectivity

increases counter acting the drop in acetic acid.
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Figure 4.6: Selectivity of Ag/TiQ on ethanol oxidation
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4.4. Theyield of acetic acid produced

The yield of acetic acid was determined for all dagalysts used for ethanol oxidation.
Gold catalysts supported on zinc and titanium oxisleowed higher ethanol conversions
and selectivity to acetic acid as discussed eadtter 20 h about 89-90% yield of acetic
acid was achieved when using Au/ZnO and Au#TiOther catalysts showed a good
selectivity to acetic acid but poor yield, for exalm Ag/TiO, had a selectivity of 60%
after 5 h with corresponding yield of 6%.
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Figure4.7: Percentage yield of acetic acid versus time usifigrdnt catalysts
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4.5. Comparison of catalysts selectivity to acetic acid, acetaldehyde and
ethyl acetate using different catalysts

45.1 Acetic acid

It was very important to determine the selectiafyacetic acid in this study, as it was the
product of interest. The selectivity order to acetcid was arranged as follows, starting
from highly selective one to a least selective lgata

AU/TiO, >Au/ZnO >Au/ALO3 >Ag/TiO, >Au/C.
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Figure 4.8: Comparison of selectivities to acetic acid
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4.5.2 Acetaldehyde

Acetaldehyde was typically produced by partial axioh of ethanol during the reaction.
The catalyst that showed good selectivity to adetayde formation was Au/C. After 5 h
the selectivity of 23% to acetaldehyde was obseraed then it dropped to 5% with
increasing reaction time to 25 h. The reason ferdiop in selectivity was because with
increasing reaction time all the acetaldehyde wdisokidized into acetic acid. Other

catalysts showed a poor selectivity to acetaldelagdghown in Figure 4.9.
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Figure 4.9: Comparison of selectivities to acetaldehyde
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4.5.3 Ethyl acetate

Ethyl acetate was typically produced by esterfaatof acetic acid during the reaction.
This chemical has got a wide range of applicatifmrsinstance, in the paint industry and
is also gaining the interest as the substituterfethyl ethyl ketone, for example, in the
food industry [20]. In Figure 4.10, gold supported activated carbon showed a
selectivity of 45% to ethyl acetate after 25 h, lvluther gold supported catalysts showed

poor selectivity to esters.
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Figure 4.10: Comparison of selectivities to ethyl acetate
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4.6. Products char acterization

4.6.1 Inductively Coupled Plasma (ICP-AES).

All the products were characterized by ICP-AEShat ¢nd of each reaction in order to
see whether gold leaching was taking place fromcttalysts or not. Metal leaching in

the catalysts might result in severe catalysts tdedion. It has been reported that
oxidation catalysts, for example, the one basedptatinum metals, may undergo

irreversible deactivation due to modification oétbatalyst structure by metal leaching,
or reversible deactivation due to poisoning of thetal surface by strongly adsorbed
species such as oxygen, impurities, products, eprbgucts [21]. It was therefore

important to do a test for metal leaching in thedgt Before metal leaching analysis was
conducted on product samples with IPC-AES, thewottfferences in the products was
noticed as shown in Figure 4.11.

Figure4.11: The colour of product from Au/ADs reaction.
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The results obtained from ICP-AES showed that iddéere was gold leaching on the
alumina support (Au/AbDs3). The concentration of gold in the product wasdeined by

ICP-AES and results for all catalysts are showrFigure 4.12 below. The ICP-AES
results revealed that the concentration of goltheéproduct increased exponentially with

increasing reaction time for the alumina support.
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Figure 4.12: Gold leaching on alumina support at 5 wt.% ethanol

The leaching of metals when gold is supported amala in aqueous phase oxidation
was also reported in the literature. Malktt al. [22] showed by XPS and ICP-AES
measurements that there was a loss of platinunbenauth after oxidation of L-sorbose
on Pt-Bi/ALO; catalysts. No leaching of platinum or bismuth frBohBi/C catalysts was
observed in glucose oxidation carried out at basic[23], nor from Pt-Bi/C catalysts
employed in the oxidation of glycerol even at sligtacidic pH [24]. The leaching of

S.M. Tembe University of the Witwatersrand, Johannesburg 57



Chapter 4 Results and discussion

metals when supported on alumina might be duedalnility of alumina in the reaction
medium. Our study also showed the leaching of goiccatalyst supported on alumina
and this could also be attributed to instabilityatddmina in the reaction medium. Gold
supported on other metal supports did not show golg leaching by ICP-AES. All
products were clear transparent solutions whergustiner catalysts. As an example, the
products for Au/ZnO are shown in Figure 4.13 below.

Figure 4.13: The colour of product from Au/ZrfO

@The colour of products from other catalysts wasictransparent solutions like in the case of AQZn
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4.6.2 Products characterization using UV-vis sjoeaétry

The UV-visible spectrometry was used to determirtnetiver there was aggregation of
gold nanoparticles after leaching into solutionAuAl,O3 reaction). Gold nanoparticles
have a tendency to aggregate in solution if theynat stabilized or protected. In order to
protect gold nanoparticles from aggregation in soh a capping agent is required
which will stabilize them in solution and prevemhiem from coming together. In the
present study no capping agent was used and segaggm of gold could be expected

following the leaching from the alumina support.
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Figure4.14: UV-vis spectra of product from Au/4Ds reaction&

® Reaction time in Figure 4.14 was varied from 5h25 see the leaching effect.
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The results from UV-vis showed something oppositemf what was anticipated to

happen. No aggregation of gold nanoparticles wasemied on UV-vis results. The

results showed that gold nanoparticles were deogas size as the reaction time
increases (Figure 4.14). The UV-vis peaks shiftedotv wavelengths with increasing

reaction time indicating that there was a decraassize of gold nanoparticles with

increasing reaction time. If aggregation had tagkte during the reaction, the peaks
would be expected to shift to the far right witleneasing reaction (leaching) time. The
decrease in the size of gold nanoparticles witlreiaging reaction time could be
attributed to the formation of acetic acid. As tbencentration of acetic acid was
increasing with increasing reaction time, it isiéetd that acetic acid stabilised the gold
nanoparticles in solution, hence no aggregatiorgafi nanoparticles was observed
during leaching.
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4.7. Catalysts characterization

4.7.1 X-ray diffraction pattern of gold supporteatatysts (1% Au loadings)

The X-ray diffraction patterns of Au catalysts sagpd on different metal oxides and the
carbon support are shown in Figure 4.15 below. diffeaction lines due to gold are
noticed at B = 38.1, 44.2, 65.5, 77.5 and 81.4 and were onbenked in one catalyst i.e.
Au/C. No diffraction lines of gold were observed the other Au supported catalysts,
however this did not rule out the possibility tai was present. The reason could be
because the metal loading was very small belowdtection limit of the instrument.
Further characterization such as HRTEM was conduicteonfirm the presence of gold

in those catalysts for which XRD did not detect pinesence of gold metal.
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Figure 4.15: X-ray diffractograms of (a) Au/Tig) (b) Au/ZnO, (c) Au/C and (d) Au/ADs°

¢ Diffractograms in figure 4.15 were off-set for ritg, vertical red lines represent powder diffractipattern of gold.
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4.7.2 High resolution transmission electron micopsc(HRTEM)

The HRTEM studies of Au supported catalysts corganthat indeed gold was present in
all catalysts as shown in Figure 4.16.

Figure 4.16: HRTEM images of (a) Au/Ti@ (b) Au/ZnO, (c) Au/C and (d) Au/ADs
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4.7.3 Energy dispersive X-ray spectroscopy (EDS)

EDS accompanied by HRTEM technique was used taroonlie presence of gold in all
catalysts. Although the EDS spectra of all catalysére not shown in this chapter but
only one was shown as example of how the presehamld was confirmed in all
catalysts. The EDS spectrum of Aw@% is shown below in Figure 4.17.
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Figure4.17: EDS spectrum of Au/AD:.

4 Only Au/AlLO; EDS spectrum was included in the dissertatiorforoall the catalysts
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4.7.4 Gold particle size distribution

The gold particle size distribution was estimatednmf TEM images using image-j
software. The particle size distribution of Au/gi@nd Au/ZnO was very narrow with the
most of the particles being in the size range tf 2 nm. Other catalysts showed a broad

range of gold particle size distribution >10 nm.
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Figure 4.18: Gold particle size distribution on (a) Au/Ti@nd (b) Au/ZnO
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4.7.5 Gold on carbon support (Au/C)

Deposition-precipitation (Dp) is a highly favouretethod for the preparation of highly
dispersed gold nanoparticles on metal oxide supmarth as Tig) ZnO and AJOs, but
unfortunately it fails with carbon, since it giviesge aggregates of gold [25]. Dp is not
suitable for loading gold on supports that havera point charge at low pH, for example
C ~ 4 and Si@Q~ 2 [26]. Dp requires the adjustment of pH valu¢hin the range of
6~10, and at this pH the activated carbon behave®gatively charged surface and gold
species exists mostly as Au(QHWwhich makes it difficult to adsorb the negatively
charged gold on the negatively charged carbon cewrfdhis is also applicable to

hydrophobic supports such as \W@7].

The nature of both gold and carbon makes the clasgreparation routes unsuitable for
obtaining well dispersed gold on carbon. Thus,ube of metallic sols as precursors has
been demonstrated to be advantageous when prepgoldgon carbon catalysts. This

method has demonstrated a good dispersion of gotdudon [26].

Herein, we present the gold metallic sols that weepared using citrate as protecting
agent, and were characterized by UV-vis before imhzing them on carbon support.

The UV-vis spectrum of the prepared gold metaltis $s shown in Figure 4.19.
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Figure 4.19: Gold nanoparticles protected by citrate ions.

The prepared gold nanoparticles showed absorptaod at around 528 nm, and this
indeed confirmed that gold nanoparticles were ssgfodly synthesized by sol formation,
which followed by immobilization of gold metallioson carbon support to form Au/C

catalyst.
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4.7.6 Surface area

The BET surface areas of the catalysts used inativid of ethanol in this study are
reported in Table 4.TThe surface area of Au/TiQvas 44 /g and this was the smallest
surface area as compared to other catalysts udeed meaction. There was no correlation
between the catalytic activity and the surface su@fathe catalysts. Au/C was found to
have the highest surface area of 942gmbut its catalytic activity for ethanol oxidatio

was very poor as compared to Au/FiWith smallest surface area.

Table4.1: The BET surface areas of catalysts used in etleaidation

Catalyst BET surfaceaream?g | Porevolumecm®/g

1 wt.% Au/TIO 44 0.35

1 wt.% Au/ZnO 48 0.26

1 wt.% Au/ALOs 245 0.67

1 wt.% Au/C 942 0.44

1 wt.% Ag/TiO 45 0.34

S.M. Tembe University of the Witwatersrand, Johannesburg 69



Chapter 4 Results and discussion

4.8. The effect of metal and support on ethanol oxidation

4.8.1 Effect of gold on ethanol oxidation

The most commonly used metals in oxidation reastimclude Ag, Cu, Pd and Pt, and
they are usually supported on metal oxides thatstable at high temperatures and
chemically inert. These metals have been used &arymyears in the oxidation of alcohol
until a recent discovery by Rossi and his co-wakerho were the first to show that
alcohols can be oxidized to corresponding acidd wdld catalysts [28, 29]. Since then
the oxidation of alcohols using gold metal has be®e® of the best success stories in gold
catalysis. Figure 4.20 shows the outstanding redolt ethanol oxidation on gold as

compared to other oxidizing metals.
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Figure 4.20: Effect of metal on ethanol oxidation reaction
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After 25 h Cu and Ag supported catalysts showédreil conversions of 21 and 25%
respectively, while the gold supported catalystvgtm an ethanol conversion of 93%.
The overall results obtained revealed that goldamist more highly active for alcohol
oxidation than other oxidizing metals.

4.8.2 The catalytic activity of Titania (T§D

Titanium oxide was used as a catalyst for etharmabdion in order to see the effect of
titania on gold supported catalysts. After 25 hctiea, titanium oxide (TiQ and gold
supported on titanium oxide (Au/T#Dcatalysts, showed ethanol conversion of 15% and

93% respectively. Thus TgZontributes to the oxidation of ethanol.

100 -

BTiO2
80 - M 1% Au/TiO2

60 -

40 -

EtOH conversion (%)

20 A

15% 93%

25
Time/h

Figure 4.21: Conversion of ethanol with TiCand Au/TiGQ
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4.8.3 Effect of the properties of the metal supporethanol oxidation

The catalytic properties of gold have been showdepend extensively on a number of
factors which include the oxidation state of thédgohe size of the gold particles, the
redox properties of the support, preparation metlamdl pretreatment of the catalysts,
although the discussion still remains open for sdveeterminant aspects of these

factors.

Schubert and his co-workers grouped the suppotis two categories, the active
(reducible) and inert (non-reducible) metal oxif#83]. They reported that gold catalysts
with inert support (non-reducible) material suchfdgO; and SiQ are intrinsically less
active and the catalytic behavior is essentiallyrection of the size of the gold particles:
higher activity is obtained when the gold particéeée smaller. On the other hand, active
supports which are reducible transition metal ogjdgich as Tig) CeQ, FeO, have

been described as the more appropriate ones fdrreaxgions [31-33].

To investigate the effect of support on ethanotla&on, three different types of supports
were used i.e. TiQ(reducible metal oxide), AD; (non reducible metal oxide) and C
(acidic support). Gold was used as the active ntahvestigating the effect of metal
support. Different methods were used to load goldupports. The results obtained from

catalytic activity test of gold supported on theapports are presented in Figure 4.22.
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Figure 4.22: The effect of support on ethanol oxidation

Gold supported on reducible metal oxide i.e. JJ8Dowed a good catalytic activity of
about 93% ethanol conversion after 25 h, followgdnbn-reducible metal oxide i.e.
Al,O3 with 89% ethanol conversion and lastly by acidipmort i.e. C which gave ethanol
conversion of 20%. The overall results revealed ti@anium oxide is the best catalyst
support for gold in ethanol oxidation. The reswultdained from basic hydroxide support
i.e. TiO;and ZnO confirmed the explanation given in chapter, that explains the effect
of a base in alcohol oxidation. It was not a swtp find that TiQand ZnO support had
a high activity in alcohol oxidation as comparedotber supports. As explained in the
literature in chapter two that the addition of &daromote alcohol oxidation. Therefore
the activity of this two metal oxide supports ihatol oxidation was expected to be high

since they have basic properties which promotehalicoxidation.
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4.9. The effect of using excess oxygen on ethanol oxidation reaction

4.9.1 Catalytic test using 1% Au/TiO

The catalyst used for the test was chosen basets dmgher catalytic activity towards

ethanol oxidation as compared to other catalysd us the study. It was noticed that the
conversion of ethanol remained constant at 93% &fteh, and this was attributed to a
deficiency of oxygen inside the autoclave to reaith ethanol rather than the catalyst
deactivation. This was confirmed by running thectiea with excess oxygen in the
autoclave. After 133 h, an ethanol conversion a##9®was achieved, without altering
any other reaction conditions. The study revealeat it is possible to get 100%

conversion of ethanol when enough oxygen is prasdhe system (autoclave).

100 +

80 A —
: B Excess O2

60 - O Less O2

EtOH conversion (%)

20 1 [ii

5 10 15 20 25 30 40 48 133
Time/h

Figure 4.23: Conversion of ethanol with excess oxygen in thedave.
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The yield and selectivity of acetic acid was alstednined after the autoclave has been
recharged with excess oxygen. The yield of acetid achieved was 99.2% while the
selectivity was 99.8% (~ 100%) after 133 h as showigure 4.24 below.

M Selectivity to acetic acid
1% Yield to acetic acid
100 - —
80 i M
2
> 60
5
(0]
©
wn
©
5 40
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<
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20 +
0 |
5 10 15 20 25 40 48 133
Time/h

Figure4.24: The yield and selectivity to acetic acid in exc@ssising 1% Au/TiQ
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4.9.2 Product pH measurements for 1% AukTiO

The pH studies of the products were measured arttieof each reaction run, in order to
investigate the relationship between the pH ofgtaduct with increasing reaction time
from 5 - 25 h. The pH of the product after 5 h tiee Au/TiO, catalyst was measured to
be 2.85, but after 10 h the pH dropped to approteimgpH 2, thereafter the pH hardly

changed with increasing reaction time. It remaiakdost constant at ~ pH 2

2.8

2.6 A

pH 2.4 -

2.2 ~

1.8 T T T T T 1
0 5 10 15 20 25 30

Time/h

Figure 4.25: pH measurements of product from 1% Au/Ti®@actions
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4.10. The effect of ethanol concentration

4.10.1 Conversion of ethanol (using 1% Au/J)iO

The study investigated the effect of ethanol cotre¢ion on the oxidation of ethanol. All
other parameters i.e. temperature, pressure anddbs of ethanol were kept constant for
all reactions while varying the concentration frém 40 wt.% EtOH. The conversion of
ethanol was observed to decrease with increashmgnet concentration at a given point
in time. The study revealed that as the concentradf ethanol increases, it affects the
kinetics of the reaction by decreasing the rateeattion. This was noticed after 20 h
when 5 wt.% ethanol reaches a conversion of 93%evitai 10, 20 and 40 wt.% ethanol,
the conversion was still less then 90%. But wheémeactions were run for a long time
(i.e. 96 h), an ethanol conversion of 93% was adudo all EtOH concentrations.
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Figure 4.26: Effect of increasing ethanol concentration usitigAu/TiO,
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4.10.2 Products distribution at higher ethanol eoiation

At higher ethanol concentration, it was noticed tih& reaction favors the formation of
esters (i.e. ethyl acetate). This was in agreemvéhtthe findings of Jargense al. [34].
The formation of acetic acid was not favored asdbecentration of ethanol increased.
The vyield of acetic acid decreased from 75-19% whecreasing the ethanol
concentration from 5 — 40 wt.% respectively. Thelgtrevealed that, it is crucial to work
at as a low concentration of ethanol as possibtader to achieve higher yields of acetic
acid. At 40 wt.% ethanol concentration, it was oedi that the yield of ethyl acetate was
even higher than the yield of acetic acid as showFigure 4.27.

80 1 M Acetaldehyde

B Ethyl acetate
— B Acetic acid

Product yield (%)

5 10 20 40

EtOH concentration (%)

Figure 4.27: Products distribution with increasing ethanol eanteatior.

® In Figure 4.27 the reactions were run for 10 h.
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4.10.3 Selectivities of product at higher etharmiaentration

The product selectivities were calculated basetherthree products i.e. acetic acid, ethyl
acetate and acetaldehyde as were the main produth® reaction. At higher ethanol

concentration it was noticed that the selectivifyethyl acetate was most favored as
compared to other products. The selectivity of iacatid was observed to decrease with

increasing ethanol concentration and this wasragorted by Jargensen al.[34].

100 -
o M Acetaldehyde

B Ethyl acetate
(1 Acetic acid

80 -

Selectivity (%)

5 10
EtOH concentration (%)

Figure 4.28: Products selectivities with increasing ethanolassratiof.

® The data in Figure 4.28 the reactions were rur2@h
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4.11. The catalyst lifetime

4.11.1 Recycling test (1% Au/THD

Gold supported on titanium oxide was used to dategitine catalyst recycling in aqueous
phase oxidation of ethanol; since it was the motve catalyst for the reaction. There
are many factors that contribute to catalyst deatiin in aqueous phase reactions.
Firstly the metal catalysts could be deactivateblmckage of the surface by strongly
adsorbed molecules either by impurities or reagbieducts that remain adsorbed on the
surface of the catalyst, or adsorbed oxygen, saficeeactions were conducted at 30 bar
air. Secondly, the catalyst in the aqueous phasgatian can be deactivated through

leaching of metal into solution [6].

The catalyst recycling of 1% Au/TiOwas conducted in ethanol oxidation under the
conditions described in the experimental sectiothisf study. At the end of each run the
resulting solution was separated from the catddystentrifuging and the products were
analyzed using gas chromatography and the remacatajyst was washed with water
and transferred to the next run. All the reactiarese run for 20 h. The conversion of
ethanol in the first and second reaction cycles 982, but in the third cycle the activity
of the catalyst dropped by almost threefold to &l#9%, and this was attributed to the
leaching of gold which was observed in the thirdct®n cycle (Figure 4.29-30). The
study revealed that the catalyst can only be usecetand still maintain an ethanol

conversion of 93%.
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Figure 4.29: Colour of products from reaction cycle 1, cycl@ett) and cycle 3 (right)

100

40

EtOH conversion (%)

1 2 3
Reaction cycles

Figure 4.30: Recycling of 1% Au/Ti@in ethanol oxidatioh

" In figure 4.30 each reaction was run for 20 h.
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4.11.2 Quantitative analysis of gold leaching iacteon cycle three

The ICP-AES was used to determine the amount af Ealched in the reaction (Figure
4.29) when the catalyst was re-used for the thimet About 7.23 ppm of gold was
detected by ICP in a solution mixture from reactaycle three. No traces of gold were
detected by ICP at the end of each reaction inesytland 2 when the catalyst was re-
used for 20 h. This was amazing because when #wioa was run for 60 h without
stopping, no gold leaching was observed, but whencatalyst was re-used 3x for 20 h
reactions gold leaching was observed in the treattion cycle (i.e. overall run time 60
h). It was noticed that gold leaching was only obsé when the new feed was
introduced into system, but when the reaction wasfor long time no gold leaching was

observed.

4.11.3 Hot filtration test

We also tested the reactivity of the hot filtrate systems where gold leaching was
observed i.e. Au-alumina and Au-titania systemshoaigh with Au-titania system
leaching was only observed when the catalyst waseckfor the third time. While in the
case of the Au-alumina system, gold leaching waeded when fresh catalyst was used
for the first time in a reaction (ethanol oxidafion

The hot filtrate from each system was used asaysatfor the next reaction, after gold
leaching was observed. The results obtained framsthdy showed that the hot filtrate
from both systems was not catalytically active whesed as a catalyst for the next
reaction. The hot filtration test results confirmgh@t the oxidation of ethanol was not
taking place via homogeneous catalysis, but ieodfld heterogeneous catalysis hence no

positive results were obtained from the hot filbattest, in the absence of solid catalyst.
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Chapter 5

5. Conclusions

* The main aim of the study was to repeat the veoynming results found for the
oxidation of ethanol to acetic acid using Au/MgB4 which was previously
reported by a research group in Denmark. This wasessfully achieved by
synthesizing a 1wt.% Au/MgAD, catalyst using the deposition precipitation
method. The catalyst activity test was conductediirat 30 bar pressure, and an

ethanol conversion of 86% was achieved after 25 h.

* The major target of the study was to discover wéretiold supported on other
metal oxides will catalyse the reaction (ethanatiation) with higher conversion
and selectivity. This was successfully achievedymthesizing different catalysts
using various methods. The catalysts prepared decldu/TiG, Au/ZnO,
Au/Al,O3, Au/C and Ag/TiQ. The activity tests of the catalysts were condiicte
at 30 bar pressure of air. The AUTEK catalyst AGL.Tshowed higher activity
performance on ethanol oxidation as compared terotatalysts used in the
study. High conversions and selectivity was achdewden using this catalyst.
After 20 h reaction, ethanol conversion of 93% tiacacid selectivity of 97% and
yield of 90% was achieved at moderate temperatuoigeessures.

* The effect of using excess oxygen was also invastdyin the study. It was
noticed that when greater quantities of oxygen vuse it is possible to convert
100% of the ethanol. When excess oxygen was intexiinto the autoclave, and
ethanol conversion of 99.4%, selectivity of 99.8%d ayield of 99.2% was
achieved without altering any reaction conditiong® also noticed that working at

higher temperatures favoured the conversion ofnetha
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» The effect of support was also investigated inghaly, three different types of
supports were used i.e. TiQeducible metal oxide or basic support),@d (non
reducible metal oxide) and C (acidic support). #swnoticed that when titanium
or zinc oxides used as support high ethanol cororesg> 90%) were achieved.
In the present study we conclude that basic hydeoxupports (i.e. Ti©and

ZnO0) are the best support for ethanol oxidation.

* The activity of Au for ethanol oxidation was comgaumith other oxidizing metal
belonging to the same group with gold such as @ufean All three active metals
were supported on T¥DAfter catalysts activity test, it was noticed tthai/TiO-
was the most active catalyst for ethanol oxidation.

* The concentration of ethanol was varied from 5 -w06. It was noticed that at
high concentrations of ethanol, ethyl acetate vea®ured as the main product.
The formation of acetic acid was only favouredaat koncentrations of ethanol.
The high ethanol concentration was observed ta@fif® kinetics of the reaction.
As the concentration of ethanol was increasingyas noticed that the rate of

ethanol conversion was becoming slow.

* The pH studies confirmed that indeed there wasaaeid in the product mixture
before the analysis by GC. The pH of the produc$ waalyzed using the pH
meter at the end of each reaction. It was notibedl the pH of the product was
approximately ~ 2.85 when the reaction time wag kbprt < 5 h, but when the
reaction time was longer than 5 h the pH of thedpcb remained at pH 2

throughout.

* The catalyst recycling study was conducted on AD4Tas it was found to be the
most active catalyst for ethanol oxidation. Thedtgt studies showed that the
catalyst can only be used twice and still maintairethanol conversion of greater
then 90%. When the catalyst was re-used for thid thine it was noticed that the
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catalyst had lost catalytic activity dropping teaue of 29% and this was due to

leaching of gold from the catalyst which was obedrin the third cycle.
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