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The development of gold and palladium as heterogeneous catalyst is widely 

investigated for many oxidation process. In this respect, the main goal of the research is 

modification of Au-Pd catalyst to achieve highest potential to obtain more 

benzaldehyde. The monometallic and bimetallic catalysts are synthesized via 

impregnation and sol-immobalization methods. The physico-chemical properties of the 

nanoparticle catalysts are characterized by using X-Ray Diffraction (XRD), X-ray 

Fluorescene (XRF), Brunauer-Emmett-Teller (BET), Transmission Electron 

Microscope (TEM), Scanning Electron Microscope (SEM) and Energy Dispersive 

Spectroscopy (EDS). In addition, the catalytic activity of all synthesized catalysts for 

the production benzaldehyde by benzyl alcohol with tert-Butyl hydroperoxide (TBHP) 

as an oxidant and the effect of variables, such as reaction temperature, reaction time, 

catalyst loading have been evaluated. On the other hand, an examination of the 

reusability and leaching of gold and palladium into benzyl alcohol is carried out. 

Among the variables test, the results are discussed with regard to structure activity 

relationship. The preparation method was shown to be very important in the formation 

of highly active catalysts. The impregnation method produced catalysts with large Au 

particles when supported on TiO2 due to large particle size. Preparation of sol-

immobilisation methods produced stable catalysts, highly active density of both metal, 

highest strength, large surface area and selective for the oxidation benzyl alcohol. 

According to the extensive modification on the catalyst loading on the Au-Pd, the 

result revealed that 0.5 wt% Au 0.5 wt% Pd/TiO2 catalyst prepared by sol-

immobilisation methods showed the best catalytic activity in the oxidation of benzyl 

alcohol at temperature of 80 ̊C for 4 hours. A synergistic effects of Au-Pd alloys occur 

on the benzyl alcohol oxidation. It was found that the longer the reaction time, the 

selectivity of benzaldehyde decrementing and the same was true of highest reaction 

temperatures (up to 120 ̊C).  

 

 

A good reusability of the catalysts with leaching of gold into the product has also been 

obtained. Overall, the oxidation of benzyl alcohol was successfully studied by using 
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ii 

 

Au-Pd/TiO2 and the importance of the TBHP as an oxidant is proven in the processes. 

Moreover, the Au-Pd ratio was the main focus in this study which it is innovated to be 

a flexible on the current reaction condition with a great performance. These results 

highlight the advanced of the fundamental understandings of Au-Pd alloys comparing 

with traditional method in catalyzing benzyl alcohol oxidation. 

. 
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Kini, perkembangan emas dan palladium sebagai medium bagi pemangkinan heterogen 

di dalam pelbagai proses pengoksidaan telah digunakan secara meluas. Oleh kerana 

penggunaannya yang menjadi sinonim dalam pemangkin, matlamat kajian perlu 

dipertingkat dengan pengubahsuaian Au-Pd supaya potensi untuk menghasilkan lebih 

banyak benzaldehyde berjaya di peroleh. 

 

 

Justeru itu, pemangkin monometal dan bimetal Au-Pd telah di sintesis melalui kaedah 

kaedah impregnasi dan sol-immobalisasi. Sifat-sifat fiziko-kimia pemangkin 

nanopartikel dicirikan dengan menggunakan X-Ray Diffraction (XRD), X-ray 

Fluorescene (XRF), Brunauer-Emmett-Teller (BET), Transmisi Electron Microscope 

(TEM) ) dan Spektroskopi Penyebaran Tenaga (EDS). Setelah itu, aktiviti pemankin 

yang telah disentesis perlu melalui proses pengoksidasi menggunakan benzil alkohol 

sebagai subsrat dan tert-Butyl Hydroperoksida (TBHP) sebagai oksidan. Manakala, 

proses pengoksidaan turut melalui pengubahsuaian kesan pemboleh ubah seperti suhu, 

masa dan muatan pemangkin. 

 

 

Kebolehgunaan berulang dan larut lesap bagi metal Au dan Pd di dalam benzil alkohol 

dijalankan bagi menguji tahap keupayaan untuk di adaptasi untuk proses pengoksidaan. 

Seterusnya, perbincangan mengenai hubungan aktiviti dan struktur pemangkin. Melalui 

perbincangan, faktor yang paling penting dalam pembentukan pemangkin yang sangat 

aktif adalah kaedah penyediaan. Kaedah impregnasi menghasilkan pemangkin dengan 

zarah Au yang besar. Manakala, penyediaan kaedah sol-immobilisasi menghasilkan 

pemangkin yang stabil, ketumpatan yang sangat aktif kedua-dua logam, kekuatan 

tertinggi, luas permukaan yang besar dan selektif untuk pengoksidaan benzil alkohol. 

Pengubahsuaian yang meluas pada pemangkin pemangkin pada Au-Pd, hasilnya 

menunjukkan bahawa 0.5 wt% Au 0.5 wt% Pd / TiO2 pemangkin yang disediakan oleh 

kaedah sol-immobilisation menunjukkan aktiviti katalitik terbaik dalam pengoksidaan 

benzil alkohol pada suhu daripada 80 ̊C selama 4 jam. 
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Au yang besar apabila disokong pada TiO2 kerana saiz zarah yang besar. Penyediaan 

kaedah sol-immobilisation menghasilkan pemangkin yang stabil, ketumpatan yang 

sangat aktif kedua-dua logam, kekuatan tertinggi, luas permukaan yang besar dan 

selektif untuk pengoksidaan benzil alkohol. Melalui pengubasuaian yang banyak,pada 

pemangkin Au-Pd, menunjukkan bahawa 0.5 wt% Au 0.5 wt% Pd / TiO2 yang 

disediakan menggunakan kaedah sol-immobilisation menunjukkan aktiviti  

pemangkinan terbaik dalam pengoksidaan benzil alkohol pada suhu daripada 80 ̊C 

selama 4 jam. 

 

 

Berdasarkan kajian hubungan struktur dan aktivi ini turut menunujukkan penglibatan 

kesan sinergi pada Au-Pd aloi semasa proses pengoksidaan. Bagi proses pengoksidaan 

pemboleh ubah yang bertindak balas masa tindak balas yang lebih panjang 

menunjukkan penurunan ketara selektif benzaldehid. Hal ini turut memberi kesan yang 

sama pada suhu tertinggi iaitu 120° C. Selain daripada itu, ujian larut lesap Au dan Pd 

ke dalam benzil alkohol menunjukkan pemangkin ini secara strukturnya adalah sangat 

kuat. Secara keseluruhannya, pengoksidaan benzil alkohol telah berjaya dikaji dalam 

proses dengan menggunakan Au-Pd/TiO2 dan kepentingan TBHP sebagai oksidan 

terbukti. Selain itu, nisbah Au-Pd adalah tumpuan utama dalam kajian ini yang 

ditransformasikan untuk menjadi fleksibel pada pelbagai keadaan dengan prestasi yang 

hebat. Keputusan ini pemperincikan pemahaman asas aloi Au-Pd yang nilai nya lebih 

tinggi berbanding kaedah tradisional dalam pemangkin pengoksidaan benzil alkohol. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1 Background of Research 

 

 

Catalysis is of vital importance for both industrial and chemical manufacturing 

processes. With the current desire for green technology and processes, the demand for 

new catalysts and catalytic processes has led to significant research into the field. 

Basically, catalysis is a process that lowers the activation energy of the reaction as 

shown in figure 1.1. The catalyst was able to alter the rate of chemical reaction. Even 

now the transformation of catalyst may occur simultaneously during the reaction. 

However the thermodynamics and the products of the reaction remain the same.  

 

 

Basically, the catalyst is divided into two categories which are homogenous catalyst 

and heterogeneous catalyst. If the catalyst has the same phase with the reactant, it is 

called as homogeneous catalyst. While the different phase of reactant and catalyst are 

heterogeneous catalyst. 

 

 

During the early century, the main focus of research is to establish the productivity of 

catalyst. After more years, the concept of sustainable growth and green chemistry has 

given a good response among the researcher. Not only that, the high selectivity has 

becomes the driving force of the chemical activity to develop all new catalytic process.  

Thus today, the new generation of catalyst must associate with high activity, high 

selectivity and stability. In economic viewpoint along with the society need, 

heterogeneous catalyst is a key process in the three aspect above when compare with 

homogeneous catalyst. There is intense and broad interest in the design of new 

catalysts as well as seeking to understand how these materials function as catalysts.  
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Figure 1.1. A Potential Energy Diagram Showing an Exothermic Reaction 

Reactant to Give Product. The Peaks on The Diagram Represent Transition 

States, by Forming One or More Lower Energy Transition State The Catalyst. 

 

 

In oxidation processes, the aldehyde as intermediate product is fundamental and 

important reaction in organic synthesis. It is very useful for perfumery, 

pharmaceuticals, cosmetics, dyestuff, and agrochemical industries. Due to this reason, 

the use of catalyst in the oxidation process has been of growing interest because of the 

conventional method of oxidation process has brought risk to environment. As an 

example, lots of solvent and inorganic oxidant has been used before this which leads 

increment production quantity of toxicity waste. This is the main reason for all the new 

catalytic design using heterogeneous catalyst in oxidation processes. 

 

 

Compared to other heterogeneous catalyst, gold is one of the well-known catalysts for 

an ideal green oxidation process which exhibit superior catalytic performances. The 

success of gold as the active metal in catalysis has been mainly due to the development 

of appropriate methods. The research was continued for seeking a better performance 

of the catalytic abilities of gold catalyst to keep enhancing the oxidation alcohol to 

produce aldehyde. This includes the design of electronic structure by changing the 

composition material such as modifying the gold using a second metal. Some progress 

have been accomplished that bimetallic catalyst study focuses on the control of active 

site and different nanostructure such as core-shell, alloy and size particle. For 

supported catalyst, both metal and support play an important part in controlling the 

product of oxidation. On the other hand, in the reaction aspect, the utilization of 

oxidant that have high oxygen availability as initiator for oxidation is important 

remarks in maintaining high activity of oxidation process. 
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1.2 Problem Statement 

 

 

Over the past century, oxidation remain one of the main synthetic steps for the 

activation of a broad range of substrates for the production of either finished products 

or intermediates to be used widely in preparation of pharmaceutical, agrochemicals as 

well as commodity chemicals. However, most of the earlier research used conventional 

method where the oxidation are performed with stoichiometric amounts of inorganic 

oxidants and notably chromium (VI) reagents (Cainelli, Gianfranco, & Cardillo, 2012; 

Pillai & Sahle-demessie, 2003). One of the greatest challenges, these oxidants are not 

only relatively expensive, but they also generate copious amounts of heavy-metal 

waste. Moreover, these reactions have been shown to perform with existence of the 

environmentally undesirable solvents, typically chlorinated hydrocarbons which led to 

more consumption of toxic. 

 

 

There are relatively few selective oxidation reaction that are using molecular oxygen as 

an oxygen sources (Abad, Corma, & García, 2007; Parreira et al., 2011; Wu, Chen, & 

Xu, 2005). However, the selectivity was poor and these processes can only be achieved 

if stoichiometric oxygen donor such as manganates or any activated form of oxygen 

like tert-butyl hydroperoxide to make use in the reaction. As the effect, the cost of 

production is increases, as well as significantly decreasing the atom efficiency of the 

overall process. There is, therefore, a real need for new catalytic process using other 

oxidants such TBHP, especially since environmental factors are of paramount 

importance and urgent need to develop efficient green process 

 

 

In constant search of cleaner technologies, high activity and selectivity, various 

oxidation reactions in the gas or liquid phases have been studied to synthesize valuable 

intermediate products or fine chemicals (Pillai & Sahle-demessie, 2003). Many of these 

type of product carried out using catalytic partial oxidation of alcohols such as benzyl 

alcohol for the preparation of aldehydes and ketones (Schultz, Adler, Zierkiewicz, 

Privalov, & Sigman, 2005). In the literature on the homogenous catalyst, it has been 

good in activity when use it for oxidation of alcohol (Burch et al., 2003; Dijksman et 

al., 2001; Samec et al., 2005). But there is disadvantages of using it such as, requiring 

more work to separate the product and poor selectivity of desired product. 

 

 

Indeed, the major advances in oxidation using heterogeneous catalyst were marked out 

over 10 years ago, since then there have been the remarkable development of the many 

type of metal catalyst especially for the oxidation alcohol to aldehyde. Among the all 

the transition metal, the preliminary studies over gold catalyst have superior catalyst 

(G. Bond & Thompson, 2000) for carbon monoxide oxidation and palladium metal in 

catalyzing aerobic oxidation of alcohol (Blackburn & Schwartz, 1977). Both of these 

metal use activated forms of oxygen had eluded many talented researchers. Bimetallic 

catalyst usually exhibit a superior catalytic performance compared with monometallic 

components Au-Pd bimetallic system have shown its synergistic effect in direct 

synthesis of H2O2 (Edwards, Edwin, et al., 2009; Edwards, Solsona, et al., 2009), 

selective oxidation of alcohol (Balcha, Strobl, Fowler, Dash, & Scott, 2011; D I Enache 

et al., 2006), C-C coupling (Zhang et al., 2014), and selective hydrogenation of 

unsaturated hydrocarbon (Kolli, Delannoy, & Louis, 2013b; Yu, Mullen, Flaherty, & 
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Mullins, 2014) The catalytic performance of these catalyst is still in search of either 

depends on the particle size or their surface structure. There is a report on surface 

structure for Pd which is isolate by Au atoms to promote hydrogenation reaction (Kolli 

et al., 2013b) while Au atom isolated by Pd atom to improve low-temperature CO (Gao 

et al., 2017). However, there is less report on the benzyl alcohol oxidation on Au-Pd 

system performance in related to the particle size and its surface structure. Thus in this 

research, the TiO2 is applied as the support to synthesis a series of Au-Pd/TiO2 catalyst 

with Au-Pd ratios. The components of the structure were characterized in detail and the 

catalysts were probed by benzyl alcohol oxidation. 

 

 

It is against this background and problem that recent developments in selective 

oxidation reaction using supported gold-palladium nanoparticle are beginning to make 

impact, a substantial investigation using a combination of experiment and theory was in 

need to improve the catalytic oxidation and it would seem to be a worthwhile problem 

to be addressed by our study. 

 

 

1.3 Oxidation of Alcohols  

 

 

Oxidation of alcohol is one of the important organic reactions. By oxidizing different 

type of alcohol will give different product. Primary alcohol oxidation will produce 

either aldehyde group or carboxylic acid group. This is depending on reaction condition 

that will be conducted. Further oxidation of aldehyde to carboxylic acid which in this 

case, the aldehyde is only act as an intermediate as it is form only when there is the 

excessive of alcohol during oxidation process. The excessive of alcohols means that the 

oxidants have used enough to proceed with the second oxidation. This is half full 

oxidation where only aldehyde form immediately. In order to complete the reaction, the 

carboxylic is formed if only the aldehyde maintain in the mixture. With the excessive 

amount of oxidant, the process is carried out from aldehyde to carboxylic acid. From 

scheme 1.1, the simple equation is used to simplify the reaction order. 

 

  

 

 

Scheme 1.1. The Equation of Alcohol Oxidation 
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Secondary alcohol will form ketone as it the only major product. Even the reaction is 

adjusted and changes, there is no different to the product (Scheme 1.2). The reason is 

secondary alcohol has no β-Hydrogen cause it to have no further conversion to any 

other product (Scheme 1.3). The situation mostly like tertiary alcohol as for it has no 

conversion to any product due to absence of any hydrogen attached to the carbon for 

hydroxyl group. 

 

 

 

 

 

 

 

 

Scheme 1.2. The Equation of Secondary Alcohol Oxidation 

 

 

 

 

 

 

 

 

 

 

Scheme 1.3. The Equation of Tertiary Alcohol Oxidation 
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1.3.1 Benzyl Alcohol Oxidation 

 

 

The general idea concerning this oxidation is oxygen-activating components and 

substrate-selective catalyst to obtain high selectivity as well as high reactivity. In many 

cases, aldehydes are obtained from the activated alcohols in which the carbon bears a 

phenyl group which is benzyl alcohol (Markó, Giles, Tsukazaki, Brown, & Urch, 1996; 

Schultz et al., 2005). Selective oxidation of benzyl alcohol is a model substrate in 

activating raw materials to form intermediates for use in the chemical, pharmaceutical 

and agricultural business sector (Sheldon, Arends, & Dijksman, 2000). One class of 

raw materials is toluene and benzaldehyde. The simplest member of this class can be 

oxidized to benzoic acid and benzyl benzoate. These products are commercially 

significant as versatile intermediates in the manufacture of pharmaceuticals, dyes, 

solvents, perfumes, plasticizer, dyestuffs, preservatives, and flames retardants. 

 

 

In early research, Herriot and Picker (1974) using permanganate as oxidant to oxidize 

the benzyl alcohol in the presence of a phase transfer catalyst (Herriott et al., 1974). 

However, after reaction, no benzaldehyde was observed and the higher amount of 

benzoic acid was form. In addition, the copious amount of heavy-metal waste forms. 

Ishii and Kishi (1980) was employing the aqueous sodium hypochlorite under phase-

transfer-catalysis and other researcher also proceeding the use of hypochlorite ion as 

oxidants for oxidation of alcohol (Ishii et al., 1980). Unfortunately, it has been reported 

that the rate of conversion was slow and low. Choudhary et al., (2004) was reported the 

oxidation of benzyl alcohol to benzaldehyde over MNO
4-

 exchanged hydrotalcite and 

transition metal containing layered double hydroxides and/or mixed hydroxides leave 

Tert-butanol as co-product and hence it is not a clean oxidizing agent (V R Choudhary 

et al., 2004). All the catalyst discuss above is the earliest studies on the oxidation of 

benzyl alcohol and show the low activity and selectivity even at highest temperature 

applies in the reaction. 

 

 

Further investigations of benzyl alcohol as the substrate are being concern from the use 

of heterogeneous catalyst. Many studies have been reported from the use of benzyl 

alcohol. The production is either finishes product or intermediates. Previously, benzyl 

alcohol oxidation in gas phase has been study but the formation of excessive carbon 

dioxide (Hirofumi, Nishiyama, Tsuruya, & Masai, 1995). Choudhary and coworkers 

have investigated using non-noble transition containing metal hydrotalcite-like solid 

catalyst under solvent free conditions. Even though all of the catalyst has shown the 

conversion but the condition of reaction was at high temperature (210 ̊C). The catalyst 

containing Mn or Cu catalyst was high in conversion but less selectivity towards 

benzaldehyde (Choudhary et al., 2003). This is clearly a need to develop heterogeneous 

catalysts for benzyl alcohol oxidation that have greatly improved activity while 

retaining activity. 

 

 

1.4 Gold Catalyst 

 

 

From chemistry perspective, gold is well known as noble of metals that exist in bulk 

form which led to limited chemistry. Around 1980s, researcher discovered when sub-
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divide gold into nano size can be highly reactive and activate small molecules (Haruta, 

1997). The interest grows and focuses on the synthesis and use of small gold-

containing nanoparticles as redox catalysts. There are several general reasons that 

explain this interest that has been well explained by Corma A. and Garcia H. (Corma & 

Garcia, 2008). The particle size of the gold is important properties of gold that in needs 

of observations as their ability as catalyst will disappear if the size grows into 

micrometric scale. Considering the current great response of nanoscience, it is 

understandable that all the aspects related to the preparation of small nanoparticles of 

narrow size distribution, their stabilization and their unique properties compared to 

larger particle size are appealing to a large community of researchers from material 

science, computational chemistry and catalysis (Haruta, 1997). The interest in gold 

nanoparticles as catalysts can be quantitatively ascertained by the exponential growth 

in the number of publication in this subject as in Figure 1.2. 

 

 

Although the surface of gold is intrinsically inert, the catalytic nature of gold has been 

found to be tunable the control of its size, the suitable selection of support materials, 

and the architecture of the metal-support interaction. This increase the interest amongst 

the researchers to explore and study more for better understanding on the role of Au in 

the catalytic activity. The feature promises two important opportunities for gold in the 

science and technology of catalysis. The markedly large structure sensitivity of activity 

and selectivity will offer interesting topics for fundamental research at an atomic scale. 

The wide range in tuneability of catalytic properties from oxidation to hydrogenation 

presents future opportunities for industrial and environmental applications. In particular 

since supported gold catalysts are especially active at low temperatures, it will be a 

significant contribution of gold catalyst especially for environmental maintenance. 

Thus, understanding the reasons of this catalytic activity, expanding the scope to other 

reactions, optimizing and finding the reaction mechanisms for gold catalysed reactions 

is a new field in heterogeneous catalysis. 

 

 

 

 

Figure 1.2. Graph of Exponential Growth in Growth in Journal Papers on 

Catalysis with Gold 
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1.5 Objective of Research 

 

 

The objectives of the investigation are related to the catalyst design for gold palladium 

bimetallic catalysts and the application of these catalysts to develop widely green 

oxidation systems for various industrially useful oxidation targets. This study embarks 

on the following objectives: 

 

 

1. To synthesize and characterize the gold-palladium supported titanium oxide 

via different technique preparation (i.e: impregnation and sol immobilisation). 

 

 

2. To study the oxidation of benzyl alcohol under free solvent condition using 

prepared catalyst and TBHP as an oxidant. 

 

 

3. To determine the optimum reaction conditions that can enhance the 

conversion and selectivities. 
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