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ABSTRACT 

 

Coal energized the 19
th

 century while oil worked for the 20
th

 century. The question that remains 

pending is the future energy source. With the expanding population, growing demands from 

industrialization and rising concern for environment preventative measure, total dependence on 

fossil fuel resources is not sustainable. Hence there is an urgent need for a green and sustainable 

fuel provoked research into biomass as an alternative to fossil fuels. There is a need to identify a 

suitable biomass derived species, which can provide high value outputs in order to replace 

conventional fossil fuel resources. Bioethanol is one of such biomass derived platform molecule 

which has a potential to be a sustainable feedstock of variety of commodity chemicals. For 

instance, Acetaldehyde which majorly produced from the oxidation of ethylene (Wacker process) 

can be produced via one - step gas phase conversion of bioethanol. With the growing availability 

of bioethanol, oxidation of bioethanol to value added chemicals has been considered as feasible 

process. 

With this back - ground, the main goal of the study is to investigate the effect of noble metals, 

metal oxides and metal/oxide loading on the conversion as a function of temperature for the 

oxidation of bioethanol in air. In the first part of this work liquid phase oxidation of bioethanol 

was carried out with Au and Ag supported on various type of zeolites. Reaction parameters like 

pressure, O2/ethanol molar ratio, effect of alkali and reaction time has also been studied. It was 

observed that presence of water hindered that catalytic activity of the catalysts which resulted 

into poor conversion of bioethanol. 

The second part of this work described the preparation, characterization and catalytic study of 

Au, Ag and Au - Ag over SiO2, CeO2 and ZrO2 in the gas phase oxidation of bioethanol as a 

function of reaction temperature.  Among the 1 wt% Au supported on SiO2, CeO2 and ZrO2 

catalysts, Au/ZrO2 was found to be very active for bioethanol oxidation. The improved catalytic 

performance of Au/ZrO2 was due to the oxygen deficiencies generated by Au on ZrO2 surface. 

Ag/ZrO2 and Au-Ag/ZrO2 showed low conversion than Au/ZrO2 and Au/CeO2, because Ag is 

more prone to oxidation than Au. Due to inert nature of SiO2, Au/SiO2 exhibited lowest ethanol 

conversion. 



viii 

 

Later on Ag/CeO2 was employed for this work and characterization results indicated that a part 

of Ag was inserted into the lattice of CeO2 and expanded the support lattice led to increase the 

lattice oxygen mobility. Also the presence of Ag weakens the Ce-O bond and furthermore 

promotes the exchange between lattice oxygen and adsorbed oxygen. Stability tests of Ag/CeO2 

showed no sign of deactivation even after 36 h of time on stream. Besides that, the catalyst also 

showed higher selectivity towards acetaldehyde even at higher temperature. Ag/CeO2 catalyst 

was found to outperform the reported catalyst systems. 

A CexZr1-xO2 mixed oxide catalyst, prepared by co precipitation method, was also tested in the 

oxidation of bioethanol. Remarkable effects of CexZr1-xO2 and Au supported CexZr1-xO2 was 

observed in the bioethanol oxidation. The results obtained from catalyst characterization 

indicated that solid solution of CexZr1-xO2 mixed oxide was formed. Role of oxygen in 

bioethanol oxidation was inevitable and CexZr1-xO2 mixed oxides are known for their higher 

thermal stability and high oxygen mobility. In this work, oxygen storage capacity (OSC) of the 

catalysts was found to enhance the conversion of bioethanol. This could be due to incorporation 

of zirconium to ceria framework which improved OSC of catalysts. OSC of CexZr1-xO2 mixed 

oxides further increased upon impregnation of Au as Au reduced supports. 
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CHAPTER – 1 

Introduction 

This chapter starts with introduction concerning dependency on fossil fuels, needs of new 

route and production of bioethanol from biomass and then describes the motivation for the 

study, objective of study, advantage of bioethanol oxidation and outline of thesis. 

1.1 Introduction  

The cost of various fuels and chemicals is largely governed by the cost of the raw material 

and the efficiency of the processes involved. Presently, majority of chemicals are 

produced from the fossil resources. Continuous depletion of available fossil fuels, 

uncertainty in price and soaring emission of GHG implies challenges to the future 

chemical industry. Furthermore to meet the increasing demand of bulk and fine chemicals, 

chemical industries have to find out an alternate way instead of depending on thinning 

amount of fossils oil. Worldwide, biomass is the fourth largest energy resources after coal, 

oil and gas that estimated to be about 14% of global primary energy [1]. Biomass is 

primary alternative compared to expensive fossil oil resources and also a source of 

sustainable energy, as it reduces GHG. Development of the conversion technologies 

promises the application of biomass at lower cost and higher conversion efficiency. It is 

possible to convert biomass derived chemicals to essentially high value commodity 

chemicals. There could be more advantages in using biomass as a feedstock compared 

with fossil resources, for example, in the chemical industry the introduction of oxygen 

functionalities into hydrocarbons can be rather difficult, whereas many products derived 

from biomass already contain some oxygen [2]. It is possible to produce some chemicals 

more easily and in few steps from biomass than from fossil resources. The use of biomass 

as a sustainable resource for production of fuels and commodity chemicals could offer an 

improved security in supply, since biomass can be grown in most parts of the world.  

The oxidation of organic substrates leads to the production of various value added 

chemicals that are of great commercial and synthetic importance. Particularly, the 

oxidation of alcohols to carbonyl compounds is a fundamental transformation in organic 

chemistry as these compounds are widely used as intermediates for fine chemicals [3–5]. 

For oxidation of alcohols conventionally inorganic oxidants, such as permanganate and 
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dichromate are used. However, they are known to toxic in nature and produce a large 

amount of waste. The separation and disposal of this waste material increases cost in 

chemical processes. Hence, from both economic and environmental benign, there is a need 

for greener and more efficient methods that will replace traditional toxic oxidants. In this 

regards, many researchers have reported the use of molecular oxygen as an oxidant for 

alcohol oxidation using different catalysts [6,7]. With the growing concern towards green 

environment and uneven price of fossil fuels rose to biomass derived chemicals for 

production of value added chemicals. Bioethanol is one of such biomass derived chemical, 

which has high potential to be a sustainable feedstock for the production of commercial 

chemicals. 

1.2 Motivation of the study 

 

Presently, carbonaceous commodity chemicals such as acetaldehyde, acetic acid, ethyl 

acetate, butanol, acetone etc. are mainly produced from petrochemical sources, but due to 

a receding amount of fossil fuels, it is necessary to explore new routes. One possibility is 

to use renewable feedstock such as bioethanol. The production of bioethanol is growing, 

and it could be economically feasible to convert bioethanol into value added chemicals. 

Today, ethanol is mainly used in blending with fuel in limited extent and also attracted 

significant interest as a source for hydrogen production [8]. However, it appears much 

more feasible to use ethanol as a feedstock for chemical production from both an 

economical and green perspective. In addition, the demand for commodity chemicals is 

increasing, which further indicates that it is time to find alternatives to the fossil fuel. 

Furthermore the price of renewable feedstock is decreasing, whereas the price of fossil 

fuels is increasing making the ethanol route even more interesting.  

The main concern of government regarding the mass production of industrial chemicals 

from fossil fuels is the environmental impact associated with their application which 

results in production of GHG. Therefore there is pressure to find more ―green‖ processes 

for the production of bulk chemicals. For example, route to acetic acid production would 

be the fermentation of bioethanol, but thus far it seems that this is only cost effective for 

the production of vinegar not for acetic acid demand by the chemical industry due to small 

volume. A better route would be the direct oxidation of bioethanol to acetic acid under 

mild conditions using molecular oxygen (from air). This process would produce enough 
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acetic acid to meet the demand by the chemical industry, hence the process is facile and 

the starting materials are easy to get. 

1.2.1 Availability of bioethanol 

 

More than 80% of the world‘s energy consumption and production of chemicals originates 

from fossil resources. The use of fossil resources coupled with concerns about global 

warming, as mentioned earlier, results in a big drive to develop new technologies for the 

generation of energy and chemicals. In this respect, it has recently been considered that 

biomass could become a major source for the production of energy and chemicals [9]. 

Bioethanol can be obtained from the fermentation of biomass. It contains about 8-10 vol % 

of ethanol [10]. It can be concentrated up to 96 vol % by a distillation process [11]. The 

worldwide production of ethanol was 14.1 billion gallons in 2007 [12], which is reached 

30 billion gallons in 2016 [13]. 

Bioethanol currently accounts for more than 94% of global biofuel production, and mostly 

of it comes from sugar cane. About 60% of the global bioethanol production comes from 

sugar cane as the resource and 40% from other agricultural crops. Brazil and the United 

States are world leaders, which exploit sugar cane and corn, respectively, and they 

together account for about 62 % of the world bioethanol production [14]. As far as 

concern to Indian scenario, ethanol production reached to 2 billion liter in 2017. We are 

importing around 600 million liter mainly from USA, Brazil and exporting around 140 

million liter to South African countries. Biomass availability in India is estimated at 

upwards of 915 million metric tons which covers both agricultural (657 MMT/year) and 

‗forestry & wasteland‘ residues (260 MMT/year) [India, Biofuel Annual report, GIAN 

Report No. IN6088, 24/6/2016]. 

Bioethanol can be used as an alternative resource for producing chemicals like ethylene, 

acetaldehyde, butadiene, acetic acid, ethyl acetate etc. The products produced from 

bioethanol must obviously be more valuable than bioethanol itself for the process to be 

economically valuable. Instead of using bioethanol for transporting fuel purposes where it 

seems to have relatively low value nowadays, it could be instead be used as a feedstock for 

other important chemical products which have a much higher value. 
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Figure1.1 Worldwide ethanol production [12] 

 

1.2.2. Demand of commercial chemicals 

The global demand of commercial chemicals, such as ethylene (production volume 20.3 x 

10
6
 ton in 2010), acetic acid (10

6
 ton in 2011), acetaldehyde (approximately 10

6
 ton in 

2003), ethyl acetate (1.3 x 10
6
 ton in 2004), hydrogen (60 x 10

6
 ton in 2007), 1-3 

butadiene (9 x 10
6
 tonyear

-1
 in 2005) and butanol (3 x 10

6
 ton in 2010) and estimated to 

grow considerably because of their commercial importance or direct involvement in 

production process as intermediates or (by) products [15].  

Ethylene is the most produced organic compound on earth. It is mostly used in the 

production of polymers (e.g., polyethylene, polyvinylchloride), ethylene oxide, and 

ethylene glycol, etc. Ethylene is typically obtained from petroleum through thermal 

cracking, a process involving a complex chain of radical reactions. Processes involved in 

acetic acid production include methanol carbonylation and catalytic liquid phase oxidation 

of acetaldehyde and butane. Currently, most acetaldehyde is produced by the so called 

Wacker process through the direct oxidation of ethylene to acetaldehyde with a 

PdCl2/CuCl2 catalyst in water in the presence of air or other oxidants. Industrially, ethyl 

acetate is mainly produced by the esterification of acetic acid with ethanol. Hydrogen is 
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considered a very promising future energy source, as it has the highest energy density 

among all known fuels, with water being the only byproduct of its combustion. Currently, 

hydrogen is mainly produced by SR of nonrenewable hydrocarbons, such as methane [16]. 

Butanol is mainly produced by using the so-called oxo process, which consists of 

propylene hydroformylation followed by butylaldehyde hydrogenation to yield n-butanol. 

Butadiene is one of the most important bulk chemicals produced in the petrochemical 

industry. Two ways are mainly pursued for its industrial synthesis: isolation from naphtha 

steam cracker fractions of paraffinic hydrocarbons for the manufacture of ethylene and its 

higher homologues, or the catalytic and oxidative dehydrogenation of n-butane and n-

butene [17]. All these processes derive their feed from the fossil based feedstock, oil or 

natural gas, the depleting sources.  

 
 

Figure1.2 A number of the important bulk chemicals that can be obtained from bioethanol 

The production of bulk chemicals from biomass resources such as bioethanol is important 

for a number of reasons; firstly, it would limit the dependency on oil resources, thus 

bringing an immediate economic and strategic benefit. In addition, chemicals produced 

from biomass can, in principle, be CO2 neutral and thus contribute to a solution to the 

important environmental issues.  
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1.3 Aims and objectives of the present study 

The present work principally aims at bioethanol oxidation to value added products by 

means of liquid phase and gas phase reaction. Wet impregnation method is used for 

deposition of noble metals on the supports in the search of novel catalyst. The prepared 

catalyst is fully characterized by SEM, TEM, EDX, XRD, FTIR and TGA. 

The specific objectives are: 

i. To study the effect of process parameters like temperature, O2 pressure, ethanol 

concentration and time-on-stream. 

ii. To evaluate the performance of noble metal over different supports for high 

conversion and selectivity for the reaction. 

1.4 Outline of thesis 

The thesis is organized as below, 

Chapter 1 gives Introduction, motivation for study and aims and objectives of the present 

study. 

Chapter 2 deals with the recent literature review on ethanol oxidation to different 

products with liquid phase and gas phase by employing various catalysts and brief on 

catalyst characterization techniques. 

Chapter 3 describes the liquid phase catalytic oxidation of bioethanol using Au supported 

on various zeolite catalysts. 

Chapter 4 comprises valorization of bioethanol to value added products by employing 

Au, Ag and Au - Ag over various oxides using gas phase oxidation. 

Chapter 5 presents selective oxidation of bioethanol to acetaldehyde over Ag/CeO2 

catalyst; it also exploiting the lattice defects of support. 

Chapter 6 shows influence of relative proportions of Ce and Zr in their mixed oxides on 

their catalytic performance for selective bioethanol oxidation. 

Chapter 7 summarizes the work and evaluates the contribution of the present study. 
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CHAPTER – 2                                    

Literature review and Characterization techniques 

Catalysis is of tremendous importance for the chemical industry. Approximately two-

thirds of the chemical products and ~ 90 % of the chemical processes involve catalysis 

(e.g., homogeneous, heterogeneous, or enzymatic type) [1]. Generally speaking, a catalyst 

is a substance that can speed up chemical reactions without itself being consumed in the 

reaction process; note that in some cases, a catalyst is used to slow down chemical 

reactions. The power of a catalyst lies in its capability in accelerating chemical reactions 

by reducing the energy barrier (i.e., activation energy) for the transition state and in 

controlling reaction pathways for selective synthesis of desired product. 

Heterogeneous catalysis plays a major role worldwide, not only from the economic point 

of view, but it also provides the necessary infrastructure for well being of the society as a 

whole. It is hard to imagine what modern society would be like without chemicals, 

polymers, and pharmaceuticals, most of which are prepared industrially by catalytic 

chemistry. Without effective heterogeneous catalysis the manufacture of many materials 

such as, pharmaceuticals, foodstuffs etc. would not be possible. It is therefore not 

surprising; that heterogeneous catalysis is a subject that spans chemistry, chemical 

engineering and materials science in working together to break new ground. There is 

intense and broad interest in the design of new catalysts and as well as seeking to 

understand how these materials function as catalysts. 

2.1 Catalytic oxidation of alcohols  

Selective oxidation of alcohols is one of the most important transformations in organic 

synthesis. Although a number of methods have been developed for search of new facile, 

cost-effective and environmentally friendly procedures that avoid the use of large excess, 

toxic and expensive metal oxidants are required [2]. An attractive and promising 

alternative route is the direct oxidation of alcohols catalyzed by reusable heterogeneous 

solid catalysis, using molecular oxygen (O2) [3]. The catalytic oxidation of alcohols with 

air has attracted significant attention as a ―green‖ chemistry reaction in catalysis [4]. 

Molecular oxygen is a nonpoisonous and inexpensive oxidant for the oxidative 
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transformation of alcohols. Unlike inorganic oxidants that produce chemical wastes, 

heterogeneous catalysis can effectively use molecular oxygen to produce only water as 

side-products, and can be operated under mild temperature and pressure conditions. From 

a cost-efficiency point of view, supported catalysts have an advantage over homogeneous 

catalysts by being easily recoverable and they can be used in continuous flow regimes. 

From a fundamental point of view, selective oxidation of alcohols is a topic of intense 

scientific interest; drawing attention from a very diverse group of researchers. So far, 

literature reports [5] that the selective oxidation of alcohols has focused primarily on 

oxidizing alcohols into: 

 Aldehydes, 

 Carboxylic acids or esters, and 

 Oxidation of aldehydes to esters, 

 Epoxidations of olefins, 

 Activation of C–H bonds in alkanes, 

 Oxidation of amines, 

 Propene epoxidation and alkanes to alcohol 

The catalysts used include mainly palladium, platinum, gold, ruthenium, multi component 

oxides and vanadium over different supports and have shown some promising results in 

alcohol oxidation. However these metal catalysts generally suffer from rapid deactivation 

due to leaching as a consequence of over oxidation of the metal active sites. One of the 

major problems associated with the use of these catalysts in oxidation reactions is product 

selectivity, since a broad range of products often exist at the end of reaction. 

2.2 Ethanol oxidation 

Ethanol can be easily produced from agricultural products by fermentation and thus can be 

considered a renewable resource. The annual amount of bioethanol produced currently 30 

billion gallons in 2016 [6] and is increasing. In compared to global demand of commercial 

chemicals, such as ethylene, acetic acid, acetaldehyde, ethyl acetate, hydrogen, 1-3 

butadiene and butanol as mentioned in chapter 1 [7] , a sufficient amount of bioethanol is 

produced to have a significant impact, even if only part of it is used as a chemical 

feedstock rather than a fuel additive [8]. Crude bioethanol contains only 8 - 10 vol % 
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ethanol [9], and thus purification of ethanol by distillation to produce a useful fuel is a 

very costly process. Consequently, an investigation aimed at determining whether 

bioethanol can be directly converted to value added chemicals, which could be less 

expensive to isolate industrially, is of great interest. 

Ethanol oxidation to value added products has gain significant interest in last decades. As 

shown in Figure 1.2 (chapter 1), variety of chemical can be produced from bioethanol 

oxidation via liquid and gas phase reaction. Following section 2.3 and 2.5 describes 

literature review on liquid phase and gas phase oxidation of ethanol, respectively. 

2.3 Liquid phase catalytic oxidation of ethanol 

 

It has recently been shown that fine chemicals can be synthesized directly from aqueous 

phase oxidation of ethanol using noble metal as catalysts. The supported nanoparticles 

have attracted considerable attention recently as promising new materials for alcohol 

oxidation owing to their higher selectivity and activity. The considerable amount of work 

has been reported liquid phase ethanol oxidation using Au, Pd and Pt supported on 

MgAl2O4 support [4], Au/TiO2 [10], Au supported on ZnO,TiO2 and Al2O3 [11], Au/SiO2 

[12], Au/TiO2 [13], Ru(OH)x over TiO2, Al2O3, MgAl2O4 and CeO2 [14], Au/NiO [15], 

PdO/m-ZrO2 [16] , Pt/Fe3O4 and Pt/C [17] catalysts.  

Christensen et al. [4] were first to investigated ethanol oxidation (5 wt%) with molecular 

oxygen on noble metal catalysts in water. The catalytic performance of Pd, Pt, and Au was 

compared by depositing them on the same support, MgAl2O4. The results showed that all 

catalysts had the same catalytic activity, but the only difference was that the Au catalyst 

showed a high selectivity to acetic acid. They also reported that the highest yield of acetic 

acid can be achieved when ethanol is oxidized in aqueous phase at 150 ˚C and 30 bar. On 

Pd the first step to form acetaldehyde and the second step to form acetic acid proceed 

rapidly, whereas on Pt the first step is the fastest. In contrast, on Au deeper oxidation takes 

place. The second step to form acetic acid is the fastest and the direct complete oxidation 

to form CO2 is also relatively rapid.  

Christensen et al. [10] who have first developed Au/MgAl2O4 catalyst had investigated 

effect of supports. Au was loaded in different supports (MgAl2O4 and TiO2) and results 

reported in the study showed that Au/TiO2 also showed similar high catalytic performance 
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and proposed a kinetic model of ethanol to acetic acid. They also demonstrated that by 

varying the amount of water in reaction mixture, ethyl acetate can be produced. At lower 

ethanol concentration acetic acid is main reaction products; at concentrations >60 wt%, it 

is ethyl acetate. 

Tembe et al. [11] extended studied of Au supported on three oxide supports, TiO2, Al2O3 

and ZnO.  The result revealed that Au/ZnO showed catalytic activity equivalent to that of 

Au/TiO2. While Al2O3 supported Au showed a somewhat poor performance in ethanol 

oxidation and evident leaching of Au into solution.  Present of excess oxygen, increases 

the ethanol conversion and selectivity towards acetic acid. They also found that higher 

initial ethanol concentrations favor the production of ethyl acetate rather than acetic acid 

similar to Christensen et al. [10]. 

On the other hand, the size effect of Au nanoparticles has been discussed on SiO2 support 

[12]. Au NPs with an average diameter of 5 nm showed higher activity than Au NPs with 

3 and 10 nm. The kind of the metal oxide supports and the diameter of Au NPs mainly 

affect the catalytic activity of oxidation of aqueous ethanol. 

Muhler et al. [13] performed 1 wt% and 1.5 wt% Au/TiO2 for selective oxidation of 

aqueous ethanol solutions with air. They have studied the process conditions, such as 

temperature, pressure, catalyst concentration, ethanol concentration, reaction time and 

stirring rate in detail for both catalysts. They found that influence of pressure on reaction 

condition was negligible as long as there was an excess of oxygen. Increased amount 

catalyst has positive effects on ethanol conversion. The selectivity to acetic acid was high 

at high mass of catalyst and less mass led to higher amount of acetaldehyde. A higher ratio 

of n(O2)/n(ethanol) leads to higher conversion, while the selectivity to acetic acid is 

limited, presumably due to a higher tendency to total oxidation. A shortfall of oxygen led 

to a decrease in conversion and selectivity to acetic acid, and, at the same time, to an 

increase in selectivity to aldehyde and ester. High concentrations of ethanol and acetic 

acid favor the formation of ester. 

Haruta and co workers [15] demonstrated use of Au/NiO as catalyst in ethanol oxidation 

in water by molecular oxygen. Here high conversion was achieved with NiO support in 

compared to other oxide supports. Further they checked effects of doping of other metal 

cations into NiO and found that Cu doping to the NiO support enhanced the semi 
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conductivity resulted in an improvement in the selectivity to acetic acid without the 

depression of the conversion of ethanol. In case of Fe doping catalytic activity was 

appreciably decreased with an increase in Fe molar percentage. Similar trend was 

observed for Co doping also. 

PdO/Al2O3 and PdO/m-ZrO2 catalysts were employed by Letichevsky et al. [16] in the 

selective oxidation of ethanol to acetic acid. PdO/m-ZrO2 catalyst was found to be more 

active than PdO/Al2O3 due to the adsorption and spillover of the oxygenate species from 

m-ZrO2 to PdO and vice-versa. 

Long et al. [17]  made use of Pt/Fe3O4@X (X = PPy, C or SiO2) and catalytic properties of 

these catalysts were compared with the aerobic oxidations of ethanol to acetic acid. The 

conversion rates of ethanol oxidation catalyzed by Pt/Fe3O4@PPy, Pt/Fe3O4@C and 

Pt/Fe3O4@SiO2 was 95%, 91% and 70% respectively. 

 2.4 Factors effecting alcohol oxidation 

The metal particle size is considered to be of the principal importance for aerobic 

oxidation of alcohol [18]. For example, certain reactions reach an optimum activity and/or 

selectivity at larger particle diameters of the catalysts while other reactions show superior 

performance at smaller particle diameters. The shape and symmetry of the particle itself 

can influence the site population and geometry [19]. It has been shown that support may 

also play a key role in determining the catalytic activity and selectivity of the reaction 

[20,21]. Some studies have also shown that the addition of a base can highly affect the 

oxidation of alcohol [22]. 

2.4.1 Effect of metal oxides support 

The properties of supported catalyst have been shown to depend very sensitively on a 

number of factors such as particle size; pretreatment, calcinations temperature and 

preparation method. The nature of support material and its physical state seem to play one 

of the critical central roles in Au catalysis [23,24]. Transition metal oxides are generally 

used as support in heterogeneous catalysis. The overall performance of a supported 

catalyst is highly dependent on the structure and properties of oxides support and the 

catalyst-oxide interface interactions [25,26]. A wide range of metal oxides and other 

materials have been studied as supports for various reactions in alcohol oxidation. 
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However there is still a lot of work needs to be done in order to understand how catalyst 

works in alcohol oxidation reactions. 

Gorbanev et al. [14] have studied the loading effects of Ru(OH)x over TiO2, Al2O3, 

MgAl2O4 and CeO2 supports. Higher proportion lead to larger clusters on supports loosing 

the activity. Particularly with CeO2 particles size were increased with increase loading of 

Ru, whereas for other oxides only minor changes occurred. High Ru loading resulted in 

decrease in catalyst activity as the larger particles cover the no. of active sites. The lower 

loading of Ru (0.6 Wt %) provided full conversion, while the conversion with higher (4.7 

wt %) loading reached only about 50% for CeO2. However, in case of MgAl2O4 lower 

loading of Ru did not significantly improve the results for oxidation. This could be due to 

the higher surface area of MgAl2O4 than CeO2. Hence the variation in metal loading on 

MgAl2O4 did not affect the particle size.  

Au supported on various support has been explored by various researchers for ethanol 

oxidation to acetic acid. Figure 2.1 gives the comparison for the ethanol oxidation to acetic 

acid using gold over various supports [4,10,11,13]. 

It is clear from Figure 2.1 that Au supported on TiO2 and MgAl2O4 have the higher 

conversion of ethanol and higher selectivity to acetic acid at the reaction condition. 

Au/Al2O3 has shown the least selectivity towards acetic acid. This may be because of 

higher particle size (> 10 nm) and leaching of Au from Al2O3 support [11]. However after 

25 h the conversions achieved were essentially identical for all four catalyst types [4,13].  
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Figure 2.1 Reaction condition: 150 ˚C, 45 bar and 10 h reaction time 

2.4.2. Effect of ethanol concentration 

Conversion of ethanol and selectivity to acetic acid depends on the initial concentration of 

ethanol. The conversion and selectivity both decrease with increased initial concentration 

of ethanol [10,11,13]. At initial ethanol concentration (>40%), production of ethyl acetate 

become more evident. The yield of acetic acid decrease with increasing initial ethanol 

concentration (5 – 40 wt %), whereas the yield for acetaldehyde and ethyl acetate increase 

[11]. 

2.4.3 Effect of particle size 

It has been shown both experimentally and theoretically that the activity of Au 

nanoparticles in the oxidation of CO increases with decreasing particle size and is strongly 

affected by the type of supports were used [27–29]. However, bulk Au has been employed 

in certain oxidation reactions as well indicating that, the presence of larger Au particles 

can be favorable for certain oxidation reactions [30]. 

Some studies have shown the effect of the size of Au particles in alcohol oxidation using 

CeO2 and TiO2 as supports for the aerobic oxidation of benzyl alcohol. The Au particle 

size prepared was in the range of 1.3 to 11.3 nm. The catalysts were then tested for aerobic 

oxidation of benzyl alcohol. The results showed that there was a huge effect of Au particle 

size in alcohol oxidation. The optimal activity was observed for the catalysts with an 
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average particle size of 6.9 nm, whereas smaller and bigger particles showed a poor 

activity. This behavior was observed irrespective of the support (CeO2 or TiO2) and of the 

reaction conditions applied [31]. Similar results were also reported by Zheng and Stucky 

for aerobic oxidation of ethanol using Au supported on silica [32]. Three SiO2 – supported 

catalysts with 3.5, 6.3, and 8.2 nm Au particles were prepared by depositing the 

nanoparticles on silica gel from their corresponding chloroform solutions. The catalytic 

screening of the three catalysts was performed on ethanol oxidation at 200 °C using 

molecular oxygen as the oxidant. The results showed that Au particle size has a crucial 

role in alcohol oxidation as shown in Figure 2.2. 

 
Figure 2.2 Different Au particles size supported on SiO2, ethanol conversions and 

selectivity [32]  

The catalytic study of three catalysts with different Au particle size showed that the 

smallest Au nanoparticles did not exhibit as high a catalytic activity as 6.3 nm Au 

nanoparticles displayed high catalytic activity (45% EtOH conversion). Both 3.5 and 8.2 

nm nanoparticles showed lower ethanol conversions of 24% and 22% respectively [32]. 

Sun et al. [12] also reported the effect of Au particles size on ethanol oxidation using silica 

as support. The results showed that, Au particles with an average diameter of 5 nm had a 

high activity, about 3 times higher than that of smaller (3 nm), and 15 times higher than 

that of larger (10-30 nm) Au particles. 
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2.4.4 Effect of a base in alcohol oxidation 

Prati and Rossi were the first to show that alcohols, specifically diols and sugars can be 

oxidized to the corresponding acids with Au catalysts but only when base is present 

[33,34]. A similar observation was also reported by Carretin et al. where 100% selectivity 

of sodium glycerate was observed in glycerol oxidation reaction when the reaction was 

carried out with an addition of NaOH [35]. In the absence of NaOH, no glycerol 

conversion was observed. The presence of a base is essential for some reaction to take 

place in alcohol oxidation, for example as shown in Figure 2.3 addition of 10% KOH 

promoted the oxidation of benzyl alcohol to methyl benzoate [22]. It has been shown that 

heterogeneous CeO2 supported Au catalysts are able to oxidize several higher alcohols to 

their corresponding carboxylic acids using air as an oxidant [36].  

The presence of small amount of base (KOH) promoted the reaction to give a higher yield 

of methyl benzoate. Less than 5% yield of methyl benzoate was observed when the base 

(KOH) was not added, but when the base was added the yield exceeded 80% as shown in 

Figure 2.3. On the contrary it was noted that catalysts such as Au/Ga3O9 can also perform 

aerobic oxidation of alcohols at room temperature without a base [37].  

 

Figure 2.3 The effect of a base added in alcohol oxidation reaction[22]  

The effect of having a base in alcohol oxidation is critical for some reactions to take place. 

Some reactions require a bit of a base to take place, while some do not need a base at all. 



                                                        Literature review and characterization techniques 

 

Paresh H. Rana                                        19                                                               Ph.D. Thesis 

For example, for the oxidation of ethanol to acetic acid, no base is required [36,38]. In 

contrast to this, Zope et al. [39] reported that added NaOH enhanced the rate of oxidation 

of glycerol and ethanol. 

2.5 Gas phase oxidation of ethanol 

The gas phase oxidative dehydrogenation of ethanol has been considered as the most 

important process for the production of hydrogen, acetic acid, acetaldehyde, butanol, 

ethyl acetate, 1-3 butadienes etc. This process includes dehydrogenation of ethanol over 

various catalysts like, molybdenum based catalyst, copper-chromium supported catalyst, 

Palladium and Platinum based catalyst, vanadium catalysts, multi component oxides 

catalyst, gold based catalyst, silver based catalyst and bimetallic catalyst etc. Figure 2.4 

shows reaction network for ethanol transformation in to value added products. 

 

Figure 2.4 Reaction network involved in ethanol transformations 

 

2.5.1 Platinum group metals 

Palladium and platinum catalysts are active at lower temperatures (usually below 200 °C) 

than metal oxide catalysts. Ethanol oxidation over Pd/Al2O3 [40] and Pt/Al2O3 [41] results 

in the formation of partially oxidized compounds, such as acetaldehyde and acetic acid, as 

well as CO2 at higher temperatures. Over PdO/SiO2 ethyl acetate was produced with a 

selectivity of 60% together with acetaldehyde of 20% selectivity [42]. Higher selectivity to 
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ethyl acetate was obtained at higher oxidation rates, mainly at temperatures above 150 °C. 

When Pd and Pt were supported on CeO2 [43] breaking of C – C bond proceeds to form 

CO, CO2 and CH4. High selectivity to ethyl acetate (94.7 %) and ethanol conversion (98.6 

%) were obtained over 2Pd/HY catalyst, while acetaldehyde selectivity of 89.0 % was 

achieved on PdO/HY at a low temperature as 150 °C [44].  

2.5.2 Molybdenum based catalyst 

Molybdenum based oxides constitute another important group of catalysts for gas phase 

oxidation of ethanol to acetaldehyde. SnO2 (Tin dioxide) is the most popular supported 

Mo oxides for acetaldehyde production. Dispersed four-coordinated molybdates were 

thought to be the active phase which could also yield acetic acid [45]. At temperatures 

below 225 °C acetaldehyde was predominant, while at higher temperatures acetic acid 

exceeds acetaldehyde. Addition of water to feed decreased ethanol conversion and 

appreciably increased acetic acid production [46]. 

2.5.3 Vanadium oxide 

In gas phase oxidation of ethanol vanadium oxide has been most often studied as major 

catalyst. Among metal oxide supports for V2O5, TiO2 [47–49], Hydrotalcite, Al2O3, TiO2 

and SBA-15 [50], SiO2, Al2O3 and ZrO2 [51] have been used. TiO2 was better than most of 

oxides systems such as hydrotalcite, Al2O3, SiO2, SBA-15 and ZrO2 in terms of higher 

selectivity to both acetaldehyde and acetic acid and ethanol conversion. This can be 

ascribed to (i) oxidation of ethanol mainly depend on the monolayer of the polymeric form 

of vanadium and they do not depend on the presence of the massive form of V2O5 [48] and 

(ii) oxidation of ethanol proceeds via the redox mechanism where the oxidized catalyst 

surface oxidizes the reactant and is reoxidized by gas phase oxygen. During the reaction 

on the V2O5/TiO2 catalyst, titanium cations remain in the Ti
4+

 state, whereas V
5+

 cations 

undergo a reversible reduction under reaction conditions to V
4+

 and V
3+ 

[49,51]. The best 

catalytic performance was demonstrated by V2O5/TiO2 nanoparticle catalyst that allowed 

producing acetaldehyde by the gas phase oxidation of aqueous ethanol (50 wt %) at 

approximately 180 -185 °C with selectivity higher than 90% at a conversion of ethanol 

above 95% [47]. Furthermore, selectivity over 80% toward acetic acid could be achieved 

in this reaction at a low gas velocity at temperatures as low as 165 °C. 
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2.5.4 Copper based catalyst 

Copper based catalysts are known to be active and selective for the dehydrogenation to 

acetaldehyde and ethyl acetate rather than acetic acid and CO2. Cu/SiO2 and Cu/ZnO at 

160 °C yielded acetaldehyde and ethyl acetate as major products, while at higher 

temperature of 220 °C producing ethyl acetate with increased selectivities above 50% 

[52]. However the selectivity towards acetaldehyde was not satisfactory [52–54]. Cu 

nanoparticle supported on mesoporous carbon (MC) was an active catalyst for 

dehydrogenation of ethanol to acetaldehyde with excellent selectivity compared with 

Cu/SBA-15 due to their surface characteristic [55]. Furthermore, the use of carbon 

materials opens up new gates since the surface properties of a carbon support can be 

tailored to alter the selectivity and activity of the catalyst. Copper catalyst supported on 

nitrogen doped graphene materials has shown higher catalytic activity than Cu/SiO2 owing 

to superior metal supports interaction and are also selective to acetaldehyde [56]. 

2.5.5 Multi component oxides 

An interesting classical multi-component catalyst Mo0.61V0.31Nb0.08Ox was supported on 

TiO2 which yielded > 90% of acetic acid at 100% ethanol conversion at elevated 

temperature and pressure (16 bar, 237 °C) with a feed of aqueous ethanol and oxygen [57]. 

Author also reported that presence of water increases acetic acid selectivity by inhibiting 

acetaldehyde synthesis more strongly than its oxidation to acetic acid, thus minimizing 

acetaldehyde concentrations and its conversion to COx. Kinetics for ethanol oxidation to 

acetic acid has also been proposed. In contrast to [57],  a quaternary MoVNbTe catalyst 

[58] was found to be more efficient to yield acetic acid or mixture of acetic acid and ethyl 

acetate at atmospheric pressure. Further, the authors reported that presence of water is not 

essential to improve the selectivity of reaction as in case of Mo0.61V0.31Nb0.08Ox/TiO2.  

2.5.6 Gold based catalyst 

Since the pioneering discoveries were made by Hutchings, who predicted that Au would 

be the most active catalyst for ethylene hydro chlorination [59] and Haruta, who 

discovered that Au supported catalysts were very active for low temperature CO oxidation 

[60], there has been tremendous interest in Au - catalyzed oxidation reactions [3,61]. 

Ethanol oxidation has also been extensively studied by various researchers using Au based 

catalysts, among this work it was reported that if the reaction is taking place in aqueous 
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solution the formation of carboxylic acid was favored as the main product over the 

aldehyde, but in solvent-free experiments, aldehyde formation was favored as the major 

product [20]. Idriss et al. investigated the effect of temperature in the gas-phase oxidation 

of ethanol over Au/CeO2 catalyst in the temperature range of 100-800 °C and study 

revealed that the product changed significantly with varying temperature [43]. At low 

temperature range acetaldehyde was the main product. Takei et al. studied support effects 

of Au catalyst on ethanol oxidation in gas phase. They found product selectivities highly 

depend on the type of supports.  Au NPs deposited on acidic or basic metal oxides 

produced acetaldehyde with selectivities above 95% at temperatures above 200°C, while 

Au NPs on p-type semi conductive metal oxides were active for the complete oxidation to 

CO2 and H2O at temperatures below 200 °C. Au NPs on n-type semi conductive metal 

oxides produced both acetaldehyde and acetic acid [62]. 

Guan and Hensen [63] studied Au supported on several silica oxide supports (SBA-15, 

SBA-16, MCM-41, SiO2 and SiO2: Al) prepared by deposition precipitation and wetness 

impregnation method and evaluated their activity in absence and presence of oxygen for 

ethanol oxidation. In presence of oxygen dehydrogenation rate of ethanol was 

substantially higher compared to oxygen free case. The best catalyst performance was Au 

supported by MCM - 41, which gave a high conversion (60%) and selectivity of 90% to 

acetaldehyde at 250 °C. The Au/SiO2 catalyst was found to be least among the catalysts 

activity (35% conversion) with the lower selectivity to acetaldehyde. The TOF study 

showed the completely different relation between TOF and Au NPs, where Au NPs with 

smaller than 7 nm size displayed a constant activity in absence of oxygen and particle size 

larger than 10 nm have a higher activity per surface atom in presence of oxygen. The 

results of this study clearly demonstrated that catalytic performance relies on the nature of 

support and particle size of Au. 

The oxidation of ethanol has been investigated by Chen et al. [64] using zeolites (Si/Al = 

360) supported on Au catalyst. They found that Au/ZSM5 catalyst pretreated by non 

thermal O2 plasma method showed the best oxidative activity compared to low-

temperature calcination in air and high-temperature reduction in hydrogen atmosphere. 

The characterization analysis from microscopy and XRD of Au/ZSM5 catalyst revealed 

that plasma pretreatment afforded a small Au particle size and a uniform dispersion of Au 

nanoparticles on ZSM5 surfaces. Characterization results further demonstrated that the 
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residual ammonia adsorbed on ZSM5 surfaces during the precipitation can be oxidized to 

nitrate ions by non thermal O2 plasma treatment, while it converted to NO
+
 by low-

temperature oxygen calcination and was completely removed by high-temperature 

hydrogen reduction.  

Mielby and co-workers demonstrated use of encapsulate Au NPs in zeolites silicate-1 

(Au/Recryst-S1) for catalytic gas phase oxidation of bioethanol (10 wt %) and compared 

its performance with other three Au/silicate-1, Au/meso-silicate-1 and Au/APS- silicate-1 

catalysts. They found that Au/Recryst-S1 was better in compared to other catalysts and 

obtained 50 % ethanol conversion with 98% selectivity to acetaldehyde and have high site-

time yield of acetaldehyde. The outcome of work indicated the three-dimensional 

distribution and the structure of the Au support interfacial sites played a vital role in the 

reaction. However selectivity for acetaldehyde was decrease at temperature higher than 

200 °C [65]. Later, Zhang et al. [66] have demonstrated solvent free synthesis of silicate -1 

(S1) encapsulating Au-Pd bimetallic nanoparticles (Au-Pd@S1). They found that Au-

Pd@S1catalyst achieved higher ethanol conversion (92.8%) and outperform the reported 

Au/Recryst-S1 catalyst [65]. They have also investigated the influence of water in 

bioethanol oxidation using Au-Pd@S1 and Au-Pd/S-1 (prepared by conventional 

hydrothermal route) and reported Au-Pd@S1 catalyst exhibited higher catalytic activity 

(82 % ethanol conversion) in compared to conventionally prepared Au-Pd/S-1 catalyst 

(2% ethanol conversion) in presence of 90% water. The activity of Au-Pd@S1 was due to 

the hydrophobicity of the S-1 zeolite, which enabled to efficiently separate the ethanol and 

water, hindering access of water to the Au-Pd particles in the zeolites micropores. 

An investigation impact of TiO2, SiO2 and Al2O3 on Au NPs catalysts were carried out by 

Sobolev et al. [67], who reported an unusual behavior of Au/TiO2 displayed ―double peak‖ 

catalytic activity in gas phase oxidation of ethanol. In line of this study, further they 

investigated different Au loadings on a TiO2 support and results obtained with Au loadings 

varying from 2 wt% to 7 wt% catalysts displayed two distinct temperatures dependent. 

The authors proposed that the formation of a specific active oxygen species at the catalytic 

sites on Au/TiO2 being responsible for low temperature activity at 125 °C. The generation 

of the active oxygen species was assumed to be possible under mild conditions in the 

presence of hydrogen [68]. Surface O
−
 anion radicals, surface O2

− 
superoxide anions, or 

peroxides were suggested as active species at low temperatures [68,69]. The sharp 
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decreased in activity was assumed to be due to the decomposition, desorption, or 

suppressed production of the highly active oxygen species at higher temperatures [67,68]. 

Strong deactivation due to the deposition of organic species on the catalyst surface via 

coking was proposed as well, as the initial catalytic activity was restored after an 

additional oxidative pre-treatment [67]. Even though oxygen is assumed to be needed as 

an intrinsic promoter of the dehydrogenation reaction the conversion of ethanol follows 

the non-oxidative pathway at high temperatures. In contrast to this, Muhler et al. [70] 

proposed that acetaldehyde formation following a Mars–van Krevelen mechanism at high 

temperature and this was due to the presence of highly dispersed Au nanoparticles on TiO2 

led to a higher reducibility of TiO2 resulting in more oxygen vacancies and the created 

oxygen vacancies on TiO2 act as active sites for the reaction. 

The effect of bimetallic Au-Ir NPs catalysts was reported for the oxidation of ethanol with 

O2 as oxidant under solvent free conditions at temperature range of 180 °C. Guan and 

Hensen [71], investigated the effect of synthesized bimetallic Au:Ir supported by SiO2 

prepared by impregnation method and they found that this catalyst has apparent higher 

activity for the reaction than both monometallic Au/SiO2 and Ir/SiO2 over the period of the 

reaction time; with Au(26)Ir(74)/SiO2 being the most active. With increasing Au content, 

the conversion decreases slightly but with a concomitant increase in the acetaldehyde 

selectivity. The selectivities for the Au–Ir bimetallic catalysts were typically above 90% 

and higher than the selectivity of the Ir catalyst. The results indicated that an intimate 

contact between Au surface sites for (dissociative) ethanol adsorption and Ir sites covered 

by O adatoms which catalyze C–H bond cleavage to yield acetaldehyde.  

Later on, Redina et al. [72] employed Au-Cu/SiO2 catalyst with different metal loading 

prepared by redox method for gas phase oxidation of ethanol. The characterization 

analysis of Au-Cu/SiO2 catalyst by TPR, EXAFS and STEM reveled that  introduction of 

Au NPs  directly on the surface of copper oxide or Cu
2+

 species was feasible by redox 

method. It was observed that with low-loaded bimetallic Au-Cu catalysts highest catalytic 

activity with almost full conversion and 100% selectivity to acetaldehyde in ethanol 

oxidation was achieved. The catalyst system with Au:Cu atomic ratio of 1:3 was found to 

have noticeable synergetic effect of the Au-Cu interaction in comparison with the 

monometallic samples having the same Au or Cu loadings. The formation of by product 

CO2 was observed when the reaction was performed at temperature higher that 300 °C at 
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the cost decreased selectivity to acetaldehyde. Table 2.1 shows ethanol conversion and 

selectivity towards acetaldehyde using Au NPs immobilized on different supports in gas 

phase reaction. 

Table 2.1 Ethanol conversion and selectivity towards acetaldehyde using Au NPs 

immobilized on different supports.  

Catalyst X,% S,% Reaction condition 

 (T = °C, P = atm, O2/ethanol)  

Ref. 

Au/MCM-41 60 90 250, 1, 2 [63] 

Au/ZSM5 30 75 250, 1, 2 [64] 

Au/silicate -1 50 65 250 ,1, 1 [65] 

Au-Pd/silicate -1 100 0 250, 1 ,60 [66] 

Au/TiO2 95 40 250, 1, 9 [67,69,73] 

Au/TiO2 50 50 250 ,1, 1 [70] 

Au/MgCuCr2O4  95 97 250, 1, 3 [74,75] 

Au/Al2O3 80 10 250, 1 [62] 

Au-Ir/ SiO2 100 90 250 ,1, 1 [71] 

Au-Cu/SiO2 100 95 250, 1, 1.2 [72] 

 

2.5.7 Silver based catalyst 

Among the group IB metals, Ag based catalyst is least studied for ethanol oxidation, 

although catalytically active Ag is used in ethylene oxide synthesis, industrially. Chen et 

al. [76] investigated Ag-hollandite catalyst prepared by hydrothermal synthesis method 

and reported high catalytic performance for ethanol oxidation, with ethanol conversion of 

100% and acetaldehyde selectivity of 71 % at 250 °C. Authors attributed high activity; 

selectivity and stability were due to the presence of Ag
+
 species which facilitated the 

activation of molecular oxygen and its transfer to oxidize ethanol through the Ag-O-Mn 

bridge and was also due to the unique morphology of the Ag-hollandite nanofibers. The X-

ray photoelectron spectroscopy surface analysis revealed that the Ag species presented as 

Ag
+
. 
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Li and co-workers [77] used nanoporous Ag catalyst in oxidation of ethanol was fabricated 

by the selective leaching of magnesium from a Ag77Mg23 alloy foil by using an aqueous 

solution of tartaric acid (1 wt %) for 1 h at room temperature and found that dealloyed  np-

Ag-1 (25 nm) demonstrated higher conversion (85%) than np-Ag-2 (50 nm, 75% 

conversion), thus indicated that a smaller size of the pore of np-Ag was conducive to the 

oxidation reaction. 

Ag-containing ceramic catalysts modified or unmodified with Zr and Al were studied in 

selective catalytic oxidation of ethylene glycol and ethanol into the corresponding 

carbonyl compounds  in oxygen rich environment by Vodyankina et al. [78]. They 

reported that Ag-containing ceramic catalysts showed high catalytic efficiency in selective 

ethanol oxidation to acetaldehyde (ca. 95% yield at 250 °C). The support phase 

composition does not have any significance influence either on the conversion of ethanol 

or on the yield of acetaldehyde and these can due to the participation of Fe-containing 

additives in the process of selective ethanol oxidation over Ag particles. Also, in the case 

of diol oxidation, adsorption of ethylene glycol on Fe-containing sites was observed which 

led to the decrease in selectivity with respect to glyoxal and the same was not observed 

during the ethanol oxidation into acetaldehyde.  

Crystalline and silica-supported OMS-2 catalysts with and without the addition of Ag 

were prepared using co-precipitation, impregnation, and consecutive impregnation 

techniques and tested in the gas-phase selective oxidation of ethanol to acetaldehyde by 

Dutov et al. [79]. The characterization results showed that the preparation method 

influenced the localization of Ag for both the crystalline and supported catalysts and 

consequently the samples had different active sites. The interaction of Ag with MnO2 

improved both reducing and reoxidation abilities of the samples, resulting in higher 

activity of the Ag containing catalysts. However, the selectivity to acetaldehyde sharply 

decreased with increased reaction temperature due to the total oxidation process. On the 

other hand, formation of Ag-MnOx sites in the supported catalysts by introducing of Ag 

ions into the channels of the OMS-2 was favorable for oxidation rate, while formation of 

Ag/MnOx interfaces did not improve conversion of ethanol compared to the Ag/SiO2 

catalyst. The use of silica support for the Ag/OMS-2 composites allowed improving the 

selectivity toward acetaldehyde in an extended temperature range and increased the yield 

of acetaldehyde in comparison with the crystalline samples.  
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Xu et al. [80] used Ag/hydroxyapatite foam (HAp) synthesized by incipient wetness 

method and evaluated their activity for selective oxidation of ethanol. They have also 

carried out kinetic study of the reaction. Results of characterization using in-situ and ex-

situ XPS, HRTEM and TPSR revealed that metallic Ag nanoparticles stabilized well on 

the HAp surface during the reaction and adsorbed oxygen played an important role in the 

reaction. Ag/HAp showed 18 % ethanol conversion with 100 % selectivity to acetaldehyde 

at 275 °C. Further, raising the temperature resulted to decreased selectivity steadily by the 

production of CO2. Moreover, the catalyst showed higher stability (time-on-stream 100 h) 

with ethanol conversion (15 %) and selectivity (95 %) towards acetaldehyde at 275 °C. 

The density functional theory (DFT) calculation suggested that ethanol molecules are first 

weakly adsorbed on Ag (111) and then dissociate to form ethoxy (CH3CH2O) and 

hydroxyl species through an oxygen assisted dehydrogenation mechanism. This indicated 

that ethanol dissociate in the presence of chemisorbed oxygen atom. The formation of 

acetaldehyde was completed in presence of chemisorbed oxygen by abstracting a 

hydrogen atom from ethoxy.  

Freitas et al. [81] investigated the loading effect of Ag in the 10 wt % Cu/ZrO2 

performance in ethanol conversion. They found that that increased loading of Ag from 0.3 

wt % to 2 wt % led to decrease Cu
0
/Cu

+
 ratio and also leads to reduced Zr surface. Higher 

loading of Ag led to decrease activity, whereas acetaldehyde selective increased and for 

ethyl acetate decreased compared to 10 wt % Cu/ZrO2. These change in selectivity 

attributed to the presence of Ag led to enhance Cu
+
/Cu

0
 ratio makes the catalyst less 

favorable for ethyl acetate. 

The synopsis of the important parameters of the previous literature for ethanol alcohol 

oxidation suggests that Au supported catalysts is superior to other reported catalysts in 

catalytic performance and stability. Moreover, the method of synthesis these catalysts are 

crucial as the important aspect of these catalysts is the size of metal nanoparticle, which 

affect on the catalysts performance. However, selecting the right support is important as it 

distributes the particles and the nature of support can effect on catalyst selectivity. 

2.6 Oxidative dehydrogenation reaction mechanism 

Oxidation is a key reaction in organic synthesis and play a significant role in the 

development of value added chemicals from biomass. The application of heterogeneous 
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catalyst and molecular oxygen to oxidation reactions offers a green alternative to 

traditional, toxic chemical oxidants [38]. The selective oxidation of alcohols to carboxylic 

compounds over heterogeneous recyclable catalysts is an important process in green 

organic chemistry. Most efforts in recent years have focused on the aerobic oxidation that 

uses molecular oxygen as oxidant generating water as the only byproduct, and good results 

have been obtained with metal based catalysts containing Ru, Ag, Cu, Au, Pt or Pd as 

discussed in section 2.4 and 2.5. 

Oxidative dehydrogenation (ODH) is a process that occurs without any participation of 

hydrogen and leads to the removal of two hydrogen atoms from the original molecule as 

water in the presence of oxygen. The original molecule is converted into an unsaturated 

one.  

Different studies agree that the mechanism for aerobic ethanol (CH3CH2OH) oxidation 

starts with activation of either C–H or O–H bond of ethanol which led to formation of 

ethoxide (CH3CH2O) followed by removal of β-H from ethoxide to produce acetaldehyde 

(CH3CHO). Further oxidation of acetaldehyde produces acetic acid (CH3COOH).   

Studies of ethanol oxidation over Pt and Pd electro catalysts suggest that C–H activation 

occurs via the oxidative insertion of the metal into the C–H bond to form 

hydroxyethylidene (CH3CH*OH) and hydride (H*) surface intermediates [82] as shown 

in eq. (2.1). However, studies in the heterogeneous catalysts report that alcohol oxidation 

proceeds via the initial activation of the O–H bond to form ethoxide and H* surface 

intermediates [38,63,83–85] as shown in eq. (2.2). 

𝐶𝐻3𝐶𝐻2𝑂𝐻∗  → 𝐶𝐻3𝐶𝐻𝑂𝐻∗ + 𝐻∗  → 𝐶𝐻3𝐶𝐻 = 𝑂∗ + 2𝐻∗         (2.1) 

𝐶𝐻3𝐶𝐻2𝑂𝐻∗  → 𝐶𝐻3𝐶𝐻2𝑂
∗ + 𝐻∗  → 𝐶𝐻3𝐶𝐻 = 𝑂∗ + 2𝐻∗         (2.2) 

Acetaldehyde oxidation to acetic acid can proceed via most common acetyl (CH3CO) 

route eq. (2.3) and intermediate (CH3CH(OH)O) eq.(2.4), which can be formed on the 

surface as well as in the solution [82,86,87].   

𝐶𝐻3𝐶𝐻𝑂∗ + 𝑂𝐻∗ + ∗  → 𝐶𝐻3𝑂
∗ + 𝐻∗ + 𝑂𝐻∗  → 𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐻∗    (2.3) 

𝐶𝐻3𝐶𝐻𝑂∗  + 𝑂𝐻∗ → 𝐶𝐻3𝐶𝐻(𝑂𝐻)𝑂∗ + ∗ → 𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐻∗            (2.4) 
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Qingsen et al. [84] have examined reaction pathways for selective oxidation of ethanol on 

the Au (111) surface via a comprehensive periodic DFT calculations. Authors have 

suggested three different reaction routes for oxidation of ethanol to ethoxy: (i) dissociation 

of ethanol to ethoxy, (ii) O-assisted activation of ethanol to ethoxy, and (iii) OH-assisted 

activation of ethanol to ethoxy. They have found that the diffusion for most of the surface 

species is rapid and facilitates the reactions leading to selective oxidation where presence 

of surface oxygen adatom is essential in the O–H bond activation of ethanol. They also 

showed that activation barrier of the β–H elimination of ethoxy is higher than activation of 

ethanol and formation of ethyl acetate and formation of the acetic acid is not facile through 

the reaction between the adsorbed O atom and acetaldehyde due to the high activation 

barrier. 

Guan and Hensen [63] have also demonstrated that dehydrogenation of alcohols proceed 

via the initial cleavage of the hydroxyl bond, resulting in adsorbed alkoxide and hydrogen 

intermediates, followed by the removal of a β –H atom from adsorbed ethoxide to produce 

aldehyde. They concluded from infrared spectroscopy investigation that the first step is 

easier than the second and β –H removal is the rate limiting step which is in consistent 

with previous reported by Qingsen et al.[84].  They also observed that in the presence of 

oxygen, activity of ethanol dehydrogenation is considerably higher than in its absence and 

subsequent surface science studies have shown that co-adsorbed oxygen on late transition 

metals acts as a Brønsted base to facilitate O–H bond cleavage.  

Xu et al. [80] have also postulated three way mechanisms for ethanol adsorption using 

Ag(111) surface as for ethanol oxidation, (a) an oxygen-assisted dissociative adsorption, 

(b) a hydroxyl-assisted dissociative adsorption, and (c) direct dehydrogenation without any 

assistance. They found that CH3CH2OH molecules are adsorbed on Ag(111) and then 

dissociate to form CH3CH2O and OH species with lower barrier through an oxygen-

assisted dehydrogenation mechanism which indicates that ethanol can readily dissociate in 

the presence of chemisorbed oxygen atom. Also the formation of CH3CHO abstracting H 

atom from CH3CH2O occurred with chemisorbed oxygen having reaction barrier 38.6 

kJ/mol which was low in compared to 62.7 kJ.mol offered by OH assisted dissociative 

adsorption and 46.3 kJ/mol without any assistance. Therefore, they claimed that oxygen-

assisted dehydrogenation mechanism favored for this reaction. 
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Presence of surface oxygen enhanced rate of ethanol oxidation further confirmed by 

Maihom et al. [85].  They performed DFT calculations over Au exchanged ZSM-5 with 

and without surface oxygen. They found that for Au/ZSM5 and Au-O/ZSM5 dissociation 

of the O−H bond is the rate-determining step which is contrast to earlier reports [63,84], 

where β –H removal was the rate limiting step . Activation barrier of the O−H bond on the 

Au site for Au-O was found to be very less (9.0 kcal/mol) as compared to Au/ZSM5 (43.0 

kcal/mol). They reasoned that this was due to assistance of active oxygen on Au for the 

O−H bond dissociation. Surface oxygen facilitates ethanol O−H bond dissociation and 

ethoxide species formation and causes them to become both kinetically and 

thermodynamically favorable.  

In contrast to these, Zope et al. [39] showed that OH species are directly involved in the 

oxidation of ethanol and glycerol to their corresponding carboxylic acids over Au and Pt 

catalysts in basic aqueous media. The process was suggested to proceed first through Au 

catalyzed partial oxidation to generate the corresponding aldehydes which further oxidized 

to corresponding acid. They investigated that oxygen from water was participated in the 

reaction. For this, they carried out experiments with isotopically labeled water (H2
18

O) and 

molecular oxygen (
18

O2). Mass spectroscopy results revealed that 
18

O of water was 

incorporated in product They also suggested that O2 acted to scavenge electrons from the 

Au particles after oxidation of alcohol had occurred via a hydroxyl species, regenerating 

the hydroxyl and closing the catalytic cycle.  

Later, Hibbitts and Neurock [82] examined Pd catalyst for selective oxidation of ethanol 

and found that OH species act as Bronsted bases which abstract protons from the hydroxyl 

groups of adsorbed or solution phase alcohols. They have reported mechanism is 

consistent with the mechanism reported previously for Au-catalyzed alcohol oxidation 

[39]. Table 2.2 shows the activation barriers for ethanol oxidation calculated over Au 

(111), Pt(111) and Pd(111) in water 
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Table 2.2 Activation barriers for ethanol oxidation calculated over Au (111), Pt (111) and 

Pd (111) in water 

Step Reaction Au(111) 

EACT 

Pt(111) 

EACT 

Pd(111) 

EACT 

1 CH3CH2OH* + * → CH3CH2O* + H* 204 116 106 

2 CH3CH2OH* + OH* → CH3CH2O* + H2O* 22 18 0 

3 CH3CH2O* + * → CH3CHO* + H* 46 15 50 

4 CH3CH2O* + OH* → CH3CHO* + H2O* 12 24 75 

5 CH3CHO* + OH* → CH3CHOOH* + * 5 5 24 

6 CH3CHOOH* + * → CH3COOH* + H* 21 13 11 

7 CH3CHOOH* + OH* → CH3COOH* + H2O* 29 17 38 

The * represents a catalytic site on the surface. All values in kJ mol
−1

 , Au (111) and Pt(111) 

[39] and Pd(111) [82]  

 

On other hand, Li et al. [57] , Jiang et al. [88] and Holz et al. [70] have proposed Mars van 

Krevelen mechanism for ethanol oxidation. According to the Mars van Krevelen 

mechanism, the surface itself is an active part in the reaction. In this mechanism, the 

oxidation of reactants occurs by two sequential steps, (i) reactant molecule initially 

reduces an oxidized oxide surface site and (ii) then the reduced surface site is subsequently 

reoxidized with oxygen that comes from the catalyst itself, the lattice oxygen in this case, 

and not from gas phase molecular O2 (Langmuir-Hinshelwood mechanism). When the 

reaction product desorbs, a vacancy is left behind in the surface. The vacancy is now filled 

again by a reactant atom from the bulk, rather than directly by the gas phase. As a matter 

of fact, whether the vacancies are filled by the bulk or the gas phase is still a subject of 

intense debate in the catalysis community, even though this difference does not influence 

the relevant processes within the reaction mechanism itself. Below Table 2.3 shows 

elementary steps for ethanol oxidation derived from Mars van Krevelen mechanism. 

Where O* represents lattice oxygen, *OH denotes hydroxyl group, * represents a reduced 

metal center, consisting of an oxygen vacancy in the reducible mixed oxides, CH3CH2O* 

is an ethoxide species attached to a Mi cation (C2H5-O-Mi), and CH3CHO* and 

CH3CHO2* are adsorbed acetaldehyde and acetic acid species, respectively [57,88]. 
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Table 2.3 Elementary steps for ethanol reaction derived from Mars van Krevelen 

mechanism 

Step Reaction  

1 CH3CH2OH* + O*  + *    →  CH3CH2O* + *OH 

2 CH3CH2O* + O*              →  CH3CHO* +  *OH 

3 CH3CHO*                        →  CH3CHO + * 

4 CH3CHO* + O*              →   CH3CHO2* + * 

5 CH3CHO2* + *               →   CH3COOH + * 

6 *OH + *OH                    →   H2O + O* + * 

7 O2 + * + *                      →    O*  + O* 

Therefore, no general consensus has been reached on the type of hydrogen involved in the 

initial deprotonation of ethanol. Whether this rate-determining step is the surface reaction 

between chemisorbed ethanol and oxygen or β –H elimination of ethoxide is not yet clear. 

2.7 Catalyst characterization technique 

Many characterization techniques have been used in catalysis research, with the intent to 

cover the reactant mechanism and analyze the catalyst composition and look at catalyst 

behavior [89]. In this section, a brief introduction to the theory and principle of various 

characterization techniques employed in the present study are discussed.  

2.7.1   X-ray powder diffraction (XRD) 

 

2.7.1.1 Background 

Powder X-ray diffraction is commonly used tool to identify and measure the uniqueness of 

structure, phase purity, degree of crystallinity and unit cell parameters of crystallite 

materials. The XRD patterns are recorded by the measurements of the angles at which the 

X-ray beams are diffracted by the sample. The relation between the distance between two 

hkl planes (d) and angle of diffraction (2θ) is given by Bragg‘s equation as follows (eq. 

2.5):  

nλ= 2d sinθ ………………… (2.5) 
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Where λ = wavelength of X-rays, n= an integer known as the order of reflection (h, k, and 

l represent Miller indices of respective planes) [90,91]. The diffraction patterns provides 

various information like planes of material, phase purity, degree of crystallinity, and unit 

cell parameters of material [92]. The identification of phase is based on a comparison of a 

set of reflections of the sample with that of pure reference phases distributed by 

International Center for Diffraction Data (ICDD). Unit cell parameter (a) of a cubic lattice 

can be determined by the following equation (eq 2.6):  

a = dhkl(h
2
 + k

2
 + l

2
)
1/2

 ………………….. (2.6) 

 where d = distance between two consecutive parallel planes having Miller indices h, k, 

and l [90]. 

2.7.1.2- Experimental 

In this study, powder X-ray Diffraction (XRD) analysis was performed on a Bruker - D8 

Discover equipped with Ni-filtered Cu Kα radiation source (λ = 1.542 Å) 40 kV and 30 

mA. The diffractograms were recorded in the 2θ range of 20 - 90°
 
with a 2θ step size of 

0.02° and a scanning speed of 6° min
-1

.  

2.7.2 Electron microscopy (SEM, EDX and TEM)  

 

2.7.1.2 Background 

Scanning electron microscopy (SEM) is well known techniques for characterization of 

catalyst. In this technique electrons are employed as an alternative source of light to 

generate the image. It is technique just not provides only topology of the catalyst but 

combined with energy –dispersive X-ray spectroscopy (EDX), chemical composition of 

catalyst can also be determined. Generally electrons beam are produced by a metallic 

filament cathode. The filament heated in vacuum by a passing a voltage on it. Due to high 

melting point and lowest vapor pressure of tungsten, it is mostly used as filament. 

Filament generated electrons interact with atoms of the sample which producing a signals. 

These singles bear various information of the sample regarding to its topography and 

chemical composition. The electron beam is typically scanned in raster pattern. The 

interaction between primary beam of electrons and samples, originates two types of 

electrons, (i) generated from sample surface known as emitted electrons and (ii) secondary 
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electrons describes as reflected electrons due to emission of electromagnetic radiation ( 

characteristic X-rays ) and other photons of various energies.  The emitted electrons from 

the sample have high electron energy and are called backscatter electrons (BSE), which 

mainly used for showing the contrast in chemical components. Secondary electrons are 

reflected electrons have low energy than the backscatter electrons as a result of the 

inelastic interaction of the primary beam with the sample where significant energy loss 

was occurred. However a secondary electrons detector collects these electrons. Both 

electrons secondary and backscatter are converted to a signal then sent to a viewing 

screen.  As a result, high resolution topographical images can be obtained in this detection 

mode. SEM is non-destructive to samples although some electron beam damage is 

possible. SEM scans over a sample surface with a probe of electrons (5-50 kV) and detects 

the yield of either secondary or back scattered electrons as a function of the position of the 

primary beam. Magnification of 10-500,000 times is possible with a resolution of about 1 

nm [93]. 

Energy dispersive X-ray spectroscopy (EDX) also known as EDS, EDXS or XEDS or 

called energy dispersive X-ray analysis (EDXA) or energy dispersive X-ray microanalysis 

(EDXMA). It is alternative and useful analytical technique to characterize the chemical 

composition or element analysis of catalysts. The high energy beam of electron is focused 

on the sample to stimulate the characteristic emission of X-ray from the sample. The 

focused beam can excite inner electron. The hole is generated where electron was ejected.  

The vacate electron hole refills electron from higher energy level.  As a result, difference 

in energy between higher and lower shell released in the form of X-ray which can be 

qualitative and quantitative measured by energy dispersive spectrometer [94]. 

Transmission electron microscopy (TEM) is a very powerful tool in the catalyst and 

material science fields. It determines size, shape and composition of the catalyst. It works 

on the principle of light microscope using electrons instead of light. Small wavelength of 

electrons enables high resolution. In the TEM the electrons beam is transmitted through 

thin film and interacting with specimen. The electrons that transmit through the sample are 

magnified by electromagnetic lenses and then hit a fluorescent screen are generate the 

TEM image. Based on atom density metals generally have a higher electrons density than 

supports, therefore they appear darker in the TEM image. Selected area electron 
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diffraction (SAED) technique can be done inside the TEM. It is similar to XRD and useful 

to determine crystal structure [95]. 

2.7.2.2 Experimental 

In this study, surface morphology of the catalyst and chemical composition were investigated 

with scanning electron microscopy (SEM) and energy dispersive x-ray analysis (EDX) using  

JEOL make model 7600F FESEM. Transmissions electron microscopy (TEM) images of the 

catalyst were recorded on a Philips CM 200 microscope operating at 200 kV. The samples 

were dispersed in ethanol and kept in an ultrasonic bath for 20 min, then deposited on a 

carbon covered copper grid for each measurement. 

2.7.3 Fourier transform infrared spectroscopy (FTIR) 

 

2.7.3.1 Background 

Fourier transform infrared (FTIR) spectroscopy deals with the vibration of chemical bonds 

in a molecule at various frequencies depending on the elements and types of bonds. After 

absorbing of infrared radiation the frequency of vibration of a bond increases leading to 

transition between ground state and several excited states. These absorption frequencies 

represent excitations of vibrations of the chemical bonds and thus are specific to the type 

of bond (stretching or bending vibration) and the group of atoms involved in the vibration. 

The obtained infrared absorption bands in the range of 400 - 4000 cm
-1 

are the 

characteristic for the functional group present in the catalyst. The term Fourier transform 

(FT) deals a mathematical process to convert data from interference pattern to an infrared 

absorption spectrum [96].  

2.7.3.2 Experimental 

In this study, Fourier Transform Infrared Spectroscopy (FTIR) spectra of catalyst samples 

were collected in reflection mode using ZnSe optics in Bruker Alpha Eco-ATR 

spectrometer. The instrument was operated in the range of cm 
−1

.  
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2.7.4 Thermo gravimetric analysis (TGA) 

 

2.7.4.1 Background 

Thermo gravimetric analysis (TGA) is a method to evaluate the weight loss of catalyst 

with increasing temperature. It is a highly sensitive technique, which provides information 

about the weight percentage of moisture, volatiles and solvent in samples. It is carried out 

by placing the sample in a weighing balance and heating the sample at a controlled rate. 

The weight loss is studied in various ambient atmospheres such nitrogen or air [97]. From 

weight lost of catalyst, the oxygen storage capacity (OSC) of the material can also be 

determined which may be playing a significant role to enhance the catalytical activity. 

 2.7.4.2 Experimental 

In this study, Oxygen storage capacity (OSC) was measured by thermo gravimetric 

analysis (TGA) on a Mettler Toledo TG-SDTA apparatus. OSC measurement was carried 

out for specimen with heating and cooling cycles. Firstly, the sample was heated from 

ambient temperature to 800 °C under N2 flow, then cooling to 150 °C in dry air and again 

heating to 800 °C in N2 environment. All heating and cooling rates were 5 °C min
-1

. 

Weight loss of sample during the second heating cycle was used to determine the oxygen 

release properties.   

Literature shows that various oxides such as TiO2, Al2O3, MgAl2O4, NiO, and Fe3O4 have 

been explored for the oxidation of ethanol; however less work was reported on CeO2, 

while ZrO2 and mixed oxide of CexZr1-xO2 have not been reported for bioethanol oxidation 

reaction. Literature also revealed that selectivity towards acetaldehyde is decreased with 

increased temperature. Majority work has been carried our using higher ethanol 

concentration (50 - 100 %) in water rather than bioethanol. Catalysts stability has also not 

well performed.  

Therefore it is a necessary that employ catalysts should attain high selectivity towards 

acetaldehyde and also display higher catalytic stability at the reaction conditions. At 

present cost of acetaldehyde is higher than acetic acid hence it would be advantage to 

produce acetaldehyde. 
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CHAPTER – 3 

Liquid Phase Oxidation of Bioethanol 

3.1 Introduction  

Selective oxidation of ethanol using molecular oxygen has received considerable attention 

in the recent past due to its potential application in the production of intermediates in the 

fine chemicals industries [1]. Many heterogeneous catalysts have been reported to be 

active for this transformation and recently supported gold nanoparticles have been shown 

to be highly effective [2]. Acetic acid production in the liquid phase of aqueous ethanol 

was achieved only by supported Au catalysts. Christensen et al. were first to report that in 

a batch reactor at 180 °C, supported Au catalysts exhibited best performance for acetic 

acid production with a selectivity of 86% [3]. They showed that over MgAl2O4 support 

oxidation of ethanol with air proceeds deeper to yield acetic acid in the order of Pd, Pt, and 

Au. Later Au/TiO2 [4] , Au/SiO2 [5], Au supported on ZnO, TiO2 and Al2O3 [6] were also 

reported for the selective oxidation of ethanol to acetic acid. Au supported on ZnO and 

TiO2 provide higher conversion and higher acetic acid selectivity [6,7]. Co-precipitated 

Au/NiO doped with Cu calcined at 300 °C showed good activity even at 120 °C with 

selectivities to acetic acid above 90% [8]. The rate determining step is oxygen assisted 

dehydrogenation of ethanol to acetaldehyde. At ethanol concentrations above 60 wt% the 

main product shifts towards ethyl acetate through the esterification of acetic acid [4].  

From above cited literature, it is clear that supports are playing a vital role in the ethanol 

oxidation reaction and also trend towards the use of more environment friendly and energy 

efficient catalyst is evident. The acidic nature of the supports will enhance the conversion 

[9]. Zeolite being a solid acid catalyst is widely used in many reactions like alkylation, 

condensations reactions of carbonyl compounds, isomerization, oxidations, epoxidations 

of olefins etc [10]. 

The aim of the present study is to evaluate the effect of various zeolites as a support over 

Au and Ag metal particles for the liquid phase oxidation of bioethanol and the various 

parameters affecting the oxidation of bioethanol. The experiments are carried out using 

aqueous ethanol solution and the effects of reaction time, initial concentration of ethanol 

and ethanol/O2 mole ratio have been studied. 
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3.2 Thermodynamic calculation 

The accomplishment of any reaction depends on the reaction condition, controlling 

parameters etc. It is necessary to check the segments of reactant at the reaction condition. 

If we carried out the reaction in liquid phase then reactant required to be remained in the 

liquid phase at the reaction condition. The reaction pressure should be higher than the 

pressure where the first bubble generated from the reaction mixtures. Hence it necessary to 

find out the pressure at which first bubble (Pbubble) forms from the reaction mixture. In this 

section we have calculated activity coefficient to calculate Pbubble.  

3.2.1 Calculation for activity coefficient 

Various methods like NRTL, Wilson, UNIFAC, UNIQUAC etc. are available to calculate 

the activity coefficient. The UNIFAC method for estimation of activity coefficient 

depends on the concept that liquid mixture may be considered a solution of structural unit 

from which the molecules are formed rather than a solution of molecules themselves. 

These structural units are called sub groups.  

A number designated k, identified each sub groups. The relative volume Rk and relative 

surface Qk are the properties of the sub groups.  

The UNIFAC method based on UNIQUAC equation, for which the activity co efficient 

given by eq. (3.1) 

𝐼𝑛 𝛾𝑖 = ln 𝛾𝑖 𝐶 +  ln 𝛾𝑖 𝑅…………………… (3.1) 

ln 𝛾𝑖 𝐶 = 1 − 𝐽𝑖 + ln 𝐽𝑖 − 5𝑞𝑖( 1 −
𝐽𝑖
𝐿𝑖

 +  ln
𝐽𝑖
𝐿𝑖 𝑖

……………… . (3.2) 

ln 𝛾𝑖 𝑅 = 𝑞𝑖[1 −  (𝜃𝑘

𝛽𝑖𝑘

𝑆𝑘
𝑗

− 𝑒𝑘𝑖 𝑙𝑛 
𝛽𝑖𝑘

𝑆𝑘
)……………… . (3.3) 

𝐽𝑖 =
𝑟𝑖

 𝑟𝑗𝑥𝑗𝑗
 ……………… . (3.4) 

𝐿𝑖 =
𝑞𝑖

 𝑞𝑗𝑥𝑗𝑗
 ……………… . (3.5) 
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𝑠𝑖 =  𝜃𝑖𝜏𝑙𝑖  ……………… . (3.6) 

𝑟𝑖 =  𝜗𝑘 𝑖 𝑅𝑘

𝑘

 …………… (3.7) 

𝑞𝑖 =  𝜗𝑘 𝑖 𝑄𝑘

𝑘

 …………… (3.8) 

𝑒𝑘𝑖 =
𝜗𝑘 𝑖 𝑄𝑘

𝑞𝑖
……………… (3.9) 

𝛽𝑘𝑖 =  𝑒𝑚𝑖 𝜏𝑚𝑘 …………… (3.10) 

𝜃𝑘 =
 𝑥𝑖𝑞𝑖𝑖 𝑒𝑘𝑖
 𝑥𝑗𝑞𝑗𝑗

………………(3.11) 

𝑆𝑘 =  𝜃𝑚𝜏𝑚𝑘 ……………… (3.12) 

𝜏𝑚𝑘 = 𝑒
−𝑎𝑚𝑘

𝑇 ………………… (3.13) 

Where, Subscripts i identifies species and j is a dummy index running over all species. 

Subscript k identifies subgroups, and m is a dummy index running over all subgroups. The 

quantity ʋk(i) is the number of subgroups of type k in a species i. Values of subgroups 

parameter Rk and Qk and of the amk are taken from tabulations for UNIFAC – VLE 

subgroup parameters and UNIFAC – VLE interaction parameters, amk [11].  

Pbubble is calculated at constant mole fraction (X1 = 0.1 and X2 = 0.9) for temperature range 

110 – 240 °C. Where X1 is mole fraction ethanol and X2 is mole fraction of water. 

(Detailed calculation is in APPENDIX A) 
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Table3.1 Pbubble at constant mole fraction for temperature range 110 – 240 °C 

 

activity coefficient for X1 = 0.1 and X2 = 0.9 

 

X1 0.1 

X2 0.9 

Temp, °C Activity coefficient  Pbubble, bar P1sat (bar) P2sat (bar) 

 Y1 Y2    

110 3.3545 1.0341702 2.9303 3.14813 1.43365 

120 3.341795 1.033669 3.2772 4.29552 1.97972 

130 3.328729 1.033263 4.4133 5.75174 2.68707 

140 3.315384 1.03288 5.8464 7.56952 3.58965 

150 3.301813 1.03252 7.6292 9.80676 4.42552 

160 3.288063 1.032179 9.81863 12.5234 6.13682 

170 3.274173 1.031857 12.4757 15.7821 7.86974 

180 3.260176 1.031557 15.6656 19.6476 9.97443 

190 3.246101 1.031261 19.4571 24.1861 12.5048 

200 3.231974 1.030985 23.9323 29.4645 15.5186 

210 3.217816 1.030723 29.1355 35.5503 19.0763 

220 3.203645 1.030472 35.17443 42.5105 23.2424 

230 3.189479 1.030233 42.1179 50.4117 28.0834 

240 3.175331 1.030004 50.04692 59.3192 33.6688 

 

Table 3.1 and Figure 3.1 depicts the calculation of Pbubble at constant mole fraction (X1 = 

0.1 & X2 = 0.9) for temperature range 110 – 240 °C. Initially the reactor was pressurized 

to 22 bar at room temperature and then increased temperature to 200 °C. It was observed 

that pressure also increased with temperature and reached to 45 bar. As compared to 23 

bar (Pbubble calculated) at 200 °C, reaction pressure was 45 bar at reaction condition which 

sufficiently greater than Pbubble calculated. Thus it is confirmed that at the reaction 

condition reactant will remain in the liquid phase. 
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Figure 3.1 Pbubble at constant mole fraction for temperature range 110 – 240 °C 

Further, activity coefficient was determined for different mole fraction at 200 °C and 

obtained values are shown in Table 3.2.  

Table 3.2  Activity coefficient for different mole fraction at 200 °C 

Mole fraction Activity coefficient Pbubble, bar 

X1 X2 Y1 Y2  

0 1 6.0122 1 15.5186 

0.05 0.95 4.2468 1.0087 21.12666 

0.1 0.9 3.232 1.031 23.92235 

0.15 0.85 2.6003 1.0633 25.51833 

0.2 0.8 2.1824 1.1034 26.55895 

0.25 0.75 1.8924 1.1499 27.32296 

0.3 0.7 1.6836 1.2019 27.93759 

0.35 0.65 1.5285 1.259 28.46251 

0.4 0.6 1.4106 1.321 28.92537 

0.45 0.55 1.3193 1.3879 29.33866 

0.5 0.5 1.2473 1.4601 29.70445 

0.55 0.45 1.19 1.5379 30.02362 

0.6 0.4 1.1439 1.6222 30.29224 

0.65 0.35 1.1067 1.714 30.50499 

0.7 0.3 1.0767 1.8147 30.65496 

0.75 0.25 1.0526 1.9263 30.73451 

0.8 0.2 1.0335 2.0512 30.72836 

0.85 0.15 1.019 2.1931 30.62508 

0.9 0.1 1.0086 2.3567 30.40236 

0.95 0.05 1.0022 2.5486 30.03028 

1 0 1 2.7784 29.4645 
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As seen in Table 3.2 and Figure 3.2, maximum Pbubble was approximately 31 bar for 75 wt 

% ethanol and 25 wt % water. During the experiments for 2.5–10 wt % bioethanol, it was 

observed that reaction pressure was around 40–45 bar. Therefore, liquid reactant 

(bioethanol) was remained in the liquid phase is confirmed from above calculation. 

 

Figure 3.2 Activity coefficient for different mole fraction at 200 °C 

 

3.3 Experimental 

 

3.3.1 Catalyst Preparation 

 

3.3.1.1 Method to convert as synthesized zeolite into active proton form  

Zeolites obtained in as synthesized form were calcined in flowing air at 540 °C for 6 - 8 h 

to remove the occluded organic template. This treatment leaves zeolite in the Na-form. 

This Na present in the zeolite was ion exchanged with 15 ml 10% ammonium nitrate per 

gm of catalyst under reflux for three times, each for 4 hours followed by washing with hot 

distilled water. Thus zeolite in NH
4+

 form was obtained.  
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The NH4
+
 form zeolite was calcined at high temperature to decompose NH4

+
 ions into H

+
 

and NH3. After the liberation of ammonia, protons are bonded with surface oxygen to give 

the bridging form SiO(H)Al- of Bronsted acid sites.  

An equilibrium exists between this bridging form and the form in which silanol (-SiOH) 

group is adjacent to a tri-coordinate aluminum that constitutes the Lewis acid site. Higher 

calcination temperature (> 500 °C) of zeolite resulted in dehydroxylation process in which 

Bronsted acid sites were converted to Lewis acid sites.  Figure 3.3 shows the diagram of a 

zeolite framework surface to convert as synthesized zeolite into active proton form. 

 

Figure 3.3 Diagram of a zeolite framework surface (a) the as- synthesized form, M
+
 is 

either an organic cation or an alkali metal cation. (b) Ammonium ion exchange produces 

the NH4
+
 exchanged form. (c) Thermal treatment is used to remove ammonia, producing 

the H
+
, acid form (d) Equilibrium form showing a silanol group adjacent to tri-coordinate 

aluminum. 

 



                                                                                     Liquid phase oxidation of bioethanol  

Paresh H. Rana                                              51                                                Ph.D. Thesis                                                                      

 

3.3.1.2 Incipient wetness impregnation method for catalyst synthesis 

Incipient wetness impregnation method also called capillary impregnation or dry 

impregnation is a commonly used technique for the synthesis of catalyst. Typically, the 

active metal precursor was dissolved in an aqueous or organic solution. Then the metal 

containing solution was added to a catalyst support containing the same pore volume as 

the volume of the solution that was added. Capillary action draws the solution into the 

pores. Solution added in excess of the support pore volume causes the solution transport to 

change from a capillary action process to a diffusion process, which is much slower. The 

catalyst can then be dried and calcined to drive off the volatile components within the 

solution, depositing the metal on the catalyst surface. The maximum loading is limited by 

the solubility of the precursor in the solution. The concentration profile of the impregnated 

compound depends on the mass transfer conditions within the pores during impregnation 

and drying [12]. 

Synthesis of Au and Ag particles supported zeolites:-   

Required amount of metal precursor salt (AgNO3, 1 wt %) was dissolved in 20 mL distilled 

water and subsequently added drop-wise to support (HZSM5) suspension in water with 

stirring. Resulting slurry was stirred at room temperature for 1 h. Subsequently, the mixture 

was dried at 100 °C for 12 h. Dry powder was then calcined at 350 °C (10 °C min
-1

) for 4 h 

under air flow (50 mL/min). The catalyst was reduced under H2 flow (50 mL/min) at 350 

°C (10 °C min
-1

) for 3 h.  

Au supported on HZSM5, HY and Hβ were prepared according to above for Ag/HZSM5. 

However, calcinations rate for HZSM 5 and HY were 10°C/min and for Hβ was 2°C/min. 

3.3.2 Catalyst evaluation for bioethanol oxidation 

 

3.3.2.1 Catalytic activity measurement 

The experiment was conducted in 100 mL stainless steel autoclave reactor (Figure 3.4). The 

stirrer was only used for stirring the liquid mixture inside the autoclave not for heating 

purposes. The autoclave was surrounded by a heating coil jacket, which was then connected to 

a temperature controller together with a thermocouple to control the inside temperature of the 

autoclave. The autoclave was charged with 20 mL of aqueous ethanol of desired concentration 
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ranging from 2.5 - 10 wt % ethanol diluted with water, and 150 - 250 mg of the catalyst. It was 

then closed and charged with technical air (80 vol% N2, 20 vol% O2) at the required pressure 

of 22 bar. The autoclave was then heated to the desired reaction temperature of 150 - 200 °C 

under stirring conditions for a required reaction time. Stirring was kept constant (1000 rpm) 

for the reactions. After each reaction, the autoclave was cooled with an ice-water mixture to a 

temperature below 10 °C, to ensure that volatile products did not escape. At the end of each 

run, the liquid reaction mixture was separated from the catalyst by centrifuge and then 

analyzed by gas chromatograph equipped using Agilent DB 624 column (30 m x0.25 mm id) 

with flame ionization detector (FID). At the end of reaction the autoclave was depressurized. 

We were not able to find the presence of gaseous products from the reaction such as CO2. 

 

Figure 3.4 Picture of autoclave used for bioethanol oxidation 

To evaluate the performance of the catalytic systems, conversions of ethanol (Xethanol, %) 

and selectivity to products (S) is defined as follow: ethanol conversion (XA) was 

calculated from ratio of the amount of ethanol converted and initial amount of ethanol. 

Selectivities to the reaction products such as acetaldehyde, ethyl acetate and acetic acid (S) 

were calculated from the amount of the products formed divided by the amount of ethanol 

converted. 
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3.4 Results and discussion 

 

3.4.1 Catalyst characterization 

 

The catalysts were characterized using fourier transform infrared spectroscopy (FTIR), x-

ray diffraction pattern (XRD) and scanning electron microscopy (SEM) as described in 

chapter 2 (section 2.7). 

3.4.1.1 FTIR spectra of Ag/HZSM5 and Au over various zeolites 

  

 

Figure 3.5 FTIR spectra of HZSM5 and Ag/HZSM5 in the region 500 – 4000 cm
-1

 

Fourier transform infra red (FTIR) spectrum of H-ZSM-5 and Ag/HZSM5 samples in the 

range of 400–4000 cm
−1

 are studied and shown in Figure 3.5. It can be observed that there 

was no significant band position shifts, hence no isomorphous substitution in zeolite 

framework took place[13] (Figure 3.5). This indicates that the zeolite framework had 

remained intact. Sharp peak at 543 cm
−1

 could be assigned to the structurally sensitive 

double five member ring tetrahedral vibrations and it is typical for the crystalline ZSM-5 

zeolite [13,14]. IR bands around 790 and 1075 cm
−1

 can be assigned to the symmetric and 

asymmetric stretching vibrations of the Si–O–Si linkages of the zeolite framework, 

respectively. Vibration modes of 1075 and 799 cm
−1

 are assigned to the internal vibration 

of SiO4 and AlO4 tetrahedra and a small IR band near 1220 cm
−1

 is attributed to their 

asymmetric stretching vibration. Small H–OH bending vibrations of adsorbed water 
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molecules are observed at 1625 cm
−1

. It indicates the presence of adsorbed water in 

samples that occurred during incipient wet impregnation process. The bands of 

Ag/HZSM5 demonstrated a significant change in the frequency shift or a reduction in the 

intensity framework. This indicates that Ag/HZSM5 catalysts experienced a significant 

change in the number of those forming framework bonds[14].  
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Figure 3.6 FTIR spectra of (a) HZSM5 and Au/HZSM5  (b) HY and Au/HY and (c) Hβ 

and Au/Hβ in the region 500 – 4000 cm
-1

 

Figure 3.6 (a) shows IR spectra of HZSM5 and Au/HZSM5 in the region 500 – 4000 cm
-1

. 

In Figure 3.6 (a), bands at 1220, 1075, 790 and 545 cm
-1 

are to similar observed in Figure 

3.5 and their descriptions are same as discussed for HZSM5 and Ag/HZSM5. Structure of 

HY (Faujasite) is characterized by the functional groups and regions found in Figure 3.6 

(b). Band that appears at 1620 cm
-1

 reveals to bending vibration of water molecules in 

zeolite structure. Bands around 1030 cm
-1

 indicates presence of Si-O and assigned to 

external asymmetrical stretching while the band at about 740 cm
-1

 associated with 

symmetric stretching modes of external linkages [14,15]. The double ring opening 

vibration at 550 cm
-1

 is to the assigned to the T-O-T (T=Si/Al) bending vibration of zeolite 

framework [16]. Hβ and Au/Hβ spectra (Figure 3.6 (c)) also exhibit band in the region of 

1630, 1220, 1068, 780 and 550 cm
-1 

are due to water bending vibration, asymmetrical 

stretching vibration, symmetric and asymmetric stretching vibrations of the Si–O–Si 

linkages of the zeolite framework and double ring opening vibration of external linkages, 

respectively [17]. In general FTIR spectra of various zeolites in Fig. 3.5 and 3.6 (a – c) 

reveal that the vibrations of zeolites are in the same range as given in Table 3.3.  
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Table 3.3 Assignment of zeolite lattice vibration  

Internal  

Tetrahedra  

Vibrations  

cm
-1

  

External  

Linkages  

Vibrations  

cm
-1

  

Asymmetric Stretch  

 

1250 - 1200 Double ring  

 

600 -500 

Symmetric Stretch 750 -800 Symmetric 

Stretch 

800- 750 

  Asymmetric 

stretch 

1150 -1020 

 

3.4.1.2 XRD of Au over various zeolite 

 

XRD patterns of HZSM5 and Au/HZSM5 catalysts are shown in Figure 3.7 (a). The XRD 

pattern of the Au impregnated HZSM5 completely matched with that of the parent 

HZSM5, which indicates that the impregnation has no obvious effect on the parent zeolite 

structure. There was also no new phase formation during heat treatment and zeolite 

modification. The XRD pattern of the Au impregnated HZSM5 indicates that the structure 

of the zeolites remains intact after loading metal over the HZSM5 catalyst [13,15]. 

However a slight decrease in peak intensities of HZSM5 sample was observed. The slight 

decrease of crystallinity is possibly due to the removal of some silica sites from the zeolite 

framework, because of the impregnated Au.  

A single crystalline phase of the HZSM5 structure is confirmed by observing the typical 

reflection peaks at 2𝜃 of 13.96°, 23.98°, 24.57°, 26.02°, 27.05°, 29.22°, 29.46°, 30.10°, 

and 45.44° [14,18]. HZSM5 zeolite catalyst is hydrothermally and chemically stable and 

the XRD patterns are similar to that of the usual HZSM5 reported earlier in the scientific 

literature[18]. Compared to XRD of HZSM5 additional three new peaks around 38.2°, 

44.5° and 64.58° are observed for Au/HZSM5. These peaks are characteristic diffraction 

peaks of Au nanoparticles and are corresponding to the (111), (200) and (220) planes, 

respectively [14].  
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Figure 3.7 XRD of (a) HZSM5 and Au/HZSM5 (b) HY and Au/HY and (c) Hβ and 

Au/Hβ 
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The characteristic peaks at HY at 2𝜃 of 15.8° and 23.1° confirmed the crystalline structure 

of HY [14,18,19] (figure 3.7 (b)). In case of Au/HY, peaks at 38.2°, 44.5° and 64.58° are 

observed and confirming the impregnation of Au nanoparticles to HY. 

. 
 

The XRD patterns of Hβ catalysts (Figure. 3.7 (c)) shows similar pattern to that of the 

parent Hβ [20] as indicated by the diffraction angle at 2𝜃 = 16.5°, 22.5°, 25.3°, 26.9° and  

29.5°. The presence of all the typical XRD peaks for Hβ in Au/Hβ indicates the 

framework structure has been retained after Au impregnation. Similar to Au/HZSM5 and 

Au/HY, peaks corresponds to Au at 38.2°, 44.5° and 64.58° are observed in Au/Hβ also. 

 

3.4.2. Catalyst activity studies 

Table 3.4 shows catalytic performance of Ag/HZSM5 and Au supported on various 

zeolites employed for liquid phase oxidation of bioethanol. Metal loading was 

approximately 1 wt % of support material. Reaction was performed at varying temperature 

from 150-200 °C while other parameters like pressure, time and O2/ethanol were kept 

constant.  

It is seen in Table 3.4 that no bioethanol conversion was found at 150 °C (entry no. 1) for 

4 h of reaction time. Upon increasing temperature from 150 °C to 175 °C and from 175 °C 

to 200 °C, marginal increased in conversion was observed and it reached to 1.4 % (175 °C, 

entry 2) and 1.8 % (200 °C, entry 3) for 4 h. Further to investigate effect of reaction time, 

reaction was carried out for 8 h at temperatures 150, 175 and 200 °C (entry 4 to 6). 

However no significant change was observed in bioethanol conversion and it was around 

2.5 % at 200 °C (entry 6). Acetaldehyde was found as major reaction product and its 

selectivity was around 80% and that of acetic acid was around 20% for Ag/HZSM5 

catalyst.  Little higher conversion was achieved with 200 °C (2.5 %) as compared to 150 

°C (0.5%) and 175 °C (1.5 %) for 8 h; hence it was decided to carry out reaction at 200 °C 

for Au supported on various zeolite catalysts. 

Au supported on different zeolites (HZSM5, HY and Hβ) was employed for oxidation of 

bioethanol with Si/Al ratio of 35, 30 and 30 respectively.  As compared to Ag/HZSM5, 

Au/HZSM5 gave higher bioethanol conversion (8%, entry 7) for 8 h, while at the end of 

24 h 10% conversion (entry 8) was obtained with same catalyst.  In case of Au/HY, 10% 
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(entry 9) and 15% (entry 10) conversion was achieved at 8h and 24 h respectively and for 

Au/Hβ, it was  around 10% (entry  11) and 17 % (entry 12) for 8 h and 24 h respectively.  

When reaction carried out with O2/ethanol mole ratio equal to unity (entry 13), lower 

bioethanol conversion (13 %) was found in compared to O2/ethanol mole ratio = 1.3 (entry 

12) where 17 % conversion obtained. This indicates that in presence of excess oxygen 

higher bioethanol conversion was achieved.  

Significant change in product distribution was observed for Au supported on different 

zeolite catalysts where acetone was chief reaction product with Au/HZSM5 and Au/HY, 

while acetaldehyde was dominant in case of Au/ Hβ even after 24 h. This was in contrast 

with reported literature [3–5, 7] where acetic acid was main reaction for long reaction 

time.  

Table 3.4 Catalytic activity of 1% Ag/HZSM-5 for aerobic oxidation of bioethanol 

(reaction condition: 20 ml 2.5 wt% ethanol, P = 22 atm, wt. of catalyst = 150 mg catalyst 

and O2/ethanol mole ratio = 1.3) and Au supported on various zeolites (reaction condition: 

20 ml 2.5 wt% ethanol, P = 22 atm, wt. of catalyst = 150 mg, T = 200 °C and O2/ethanol 

mole ratio = 1.3), * reaction carried out with O2/ethanol mole ratio = 1 

No. Catalyst Temp., 

°C 

Time, 

h 

Conv., 

% 

Selectivity, % 

Acetaldehyde Acetic 

acid 

Acetone 

1 

Ag/HZSM-5 

150 4 0 -- -- -- 

2 175 4 1.4 78 22 -- 

3 200 4 1.8 80 20 -- 

4 150 8 0.5 100 -- -- 

5 175 8 1.5 79 21 -- 

6 200 8 2.5 80 20 -- 

7 
Au/HZSM5 

200 

8 8 20 -- 80 

8 24 10 12 28 60 

9 
Au/HY 

8 10 40 -- 60 

10 24 15 14 33 53 

11 
Au/Hβ 

8 10 65 -- 35 

12 24 17 63 10 27 

13 Au/Hβ* 24 13 60 -- 40 

 

Lower bioethanol conversion with Ag and Au supported on different zeolite catalysts may 

be due to the hydrophilic nature of supports with water. These results are supported by 
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Au-Pd/zeolite silicate-1 (prepared by conventional hydrothermal route) and Au-

Pd@zeolite silicate-1 (prepared by solvent free synthesis) catalysts employed for oxidation 

of ethanol and varying concentration of ethanol-water as feedstock. Zhang et al.have 

shown that Au-Pd@zeolite silicate-1 catalyst exhibited higher activity due to its 

hydrophobicity nature, while Au-Pd/zeolite silicate-1 catalyst had under influence of water 

resulted in lower ethanol conversion [21]. Generally zeolites are hydrophilic in nature at 

lower Si/Al ratio and this argument was confirmed by several researchers [22–24]. They 

have shown that water adsorption capacity depends on Si/Al ratio which decreased with 

increased Si/Al ratio. The present catalysts can be categorized under lower Si/Al ratio 

which adsorbed water on surface resulted in hindering catalytical activity. Chen et al. [25] 

performed oxidation of ethanol using Au/ZSM5 with high Si/Al = 360 and achieved 30% 

ethanol conversion with 75% selectivity towards acetaldehyde at 250 °C. It was concluded 

that catalytical activity of present and reported catalyst highly depends on Si/Al ratio i.e. 

higher Si/Al ratio favored high catalytic activity where lower ratio resulted in decline 

activity. 

Bioethanol oxidation with Ag and Au supported on different zeolites was found low in 

bioethanol conversion.  Literature [26–28] revealed that presence of alkali enhanced the 

conversion of alcohols. Therefore it was decided to check effect of alkali (NaOH) for 

bioethanol oxidation with Ag/HZSM5 and Au/Hβ.  

Na exchanged with H of ZSM5 or Hβ was synthesized as follow: 15 ml 10% NaCl per gm 

of support was mixed with HZSM5 or Hβ. The mixture was kept under reflux for 1 hour at 

boiling condition. At the end of 1 h Na exchanged HZSM5 or Hβ was filtered and named 

Na-HZSM5 or Na-Hβ. Obtained powder of Na-HZSM5 or Na-Hβ was washed several 

times with hot water to remove impurity. Ag/Na-HZSM5 and Au/Na-Hβ were synthesized 

according to wet impregnation method, as described in detail in section 3.3.1.2.  

Ag/Na-HZSM5 and Au/Na-Hβ catalysts were employed for bioethanol oxidation for 

reaction condition as follows: 20 ml 2.5 wt% ethanol, P = 22 atm, wt. of catalyst = 150 

mg, T = 200 °C, t = 24 h and O2/ethanol mole ratio = 1.3. However no significant change 

was observed in the bioethanol conversion and it was around 2% and 10 %, respectively. 

Later on, Ag/ZrO2 purchased from stream chemicals was used for bioethanol oxidation 

without any purification. Results obtained with Ag/ZrO2 for liquid phase oxidation of 
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bioethanol are shown in Table 3.5 (reaction condition: P = 22 atm, wt. of catalyst = 150 

mg). 

Table 3.5 Catalytic activity of Ag/ZrO2 for aerobic oxidation of bioethanol ( P = 22 atm, 

wt. of catalyst = 150 mg) 

Entry Ethanol, 

wt % 

Temp, 

°C 

Time,  

h 

O2/ethanol, 

mole ratio 

Conv.,

% 

selectivity, % 

Acetaldehyde Acetic acid 

1 10 150 24 1.3 0 - - 

2 10 175 24 1.3 5 10 90 

3 30 150 6 0.3 2 100 - 

4 30 150 24 0.3 30 5 95 

In case of Ag/ZrO2, higher bioethanol concentration was employed as compared to 

Ag/HZSM5 and Au supported on zeolite catalysts. At 150 °C, no bioethanol conversion 

was observed (entry 1) which was increased to 5 % at 175 °C (entry 2). For 30 wt % 

bioethanol, conversion was increased from 2 % (entry 3) and 30 % (entry 4) with reaction 

time from 6 h and 24 h respectively at 150 °C.  As compared to Ag/HZSM5 and Au 

supported on zeolite catalysts, Ag/ZrO2 exhibited higher bioethanol conversion at cost of 

higher ethanol concentration. However, direct comparison of the catalysts cannot be made 

because of change in the reaction condition.  

3.5 Conclusion 

Various catalysts Ag/HZSM5, Au over different zeolite and Ag/ZrO2 (purchased from 

Stream chemicals) were synthesized by wet impregnation method and characterized by 

FTIR and XRD. The characterization result indicates that no significant change was 

observed in structure of HZSM5, HY and Hβ. It remains intact after the impregnation of 

metal over zeolites. Presence of metal has also been confirmed by their characteristic 

peaks observed in the characterization. Lower catalytic activity with Ag/HZSM5 and Au 

over different zeolite can be due to the hydrophilic nature of zeolite at lower Si/Al ratio. 

Water may be adsorb over the surface of the supports and block the active sites which 

resulted into less bioethanol conversion. 

Effects of various parameters like temperature, time, ethanol concentration, effect of alkali 

and O2/ethanol mole ratio have also been studied. Increase in bioethanol conversion was 

observed with increased reaction time for all employed catalyst. No bioethanol was found 

with low bioethanol concentration (2.5 wt %) at 150°C, while 30 % bioethanol conversion 
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was achieved with high bioethanol concentration (30 wt %). In case of excess oxygen 

(O2/ethanol mole ratio = 1.3) higher bioethanol conversion (17 %) found as compared to 

13% conversion with O2/ethanol mole ratio = 1. Unlike reported in literature that presence 

of alkali enhance that rate of oxidation in present study no significant change in bioethanol 

conversion was observed. 

In product distribution acetaldehyde was remain main reaction product with selectivity 

more than 78 % for Ag/HZSM5 catalyst, while 22% selectivity towards acetic acid was 

observed and with Au supported on zeolites acetone was major reaction product. Acetic 

acid was obtained with Ag/ZrO2 at higher reaction time and bioethanol concentration 
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CHAPTER – 4 

 

Gas Phase Oxidation of Bioethanol Using Various 

Metal Oxides 

Au and Ag supported on HZSM5, HY and Hβ catalysts are being used for the liquid phase 

oxidation of bioethanol in previous chapter 3. But the obtained results of bioethanol 

conversion are not very impressive as compared to reported in the literature. Hence it is 

decided to carried out gas phase oxidation of bioethanol. In this chapter, Au and Ag 

nanoparticles supported on CeO2, SiO2 and ZrO2 are examined for gas phase bioethanol oxidation 

with air. Catalysts prepared are characterized by XRD, FTIR, SEM and TEM. Catalytic behavior is 

evaluated between 200 - 350 ºC and 5 atm with gas hourly space velocity of 18000 mL gcat
-1 

h
-1

. 

Au/ZrO2 and Au/CeO2 are found   more active than other catalysts. Less activity of Ag/ZrO2 and 

Au-Ag/ZrO2 is attributed to facile oxidation of Ag under aerobic conditions. Acetaldehyde 

selectivity follows the order: Au/CeO2> Ag/ZrO2> Au-Ag/ZrO2> Au/ZrO2> Au/SiO2 under 

optimal conditions. 

4.1 Introduction  

Continuous depletion and uncertain prices of the available fossil resources pose new 

challenges to the future chemical industries, as majority (>90%) of carbonaceous 

chemicals are produced from oil. To produce bulk and fine chemicals, chemical industry 

must rely on renewable resources such as biomass instead of depleting fossils. In this 

respect, biomass can be an alternate for the production of high value commodity chemicals 

and fuels. Currently, almost 90% of ethanol is produced from biomass with an annual 

bioethanol production reached to 114 billion liters in 2013 [1]. Bioethanol produced via, 

fermentation route contains typically 90% of water, which needs be removed before 

alcohol‘s further application [2]. Process of anhydrous bioethanol is energy intensive, 

therefore it is suggested that bioethanol to be converted to value added chemicals through 

reactions which are not sensitive to its water content [3]. For instance, bioethanol can be 

used as renewable feedstock for production of H2 through catalytic steam reforming [4], 1-
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butanol [5], isobutene [6], 1,3-butadiene [7], ethyl acetate [8], acetaldehyde [9] and acetic 

acid [10] through selective oxidation or dehydrogenation [11]. 

Use of  inorganic oxidants for conversion of alcohol to aldehydes, ketones and carboxylic 

acids leads to toxic wastes [12]. To avoid potential contamination from inorganic oxidizers 

uses of molecular oxygen and air as greener oxidant have been increased in past several 

years. 

Various heterogeneous catalysts like Ru on different oxides [13], Au/SiO2 [14], Ru(OH)x 

supported on titania, alumina, ceria and spinel oxides [15] and Au nanoparticles supported 

on NiO doped with Cu [16] have been investigated for liquid phase oxidation of ethanol 

and found to chiefly form acetic acid. 

Rossi and Biella [17] studied gas phase oxidation of primary and secondary alcohols over 

the 1 wt % Au/SiO2 and in this case combined selectivity to aldehydes and ketones 

reached around 100%. This catalyst was also active in liquid phase ethanol oxidation to 

acetic acid [14]. Pd/Al2O3 [18], alkali promoted Pt/Al2O3 [19], Au/CeO2 [20], Au on 

ordered mesoporous silicas and conventional silicas [21] ,V2O5/TiO2 [22,23], zeolite 

encapsulated Au nanoparticles [24], Au/TiO2 [25], Au supported on metal oxides [26], 

MoVNbTe mixed oxides [27], Mo0.61V0.31Nb0.08Ox/TiO2 [28], Sn–Mo–O catalysts [29] 

and Au/ZSM-5 [30] with high Si/Al ratio (360:1) were employed for  ethanol oxidation to 

carbonyl compounds. Among these catalysts, supported Au nanoparticles were found to be 

most promising for aerobic oxidation of ethanol mainly due to good stability against metal 

oxidation. Catalytic performance of supported Au nanoparticles in presence of oxygen was 

confirmed to be superior to non-oxidative ethanol dehydrogenation [21]. Catalytic 

performance depends on particles size [21,24,31] and acid - base or redox properties of  

the support [11]. Supported bimetallic Au-Cu [32] and Au-Ir [33]catalysts have also been 

reported for aerobic oxidation of ethanol. However with these catalysts, higher reaction 

temperature resulted in lower acetaldehyde selectivity and poor catalyst stability. 

Cerium oxide (CeO2) is a rare earth oxide and because of its unique properties which 

include oxygen mobility, non-toxicity, high chemical stability and high charge transfer 

capacity has received attention from many researchers [34]. CeO2 has two valence states-

Ce
3+

 and Ce
4+ 

and easy transformation between these two states is an imperative factor in 

its catalytic activity. This rapid change of oxidation states is related to its ability to store 
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and release oxygen, a property often measured as Oxygen Storage Capacity (OSC) [35]. It 

serves as an active oxygen donor in many reactions, such as three-way catalytic reactions, 

low temperature water gas shift reaction, oxygen sensors, oxygen permeation membrane 

systems and fuel cells [36]. 

Zirconia (ZrO2), due to its acidity, basicity, superficial vacancies and oxygen mobility 

[37,38] is used as solid support that can improve catalytic activity of transition metals. 

ZrO2 has been applied for many organic reactions such as water-gas shift reaction, cumene 

decomposition, alcohols oxidation and acrylic ester synthesis [39]. 

Most previous reported work on ethanol oxidation used high ethanol concentration (50-

100%) in water. Though CeO2 and ZrO2 are well known solid supports but have not been 

considered for bioethanol oxidation using group 1B metals. In this study, we have 

examined catalytic behavior of (1) Au supported on CeO2, ZrO2 and SiO2 and (2) Ag and 

Au-Ag supported on ZrO2 for gas phase oxidation of aqueous ethanol (10 wt %).  

 

4.2 Experimental section 

 

4.2.1 Synthesis of catalyst 

 

Catalysts are prepared using the wet impregnation method. 1% Au over CeO2, ZrO2 and 

SiO2 are synthesized according to this method, as described in detail in chapter 3 (section 

3.3.1.2). Other catalysts, Au, Ag (1 wt%) and Au-Ag (0.5-0.5 wt%) on ZrO2 are prepared 

as described elsewhere [40], in which prepared catalysts were calcined at 450 °C (3 °C 

min-1) for 5 h under air flow and reduced under H2 flow at 250 °C (10 °C min-1) for 1.5 h. 

4.2.2 Catalyst characterization 

 

Surface morphology of the catalyst is investigated with scanning electron microscopy 

(SEM) (JEOL make model 7600F FESEM) and transmission electron microscopy (TEM) 

(Philips CM 200 operated at 200kV). Catalyst structures are examined by X-ray 

diffraction (XRD) on a Bruker - D8 Discover equipped with a Ni-filtered Cu Kα radiation 

source (λ = 1.542 Å) of 40 kV and 30 mA. FTIR spectra of samples are collected in 
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reflection mode using ZnSe optics in Bruker Alpha Eco-ATR spectrometer. The 

instrument was operated in the range of 400 - 4000 cm
−1

.  

4.2.3 Catalyst activity test 

 

Catalysts were tested for ethanol conversion using heated stainless steel continuous fixed 

bed down flow reactor. For reaction, 1g of catalyst was loaded in the reactor. Prior to 

entering the reactor, reactant (aqueous ethanol, 10 wt %) was vaporized in a pre heater and 

mixed with synthetic air (21 % O2, 79% N2). Volumetric composition of feed mixture 

ethanol/O2/N2 is 0.002:20.95:78.84. Corresponding air flow rate was 300 mL/min and the 

GHSV is 18000 mL gcat
-1 

h
-1

 for all experiments. The mixture passed through catalyst bed 

for 1 h before monitoring reaction product. Temperature inside the reactor was measured 

by an internally positioned thermocouple placed on the catalyst bed. Reaction products 

were analyzed by a gas chromatography using Shimadzu Equity-5 innowax column (30 m, 

0.32 mm, 0.25 μm) with both a flame ionization detector (FID) and thermal conductivity 

detector (TCD).  

Catalytic performance of the system was evaluated on the basis of conversion of 

bioethanol and products selectivity as defined in section 3.3.2.1. 

 

Figure 4.1 Picture of reactor used for Gas phase oxidation of bioethanol 
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4.3 Result and discussion 

 

4.3.1 Catalyst characterization 

 

The catalysts were characterized using Fourier transform infrared spectroscopy (FTIR), x-

ray diffraction pattern (XRD), Transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM). 

4.3.1.1 Scanning electron microscope  

  

SEM images of supported metal (Au, Ag and Au-Ag) particles, as shown in Figure 4.2, 

show the metal particles to be uniformly distributed on the surface. In some surface areas, 

clusters containing several metal nanoparticles are observed however it is difficult to 

identify the size of metal cluster. In addition, presence of small metal particles identified 

on SEM images was consistent with X-ray diffraction results.   
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Figure 4.2 SEM images of (a) Au/CeO2 (b) Au/SiO2 (c) Au/ZrO2 (d) Ag/ZrO2 and (e) 

Au - Ag/ZrO2 

4.3.1.2 Transmission electron microscope 

TEM images of metal nanoparticles supported on CeO2, SiO2 and ZrO2 shown in Figure 

4.3 (a – e) reveled that metal nanoparticles are on the surfaces of CeO2, SiO2 and ZrO2. 

TEM images for Au/CeO2 (Figure 4.3 (a)) and Au/SiO2 (Figure 4.3 (b)) showed that 

average Au particles size are in the range of 15-20 nm and 25-30 nm, respectively. TEM 

images of Au, Ag and Au-Ag on ZrO2 are Figure 2(4.3 (c), (d) and (e), respectively) 

which show metal particles size of 10-12 nm, 5-8 nm and 15-20 nm respectively. 
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Figure 4.3 TEM images of (a) Au/CeO2 (b) Au/SiO2 (c) Au/ZrO2 (d) Ag/ZrO2 and (e) Au 

- Ag/ZrO2. Scale bar dimensions are mentioned inset. 

4.3.1.3 Powder X-ray Diffraction 

 

Au/CeO2 catalyst analyzed by XRD to confirm the crystalline phase of the support and to 

get an idea as to metal particle size and the result is shown in Figure 4.4 (A). Peaks 

observed at 2θ = 28°, 33°, 47.5°, 56°, 59° and 76° are respectively assigned to (111), 

(200), (220), (311), (222), and (331) planes of the cubic-fluorite structure (space group 

Fm3m) of CeO2 (JCPDS-34-0394) [41]. 

Absence of peak specifically at 2θ = 38.1° (Au (111) plane), implies low loading and 

small cluster size. Mean crystallite size of the support CeO2 calculated by the Scherrer 

formula is 30 nm which agrees well with that observed with TEM. 

Powder XRD pattern of Au/SiO2   is shown in Figure 4.4 (B). Here four sharp peaks are 

observed at 2θ = 38.2°, 44.3°, 64.5° and 77.6°to the(111), (200), (220) and (311) lattice 

planes of Au particles, respectively. Mean crystallite size of Au particles calculated by the 

Scherrer formula is 28 nm. 
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ZrO2 supported metal catalysts have same XRD pattern as shown in Figure 4.4 (C). The 

diffraction peaks at 24.2°, 28.2°, 31.4° and 34.3°(JCPDS 37-1484)  confirmed the mono 

clinic phase of ZrO2 [40]. Au-Ag (0.5 wt % each) alloy and Au and Ag metal could not be 

distinguished from XRD pattern, as Au and Ag have same lattice constant [42]. Au, Ag 

and Au-Ag alloys have almost similar lattice plane at identical position of the 2θ such as 

(111) planes at 38.1°, (200) at 44.3° and (220) at 64.6 ° (Figure 4.4(C)). 
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Figure 4.4 XRD pattern (A) Au/CeO2 (B) Au/SiO2 and (C) ZrO2 supported metal particles 

 

4.3.1.4 Fourier Transform Infrared Spectroscopy 

 

FTIR spectra of Au/CeO2 in the region of 600 -1800 cm
-1 

are shown in Figure 4.5 (A). 

Here band observed at around 1640 cm
-1 

is attributed to bending vibrations due to the 

surface hydroxyl group and strong band at 1533 cm
-1

 is due to Ce-OH stretching vibration 

[43]. Strong absorption band at 538 cm
-1 

is assigned to the stretching vibration of Ce -O- 

Ce. A slight decrease in band height at 538 cm
-1 

observed for Au/CeO2,confirms 

impregnation of Au on CeO2 [44].  

FTIR spectra of Au/SiO2 in the region of 500-3500 cm
-1

 are shown in Figure 4.5(B). In IR 

spectra, water bands observed at around 3296 and 1620 cm
-1

 corresponding to stretching 

and bending vibrations of the SiO2. Strong bands observed at 1075 cm
-1 

was assigned to 

the stretching vibration of Si-O-Si. A decrease in heights at 792 cm
-1 

indicates Au on SiO2 

[45]. 

IR spectra of ZrO2 supported metal particles are shown in Figure 4.5(C). Here bands at 

1362cm
-1

 and 668 cm
-1

 correspond to O-H bonding and mono clinic phase of ZrO2. Metals 

impregnation on ZrO2 confirmed by decreased peak height at 574 cm
-1 

[46]. 
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Figure 4.5 FTIR of (A) Au/CeO2 (B) Au/SiO2 and (C) ZrO2 supported metal particles 
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4.3.2. Catalyst activity studies 

 

4.3.2.1 Effect of Temperature 

Figure 4.6 shows temperature dependence of gas phase oxidation of 10 wt% aqueous 

ethanol over various catalysts. All Au, Ag and Au-Ag nanoparticles supported on CeO2, 

SiO2 and ZrO2 showed negligible conversions at 200°C which gradually increased with 

temperature. Au/ZrO2 showed highest activity with ethanol conversion up to 38 % at 

350°C followed by Au/CeO2 (34 %, bioethanol conversion). With Au/SiO2, ethanol 

conversion for entire temperature range was found to be much lower compared to that 

with Au supported either on ZrO2 or CeO2 and the least among the catalysts studied. 

Lower activity of Au/SiO2 can be attributed to its reported inertness and lack of supply or 

activate oxygen as opposed to CeO2 and ZrO2 [24]. Gazsi et al. [47] reported 8% ethanol 

conversion with 90% selectivity towards acetaldehyde employing Au/SiO2 at 350 °C and 

GHSV of 12000 mLgcat
-1

h
-1

, where as in this case these values respectively are 18% and 

80% with slightly higher GHSV value. We found that Ag/ZrO2 to afford 27% ethanol 

conversion which was higher  than that reported by Freitas et al. [40] (23%) using pure 

ethanol and higher loading of Ag (2 wt %) on ZrO2. Variation in this performance may be 

due to less Ag dispersion in the latter case, thus high loading (2 wt%) of Ag nanoparticles 

may lead to larger size of metal clusters causing lower catalytic activity in the reported 

work by Freitas et al. [40]. Lower conversion with Ag/ZrO2 as comparison with Au/ZrO2 

and Au/CeO2, also reported by Liu et al. [48] and Freitas et al. [40] can be ascribed to 

facile oxidation of Ag
0
 to Ag

+
 under aerobic conditions, and oxidized Ag may not be 

active for oxidation reaction. Further, this also  may be due to absence of electron charge 

transfer between Ag and ZrO2 [49] and weaker interaction between Ag and ZrO2 than 

other metals [50]. 

Au/CeO2 exhibited higher catalytic activity (34 %, bioethanol conversion) compared to 

Ag/ZrO2 (27 %, bioethanol conversion), Au-Ag/ZrO2 (23 %, bioethanol conversion) and 

Au/SiO2 (18 %, bioethanol conversion) because under reaction conditions CeO2 was able 

to provide activated oxygen with concurrent creation of oxygen vacancies which could 

further play a role of activating reactant oxygen molecules reaching from the gas phase 

[51]. 
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Figure 4.6 Ethanol conversions over different catalysts as function of reaction 

temperature. (Reaction condition: 1 g catalyst, pressure = 5 atm, time-on-stream = 4h, 

ethanol/O2/N2 (vol %) = 0.002:20.95:78.84 and GHSV =18000 mLgcat
-1

h
-1

.) 

 

In case of Au/ZrO2, Au leads partial reduction of surface Zr
4+

 to Zr
3+ 

which creates oxygen 

deficiencies on ZrO2 surface. This phenomenon results into (i) enhanced concentration of 

anionic vacancies on ZrO2 surface, and (ii) oxygen spill over from surface OH group on 

ZrO2 to Au. This spilled over active O atom imparts catalytic activity for oxidation 

reaction. Li et al. [52] too advanced similar argument to explain higher activity of 

Au/ZrO2 in water-gas shift reaction. 

Stable catalytic performance of Au/ZrO2, Ag/ZrO2 and Au-Ag/ZrO2 for ethanol oxidation 

was ensured by performing the reaction for prolonged duration. Catalytic activity of all of 

them did not change significantly even after 30 h time-on-stream (38%, 27% and 23% 

ethanol conversion and 72%, 80% and 80% acetaldehyde selectivity, respectively) at 350 

°C, 5 atm and 18000 mLgcat
-1

h
-1

GHSV. 

While ethanol conversion followed the order Au/ZrO2> Au/CeO2> Ag/ZrO2> Au-

Ag/ZrO2> Au/SiO2, acetaldehyde selectivity showed the trend, Au/CeO2> Ag/ZrO2> Au-

Ag/ZrO2> Au/ZrO2> Au/SiO2.  
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4.3.2.2 Product selectivity for ethanol conversion over different catalysts 

Figure 4.7 depicts selectivity to products, namely acetaldehyde, acetic acid, ethyl acetate, 

acetone and CO2 as a function of reaction temperature. For Au/SiO2, acetaldehyde 

selectivity changed considerably from 90% at 250 °C to 72% at 350 °C with a 

compensating increase in selectivity to acetic acid. This implies acetaldehyde to be a 

primary product which subsequently converts to acetic acid. Earlier various researchers 

[3,14,28] had observed similar trend in the reaction of ethanol oxidation.  

 

Notably, with Au/CeO2, selectivity to acetone and CO2 increased with temperature at the 

cost of acetaldehyde selectivity implying this catalyst having higher oxidation activity. 

Still, it did show very high (exceeding 95%) selectivity for acetaldehyde up to 275°C. 

Acetone formation was explained as acetaldehyde oxidation to acetates on oxide surface 

and their subsequent coupling reactions yield acetone [20,53].  
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Figure 4.7 Product selectivity for ethanol conversion over different catalysts as function 

of reaction temperature (a) Au/SiO2 (b) Au/CeO2 (c) Au/ZrO2 (d) Ag/ZrO2  and (e) Au-

Ag/ZrO2 (reaction conditions: 1 g catalyst, pressure = 5atm, time on stream = 4h, 

ethanol/O2/N2 (vol %) = 0.02:20.99:78.99 and GHSV =18000 mLgcat
-1

h
-1

.) 

In case of Au, Ag and Au-Ag supported on ZrO2, ethanol adsorbs on  M
+
(Au, Ag, Au-Ag), 

metal particles or ZrO2 surface generating ethoxide (CH3CH2O*) [40]. The ethoxide 

species adsorbed on ZrO2 spill over to M
+
 and then convert to acetaldehyde by 

dehydrogenation. Formed acetaldehyde was oxidized to acetic acid on metal surface or 

spill over toward ZrO2 surface. Acetaldehyde activation by M
0
 at metal surface and 

ethanol activation by the support leads to coupling reaction between acetaldehyde and 

ethanol at the interface between metal and support to form ethyl acetate as the mechanism 

proposed by Letichevsky et al. [54] and Freitas et al. [40]. Acetaldehyde spill over from 

metal surface to ZrO2 has been reported by Zonetti et al. [55] and Rodrigues et al. [56]. 

Although acetaldehyde selectivity decreased with temperature on these catalysts, it was 

found to be the chief reaction product. Acetic acid and ethyl acetate are two other products 

formed. Selectivity to acetic acid and ethyl acetate remained almost constant with 

temperature in case of Ag/ZrO2 and Au-Ag/ZrO2, while for Au/ZrO2 selectivity for acetic 

acid decreased and that for ethyl acetate increased after 275°C. Also, on Ag based 

catalysts higher selectivity towards acetaldehyde (against Au based catalysts) was 

observed. Metal more susceptible to oxidation (e.g., Ag) was expected to afford higher 
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selectivity to acetaldehyde where as metal in reduced state (e.g., Au), higher ethyl acetate 

selectivity has been reported for Cu [57]. Grabowsaki et al. [58] have confirmed oxidation 

of Ag with simultaneous reduction of its support, ZrO2. Freitas et al. [40] too found Cu-

Ag/ZrO2 to lead to higher formation of acetaldehyde advancing the same reasoning. 

Freitas et al. [40] performed CO-DRIFTS and XPS analysis to investigate effect of 

addition of Ag in Cu nanoparticles supported on ZrO2. They found that increased loading 

of Ag from 0.3 wt % to 2 wt% led to decrease Cu
0
/Cu

+
 ratio which facilitates higher 

acetaldehyde selectivity at the expense of ethyl acetate. In case of Au-Ag/ZrO2, higher 

selectivity towards acetaldehyde (80%) compared to Au/ZrO2 (72%) indicating that Ag 

leads to decrease Au
0
/Au

+
 ratio. 

Formation of ethyl acetate can be explained by acetaldehyde activation on M
0
 sites which 

couples with ethanol species activated by ZrO2 surface. The coupling reaction occurred at 

the interface between metal and support [55,57,59]. Similarity in product pattern between 

these reports and the present work, one can safely extrapolate the reaction mechanism for 

Au/ZrO2 system. Further, Cu and Au bind more strongly to ZrO2 as compared to Ag does. 

Thus, this binding energy also can be envisaged to play a role in determining product 

selectivity.  

When the reaction was carried out at higher (10 atm) pressure, all the catalysts studied 

showed higher activity reflected in higher conversion values, though, product distribution 

was relatively insensitive to pressure. 

4.4 Comparison of performance of catalyst with those of the previous work  

A quick glance at relevant literature would confirm that very few studies deal with ethanol 

concentration typical for bioethanol, i.e., about 10% aqueous solution. Table 4.1 compares 

the performance of catalysts studied in this work and that of the catalyst systems with 

common support and metals with this work. Also this summary has been limited to the 

reaction performed in continuous mode. To start with, our catalyst, Au/ZrO2 (Entry 9) 

afforded 38% ethanol conversion and 72% acetaldehyde selectivity at 350 °C and 5 atm. 

Very high (80%) ethanol conversion had been reported over PdO/m-ZrO2 (Entry 6) 

catalyst. However, this high conversion needed 15 h of reaction and pure ethanol. The 

former is impractical for continuous mode of operation and the latter necessitates energy 

intensive purification of bioethanol. In case of Entry 10, reaction at lower temperature 
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afforded complete conversion but this was accompanied by relatively poor selectivity to 

acetaldehyde. Entry 11 shows the system exhibiting good catalytic performance, however, 

it involves usage of poisonous Cr2O4 as support. Cu-Ag supported on ZrO2 (Entry 13) 

gave higher conversion but, poor selectivity and required pure ethanol. Thus among all 

ZrO2 based catalysts, the one reported in this work, outperforms in terms of catalytic 

performance, and ―greenness‖ of the process. Entries 4 and 5 describe the same catalysts. 

However, higher selectivity observed in this work, may have to do with the presence of 

water. This may be substantiated by the fact that in our case higher temperature is needed 

to get the comparable conversion. In case of Au/SiO2 (Entry 3), though pure ethanol was 

employed, conversion obtained was very poor, 17%. Though, it did give very high 

selectivity and that too at lower reaction temperature as compared to that in this work 

(Entry 2). The same catalyst, in the absence of external oxygen source did give 

acetaldehyde in the product, the conversion was poor (Entry 1). This comparison leads to 

an inference that for bioethanol oxidation, the catalyst system arrived at in this work, 

namely, Au/ZrO2 is best from catalytic performance, energy consumption and toxicity of 

the materials points of view. 
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Table 4. 1 Comparison of various supported metal catalyst from literature and present work for gas phase ethanol oxidation 

Entry Catalyst 

Metal 

loading 

(Wt %) 

EtOH in 

feed (%) 

T, °C 

P, 

atm 

Ethanol/O2/carrier 

gas (Vol %) 

x,% S, % 

Time-on- 

stream, h 

GHSV, mLgcat
-

1
h

-1
 

Reference 

1 Au/SiO2 1 10 350 - 9-10/0/90 8 90 - 12000 47 

2 Au/SiO2 1 10 350 5 0.02:20.99:78.99 18 72 4 18000 This work 

3 Au/SiO2 1 100 200 - 1:1:98 17 99 - 120000 
#
 33 

4 Au/CeO2 1 100 200 1 1:2 (ethanol:O2) 31.8 56 - 257120 20 

5 Au/CeO2 1 10 350 5 0.02:20.99:78.99 34 83 - 18000 This work 

6 PdO/m-ZrO2 0.6 100 175 4 3.0:19.4:77.6 
#
 80 10 15 10200 54 

7 Ag/ZrO2 2 99.9 250 - inert atmosphere 24 31 6 38 min 
@

 40 

8 Ag/ZrO2 1 10 350 5 0.02:20.99:78.99 27 80 4 18000 This work 
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# calculated by present author, x = ethanol conversion and S = selectivity towards acetaldehyde, EtOH = Ethanol

9 Au/ZrO2 1 10 350 5 0.02:20.99:78.99 38 72 4 18000 This work 

10 V2O5/TiO2 15 50 215 2.7 
3.3 (O2/ethanol 

molar ratio) 

100 43 - 32960 23 

11 Au/MgCuCr2O4 0.5 100 250 - 1.5:3:95.5 
#
 92 90 10 100000 48 

12 

0.5Au-

0.5Ag/ZrO2 

1 10 350 5 0.02:20.99:78.99 23 80 4 18000 This work 

13 

10Cu-

0.3Ag/ZrO2 

2 99.9 250 - inert atmosphere 75 16 6 38 min 
@

 40 
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4.5 Conclusion 

Au and/or Ag over various SiO2, CeO2 and ZrO2 are successfully synthesized by wet 

impregnation method, characterized by different techniques and implemented for 

bioethanol oxidation. Synthesized metal nanoparticles were in range between 10 -30 nm.  

Here it has been shown that metal-support interactions strongly affect the catalytic 

performance of Au, Ag and Au-Ag metals for gas phase oxidation of bioethanol. Among 

the used catalyst Au/ZrO2 was exhibited higher activity due to oxygen deficiencies 

generated by Au on ZrO2 surface. As a result, higher concentration of anion vacancies on 

ZrO2 surface prevailed and spilled over active oxygen in OH group on ZrO2 diffused to 

Au. With Au/CeO2, 34% bioethanol conversion was achieved. In this case, CeO2 was able 

to provide activate oxygen with concurrent creation of oxygen vacancies which could 

further played a role of activating reactant oxygen molecules reaching from the gas phase. 

Ag/ZrO2 and Au-Ag/ZrO2 show low conversion than Au/ZrO2 and Au/CeO2, because Ag 

was more prone to oxidation than Au and also due to weaker interaction between Ag and 

ZrO2. Due to inert nature of SiO2, Au/SiO2 exhibited lowest ethanol conversion.  

Over all bioethanol conversion followed the order: Au/ZrO2 > Au/CeO2 > Ag/ZrO2 > 

Au-Ag/ZrO2 > Au/SiO2, while acetaldehyde selectivity showed the trend: Au/CeO2 > 

Ag/ZrO2 > Au-Ag/ZrO2 > Au/ZrO2 > Au/SiO2. 

It was found that addition of Ag to Au (Au-Ag/ZrO2) decreased Au
0
/Au

+ 
ratio making the 

catalyst less favorable for ethanol conversion to ethyl acetate. Acetone formed as 

acetaldehyde oxidized to acetates on oxide surface and it undergoes coupling reaction.  
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CHAPTER – 5 

 

Bioethanol Selective Oxidation to Acetaldehyde Over 

Ag-CeO2: Role of Metal-Support Interactions 

 

Outcome of work of chapter 4 indicates that synergy between metal and support plays a 

vital role for bioethanol conversion. Au gave higher bioethanol conversion due to its 

strong interaction with CeO2 and ZrO2. Ag is also known for strong interaction with CeO2. 

In this part of work Ag/CeO2 is tested for gas phase bioethanol oxidation with air. 

Ag/CeO2 catalyst is prepared wet impregnation method and fully characterized by XRD, 

FTIR, TGA, SEM and TEM. Characterization results indicated that a part of Ag is inserted 

into the lattice of CeO2 and expanded the support lattice. Ag/CeO2 catalyst is found to 

outperform the reported catalyst systems (acetaldehyde selectivity of 90% and life > 36 h) 

at 200 °C to 350 °C, 5 atm and gas hourly space velocity of 18000 mLgcat
-1

h
-1

. This study 

shows path for selective oxidation of other biomass-derived compounds. 

5.1 Introduction 

Meeting the needs of the commodity chemicals from biomass derived molecules is gaining 

ever increasing importance. One such compound is ethanol (bioethanol) derived from, 

e.g., fermentation of sugar crops and lignocellulosic residue [1]. Large fraction (~75% ) of 

bioethanol  is used as a fuel additive [2], however recent trends show diverting renewable 

resources to chemical products.  Ethanol can be converted to a variety of chemicals such 

as acetaldehyde [3], acetic acid [4], ethyl acetate [5], or butanol [6] depending on the 

catalyst and reaction conditions. Acetaldehyde is chiefly used as an intermediate for the 

production of acetic acid, acetic anhydride, ethyl acetate, alkylamines and pyridines. It is 

produced by ethylene oxidation (Wacker process). With high availability of bioethanol (30 

billion US gallons in 2016 worldwide)[7], ethanol oxidation for production of 

acetaldehyde can be a feasible process. Use of silver-based catalyst has been widely 

employed for oxidation of CO [8], methanol [9], formaldehyde [10], ethylene glycol [11], 
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ethyl benzene [12]. However, literature reporting bioethanol oxidation over Ag-based 

catalyst is rather scanty. Xu et al.[3] obtained highest ethanol conversion of about 25% 

with acetaldehyde selectivity of ~75% at 350˚C employing Ag/hydroxyapatite catalyst for 

pure ethanol. Chen et al. [13] and Li et al. [14] have reported higher ( >75%) ethanol 

conversion at the expense of higher Ag loading  of  9.8 wt% and 100 wt%, respectively 

again for pure ethanol. 

In the present study, cerium oxide (CeO2) is employed as solid support owing to its 

oxygen storage capacity (OSC) and its ability to easily create (and subsequent diffusion) 

of oxygen vacancies at its surface [15]. CeO2 has been widely used as a support in various 

oxidation reactions such as oxidation of CO [16], styrene [17], glycerol [18], o-xylene 

[19], and naphthalene [20]. 

The OSC property of CeO2 has not been explored for the oxidation of bioethanol to the 

extent that it deserves. Also the Ag/CeO2 as a catalytic system has not been studied for 

bioethanol oxidation. Here, CeO2 supported Ag nanoparticle catalyst affords high 

selectivity towards acetaldehyde and stable catalytic performance under reaction condition 

in the gas-phase aerobic oxidation of bioethanol (about 10 vol% ethanol solution in water). 

5.2 Experimental section 

 

5.2.1 Synthesis of catalyst 

 

Catalysts are prepared using the wet impregnation method. 1% Ag over CeO2 is 

synthesized according to this method, as described in detail in chapter 3 (section 3.3.1.2).  

5.2.2 Catalyst characterization 

 

Transmissions electron microscopy (TEM) images of the catalyst were recorded on a 

Philips CM 200 microscope operating at 200 kV. The samples were dispersed in ethanol 

and kept in an ultrasonic bath for 20 min, then deposited on a carbon-covered copper grid 

for each measurement. Surface morphology of the catalyst was investigated with scanning 

electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) (JEOL make 

model 7600F FESEM) was carried out to verify the presence of Ag nanoparticles.  
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X-ray Diffraction (XRD) analysis was performed on a Bruker - D8 Discover equipped 

with Ni-filtered Cu Kα radiation source (λ = 1.542 Å) 40 kV and 30 mA. The 

diffractograms were recorded in the 2θ range of 20 - 90°
 
with a 2θ step size of 0.02° and a 

scanning speed of 6° min
-1

. Average crystal size was determined by the Scherer‘s 

equation. Fourier Transform Infrared Spectroscopy (FTIR) spectra of catalyst samples 

were collected in reflection mode using ZnSe optics in Bruker Alpha Eco-ATR 

spectrometer.  

 The Oxygen storage capacity (OSC) was measured by thermo gravimetric analysis (TGA) 

on a Mettler Toledo TG-SDTA apparatus. OSC measurement was carried out for specimen 

with heating and cooling cycles. Firstly, the sample was heated from ambient temperature 

to 800 °C under N2 flow, then cooling to 150 °C in dry air and again heating to 800 °C in 

N2 environment. All heating and cooling rates were 5 °C min
-1

. Weight loss of sample 

during the second heating cycle was used to determine the oxygen release properties.   

5.2.3 Catalyst activity test 

 

Catalysts were tested for ethanol conversion using heated stainless steel continuous fixed 

bed down flow reactor. Details of the reactor set-up is presented in chapter 4 (section 

4.2.3) and the sample reaction is analyzed as described in chapter 4 (section 4.2.3). 

Catalytic performance of the system was evaluated on the basis of conversion of 

bioethanol and products selectivity as defined in section 3.3.2.1. 

5.3 Result and discussion 

 

5.3.1 Catalyst characterization 

 

The catalyst was characterized using Fourier transform infrared spectroscopy (FTIR), x-

ray diffraction pattern (XRD), Transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM). 
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5.3.1.1 Transmission electron microscope  

  

TEM measurements were carried out in order to obtain the particle size and morphology 

of catalysts. As seen in Fig. 1(B), CeO2 crystallized in cubic shape with particle size of 

around 35 nm. The d spacing for CeO2 lattice was 0.315 nm (Fig. 1(C). Selected Area 

Electron Diffraction (SAED) pattern corresponding  to the CeO2 (111) lattice plane of the 

cubic cell [21,22]. In the case of Ag/CeO2, Fig. 1(A), average sizes of Ag particles was 

around 7 nm. The d spacing of Ag was 0.235 nm, which was corresponding to the Ag 

(111) [3,23].  
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Figure 5.1 TEM images of (A) and (B) Ag/CeO2 and (C) SAED pattern for Ag/CeO2 

 

5.3.1.2 Scanning electron microscope 

SEM image of Ag/CeO2 catalyst is shown in Figure 5.2(A). Image clearly indicates the 

uniform and well formed CeO2 particles. Impregnation of Ag on CeO2 was confirmed by 

EDX analysis (Figure 5.2(B)). EDX spectrum shows peaks for oxygen, silver and cerium. 

There is a single point at 3 keV for Ag and three peaks near about 4.3 keV, 4.7 and 5.2 

keV for Ce. 
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Figure 5.2 (A) SEM of Ag/CeO2 catalyst and (B) EDX of Ag/CeO2 catalyst 

 

5.3.1.3 Powder X-ray Diffraction 

 

XRD patterns of CeO2 and Ag/CeO2 are presented in Fig. 3. XRD of CeO2 has confirmed 

its cubic crystal structure of fluorite type, due to the presence of diffraction peaks at   2θ of 

28.2°,33°, 47.5°,56°,59° and 76° (JCPDS-34-0394) [24]. Average particle size of the CeO2 

was 35 nm calculated by Scherrer equation and this value was also confirmed by TEM. 

For the Ag/CeO2, XRD analyses reveal that impregnated Ag did not lead to any significant 

change in the support. However, if compared to the XRD pattern of CeO2, an additional 

weak peak at about 38.1° was observed for the Ag/CeO2 catalyst, which was attributed to 

(111) Bragg‘s reflections of Ag (JCPDS 65-2871)[10,15]. It is to be noted that, the peak at 

38.1° could be also the (200) Bragg‘s reflections of Ag2O (JCPDS 65-6811) [8,10,25]. 

Therefore, presence of Ag2O cannot be fully ignored. However, according to XRD 

patterns discussed in literature [25] Ag2O should exhibit intense peak at 33.5°, which is 

not visible in the present case indicating that metallic Ag species predominated over Ag2O 

in Ag/CeO2 catalyst.  

It can be seen in the insert of Fig. 3, that diffraction peak at 28.5° on Ag/CeO2 catalyst 

shifted to lower angle compared to that for pure CeO2.This may indicate that a part of Ag 

B 
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has incorporated into the lattice of CeO2 because ionic radius of Ag
+
 is larger than that of 

Ce
+4 

 [10,26]. Inserted Ag increases the crystal defects of CeO2, which activates lattice 

oxygen for the reaction.  

 

Figure 5.3 XRD pattern of CeO2 and Ag/CeO2 catalyst 

Based on Bragg‘s law and Debye–Scherrer Equation, the lattice parameters and crystallite 

sizes of CeO2 and Ag/CeO2 were calculated and the results are summarized in Table 5.1. 

The change in lattice parameter for pure CeO2 after impregnation of Ag (at 2θ = 28.5), 

indicates that Ag could play a significant role in activation of lattice oxygen of ceria. 

Table 5. 1 Crystallite size, lattice parameter and OSC value of CeO2 and Ag/CeO2 

Catalysts 
Crystallite size 

(From TEM) 

Crystallite size 

(From XRD) 

Lattice 

parameter (nm) 

OSC 

(µmol – O g
-1

) 

CeO2 35 35 0.5418 21.38 

Ag/CeO2 7 - 0.5384 199.50 

 

Further to confirm that impregnated Ag on CeO2 activates the lattice oxygen of CeO2, 

OSC of CeO2 and Ag/CeO2 was measured by thermo gravimetric analysis (TGA). As seen 

in Table 5.1, OSC of Ag/CeO2 was higher by an order of magnitude than that of CeO2 

confirms that presence of Ag enhanced OSC of CeO2. 
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5.3.1.4 Fourier Transform Infrared Spectroscopy 

 

FTIR spectra of CeO2 and Ag/CeO2 in the region of 500 - 4000 cm
-1

 are shown in Fig. 4. It 

clearly shows that absorption band around 3750 cm
-1

 corresponding to the stretching 

vibration of the -OH function group. Here, bands observed at 1640 cm
-1

 attributed to 

bending vibrations due to the surface hydroxyl group and strong band at 1533 cm
-1

 due to 

Ce-OH stretching vibration. Absorption band at 538 cm
-1

 was assigned to the stretching 

vibration of Ce-O-Ce [27]. A slight decrease in band height at 538 cm
-1

 was observed for 

Ag/CeO2, confirms impregnation of Ag on CeO2 [28]. 

 
Figure 5.4 FTIR of CeO2 and Ag/CeO2 catalyst 

 

5.3.2. Catalytic Performance of Ag/CeO2 for bioethanol oxidation 

 

5.3.2.1 Effect of temperature 

Figure 5.5 shows ethanol (10 wt% aqueous solution) conversion and product selectivity as 

a function of reaction temperature for Ag/CeO2 catalysts. No significant ethanol 

conversion was observed at reaction temperature of 225 °C (< 10%), which increased with 

temperature (36% at 350 °C). Increased catalytic activity in this reaction may be ascribed 

to presence of Ag, which led to enhanced reducibility of CeO2 surface. According to 

reported in literature [25,29], majority of noble metals anchored on CeO2 and CeO2/Al2O3 

supports [30] were known to augment reducibility of surface ceria and were associated 
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with hydrogen spillover from the noble metal to the surface of the metal oxide [31]. In 

[29] reduction of the surface O2
-
 of CeO2 interacting with silver was observed, which 

agrees with our hypothesis that silver does increase reducibility of surface oxygen of 

CeO2.  

 

Figure 5.5 Catalytic performance of Ag/CeO2 as a function of reaction temperature 

(Catalyst = 1 g, pressure = 5 atm, ethanol/H2O/O2/N2 (vol %) =0.002:0.018:20.99:78.98 

and GHSV =18000 mLgcat
-1

h
-1

) 

Also, inserted Ag increases crystal defects in CeO2 (as seen in XRD pattern, Figure 5.3), 

which resulted in activation of lattice oxygen for the reaction. Impregnated Ag leading to 

crystal defects in CeO2 has also been reported by Kang et al.[8] and Ma et al.[10]. Atomic 

oxygen is transferred from the surface of ceria to the surface of silver particles through the 

Ag/CeO2 interface. Effectiveness of oxygen spillover depends on nature of the supports. 

Mamontov et al. [32] performed temperature programmed reduction (TPR) experiments 

and confirmed the participation of surface oxygen of CeO2 and ZrO2. They also concluded 

that stronger interaction of Ag with CeO2 compared to ZrO2 and SiO2 resulted in high 

catalytic activity of Ag/CeO2/SiO2 for CO oxidation. Active oxygen required for oxidation 

of hydrogen forms as a result of alcohol dehydrogenation. Similar mechanism was 

proposed for liquid phase dehydrogenation of benzyl alcohol over a mixture of Ag/SiO2 
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catalyst and CeO2 nanoparticles [33]. Hence, surface lattice oxygen is playing a key role in 

enhancement of catalytic activity in oxidation reactions catalyzed by CeO2-based catalysts.  

5.3.2.2 Metal Support Interactions 

Intense interfacial interaction between Ag and CeO2 may results in (i) decrease of Ce–O 

bond energy in CeO2 and (ii) increase of positive charge on Ag (Ag
δ+

). Zhang et al. [29] 

showed the phenomena of Ag interacting with CeO2, and decrease of Ce–O bond energy 

enhancing catalytic activity of Ag-CeO2 core–shell nanospherical catalyst for CO 

oxidation. Presence of Ag–O bonds at the interface between Ag NPs and the surface of 

CeO2 (111) was detected at the Ag K-edge by X-ray absorption fine structure 

spectroscopy. Small size of Ag NPs, decreases Ag–O inter atomic distance and also 

confirms decrease of Ce–O bond energy due to interaction of this oxygen atom of CeO2 

support with silver [34]. Ag NPs are capable of promoting surface reduction of CeO2, 

which leads to increase of oxygen vacancies in CeO2. Similar arguments was reported by 

Huang and Gao [35].  

Here, key role of the silver on surface is: (i) to increase lattice oxygen mobility of CeO2 by 

producing structural defects, as for Ag-supported CeO2, and (ii) to weaken the Ce–O bond 

and thus induce the exchange between lattice oxygen and adsorbed oxygen. 

Oxidation of bioethanol can proceed via breaking of C–H, or O–H bond. As stated earlier, 

presence of Ag decreases Ce–O bond energy and increases positive charge on Ag
δ+

. Ag-

CeO2 interface provides a pair of Ag
δ+

 acid sites and surface oxygen vacancies of CeO2, 

which associatively activate alcohol molecule for dehydrogenation. Reaction begins with 

the interaction of a Lewis base (an alcohol molecule) with a surface Lewis acid site (Ag 

δ+
). As a result, an ethoxy intermediate and OHads are formed on the catalyst surface. 

Further, selective oxidation of ethoxy intermediate occurs with the formation of an 

acetaldehyde and a water molecule. The Ag
δ+

 acid sites provide the weakening of β-C–H 

bond due to coordination of the H atom with subsequent detaching of the H atom from the 

alcohol molecule, while base sites of ceria activate the O–H bond of alcohol. This 

cooperative mechanism leads to easy cleavage of H atoms from the alcohol molecule. 

Same mechanism for partial oxidation of ethylene glycol using Ag based catalysts was 

proposed by Voronava et al. [11]. 
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Close interaction between Ag NPs on a basic support CeO2 or hydrotalcite surface over 

corresponding interfaces is also effective for catalytic chemo selective reduction of 

nitrostyrenes and epoxides to the corresponding anilines and alkenes while using alcohols 

as reducing reagents [36]. Interaction of Ag clusters and acid-base sites on Al2O3 was 

shown for oxidant-free dehydrogenation of alcohols over Ag/Al2O3 catalyst [37]. Thus, 

better interfacial interaction between Ag and CeO2 provide effective way to create highly 

active catalysts for oxidation reaction. The higher bioethanol conversion in case of 

Ag/CeO2 (36 % conversion) clearly indicated the stronger interaction of Ag with CeO2 in 

comparison with Ag/ZrO2 (27 % conversion, chapter 4, section 4.3.2).  

5.3.2.3 Product Selectivity 

In this work, it is found (Figure 5.5) that the increase in temperature from 200 to 350 °C 

does not affect selectivity for acetaldehyde. It remained practically constant (>85%) over 

the entire range of reaction temperature. Selectivity for acetone and CO2 are found to be 

12% and 3%, respectively for entire temperature range. Acetone formation is explained as 

a result of acetaldehyde oxidation to acetates on oxide surface and their subsequent 

coupling reactions yield acetone [38,39]. Selectivity towards acetaldehyde and CO2 

remains almost constant with temperature which is in contrast to reported literature [40–

43]. Rahman et al. [44] studied effect of water in ethanol conversion using ZnO as support 

and concluded that presence of water inhibits dehydration of ethanol towards ethylene 

production via blockage of Lewis acid site and favoring dehydrogenation rate of ethanol 

towards acetaldehyde formation. Thus, higher and practically constant selectivity observed 

in this work, may have to do with the presence of water. It was reported that high ethanol 

conversion achieved at low temperature [13,40,45], however in our case 36% conversion 

was obtained at high temperature. It shows that high temperature is needed in the presence 

of water. 
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5.3.2.4 Effect of time-on-stream 

Catalytic performance of Ag/CeO2 catalyst is depicted in Figure 5.6, ethanol conversion 

and acetaldehyde selectivity are plotted against time-on-stream. Low ethanol conversion 

(< 10%) and high selectivity (~85%) towards acetaldehyde are observed at low 

temperature. Selectivity towards acetaldehyde remains virtually constant for entire 

duration, while conversion closely linked to the temperature. Ag/CeO2 catalyst exhibited 

no sign of catalyst deactivation for more than 36 h on-stream.  

 

 

 

Figure 5.6 Ethanol conversion and acetaldehyde selectivity as function of time-on-stream 

(Catalyst = 1 g, pressure = 5 atm, ethanol/H2O/O2/N2 (vol %) =0.002:0.018:20.99:78.98 

and GHSV =18000 mLgcat
-1

h
-1

) 

5.3.2.5 Effect of Weight hourly space velocity  

Figure 5.7 elucidates the effect of weight hourly space velocity (WHSV) on acetaldehyde 

selectivity.  As is evident, selectivity increased with WHSV at a particular temperature. 

Acetaldehyde selectivity was around 86 % at WHSV of 6. At 12 and 18 WHSV selectivity 

increased to 88% and 89%, respectively. Highest acetaldehyde selectivity (90%) was 

achieved at 350˚C and 18 WHSV. This can be due to shorter contact time of primary 
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product, acetaldehyde and hence its subsequent oxidation to other products could not 

proceed.  

 

 

Figure 5.7 Acetaldehyde selectivity as function of weight hourly space velocity (WHSV) 

(Catalyst = 1 g, pressure = 5 atm, ethanol/H2O/O2/N2 (vol %) =0.002:0.018:20.99:78.98) 

Ethanol conversion and selectivity toward acetaldehyde for the prepared catalyst 

(Ag/CeO2) and other Ag based catalysts are summarized in Table 5.2. However, straight 

away comparison of performance parameters cannot be made due to variation in feed 

composition, loading of metal and EtOH/O2 molar ratio. As is evident here, Ag containing 

catalysts have been used for the gas phase mixtures with ethanol/O2 molar ratio ranging 

from 0.11 to 4. Formation of byproducts such as acetic acid, ethyl acetate, and COx 

accompanied the formation of acetaldehyde with increased oxygen proportion in feed. The 

chief advantage of this catalyst is an operation in air (an industrially desirable oxidant) 

while maintaining high selectivity toward acetaldehyde. In general, this catalyst exhibited 

good activity in terms of ethanol conversion, acetaldehyde selectivity and stability. In 

addition, the byproducts of the reaction are acetone and CO2. Therefore, acetaldehyde may 

be easily separated from the product mixture. 
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Table 5.2 Various Ag-containing catalysts from the literature and the present work for 

gas-phase ethanol oxidation 

Catalyst 
Ag 

(wt%) 

EtOH 

in feed 

(vol%) 

Temp., 

(°C) 

Ethanol 

conversion 

(%) 

Acetaldehyde 

Selectivity (%) 

Ethanol/

O2 

(molar) 
Reference 

Ag/CeO2 1 10 
350 

36 90 1/1 
This work 

Ag/HAp 0.5 100 
350 

25 77 4/1 
[3] 

Ag/OMS-2 5 100 
170 

53 58 1/9 
[41] 

Nanoporous Ag 100 100 
250 

85 95 2/1 
[14] 

Ag-Hollandite 9.8 100 
250 

100 71 

Not 

mentione

d 
[13] 

Ag/Fe-Si3N4 5 100 
350 

100 15 1/9 
[46] 

Ag/MgCuCr2O4 1 100 
300 

90 80 1/3 
[45] 

 

5.4 Conclusion 

 

It is found that Ag/CeO2 exhibited a higher and stable catalytic activity for bioethanol 

oxidation chiefly to acetaldehyde. This catalyst, outperforming the reported catalysts, 

afforded   36% ethanol conversion in presence of much excess water along with high (> 85 

%) selectivity towards value added compound, acetaldehyde. Higher catalytic activity of 

Ag/CeO2 upon impregnation of Ag has been ascribed to (i) increased Ag
δ+

 acid sites 

and/or (ii) spillover of active oxygen from ceria to Ag-CeO2 interface. The cooperation of 

Ag
δ+

 acid sites and base sites of ceria on the Ag-CeO2 interface has imparted high activity 

to the catalyst in bioethanol oxidation. Also presence of Ag improved the OSC of CeO2, 

which may accelerate the activation of lattice oxygen in the reaction. 
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CHAPTER – 6 

 

Selective oxidation of Bioethanol: Influence of 

relative proportions of Ce and Zr in their mixed 

oxides on their catalytic performance 

 

As seen in preceding chapters 4 and 5 that reduced surface of supports plays a vital role in 

enhancing bioethanol conversion. This may be due to OSC of supports. Higher the OSC 

provides more oxygen for the reaction, resulted into higher conversion of bioethanol. In 

this chapter, series of CexZr1-xO2 (x = 0.25, 0.5, 0.75) mixed oxide is prepared by 

precipitation method and wet impregnation method is employed for the synthesis of 

Au/CexZr1-xO2 catalysts. All prepared catalysts are well characterized by powder X-ray 

diffraction, transmission electron microscopy, energy dispersive x-ray, thermo gravimetric 

analysis and fourier transform infrared spectroscopy. Catalytical activity is carried out 

between 200 - 350 ºC and 5 atm with gas hourly space velocity of 18000 mLgcat
-1

h
-1

 for 

bioethanol oxidation. The results showed that inclusion of Zr to Ce framework improved 

the OSC which leads to increase bioethanol conversion. Au/CexZr1-xO2 catalysts exhibited 

good catalytic behavior in terms of conversion and selectivity towards acetaldehyde which 

is a valuable chemical for fine chemical industry. 

6.1 Introduction  

Over past several years, significant interest has arisen towards the green production of 

chemicals; and bioethanol has emerged as one of the promising feedstocks which are 

biomass derived. With larger availability of bioethanol (worldwide 30 billion gallons in 

2016) [1] and it‘s still limited use in blending with fuels provide an opportunity for 

production of valuable chemicals such as acetaldehyde [2], acetic acid [3], ethyl acetate 

[4], butanol [5] etc with high selectivity. A review on the major previous works on ethanol 

transformation to valuable chemicals has been provided by Takei et al. [6]. The authors 

had summarized that supported noble metal catalysts are active in the production of acetic 
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acid, whereas base metal oxides favor acetaldehyde. High selectivity toward ethyl acetate 

has been observed for Pd/zeolite catalysts [6,7]. 

Acetaldehyde is commercially obtained by catalytic oxidation of ethylene following the 

Wacker process, which produces chlorinated wastes and is energy intensive. Therefore, 

special attention is paid for the development of new catalysts for production of 

acetaldehyde in a single step reaction of ethanol. In this efforts, Hidalgo et al. [8]  

investigated vanadium based catalyst for the gas phase oxidative dehydrogenation of 

ethanol and found that easily reducible catalysts were the most active at reaction 

conditions. Morales et al. [9] had shown that catalytic activity relied on nature of supports 

and size of metal nanoparticles. As compared to Cu/GORE-a and Cu/GOE, Cu/GORE-a 

exhibited high catalytic activity due to lower metal particle size, while despite of having 

high surface area Cu/GOE has low catalytic activity, where GORE-a was N2 doped 

graphite oxide and GOE was un doped graphite oxide. Liu et al. [10]  performed 

M/MgCuCr2O4 (M = Cu, Ag, Pd, Pt, Au) catalysts for aerobic oxidation of ethanol. 

Ethanol conversion for the M/MgCuCr2O4 increased in the order of Pt > Pd > Au > Ag > 

Cu and selectivity towards acetaldehyde follow the order Au > Pd> Ag> Pt >Cu. Among 

them Au/MgCuCr2O4 was the preferred catalyst due to strong synergy between Au 

nanoparticles and surface of Cu
+
 species. Ethanol conversion of 60% with 93% 

acetaldehyde selectivity was observed with MWCNTs at 270°C [11]. Ag/hydroxyapatite 

catalyst employed for ethanol oxidation afforded 100% selectivity towards acetaldehyde at 

250°C with 15% ethanol conversion. Further increase in temperature led to decline of 

acetaldehyde selectivity [2]. Similar trend of decreasing acetaldehyde selectivity at higher 

temperature was observed for silica supported Ag-containing OMS-2 (Octahedral 

molecular sieve) catalyst [12], V2O5/TiO2 [13] and Au/ZSM5 [14]. In majority of reported 

work for ethanol oxidation, high concentrations of ethanol were employed for reaction. 

Literature available for bioethanol (typically containing 90 vol or wt% water) oxidation is 

rather scant. Au over silicalite-1 [15] was tested for bioethanol oxidation and it has been to 

yield 50% conversion of ethanol with 98% selectivity toward acetaldehyde at 200°C. 

Further increase in temperature resulted in decrease of both, conversion and selectivity 

towards acetaldehyde. Au-Pd@silicate-1 catalyst demonstrated 100% ethanol conversion 

in presence of 90% water but catalyst was highly selective for acetic acid [3]. Rahman et 

al. examined the effect of water on ethanol conversion over ZnO. In absence of water, 
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catalyst favored dehydration pathway whereas dehydrogenation was followed in presence 

of water [16]. 

Cerium oxide (CeO2) is widely used in automotive three way catalytic converters to treat 

the emitted CO, NOX, and unburned hydrocarbons. Mixing CeO2 with other oxides (i.e., 

ZrO2, TiO2, Al2O3 and transition metal oxides) to form solid solution or mixed oxide is 

known to enhance the oxygen storage capacity (OSC), increase thermal stability of the 

materials and prevent sintering at higher temperatures [17]. Ceria doping with zirconia 

improves essentially its thermal stability and catalytic efficiency, which invokes 

application of mixed oxides in three way catalyst formulations, solid oxides fuel cells and 

water splitting devices [18]. Olmos et al. [19] showed the effects of OSC of Ce1-xZrxO2 on 

catalytic performance of Au-Pd/CZ (CZ: CeO2, ZrO2 mixed oxide) for oxidation of 

glycerol. Reduced redox properties of Ce1-xZrxO2 enhanced the catalytic properties for 

volatile organic compounds (VOC) combustion reaction [20]. Use of Ce1-xZrxO2 mixed 

oxides in some other catalytic reactions has also been studied, e.g., partial oxidation of 

methane, soot abatement from diesel engine exhausts, selective catalytic reduction of 

NOX, fluid catalytic cracking, water gas shift reaction and selective catalytic CO oxidation 

[21].  

As reported in chapter 4, Au/ZrO2 and Au/CeO2 exhibit good catalytic activity for 

bioethanol oxidation. This was due to reduced surface of ZrO2 and CeO2 provides excess 

oxygen for the reaction. Though CexZr1-xO2 is known for their surface reducibility and 

higher OSC, they have not been reported for either pure ethanol or bioethanol oxidation 

reaction. 

6.2 Experimental section 

 

6.2.1 Synthesis of catalyst 

 

The CexZr1-xO2 (x = 0.25, 0.5 and 0.75) support was synthesized by co precipitation 

method as described earlier [23]. Required amounts of zirconium and cerium precursors 

were dissolved separately in 20 mL double distilled water. Solution of both nitrates were 

mixed together and stirred for 30 min at 1200 rpm. Dilute aqueous ammonia solution 

(30%, 20 ml) was added dropwise to the aforementioned mixture solutions with vigorous 
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stirring until precipitation was complete (pH = 8.5). Obtained yellowish precipitates were 

filtered off and washed several times with distilled water until free from anion impurities. 

The obtained cakes were dried overnight in an oven 120°C and finally calcined at 500°C 

for 5 h. The schematic diagram of CexZr1-xO2 mixed oxide is shown in Figure 6.1. 

 

Figure 6.1 Schematic diagram of CexZr1-xO2 mixed oxide 

 

Au/CexZr1-xO2 is synthesized using traditional wet impregnation method as described in 

detail in chapter 3 (section 3.3.1.2).  

6.2.2 Catalyst characterization 

 

Transmissions electron microscopy (TEM) images of the catalyst were recorded on a 

Philips CM 200 microscope operating at 200 kV. The samples were dispersed in ethanol 

and kept in an ultrasonic bath for 20 min, then deposited on a carbon-covered copper grid 

for each measurement. Surface morphology of the catalyst was investigated with scanning 

electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) (JEOL make 

model 7600F FESEM) was carried out to verify the presence of Ag nanoparticles.  
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X-ray Diffraction (XRD) analysis was performed on a Bruker - D8 Discover equipped 

with Ni-filtered Cu Kα radiation source (λ = 1.542 Å) 40 kV and 30 mA. The 

diffractograms were recorded in the 2θ range of 20 - 90°
 
with a 2θ step size of 0.02° and a 

scanning speed of 6° min
-1

. Average crystal size was determined by the Scherer‘s 

equation. Fourier Transform Infrared Spectroscopy (FTIR) spectra of catalyst samples 

were collected in reflection mode using ZnSe optics in Bruker Alpha Eco-ATR 

spectrometer. Oxygen storage capacity (OSC) was measured by thermo gravimetric 

analysis (TGA) on a Mettler Toledo TG-SDTA apparatus.  

 

6.2.3 Catalyst activity test 

 

Catalysts were tested for ethanol conversion using heated stainless steel continuous fixed 

bed down flow reactor. Details of the reactor set-up is presented in chapter 4 (section 

4.2.3) and the sample reaction is analyzed as described in chapter 4(section 4.2.3. 

Catalytic performance of the system was evaluated on the basis of conversion of 

bioethanol and products selectivity as defined in section 3.3.2.1. 

6.3 Results and discussion 

 

6.3.1 Catalyst characterization 

 

The catalysts were characterized using Fourier transform infrared spectroscopy (FTIR), x-

ray diffraction pattern (XRD), Transmission electron microscopy (TEM) and thermo 

gravimetric analysis (TGA). 

6.3.1.1 Powder X-ray diffraction 

X-ray diffraction patterns of the prepared Au/CexZr1-xO2 (x=0.25, 0.5 and 0.75) are shown 

in Figure 6.2. Diffraction peaks at 2θ values of 29.5°, 33.5°, 48.2°, 57.5°, 60.3°, 70.8°, 

77.0° and 80.9° correspond to the (111), (200), (220), (311), (222), (400), (331) and (420) 

planes of the cubic fluorite-type structure of ceria-zirconia mixed oxide [19,24]. The 

characteristic peak around 2θ=28.5°( JCPDS-34-0394) of ceria is shifted to 28.62° for 

Ce0.75Zr0.25O2 to 29.10° for Ce0.5Zr0.5O2 and 29.5° for Ce0.25Zr0.75O2. These shifts are 
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attributed to contraction of the lattice cells by the insertion of ZrO2 into the CeO2 [25,26] 

and has taken as formation of Ce - Zr solid solutions [27]. The shrinkage of lattice cells is 

an indication of the substitution of smaller ionic size Zr
4+

(0.084 nm) for Ce
4+

(0.097 nm) 

[25,28,29].  

An additional peak at 38.1° is observed and it can be attributed to (111) Bragg‘s 

reflections of Au. 

 

Figure 6.2 X-ray diffraction pattern of (a) Au/Ce0.25Zr0.75O2 (b) Au/Ce0.5Zr0.5O2 and (c) 

Au/Ce0.75Zr0.25O2 

Based on Bragg‘s law and Debye-Scherrer equation, the lattice parameters and crystallite 

sizes of all samples are calculated and the results are listed in Table 1. For comparison, 

theoretic lattice parameters are determined from Vegard‘s law. According to Kim [21,30], 

Vegard‘s law for estimation of the theoretical lattice parameter of ceria-based solution as a 

function of the guest metal content is expressed in equation considering Zr
4+

 as dopant. 

a = 0.5414 + 0.0220 (rZr – rCe) * mZr 

where ‗‗a‘‘ (in nm) is the lattice constant of the solid solution at room temperature, rCe 

and rZr are the cationic radii of Ce
4+

 and Zr
4+

 (in nm), respectively and mZr is the mol% 

of the dopant. 
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Table 6.1 Particle size, lattice parameter and surface composition of prepared CexZr1-xO2 

samples 

Samples Crystalline 

size from 

XRD (nm) 

Lattice 

parameter 

(nm) 

Cell 

volume 

(nm)
3
 

Surface composition (at.%) 

determined by EDAX 

    Au Ce Zr O 

CeO2 
21

 -- 0.5414 0.1587     

Ce0.75Zr0.25O2 27.50 0.5355 0.1525 -- 19.05 7.60 73.35 

Ce0.5Zr0.5O2 28.65 0.5284 0.1464 -- 17.16 14.41 68.43 

Ce0.25Zr0.75O2 3 0.5210 0.1405 -- 8.24 19.42 72.34 

Au/ Ce0.75Zr0.25O2 7.15 --  0.18 18.98 7.51 73.33 

Au/ Ce0.5Zr0.5O2 7.25 --  0.12 17.11 14.39 68.38 

Au/ Ce0.25Zr0.75O2 8 --  0.14 8.19 19.39 72.28 

 

Figure 6.3 depicts the corresponding lattice parameters for prepared samples in terms of Zr 

content. The estimated experimental lattice parameters are slightly higher than theoretic 

values predicted by the Vegard‘s rule (represented by a dotted line). This implies the 

existence of Ce
3+ 

(1.14 Å), due to incorporation of Zr. This strongly suggests that a solid 

solution can be achieved with zirconium loading at least up to 75 mol %. By comparing 

with a most oxidative co-precipitation method, a Ce0.67Zr0.33O2 sample yielded a value of 

lattice parameter of 0.5320 nm which is on the expected trend as well [31].  

6.3.1.2 Energy dispersive x-ray analysis (EDX) 

The energy dispersive X-ray analysis (EDX) further confirms all the cations are present in 

the parent mixed oxides and Au impregnated mixed oxides. EDX spectrum ratifies peaks 

for O2, Au, Zr and Ce. There is a one peak at 0.5 keV for O2, peaks at 1.7, 2.2 and 2.5 keV 

for Au, peaks near about 1.8, 2.1 and 2.6 keV for Zr and peaks at 4.2, 4.7, 5.3 and 5.6 keV 

for Ce shown in Figure 6.4 (a-c). Elemental composition analysis (Table 6.1) at several 

spots is uniform suggesting homogeneous material. 
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Figure 6.3 Variation of the lattice parameter (experimental) in the ceria–zirconia mixed 

oxides with increasing amounts of ZrO2 inserted into the CeO2 lattice 
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Figure 6.4 EDX analysis of (a) Au/Ce0.25Zr0.75O2 (b) Au/Ce0.5Zr0.5O2 and (c) 

Au/Ce0.75Zr0.25O2 

6.3.1.3 Transmission electron microscope (TEM) 

 

TEM images (Figure 6.5 (a- c)) are obtained to deduce the particle size and morphology of 

catalysts. They revealed that Au nanoparticles were on the surfaces of CexZr1-xO2. As 

indicated in Figure 6.5(a- c), the CexZr1-xO2 crystallized in cubic shape with particle size 

of around 30 nm and the d spacing for the lattice was 0.312 nm. While the average sizes of 

Au particle was around 7 nm. The d spacing of Au was 0.235 nm, which was 

corresponding to the Au (111) [32].  The d spacing was calculated from SAED pattern 

Figure 6.5(d). 

 

(c) 
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b, 50 nm 

C, 50 nm 

a, 50 nm 
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Figure 6.5 TEM images of (a) Au/Ce0.25Zr0.75O2 (b) Au/Ce0.5Zr0.5O2 (c) Au/Ce0.75Zr0.25O2 

and (d) SAED pattern for Au/Ce0.25Zr0.75O2 

6.3.1.4 Fourier Transform Infrared Spectroscopy 

The instrument was operated in the range of 400 - 4000 cm
−1

. The FTIR spectra of CexZr1-

xO2 samples and Au/CexZr1-xO2 samples are shown Figures 6.6 and 6.7. They exhibited 

absorption band around 3750 cm
-1 

which corresponds to the stretching vibration of the –

OH function group [33]. The band located at 1700 cm
-1

 represents H2O bending vibration 

[18,33–35] and at around 1530 cm
-1

 is because of Ce-OH stretching vibration [34,35]. It 

can be seen from spectra of each sample (Figure 6.7), peak around 990 cm
-1

 assigned to 

M-O-M bonding (M= Au, Ce, Zr) [26,34]. Bands in the region 500 to 750 cm
-1

 are 

probably because of stretching vibration of metal oxide bonds [33,34]. 

d, 50 nm 
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Figure 6.6 FTIR of CexZr1-xO2 samples (a) ZrO2 (b) Ce0.5Zr0.5O2 (c) CeO2 (d) 

Ce0.25Zr0.75O2 and (e) Ce0.75Zr0.25O2 

 

Figure 6.7 FTIR of (a) Au/Ce0.75Zr0.25O2 (b) Au/Ce0.5Zr0.5O2 and (c) Au/ Ce0.25Zr0.75O2 

6.3.1.5 OSC measurement 

Figure 6.8 (a) and (b) are thermograms for OSC measurement of CexZr1-xO2 and 

Au/CexZr1-xO2 catalysts, respectively obtained after second heating cycle. As seen in 

figures (Figure 6.8 (a) and (b)) in the range of temperature 150 – 800 °C, weight loss was 

observed. This  change in weight loss was due to loss of adsorbed water on the surface of 

the sample and decomposition of unreacted nitrates. The Change in weight loss for 
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Ce0.75Zr0.25O2 was lower than  Ce0.5Zr0.5O2  and Ce0.25Zr0.75O2 . Similar trend for weight 

loss was also observed for Au/CexZr1-xO2 catalysts. This might be due to the more water 

adsorbed on the surface of the higher Zr content catalysts. In temperature range of 150 – 

400 °C, weight loss was 0.3% reflecting loss of adsorbed water molecules and 

decomposition of unreacted nitrates. The weight loss in the latter region was <1% for all 

the samples, suggesting that almost all the nitrates were decomposed. While weight loss 

beyond 450 °C was about 0.5% for all samples, indicating that over the temperature range 

of 450 - 800°C, mixed oxides are quite stable in terms of chemical composition [36].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 TGA results of (a) CexZr1-xO2 and (b) Au/CexZr1-xO2 catalysts obtained after 

second heating cycle. 

(a) 

(b) 
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As seen in Table 2, upon the addition of Zr to Ce, OSC of the as prepared catalysts 

increased in order of Ce0.25Zr075O2> Ce0.5Zr0.5O2> Ce0.75Zr0.25O2 and for Au/CexZr1-xO2 in 

the order of Au/Ce0.25Zr0.75O2> Au/Ce0.5Zr0.5O2> Au/Ce0.75Zr0.25O2.This trend indicated 

that surface was more reduced at higher Zr content which implies that oxygen availability 

at surface increased. 

Table 6.2 OSC of Prepared CexZr1-xO2 and Au/ CexZr1-xO2 catalysts 

 

Catalyst OSC           (µmol O g-1) 

Parent mixed 

oxides 

Au (1 wt%) 

containing 

mixed oxides 

Ce0.75Zr0.25O2 89 177 

Ce0.5Zr0.5O2 155 338 

Ce0.25Zr0.75O2 193 365 

 

 

6.3.2. Catalytic activity of CexZr1-xO2 and Au/CexZr1-xO2 for bioethanol oxidation 

 

6.3.2.1 Effect of Temperature 

 

Figure 6.9 shows catalytic performance of CexZr1-xO2 and Au/CexZr1-xO2 catalysts for 

oxidation of bioethanol (10 wt%, Ethanol) at the varying temperature and pressure (5 atm) 

condition. All CexZr1-xO2 and Au/CexZr1-xO2 catalysts show negligible conversion at 200 

°C which gradually increased with temperature. Increased Zr content led to enhanced 

bioethanol conversion. This could be ascribed to the addition of Zr to Ce causing change 

in lattice parameter and subsequently to modification and defects in crystalline structure. 

The altered lattice parameter shrinks the unit cell volume (Table 6.1), due to the smaller 

Zr
+4

 ionic radius compared to Ce
+4

. Also the increased concentration of Zr
+4 

in Ce 

framework shortens Ce-O bond length. According to the reported literature [28,37], stress 

induced by decreased unit cell volume, lowers the activation energy for oxygen ion 

diffusion with in lattice and favors the reduction of Ce surface. Incorporation of Zr
+4

 also 

enhances defects in crystalline structure which are expected to play an important role in 
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reduction/oxidation behavior [38,39]. Structural defects could also be assigned to the 

oxygen vacancies since the enthalpy of formation of oxygen vacancies decreases with the 

reduction of crystallite size [40 - 42]. 

 

Figure 6.9 Ethanol conversion as a function of reaction temperature over different catalyst 

(Reaction condition: catalyst = 1 g, pressure = 5 atm, ethanol/H2O/O2/N2 (vol %) = 

0.002:0.018:20.99:78.98 and GHSV =18000 mLgcat
-1

h
-1

) 

The OSC is related to the presence of defects in the structure like oxygen vacancies and 

crystallite planes exposed at the surface oxide. In the case of the mixed oxide (CexZr1-xO2) 

higher generation of oxygen vacancies can be attributed to the incorporation of the Zr
4+

 

cation in the lattice of the CeO2 structure [29,40]. Fornasiero et al. [41] have reported that 

incorporation of Zr promotes Ce reduction through the generation of defects which 

enhances the bulk O2
-
 ion mobility via vacancy diffusion. They reasoned that diffusion of 

O from the bulk to the surface of particles or to grain boundaries between particles is the 

rate limiting process for CO2 formation. Dimitrov et al. [20] also showed that increased Zr 

content in Ce framework led to increase catalytic activity for ethyl acetate combustion. 

As compared to parent CexZr1-xO2 catalysts, Au/CexZr1-xO2 exhibited better catalytic 

performance, which indicated that the addition of active Au metal was important for 

efficiently promoting bioethanol oxidation activity. Ethanol conversion for 

Au/Ce0.75Zr0.25O2, Au/Ce0.5Zr0.5O2 and Au/Ce0.25Zr0.75O2 reached to 41%, 43% and 46 % at 

350°C, respectively. Increase in conversion indicates that parent CexZr1-xO2 samples 
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further reduced upon impregnation of Au nano particles. Reduction of CexZr1-xO2 solid 

sample by the metals has been well reported [42 - 46]. Gomez et al. investigated CO 

oxidation over the Au loaded CeZr solid solutions and reported that Ce/Zr ratio, OSC and 

reducibility power of the solid solution to be responsible for the increased activity of the 

support for Au nanoparticles in CO oxidation [45]. 

As compared to Au/CeO2 and Au/ZrO2 catalysts (chapter 4) for bioethanol conversion, all 

Au/CexZr1-xO2 catalyst used in this work exhibited higher catalytic activity. This indicates 

that Au impregnated mixed oxides catalyst play significant role in the reaction may be due 

to their higher OSC than their pure oxides. 

6.3.2.2 Products distribution employing different catalysts as function of reaction 

temperature 
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Figure 6.10 Products distribution (a) Ce0.75Zr0.25O2 (b) Ce0.5Zr0.5O2 (c) Ce0.25Zr0.75O2 (d) 

Au/Ce0.75Zr0.25O2 (e) Au/Ce0.5Zr0.5O2 and (f) Au/Ce0.25Zr0.75O2Selectivity of acetaldehyde 

(●), acetic acid (  ), ethyl acetate ( ), acetone (  ) and CO2 (*) as function of reaction 

temperature (Reaction condition: catalyst = 1 g, pressure = 5 atm, ethanol/H2O/O2/N2 (vol 

%) =0.002:0.018:20.99:78.98and GHSV =18000 mLgcat
-1

h
-1

) 

It is worth-noting that product of the reaction over all the catalysts is acetaldehyde with 

selectivity in the range of 80 to 92%. Selectivity to acetaldehyde afforded by Au 

containing mixed oxide catalysts is higher than that by parent counterparts. Selectivity to 

acetaldehyde slightly declines with reaction time due to both, further surface oxidation and 

interface reactions. Oxidation of acetaldehyde to acetates at oxide surface and subsequent 
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coupling reactions yield acetone and formation of ethyl acetate can be explained by 

acetaldehyde activation on M
0
 sites which couples with ethanol species activated by ZrO2 

surface. The coupling reaction occurs at metal surface interface. Thus, ethyl acetate and 

acetone are second main products, with selectivity values in the range 6 - 7% and 3 - 5 %, 

respectively. Selectivity to ethyl acetate over Zr rich catalyst is much higher than that of 

Ce rich catalyst in both parent and Au impregnated catalysts. The reverse trends shows for 

selectivity to acetone was observed with 3 -5 % over all the catalysts. Selectivity for acetic 

acid and CO2 were in the range of 1 - 2 % for all catalysts indicating no deeper oxidation 

of bioethanol.  

6.3.2.3 Effect of Zr proportions in ethanol conversion  

 

 

Increased Zr proportions in the mixed oxides (CexZr1-xO2) lead to enhance OSC (Table 

6.2) of catalysts, which plays significant role in the ethanol conversion. As seen in Figure 

6.11(a) ethanol conversion increased from the 10 % to 12 % when Zr mol % increased 

from 25 % to 75% at 275 °C. Further increased in temperature from 300°C to 350 °C, 

ethanol conversion is increased from 16 % to 22 % for 25 mol % of Zr in parent mixed 

oxides and same trend is also observed for 50 mol % and 75 mol % of Zr in CexZr1-xO2. In 

case of Au impregnated metal oxide catalysts, both Au and increase Zr fraction further 

enhanced OSC. Enhanced OSC of catalyst increased ethanol conversion for entire 

temperature range (Figure 6.11(b)). 
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Figure 6.11 Effect of Zr proportions in ethanol conversion (a) parent mixed oxides (b) Au 

impregnated mixed oxides(Reaction condition: catalyst = 1 g, pressure = 5 atm, 

ethanol/H2O/O2/N2 (vol %) = 0.002:0.018:20.99:78.98 and GHSV =18000 mLgcat
-1

h
-1

) 

6.3.2.4 Effect of time-on-stream 

 

Figure 6.12 Ethanol conversion and acetaldehyde selectivity as function of time-on-

stream for Au/ Ce0.25Zr0.75O2 (Reaction condition: catalyst = 1 g, pressure = 5 atm, 

ethanol/H2O/O2/N2 (vol %) = 0.002:0.018:20.99:78.98 and GHSV =18000 mLgcat
-1

h
-1

) 
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Catalytic performance of Au/Ce0.25Zr0.75O2 catalyst is depicted in Figure 6.12. Ethanol 

conversion and acetaldehyde selectivity are plotted against time-on-stream. Low ethanol 

conversion (< 10%) and high selectivity (~100%) towards acetaldehyde are observed at 

low temperature (200 °C). Selectivity towards acetaldehyde decreased gradually with 

increase in temperature and reached to 90 % at 250 °C. Further increased in temperature 

did not change acetaldehyde selectivity, it remain almost constant for the entire duration, 

while conversion closely linked to the temperature. Au/Ce0.25Zr0.75O2 catalyst exhibited no 

sign of catalyst deactivation for more than 40 h on-stream. It is observed that all catalysts 

(parent and Au impregnated mixed oxides) also displayed same stability as of 

Au/Ce0.25Zr0.75O2. 

The incorporation of Zr cation into the Ce unit cell modifies the surface acid-base sites, 

Ce
4+

 and Zr
4+ 

ion acts as Lewis acid sites and O
2‒

 ions as Bronsted or Lewis base sites 

[26]. In presence of oxygen, the intrinsic activity of ethanol dehydrogenation is 

considerably higher. Surface science studies have shown that co-adsorbed oxygen on late 

transition metals acts as a Bronsted base to facilitate O-H bond cleavage. Subsequent C-H 

bond cleavage leads to the corresponding aldehyde or ketone. Oxidation of ethanol can 

occur via activation of C-H bond or O-H bond of ethanol. As mentioned in literature 

[47,48] adsorbed oxygen on the transition metal act as Bronsted base to facilitate O-H 

bond cleavage. Later cleavage of C-H bond leads to the corresponding aldehyde. In this 

case, adsorbed oxygen on prepared catalysts facilitates O-H cleavage then 

dehydrogenation occurs via C-H cleavage to form acetaldehyde as main reaction products.  

6.4 Conclusion 

CexZr1-xO2 and Au/CexZr1-xO2catalysts are first time reported for bioethanol oxidation 

reaction. Incorporation of Zr into Ce framework led to enhance the OSC which plays 

important role in bioethanol conversion. Bioethanol conversion increased with Zr content, 

while reverse trend was observed for acetaldehyde selectivity. Au/CexZr1-xO2catalysts 

exhibited good ethanol conversion compared to CexZr1-xO2 catalysts. This is due to 

impregnation of Au which further reduced surface of CexZr1-xO2 catalysts and enhanced 

their OSC. Among the used catalysts, Au/Ce0.25Zr0.75O2 displayed 46% ethanol conversion 

and 87% selectivity towards acetaldehyde. However other two catalysts 

Au/Ce0.75Zr0.25O2and Au/Ce0.5Zr0.5O2 showed 41% and 43 % ethanol conversion and 91% 

and 88 % acetaldehyde selectivity, respectively. 
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CHAPTER – 7 

Summary and Future Prospective 

7.1 Summary 

Worldwide increase in high-scale production of biomass derived chemicals leads to 

sustainable feedstocks for high value added commodity chemicals. The transformation of 

biomass derived chemicals to fine chemicals requires less stages compared to tradition 

developed process. Bioethanol is one of the promising candidates for its conversion to 

various chemicals like acetaldehyde, acetic acid, ethyl acetate etc. For this conversion 

oxidation of bioethanol is carried out by oxygen or air as green oxidant instead of 

traditional inorganic oxidants. This thesis describes oxidation of bioethanol by both liquid 

phase and gas phase reaction assisted by different catalysts. The solid supports used in this 

work have been purchased and mixed oxides of CeZrO2 (chapter 6) was synthesized using 

co-precipitation method. Au and Ag metals were anchored on the supports by wet 

impregnation method.  Detail characterization of catalysts has been carried out using 

different techniques. This thesis involves study of role of supports, nature of metals and 

metal support interaction for bioethanol oxidation. This chapter provides summary and 

conclusions of the work described in previous chapters and scope of future work based on 

this thesis. 

Chapter 1 summaries the importance of replacement of fossil fuel to alternative feedstock 

for producing of value added chemicals,  availability of biomass derived chemicals,  and 

the motivation of the study. 

Chapter 2 provides mainly a review on the literature of oxidation of ethanol by both 

liquid and gas phase reaction using various catalysts, influence of reaction parameters like 

effect of temperature, pressure, and time on stream etc. has been discussed in detail. It also 

provides detail mechanism of ethanol oxidation. It concluded that ethanol conversion 

highly depends on nature of supports and metals as well influenced parameters. Various 

analytical techniques used for the characterization of catalysts are also described.  

Chapter 3 involves synthesis of Au and Ag supported on various zeolite. These catalysts 

were tested for bioethanol oxidation in liquid phase where comparable bioethanol 
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conversion was not achieved. With Au/Hβ maximum 17 % bioethanol conversion with 63 

% selectivity towards acetaldehyde was obtained at 200°C for 24 h. It was observed with 

increased reaction time increase bioethanol conversion for all the catalysts. The lower 

activity of catalysts may be due to hydrophilic nature of supports (zeolite). Hydrophilic 

nature of zeolite was confirmed by various researchers as mentioned in the chapter in 

detail. Effect of alkali for the reaction was checked with Ag/Na-HZSM5 and Au/Na-Hβ 

catalysts. However no significant change was observed in the bioethanol conversion and it 

was around 2% and 10 %, respectively. Later on Ag/ZrO2 catalyst was prepared and 

evaluated for oxidation of bioethanol. With Ag/ZrO2, 30 % bioethanol conversion with 95 

% selectivity for acetic acid at 150° C and 24 h was achieved and it was highest among the 

used catalysts. 

Chapter 4 describes gas phase oxidation of bioethanol using Au/SiO2, Au/CeO2, 

Au/ZrO2, Ag/ZrO2 and Au-Ag/ZrO2 catalysts. All catalyst were prepared by wet 

impregnation method, characterized and tested for bioethanol oxidation reaction. The 

reaction conditions were kept constant for all catalysts.  Au based catalysts exhibited 

higher bioethanol conversion than Ag based catalysts.  Au/ZrO2, Au/CeO2 and Au/SiO2 

displayed 38%, 34% and 18% conversion of bioethanol respectively, while Ag/ZrO2 and 

Au-Ag/ZrO2 catalysts showed 27% and 23% bioethanol conversion respectively. 

Acetaldehyde was major reaction product for all catalyst and selectivity order as follow: 

Au/CeO2> Ag/ZrO2> Au-Ag/ZrO2> Au/ZrO2> Au/SiO2. In case of Au/ZrO2, Au leads 

partial reduction of surface Zr
4+

 to Zr
3+

 which creates oxygen deficiencies on ZrO2 

surface. With Au/CeO2, CeO2 was able to provide activate oxygen with concurrent 

creation of oxygen vacancies which could further played a role of activating reactant 

oxygen molecules reaching from the gas phase. It was also found that addition of Ag to Au 

(Au-Ag/ZrO2) decreased Au
0
/Au

+ 
ratio and making the catalyst less favorable for ethanol 

conversion to ethyl acetate. 

Chapter 5 shows role of metal support interaction using Ag-CeO2 as catalyst for selective 

oxidation of bioethanol to acetaldehyde. This catalyst showed good catalytic performance 

with 36% bioethanol conversion and > 85% acetaldehyde selectivity. Higher catalytic 

activity of Ag/CeO2 was due to the cooperation of Ag
δ+

 acid sites and base sites of ceria 

on the Ag-CeO2 interface. Here key role of Ag on surface is: (i) to increase lattice oxygen 

mobility of CeO2 by producing structural defects, and (ii) to weaken the Ce–O bond and 
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thus induce the exchange between lattice oxygen and adsorbed oxygen. Ag/CeO2 catalyst 

exhibited no sign of catalyst deactivation for more than 36 h on-stream. 

Chapter 6 report the effect of proportions of Ce and Zr in their mixed oxide on their 

catalytic performance for bioethanol oxidation. It was observed that addition of Zr to Ce 

framework led to increase OSC which played crucial role in bioethanol conversion. 

Bioethanol conversion increase with increased Zr content, while reverse trend was 

observed for acetaldehyde selectivity. Au/CexZr1-xO2 catalysts exhibited good ethanol 

conversion compared to CexZr1-xO2 catalysts. Among the used catalysts, Au/Ce0.25Zr0.75O2 

displayed highest bioethanol conversion (46%) and 87% selectivity towards acetaldehyde.  

7.2 Future Prospective 

 

This dissertation work has demonstrated that supported Au and Ag nanoparticles are 

promising as heterogeneous catalysts in selective oxidation of bioethanol under reaction 

conditions, particularly from the viewpoint of green chemistry. The results obtained from 

this reaction and investigations have led to some possible questions and suggestions for 

further work and development. The following suggestions may be beneficial to 

understanding more about the mechanism of oxidation of bioethanol, Au based bimetallic 

catalysts‘ performance, to study effect of various noble metals supported on CeZrO2 

mixed oxides, as well as improving the conversion for bioethanol and employing 

mesoporous CeZrO2 mixed oxides as solid support. 

(1) It was shown in chapter 4 that Au/ZrO2 catalyst exhibited higher bioethanol 

conversion. Although the catalytic activity was reduced with Au-Ag/ZrO2 

bimetallic catalyst compared to that observed with Au/ZrO2. Formulation of 

different Au bimetal supported catalyst for example Au-Pd, Au-Cu for bioethanol 

oxidation, may improve the activity for reaction and selectivity of the products.  

 

(2) To understand and explain the difference in the activity and selectivity that has 

been obtained using different supports, more high definition characterization 

techniques are needed such as STEM and sorption analysis of supports. Other 

techniques like in situ ATR-IR and DRIFT spectroscopic studies on catalysts 

prepared by different supports for alcohol oxidation are also required. 
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Investigations from this aspect may help in understanding the support effect and 

the interface effect between the metal nanoparticles and the supports, and also the 

products molecular composition with the supports and metals. This will help in 

understanding the possible molecular mechanism processes of the reactions. 

 

(3) As shown in chapter 5 that Ag/CeO2 outperforms the reported catalyst for 

bioethanol oxidation with no sign of deactivation for longer reaction time. By 

varying the loading of Ag on CeO2, oxidation reaction can be carried out to further 

improve and optimize the catalytic performance. 

 

(4) As chapter 6 demonstrated the OSC of the CeZrO2 mixed oxide increases with 

incorporation of Zr which was further improved upon the impregnation of Au. 

Improved OSC of catalyst enhances conversion of bioethanol. Hence it would be 

interesting to carry out an evaluation of the oxidation of bioethanol with different 

noble nanoparticle supported CeZrO2 mixed oxide. 

 

(5) Finally, we propose to employ mesoporous CeZrO2 mixed oxide for this reaction, 

additionally experiment should be carried out to evaluate role of surface area of 

this catalyst in OSC and its effect on activity.
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Appendix – I  

Calculation of activity coefficient by UNIFAC method 
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Appendix – II  
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