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CATALYTIC UPGRADATION OF VANILLYL ALCOHOL AS A LIGNIN MODEL 

COMPOUND VIA OXIDATION BY TRANSITIONAL METAL-BASED MIXED 

OXIDE CATALYSTS 

ABSTRACT 

In recent days, lignin valorization has attracted a great deal of interests to minimize 

the dependency on under earthed fossil fuels. Lignin is the third abundant source in the 

earth which can be the source of potential alternative as renewable energy. However, 

lignin valorization in industrial scale become a great challenge because of the structural 

complexity of lignin. Extensive researches has been done in this arena using 

homogeneous and heterogeneous catalysts. And also, adaptation of other strategies such 

as unconventional reaction media or activation methods were also explored. But, the low 

yield of products and less economically valuable products obtained in current valorization 

techniques drives the thrust of this work to develop heterogeneous catalysts to improve 

the amount of yield to more valuable products.  

To build a sustainable lignin valorization strategy, many issues such as a stable 

heterogeneous catalyst with simple and cost effective synthesis protocol, economically 

friendly process conditions, as well as high amount of yield need to be addressed. In this 

work, a simple, facile and economically effective solvent evaporation method has been 

developed to synthesize highly crystalline, mesoporous, and stable mixed oxide catalysts. 

The catalytic activity of prepared mixed oxide catalysts was tested in liquid phase 

oxidation of vanillyl alcohol which represent as a model compound of lignin monomeric 

structure. In the synthesis protocol of mixed oxide catalysts, different loading of metals 

and different valent cations (Cu2+, Mn3+, Fe3+ Ti4+, Ce4+)  were experimented to observe 

the apparent effect of cation charge on the catalytic activity. In order to establish the 
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correlation of the physico-chemical properties of the mixed oxide catalyst with the 

catalytic activity, various characterization techniques such as XRD, HRTEM, Raman, 

XPS, FESEM, SAED, H2-TPR etc. were applied. In addition, to investigate the best 

suitable and environmentally benign oxidant for oxidation of vanillyl alcohol in terms of 

catalytic activity such as H2O2 and air was considered in this report. And also, the 

optimum reaction conditions such as time, pressure, temperature, oxidants concentration 

were found for liquid phase oxidation of vanillyl alcohol. The highest catalytic activity 

(94 % conversion with 86 % selectivity to vanillin) was measured for the catalyst in 

aerobic oxidation prepared by combination of Cu and Ti with ratio Cu/ Ti= 0.5. The other 

catalysts was in order of Ce-2Ti> Cu-2Zr > Cu-Mn > Fe-2Ti in view of both conversion 

and selectivity. The catalytic conversion of the catalysts was in order of Cu-2Ti> Cu-

2Zr> Ce-2Ti> Fe-2Ti > Cu-Mn using H2O2 oxidant. In addition, the catalytic activity of 

prepared mixed oxide catalysts was found to promote the catalytic conversion to a certain 

extent to transform vanillyl alcohol into selective vanillin product with the presence of 

base NaOH using H2O2. Moreover, the spent mixed oxide catalysts was examined for 

stability measurement in there subsequent oxidation reactions of vanillyl alcohol at the 

obtained suitable reaction parameters for fresh catalysts. It was worth to note that the 

catalysts was stable with minimum loss of catalytic activity. 

Keywords: Vanillyl alcohol, oxidation, air, lignin, catalysts, H2O2. 
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UPGRADASI PEMANGKIN ALKOHOL VANILLYL SEBAGAI MODEL 

KOMPOUND LIGNIN MELALUI PENGOKSIDAAN DENGAN LOGAN 

PERALIHAN BERASASKAN PEMANGKIN  

ABSTRAK 

Sejak kebelakangan ini, kegunaan lignin telah menarik perhatian pengguna untuk 

mengurangkan pergantungan kepada bahan api fosil. Lignin adalah sumber  ketiga 

terbanyak di bumi dan boleh menjadi alternatif yang berpotensi sebagai tenaga boleh 

diperbaharui. Walau bagaimanapun, pemprosesan lignin dalam skala industri telah 

menjadi satu cabaran yang besar kerana kerumitan struktur lignin. Banyak kajian  

pemprosesan lignin telah dilakukan dengan menggunakan pemangkin homogen dan 

heterogen. Selain itu, penyesuaian strategi lain seperti kaedah tidak konvensional juga 

telah diterokai. Tetapi, hasil produk adalah rendah dan produk yang dihasilkan tidak 

bermutu dari segi ekonomi. Oleh itu, keadaan ini telah mencetuskan perbangunan 

pemangkin heterogen untuk meningkatkan jumlah hasil produk yang bermutu tinggi. 

Untuk membina pemprosesan lignin yang mampan, beberapa kriteria seperti 

penghasilan pemangkin heterogen yang stabil, kos efektif, keadaan proses mesra dari segi 

ekonomi, dan juga hasil product yang tinggi adalah diperlukan. Dalam kajian ini, kaedah 

penyejatan pelarut telah digunakan untuk mensintesis pemangkin campuran oksida yang 

bersifat kristal, mesoporous, dan stabil. Aktiviti pemangkin campuran oksida tersebut 

telah diuji dalam tindak balas pengoksidaan dengan mengunakan alkohol vanillyl sebagai 

sebatian model struktur monomeric lignin. Dalam process sintesis pemangkin campuran 

oksida, beberapa parameter seperti kandungan logam and kation valen yang berbeza 

(Cu2+, Mn3+, Fe3+ Ti4+, Ce4+)  telah digunakan untuk mengkaji kesan aktiviti pemangkin. 

Selain itu, hubungan antara sifat-sifat fiziko-kimia pemangkin campuran oksida dengan 

aktiviti pemangkin telah dikaji dengan mengunakan pelbagai teknik pencirian seperti 
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XRD, HRTEM, Raman, XPS, FESEM, SAED dan H2-TPR. Pelbagai jenis oksidan 

seperti H2O2  dan udara telah dikaji terhadap kesan pengoksidaan alkohol vanillyl.  

Keadaan tindak balas optimum seperti masa, tekanan, suhu, kepekatan oksidan ditemui 

untuk tindak balas pengoksidaan alkohol vanillyl telah dikaji. Aktiviti pemangkin 

tertinggi (94% penukaran dengan selektif 86% kepada vanillin) telah didapati dengan 

pemangkin campuran oksida  Cu-Ti dalam nisbah logam Cu/Ti=0.5. Selain itu, 

pemangkin oksida yang dibelanjakan telah diperiksa untuk pengukuran kestabilan di 

dalam tindak balas pengoksidaan seterusnya vanillil alkohol pada parameter reaksi yang 

sesuai untuk pemangkin segar. Hasil kajian menunjukan bahawa pemangkin yand 

dihasilkan adalah stabil dengan kehilangan minimum aktiviti katalitik.  

 

Kata Kunci: Vanillyl alkohol, oksidan, udara, lignin, pemangkin, H2O2. 
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CHAPTER 1: INTRODUCTION  

1.1 State of art  

The exploitation and advancement of renewable energy sources towards a sustainable 

energy assurance for the future has drawn a great attention to reduce dependency on under 

earthed fossil based resources, since the reserve of fossil-based resources is markedly 

reducing with time. Hence dependency on fossil based resources is no longer reasonable 

in view of viable, eco-friendly and socio-economic purposes. Many renewable resources 

such as biomass, geothermal, wind and solar based techniques are under ongoing 

research. A few protocols were successfully developed and effectively implemented in 

order to replace fossil-dependent energy production. Biomass is considered as the best 

suitable and strategic alternative resource to invent technologies for energy production 

(Holladay, White, Bozell, & Johnson, 2007; Werpy et al., 2004).  Biomass is one of the 

most available and renewable resource, and thus taken into account as a versatile 

replacement to explore the possibilities to adapt new strategies in versatile applications 

including energy production. Biomass derived fuels from biomass-refinery processes are 

already susbstituing fossil-based fuels in our day-to-day life. And also, the biomass 

components and derivatives are being used as important platform chemicals and 

substrates in multipurpose chemical industries that produces higher value-added products, 

ranging from pharmaceutical applications to polymer industries. However, the gross use 

is still in fledging stages (Aresta, Dibenedetto, & Dumeignil, 2012). 

1.2 Catalysis 

During early nineteenth century, a few scientific groups claimed observation regarding 

particular substances which accelerate chemical reaction without being consumed at the 

end of the reactions. The conversion of starch into glucose (Kirchhoff, 1811) or 

decomposition of ammonia on metal surface (Robertson, 1975) are such examples of 

catalytic chemical reactions. Jons Jacobs Berzelius introduced the term “Catalysis” first 
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ever in the history and also explained the phenomenon. Berzelius introduced the term 

“Catalysis” in his scientific report to Swedish Academy of Science in 1835 and proposed 

as a classification (Berzelius & Wöhler, 1936). After him, throughout the rest nineteenth 

century, the term remained as a topic of debate. However, W. Ostwald explained the 

phenomenon in view of chemical kinetics and defined it as “a catalyst is a substance 

which affects the rate of a chemical reaction without being part of its end products” 

(Ostwald, 1923). Now, the term catalyst is defined by IUPAC as “ a substance that 

increases the rate of a reaction without modifying the overall standard Gibbs energy 

change in the reaction” (McNaught & McNaught, 1997). Now-a-days, in industrial 

prospect, catalysis is an important platform to reduce the reaction time and enrich the 

productivity with higher selectivity to targeted product. As it remained unchanged after 

the catalytic reaction, it can be reused several times. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: A schematic diagram showing free energy profile diagram courses of                      
a hypothetical chemical reaction 
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Catalysts can be classified into two classes (i) homogeneous catalysts, the catalyst 

remains in the same phase as the reactant (ii) heterogeneous catalysts, the catalyst which 

is different from the reactant phase (typically solid/liquid/gas, solid/liquid or solid/gas). 

The comparison between homogeneous catalysts and heterogeneous catalysts are shown 

in Table 1.1. 

 

Table 1.1 Comparison between homogeneous and heterogeneous catalysts. 

Feature Homogeneous Heterogeneous 
Form Metal complex Solid often metal or metal 

complex 
Activity high Variable 

Selectivity high Variable 
Average time life variable Long 

Reaction conditions mild Drastic 
Recycling difficult Easy 

Problems of diffusion none Possible 

Sensitivity to poison low High 
Separation from products difficult Easy 

Intelligibility of the 
mechanism 

possible Difficult 

Variation of steric and 
electronic feature 

possible Difficult 

 

 

The key benefit of using homogeneous catalyst in a chemical reaction is that the active 

sites are well separated likewise enzymes and have similarities to one another which 

facilitates the interaction between the reactants and active sites.  

However, to obey the principles of sustainable and green chemistry, development of 

heterogeneous catalysts is very crucial as they potentially meet the objectives of 

sustainable industrial process (Centi & Perathoner, 2003). Recyclability, long life and 

easy separation techniques are the major advantages of a heterogeneous catalytic system 

that are potential parameters to cut the cost of an industrial product cost and also causing 

no harms to the environment. Catalysts are well connected to 90 % chemical 
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manufacturing process as well as our daily life. Catalysts contributes around 35 % of the 

world gross domestic product (GDP) (Armor, 2011). The earlier focus of an industrial 

process was to accelerate the kinetics of a reaction. However, the current goals of a 

sustainable industrial process is not only to promote high amount yield but also to avoid 

the side reactions to minimize the production of undesired products which involved costly 

separation processes (Somorjai & Kliewer, 2009; Zaera, 2002). Many industrial 

manufacturing processes depends on chemical reactions like Hydroalkylation, 

Polymerization, Isomerization, Oxidation, Hydrogenation, Etherification, 

Oligomerization, Esterification, Condensation, and Hydration where catalyst plays a vital 

role. This aim of this study is to develop potential heterogeneous catalyst in application 

of oxidation reactions. 

1.3 Lignin 

Three major constituents such as cellulose, hemicellulose, and lignin form biomass of 

higher (vascular) plants. The portion of each of these components differs depending on 

the origin of the biomass (Ek, Gellerstedt, & Henriksson, 2009; Welker et al., 2015). 

Lignin is a macromolecular component of wood that is composed of phenolic 

propylbenzene skeletal units. The skeletal units are linked at various sites  randomly 

(McNaught & Wilkinson, 1997). Lignin acts as a glue in between layers of cell, which 

form an amorphous matrix together with hemicelluloses, and in between cellulose fibrils 

are embedded. After cellulose, lignin (from Latin lignum–wood, timber) is the second 

most abundant terrestrial organic matter on Earth. Depending on the type of plants and its 

organ, the abundance of lignin content varies. The broad variations of lignin content in 

different type of woods is determined  e.g., it makes up 9 to 23 weight percent (wt %) in 

hardwoodiii and 25-30 wt % in softwoodii (Sixta et al., 2013).  For grasses, the amount 

is in range of 10 to 30 wt %. The most lignin content is located at the protective tissues 

of plants, like nut shells, which contain from 30 to 40 wt % (Sun & Cheng, 2002). Vice 
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versa, the presence of lignin content is almost zero in soft tissues such as cotton seed hairs 

and leaves. The lignin content was determined by wood structural arrangement at a 

cellular level. It was found that the highest lignin concentration is in the middle lamella 

and the cell wall (about 25 wt %). Different types of lignin and their characteristics 

processed via various are illustrated in Table 1.2. 

 

Table 1.2: Global comparison of various characteristics of lignin extracted from 
different processes.(Lange, Decina, & Crestini, 2013) 

Type of lignin 

Number-average 

Molecular 
weight [Da] 

Polydispers
ity 

Properties compared to native form 

Kraft lignin 1000-3000 2-4 

Soluble in alkali solution and highly in 
polar organic solvents Increase of 5-5 inter 
subunit linkages, new functional group and 
linkages, low sulfur content, 70-75 % of the 
hydroxyl groups could be sulfonated. 

Lignosulfonate 
lignin 

36000-61000 
(softwood) 

5700-12000 

(hardwood) 

4-9 

Soluble in acidic and basic aqueous 
solutions, highly in polar organic solvents and 
amines. High molecular weight. Incorporation 
of sulfonate groups on the arenas. 

Organosolv 
lignin 

> 1000 2.4-6.4 
Soluble in organic solvents. Increased 

amount of phenolic hydroxyl groups. Very low 
Sulfur content. High purity. 

Pyrolytic 
lignin 

300-600 2.0-2.2 

Soluble in organic solvents, but poorly 
soluble in water. C8 basic unit skeleton (rather 
than C9 derived oligomers), lower average 
molecular weight, very frequent C–C inter 
subunit linkages. 

Steam-
explosion lignin 

1100-2300 1.5-2.8 
High content of phenolic hydroxyl groups. 

Lower content of methoxy groups. Frequent C–
C inter-subunit linkages. 

Acidolysis 
lignin 

About 2000 3 

Few carbohydrate impurities. Low 
molecular weight. Increased amount of 
hydroxyl groups. Lower content of ether and 
ester linkages. 
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However, besides plants species, many other parameters such as climate, stresses 

caused by the weather and pests, soil characteristics and age of tress also governs the 

lignin concentration in a plant (Moura, Bonine, De Oliveira Fernandes Viana, Dornelas, 

& Mazzafera, 2010; Rencoret et al., 2010). The percentage of lignin amount in different 

woods are summarized in Fig. 1.2.  

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Percentage of lignin in different woods. 

 

1.3.1 Structure of lignin 

Lignin structure is a complex compound and mainly contains three simple molecular 

units sinapyl alcohol, coniferyl alcohol, p-coumaryl alcohol (Chatel & Rogers, 2013). The 

structure of lignin with the simple molecular fragments is shown in Fig. 1.3. Also, a 

detailed reviewd was made on structure of lignin in previous literatures which 

summarized the lignin and its monomeric units (Joseph et al., 2015). 
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Figure 1.3: Representation of structure of lignin showing monomeric units. 

 

1.3.2 Importance of lignin modifications 

Lignocellulosic biorefinery receives a large quantity of lignin for conversion into value 

added products. Thus, development of a sustainable, efficient and cost friendly protocol 

to upgrade lignin as a potential source for production of energy as well as platform 

chemicals in multi purpose chemical industries. Noteworthy, lignin is the only reliable 

renewable source for synthesis of aromatic fine chemicals (Bozell, Hames, & Dimmel, 

1995; Bozell, Hoberg, & Dimmel, 2000; Dimmel, Bozell, Von Oepen, & Savidakis, 

2002). And also, lignin can be converted to discrete molecules with low molecular weight 

by adapting direct and efficient strategic conversion technique. These molecular units 

from lignin can be potentially used as monomeric building blocks in polymer industries 

which is a very promising future scope of lignin valorization. . The selective and 

controlled  breaking of carbon–oxygen and carbon–carbon  bond cleavage in lignin via  
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depolymerisation can produce a whole variety of monomeric, aromatic species with 

different functionalities (Bozell et al., 1995). Moreover, new types of building blocks for 

polymer industries can be yield from selective bond cleavage in lignin relying on 

technologies (De Menezes, Pasquini, Curvelo, & Gandini, 2007; Sannigrahi, Pu, & 

Ragauskas, 2010). In addition, selective upgradation of lignin polymer itself is a suitable 

pathway to transform it into a structural base for complex co-polymers with various 

potential applications (Bozell, Hoberg, & Dimmel, 1998). Lignin-derived chemicals has 

also potential applications to be used  as building blocks for the fabrication of 

microcapsules, or another scope is investigation on the antioxidant features of the 

polyphenolic structural unit of lignin (Salanti, Zoia, Orlandi, Zanini, & Elegir, 2010).  The 

currently available potential applications of lignin are summarized in Fig. 1.5. Several 

group of researchers focused on covering present research on lignin, its future aspects, 

and on technologies developed to valorize lignin. Various methods were adapted till date 

to valorize lignin  ranging  from classical chemical approaches such as pyrolysis 

(thermolysis) (Acharya, Sule, & Dutta, 2012; Brebu & Vasile, 2010; Mohan, Pittman, & 

Steele, 2006; Pandey & Kim, 2011), hydrolysis (Sun & Cheng, 2002; Van Dyk & 

Pletschke, 2012), reduction(hydrogenolysis) (Eachus & Dence, 1975; Lange et al., 2013; 

Son & Toste, 2010), oxidation using catalysts (Argyropoulos, 2001; Crestini, Crucianelli, 

Orlandi, & Saladino, 2010), to newer biotechnological approaches such as usage of 

enzymatic catalytic process (Van Dyk & Pletschke, 2012). Currently available 

modification approaches of lignin and their outcome studied in previous literatures are 

summarized in Fig. 1.4.  
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Figure 1.4: Modification approaches of lignin valorization. 

 

However pulp and paper industries obtain Kraft and lignosulfonates burning almost 

98% of lignin as a source of energy (Lora & Glasser, 2002; Thielemans, Can, Morye, & 

Wool, 2002). Nowadays, the global markets for lignin products emphasis mainly on low 

value products (Stewart, 2008) such as dispersing, binding, or emulsifying agents (Xu, 

Yang, Mao, & Yun, 2011), low-grade fuel (Piskorz, Majerski, Radlein, & Scott, 1989; 

Thring, Katikaneni, & Bakhshi, 2000), phenolic resins (Cetin & Özmen, 2002), carbon 

fibers (Braun, Holtman, & Kadla, 2005; Kadla et al., 2002), wood panel products 

(Vazquez, Rodrı́guez-Bona, Freire, Gonzalez-Alvarez, & Antorrena, 1999), automotive 

brakes, epoxy resins for printed circuit boards (Lora & Glasser, 2002), polyurethane 

foams (Hatakeyama, Kosugi, & Hatakeyama, 2008) and thus remain limited use. Hence, 

extensive researches are required for exploitation of new technologies and strategies to 

extend the lignin valorization to high value added applications. Application scopes of 

lignin valorization are shown in Fig 1.5. 
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Figure 1.5: Applications of lignin. 

 

1.3.3 Oxidation as the modification approach 

Among the available modification techniques of lignin valorization, oxidation is one 

of the viable as well as cost effective route. Hydrolysis and reduction of lignin causes 

disruption to the lignin structure or removal of chemical functionalities. As a result, it is 

not viable to use as platform chemicals or starting materials in Bio-refinery, or 

petrochemicals, pharmaceutical industries. On contrary, oxidative route of lignin 

modifications tend to form more complicated platform chemicals with additional 

functionalities (Behling, Valange, & Chatel, 2016). And also, oxidation process offers 

direct conversion of lignin into target products with easy separation technique like 

filtration (Collinson & Thielemans, 2010). 

1.3.4 Problem statement of lignin oxidation 

Lignin valorization is considered a vital challenge in the biorefinery area due to 

complexicity associated with its transformation (Fellows, Brown, & Doherty, 2011; 

Klein-Marcuschamer, Oleskowicz-Popiel, Simmons, & Blanch, 2010). The major 
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challenges of valorizing lignin included, (1) lignin has very much complex polymeric 

structure with its structure and composition vary depend on the properties of the wood 

species and several other parameters such as season, weather (Cherubini & Strømman, 

2011); (2) the complex structure is chemically stable and its propensity to transform 

required harsh reaction conditions to modify or break down the polymers; (3) lower cost  

processes are available for petroleum derived raw materials in stead of lignin for 

production of plastics or polymers. Therefore, designing lignin valorization technique to 

high volume aromatic via a cost effective process can potentially reduce the dependency 

on petroleum derivatieves. 

1.4 Research Objectives  

The main research focus of this study is to synthesis mixed oxide catalysts via newly 

developed one pot solvent evaporation technique for liquid phase oxidation of vanillyl 

alcohol (a lignin model compound) by using different environmentally benign oxidants 

such as air and H2O2. The general objectives are: 

1. Design and synthesis of transitional metal based mixed oxide catalysts via 

developed one pot solvent evaporation method. 

2. Catalytic evaluation of synthesized mixed oxide catalysts in liquid phase 

oxidation of vanillyl alcohol (a lignin model compound) using two different 

oxidants (air and H2O2) and investigation of suitable reaction conditions. 

Research novelty of this study is to prepare mixed oxide catalysts via newly developed 

one pot solvent evaporation technique. And also, pioneering investigation of synthesized 

mixed oxides in application of liquid phase oxidation of vanillyl alcohol (a lignin model 

compound). 
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1.4.1 Specific research objectives 

I. To develop an effective method to synthesize mixed oxide catalysts.  

II. To evaluate the catalytic activity of prepared mixed oxide catalysts in liquid phase 

oxidation of vanillyl alcohol (a lignin model compound)  

III. To make a comparison study of two different oxidants such as air and H2O2 in 

liquid phase oxidation of vanillyl alcohol as a lignin model compound.  

IV. To investigate the optimum reaction parameters for liquid phase oxidation of 

vanillyl alcohol (a lignin model compound) under mediation of both oxidants air 

and H2O2.  

V. To propose a reaction mechanism for transformation of vanillyl alcohol over the 

catalyst surface of synthesized mixed oxide catalysts. 

1.5 Thesis organization 

The thesis consisted five (5) chapters namely, (1) Introduction; (2) Literature review; 

(3) Methodology; (4) Results and discussion; and (5) Conclusion. 

Chapter 1 covers the basic concept describing the importance of renewable feedstocks 

for the sustainable future, lignin as a renewable feedstock, its structure, application of 

lignin oxidative products, and available modification approaches of lignin and oxidation 

as the sustainable modification approach. Also, it clearly stated the current problems 

associated with lignin oxidation in bio-refineries. The research objectives are also stated 

in this part.  

Chapter 2 consisted a brief description on previously studied technologies in literatures 

for oxidation of lignin and associated problems. The common oxidants practiced in 

oxidation reaction and also in lignin transformation were listed with their details. And 

also, it summarizes a wide variety of catalysts previously investigated for lignin 

oxidation.  
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Chapter 3 embodied the methodology adapted to complete the scope of work and 

research goals. The preparation method of mixed oxide catalysts with different metals 

loading and their compositions was discussed in details. In addition, the characterization 

techniques, background of the analytical tools, and sample preparation procedures were 

described. Moreover, the reaction set up and the product analysis procedure were also 

stated clearly.  

Chapter 4 contained results and discussions on the physiochemical properties of 

synthesized mixed oxide catalysts examined by using various spectroscopic analytical 

tool. The physiochemical properties of mixed oxide catalysts were presented in this thesis 

under section 4.1 for Cu-Ti mixed oxide catalysts, section 4.2 for Cu-Zr mixed oxide 

catalysts, section 4.3 for Cu-Mn mixed oxide catalysts, 4.4 for Ce-2Ti mixed oxide 

catalyst, and section 4.5 for Fe-2Ti mixed oxide catalyst. The catalytic activity 

measurement of synthesized catalysts were described in thesis section 4.6. 

Chapter 5 summarized the research findings and addressed the research goals. From 

the comparison of catalytic activity of all synthesized mixed oxide catalysts, the best 

performed mixed oxide catalyst was concluded. Also, the future scopes of this research 

study was included in this section. 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



35 

CHAPTER 2: LITERATURE REVIEW 

Oxidation of lignin was performed in adopting many innovative strategies displayed 

in Fig. 2.1 (Behling et al., 2016). They can be classified in two categories. One is 

classified as conventional methods and the second one is unconventional methods. The 

conventional methods involved usage of catalytic systems in conventional solvents with 

the presence of eco- friendly oxidants. The unconventional methods are usage of different 

source of mechanistic energy or unconventional solvents media such as using of ionic 

liquids. Therefore, both conventional and unconventional methods were discussed in this 

study. 

 

Figure 2.1: Oxidation of lignin using different techniques (Behling et al., 2016). 

 

2.1 Lignin isolation 

Biomass fractionation is the first and vital step for lignin isolation from the rest of 

lignocellulosic biomass. This isolation process from the lignocellulosic biomass strongly 

control the properties and structure of the lignin (Bouxin et al., 2015). Mainly four 

isolation methods are available such as Kraft, Soda, the Sulphite and Organosolv. 
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Worldwide gross production of lignin via Organosolve lignin isolation process is 40-50 

million tons annually (Strassberger, Tanase, & Rothenberg; Zoia, Salanti, Frigerio, & 

Orlandi, 2014). The aim of isolation was to separate the lignin matrix from the cellulosic 

part via breaking the bonds between ligin and polysaccharides. And also, this process 

facilitates to increase the solubilty of lignin (Crocker, 2010). Two type of reactions 

generally occurs during lignin fraction process. One is electrophilic reaction (delignifying 

reagents accepts one pair electron) and another one is nucleophilic reaction (delignifying 

reagents donates one pair of electron). Nucleophilic reaction governs the pulping process 

whereas the bleaching process is governed by electrophilic reaction and followed by both 

(Gierer, 1985). 

 

Figure 2.2: Classification of oxidation process. 

 

2.2 Oxidation  

The chemical term “Oxidation” is defined as consumption of oxygen by any organic 

or inorganic substances or removal of hydrogen atoms from any substrate (Sheldon, 

1993a). Oxidation is half part of a redox reaction. In a redox reaction, a substrate is 
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reduced by accepting one electron from any other substance and the electron donating 

substrate is consequently oxidized. Hence, redox reaction undergoes by electron transfer 

from one substrate to another. Oxidation reaction is very useful and commonly practiced 

reaction in the industries as they produce valuable products from petroleum as well as 

biomass feedstocks (Punniyamurthy, Velusamy, & Iqbal, 2005). Generally, oxidation 

reactions are performed many following ways displayed in Fig 2.2.   

Liquid phase oxidation involved usage of stoichiometric amounts of various inorganic 

salts such as chromium reagents, manganese dioxide and permanganate salts etc. Usage 

of such salts for oxidation process in the industries caused production of huge amounts 

of inorganic wastes which is environmentally harmful. Hence, the environmental pressure 

on the industries to make the process green, ecofriendly is growing which needs more 

attention to develop a effective protocol without causing damages to the environment 

(Sheldon & Van Santen, 1995; Sheldon, Wallau, Arends, & Schuchardt, 1998). One of 

the attempt to attain a green process is using molecular oxygen which is a challenging 

task. Liquid phase oxidation of thermally stable molecules in fine chemical synthesis is 

not viable due to problems with vaporization and conversion into gas phase. Hence, the 

reaction consumed high amounts of solvents which makes the process not environmental 

and economic friendly. Therefore, reducing the activation energy of the reactant at lower 

reaction conditions is only viable by using a catalytic system. Also, other serious issues 

such as low cost, green process, easy separation protocol, recyclability has to be focused 

in case of designing the effective catalytic system for lignin valorization.  

The oxidation can be performed in two phase such as liquid and gas depending on the 

reactant phase. In case of gas phase oxidation reaction, reactants concentration are much 

lower and radical chain reactions are less favored. Oxidation reaction under mediation of 

molecular oxygen occurs by adsorption of an oxygen molecule on the surface of 
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heterogeneous catalysts which lead to the formation of surface oxo species (Fig. 2.3). The 

species are more reactive when it is adsorbed on the defective sites of the catalysts. This 

chemisorbed oxygen species were claimed to promote oxidation applications such as CO 

to CO2 (Clerici & Kholdeeva, 2013), ethylene oxidation (Omae, 2007) and catalytic 

combustion (Dalla Betta, 1997; Kummer, 1975). 

 

Figure 2.3: Oxygen activation on the surface of heterogeneous catalysts (a)    
Through chemisorption (b) By replenishing consumed lattice oxygen (Weckhuysen 

& Keller, 2003). 

 

The benefits of using metal oxides or mixed oxide as catalysts are that they employ 

their existing surface oxo species in the oxidation reaction of hydrocarbons. Typically, 

the lower oxidation state of n type’s semiconductor type oxides (Ti, V, and Mo) are easily 

accessible to the central metal atoms. And, oxygen vacancies are again fulfilled by the 

chemisorbed molecular oxygen. This phenomenon is known as Mars-Van Krevelen 

reaction mechanism. Lattice oxygen is strongly bonded relative to chemisorbed species, 

this is why they partake in the selective oxidation reactions in more controlled way such 

as synthesis of acrolein from acetonitrile (Burrington, Kartisek, & Grasselli, 1984). 

Liquid phase oxidation reactions are also performed industrially at mild reaction 
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conditions over supported metals catalysts and considered as a potential candidate due to 

their high selectivity under clean process. Many applications such as cyclohexane to 

cyclohexanol/ cyclohexanone, oxidation of isobutene, p-cresol to p-

hydroxybenzaldehyde, n-butane to acetic acid, p-xylene to terephthalic acid, diisopropyl 

benzene to hydroquinone, epoxidation of propylene to propylene oxide, oxidation of 

alcohols to aldehydes, p-cresol to p-hydroxybenzaldehyde, vanillyl alcohol to vanillin, o-

hydroxybenzylalcohol to salicylaldehyde are performed under liquid phase oxidation 

reactions over supported metal catalysts. 

2.2.1 Oxidizing agents  

Oxidation of lignin is generally performed in both alkaline and acidic media. Guaicyl 

that is present in all types of lignin, was considered to illustrate the activation mechanism 

of lignin in Fig. 1.4. The side chain,  hydroxyl or methoxyl groups on the aromatic rings 

contains lone pairs of electrons on the oxygen atom. Due to the overlapping of lone pair 

electrons with the unsaturated electrons inside the aromatic ring, it create electron rich 

centers in ortho- and para- positions. Therefore, these positions were easily susceptible to 

be attacked by electrophiles (Fleming, 1976). In lignin structures with an aliphatic double 

bond conjugated to the aromatic ring, partial negative centers (δ-) are also extended to the 

β carbon atom. And lignin structure containing a aliphatic double bond with a α-carbonyl 

group, the equivalent resonance structure with partial negative centers (δ-) were only 

observed in the O-Cα-Cβ region as shown in the Fig. 1.4. Formation of negative centers 

in the structure could promote oxidation by the presence of cations Cl+, OH+ formed 

during oxidation. Conversely, the elimination of an a-substituent (γ-substituent in ring-

conjugated structures) could result in the formation of enone intermediates of the quinone 

methide type, and the formation of centers with relatively low electron density (δ+) at 

both the carbonyl carbon and at carbon atoms in vinylogous position to the carbonyl 

carbon (Patai & Rappoport, 1988). These δ+ sites could be actively attacked by 
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nucleophiles. In acidic media, both phenolic and non-phenolic units can react with 

electrophilic and nucleophilic agents (Nimz, 1966). In alkaline media however, a similar 

distribution of electron sites for electrophilic and nucleophilic reactions was encountered 

in phenolic units (Gierer, 1985). Several oxidative agents are commonly used for lignin 

oxidation or have been reported is listed in the following Table 2.1. 

 

Figure 2.4: Lignin activation in acidic and alkaline media. 

 

2.2.1.1 Chlorine  

Chlorine was widely used and highly efficient oxidation agent in lignin oxidation 

chemistry . Chloronium ions preferentially attack the partial negative sites in lignin units 

at the ortho- and para- positions, which lead to the formation of cyclohexadienyl cation 

intermediates (Dence, 1996). For non-phenolic units without an a-hydroxy group, 

chlorine substitution on the methoxy group was the predominant reaction pathway (Dence 

& Sarkanen, 1960). Mechanistically, chlorine could completely depolymerize lignin to 

mono- and multi-chlorinated phenolic monomers. Despite its high activity and selectivity 

towards lignin, the formation of chlorinated phenolics which is referred as 

Univ
ers

ity
 of

 M
ala

ya



41 

organohalogens (AOX)—as end products generated significant environmental concerns 

in the 1960s, which led to the elimination of elemental-chlorine-based chemicals in paper 

based industries (Dence & Reeve, 1996). The use of Chlorine in lignin conversion also 

encountered the same fate due to environmental regulations. 

2.2.1.2 Chlorine dioxide 

Chlorine dioxide was the second generation oxidant used in application of lignin 

oxidation after prohibition of Chlorine as a oxidant. Since organohalogens product 

formation in this process was much lower, it stood as the potential candidate for 

replacement of Chlorine (Ni, Shen, & Van Heiningen, 1994; Svenson, Jameel, Chang, & 

Kadla, 2006). About 95 % of all bleached kraft pulp was prepared via Chlorine dioxide 

bleaching sequence (Svenson et al., 2006).  Chlorine dioxide is 2.38 times more reactive 

than an equivalent mass of Chlorine theoretically. Chlorine dioxide oxidation in lignin 

structure proceeded via radical reaction mechanism (Gierer, 1985). The preferable attacks 

of chlorine dioxide was on the phenolic lignin units or olefinic side chains (Brogdon, 

Mancosky, & Lucia, 2005; Ni et al., 1994).  Aromatic ring opening was also another 

favored pathway during lignin oxidation by Chlorine dioxide (Kolar, Lindgren, & 

Pettersson, 1983). This pathway led to the formation of dicarboxylic acids and their 

derivatives as oxidative products.  

2.2.1.3 Oxygen 

Oxygen attracted enormous attraction as an oxidant in lignin valorization via catalytic 

transformation in recent years. It offered many suitable advantages in oxidation reaction 

of lignin such as, (i) not require the usage of additional stoichiometric reagents hence no 

inorganic waste materials; (ii) produced environmentally friendly by-products; (iii) 

highly abundance; and (iv) green and cost effective. The reaction pathway of lignin 

oxidation by oxygen was previously discussed in detailed (Bessone et al., 2001; Gratzl, 
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1987; McDonough, 1989; Pan, Zhang, Gregg, & Saddler, 2004). The Fig. 2.5 illustrated 

the stepwise formation of different oxidative species in oxygen based lignin catalytic 

transformation of lignin.  

However, present studies reported that oxygen-based catalytic oxidation of lignin 

tends to stop at the depolymerization step and form aldehyde/ benzoic acid derivatives 

under alkaline conditions. Identifying more effective catalysts to improve oxygen 

efficiency and selectivity towards targeted products is an area of interests which requires 

extensive exploration. 

 

Figure 2.5: Oxygen reaction in oxidizing lignin A) stepwise electron adsorption 
of oxygen to reactive species; B) combined reaction mechanism for all reactive 

oxidation species during oxygen oxidation of lignin. 

2.2.1.4 H2O2  

Hydrogen peroxide was well considered as an environmentally benign chemical, 

which made it an ideal candidate and common oxidant for pulp bleaching (Beeman, 1953; 
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Beeman & Reichert, 1951; Rapson, 1963; Singh, 1979). Hydrogen peroxide is a more 

reactive oxidant than oxygen. In acidic medium, the reduction potential of the H2O2/H2O 

pair is +1.763 V, compared to only +1.229 V of the O2/H2O pair. In alkaline medium, the 

reduction potential of the H2O2/H2O pair is +0.994 V, whereas it is only +0.401 V for the 

O2/H2O pair. The peroxide and oxygen bleaching processes were mediated under alkaline 

conditions to conserve the content of cellulose fibers while maximizing the lignin 

removal. Most hydrogen peroxide bleaching processes aimed  at damaging chromophore 

structures in lignin rather than removing them (Gierer & Imsgard, 1977). For example, p-

hydroxybenzoic acid and p-hydroxylguaiacol are produced as the result of 3-(4-hydroxy-

3-methoxyphenyl)-2-acrolein oxidation. 

Noteworthy, these fragmented products could also be further oxidized to quinones by 

hydrogen peroxide treatment through Dakin-like oxidation of lignin phenolic units which 

eventually produce back new chromophore structures (Crestini et al., 2010; Hall, 1984). 

p-Hydroquinone, p-quinone, and o-quinone were detected in considerable amount in the 

waste produced by peroxide bleaching of mechanical pulp TMP (Nonni, Falk, & Dence, 

1982). Hydrogen peroxide is also known as an efficient oxidant for aromatic ring cleavage 

reactions. Hydrogen peroxide was reported to generate reactive free-radical species over 

transitional metal surface to promote the degradation of lignin into o- and p-quinone 

structures. However, the reaction pathway was also governed to produce smaller 

molecules resulting decreament in product selectivity (Egami & Katsuki, 2007; W. 

Zhang, Wang, Tanev, & Pinnavaia, 1996). In lignin valorization strategies via oxidation 

process, hydrogen peroxide treated with heterogenic catalytic system exhibited high 

efficiency without causing any means of harm to the environment for aromatic ring 

cleavage (Crestini, Caponi, Argyropoulos, & Saladino, 2006; Crestini, Pro, Neri, & 

Saladino, 2005; Lange et al., 2013). Most previous literatures reported lignin 

delignification under treatment of alkaline conditions to activate the lignin as well as to 
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preserve the cellulose fibers. Although lignin conversion under mediation of acidic or 

neutral conditions was not studied in detailed. Also, a few studies were reported on 

aromatic ring opening reactions favored under mild acidic buffers (Crestini et al., 2006; 

Ma, Guo, & Zhang, 2014). Usage of mild acid along with hydrogen peroxide to transform 

biorefinery lignin into selective dicarboxylic acids is a promising and effective pathway 

to convert lignin to high value-added products. The key factor to increase the reaction 

efficiency is the lifetime of hydrogen peroxide. A wide number of previous literatures 

reported on decomposition of hydrogen peroxide into molecular oxygen accelerated by 

the presence of transitional metals such as Fe, Cu, and Mn (Brown & Abbot, 1995; 

Gellerstedt & Pettersson, 1982; Pu, Lucia, & Ragauskas, 2002; Salem, El‐Maazawi, & 

Zaki, 2000). Also, compounds containing earth metals (e.g., Mg salts, Na silicate) was 

studied as function of stabilizers to reduce the decomposition rate of hydrogen peroxide 

even in the presence of transition metals (Christiansen, 1986; Z. Li et al., 2004). Although 

an ideal metal profile is not yet known for such application, the addition of chelating 

agents such as ethylenediaminetetraacetic acid (EDTA) prior to reaction was found to 

promote the performance of hydrogen peroxide for delignification. Besides inorganic 

salts, some organic compound such as organophosphonates (Ma, Xu, & Zhang, 2015) and 

polylactones (Ma et al., 2015) were investigated as stabilizers to retard the fast 

degradation of  hydrogen peroxide and improve reaction efficiency. 

2.2.1.5 Ozone 

Ozone was also known as the highly efficient oxidant, capable of oxidizing almost all 

types of lignin. It could be used  at low temperatures (20° C - 40° C) owing to its reactivity 

towards all unsaturated lignin structures (Lenoir, 2006; Subramaniam, 2010). The high 

reactivity towards both phenolic and non-phenolic nuclei was the distinguishable benefit 

of using ozone as an oxidant over molecular oxygen. In summary, the high reduction 

potential of ozone could completely destroy lignin aromatic nuclei to produce simple 
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organic compounds (e.g., acetic acid, formic acid, methanol) as the main products along 

with carbon dioxide (Ma et al., 2015). This nonselective nature of ozone limited its 

application in lignin valorization industries to produce the targeted product in high yield.  

2.2.1.6 Peroxy acids 

A peroxy acid is defined as the acid containing perhydroxyl group (-OOH) instead of 

(-OH) group in its parent acid. Peroxyacetic acid is produced from sulphuric acid or 

organic acid such as acetic acid or formic acid. Both type of peroxy acids shown 

effectiveness as oxidants in lignin valorization. The heterolytic cleavage of peroxy acids 

generates hydroxonium ion (HO+) which is a strong electrophilic specie that readily attack 

on the electron- rich sites in lignin, including both aromatic ring and olefinic side chain 

structures. Oxygen transfer from peroxy acids to lignin was also a favored characteristic 

reaction (Argyropoulos et al., 2002; Young & Akhtar, 1998). The application of peroxy 

acids for wood pulping and bleaching attracted a considerable amount of interests in the 

past and at present. However, the mechanism and kinetics is yet unambiguous. Hence, it 

requires further study to establish the potential of peroxyacetic acids as an oxidant for 

lignin valorization.  

2.2.1.7 Economics of using oxidizing agents 

The above discussed oxidants such as chlorine dioxide, oxygen, ozone, and peroxide 

were generally practiced in the paper industry to bleach pulp to increase the brightness. 

A substantial amount of these chemicals were consumed in the bleaching process. For 

example, a chlorine dosage of around 2–4% based on dry weight of pulp was generally 

employed for commercial chemical bleaching processes whereas the dosage of peroxide 

for mechanical pulp bleaching was between 4–8%. Hence, a huge amount of carbon based 

wastage was produced as the chemical loading on lignin is approximately 100–200% on 

a weight basis. The cost of bleaching for white paper production is between $30–50 per 
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metric ton of paper. It could be concluded that oxidative transformation of lignin to value 

added chemicals such as LMWPC, DCAs, and quinones compared to commodity paper 

is a significant development. And also, these products could be further used as a versatile 

platform chemicals for other value added industries. In addition, lignin valorization via 

oxidation technique was evidently proven to build a sustainable future with assurance of 

a healthy environment. Therefore, there is a crucial need of an effective catalytic system 

to overcome the drawbacks such as minimize the use of stoichiometric use of oxidants 

and high selectivity to the targeted products in order to sustain the economic potential in 

lignin valorization industries.  

 

Table 2.1: Summary of oxidants used for lignin oxidation, reactive species, 
mechanisms and products. 

Oxidizing 
agent 

Reactive 
species 

Mechanisms Main products Potential products 

Chlorine Cl+ Electrophilic chlorinated phenol o-quinone 

Chlorine 
dioxide 

ClO2, HClO, 
Cl2 

Electrophilic, 
radical 

dicarboxylic acids, 
simple acids 

 

Oxygen 
O2·, OOH·, 

OOH-, 
HO· 

Electrophilic 
,radical 

vanillaldehyde/acid 
syringaldehyde/acid, p-
hydrobenzaldehyde/acid 

low molecular weight 
aromatic 

aldehyde/acid, 
dicarboxylic acids, 

simple acids 

Hydrogen 
peroxide 

OOH-, 
HOO·, HO·, 

O2· 

Nucleophilic, 
radical 

Vanillaldehyde 
syringaldehyde 

p-hydrobenzaldehyde 
vanillic acid 

p-hydrobenzoic acid 

low molecular weight 
aromatic 

aldehyde/acid, 
dicarboxylic acids, 

simple acids 

ozone -O-O-O- electrophilic 
acetic acidmethanol 

simple acids 
 

peroxyacids HO+ electrophilic 

p-hydroquinone 
methoxyhydroquinone 
vanillaldehyde 
syringaldehyde acid 

low molecular weight 
phenolics, 
dicarboxylic acids, 
simple acids 
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2.2.1.8 Comparison of oxidants used generally for oxidation reactions 

Many oxidants were reported for the oxidation purpose. As, the current industrial focus 

is towards green technology, the choice of a oxidant needs to meet many criteria (Trost, 

1995). Under careful evaluation of the properties and economics of the generally 

practiced oxidants (Table 2.2), molecular oxygen and H2O2 possesed the maximum 

potential characteristics as they both produce water as side product and no other 

environmentally harmful byproducts (Sheldon, 2007, 2008). And also, in terms of other 

parameters such as economics and E-factor of O2 and H2O2 assisted to draw the similar 

conclusion.  

 

Table 2.2: Economics of general oxidants used for oxidation reactions. 

Oxidants Byproducta 

Atom 

efficiencya 

(%) 

E-factorb 

Cost ($/Kg) 

Or ($/1)c 

O2 H2O 50 0 57.5 

H2O2 H2O 47 0 103.5 

CH3C(O)OOH CH3C(O)OH 27 1.03 640.8 

t-BuOOH t-BuOH 22 1.27 246.4 

NaClO NaCl 21 101 26.3 

Pyridine-N-oxide Pyridine 17 1.36 739.4 

CumOOH CumOH 12 2.34 180.7 

KMnO4 MnO2+H2O 10 1.50 146.2 

2KHSO5+ 

KHSO4+ K2SO4 

(oxoxne) 

2KHSO4  + 

K2SO4 
10d 10.03 119.9 

m-CPBA m-CBA 9 2.70 755.8 

PhIO PhI 7 3.52 E 
aAtom efficiency  
bE-factor 
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    Barry Trost first introduced the term “Atom efficiency” in 1991 (Sheldon, 2008). It is 

defined as the following equation 

Atom efficiency (%) =  
ெ௨ ௦௦  ௗ௦ௗ ௗ௨௧

௨ ௦௦   ௧௧௦
 × 100 % 

Roger Sheldon first introduced the term E-factor. It is to determine the impact of waste 

on theenvironmental from a chemical process. The ration of waste per unit of product is 

defined as E-factor (Sheldon & Van Santen, 1995). It is written as  

     E-factor =  
்௧ ௪௦௧ ()

ௗ௨௧ ()
 

2.2.2 Catalytic system used for lignin oxidation reactions 

Two types of catalyst were widely studied for lignin oxidation. Only a few catalytic 

systems were reported for direct lignin oxidation displayed in Table 2.3. As lignin 

contains many functional units, and complexity associated with the analysis, model 

compounds representing the structural units of lignin were frequently studied. Many 

formers studies reported on oxidation of a wide variety of lignin model compounds 

representing various structural units or different linkages present on the lignin structure 

listed in Table 2.4. 

2.2.2.1 Homogeneous catalysts used for oxidation of lignin 

Many metal salts and other homogeneous catalytic system such as Polyoxometalates, 

Organometallics, and Organocatalysts were used in oxidation of lignin. Different types 

of Polyoxometalates catalyst were used in lignin oxidation (Kholdeeva et al., 2005; 

Sonnen, Reiner, Atalla, & Weinstock, 1997; Weinstock et al., 2001; Yokoyama et al., 

2004). Different types of organometallic catalysts such as metallosalen complexes 

(Badamali, Luque, Clark, & Breeden, 2009; Canevali et al., 2002; Drago, Corden, & 

Barnes, 1986; Sippola & Krause, 2005), metallopolyporphyrins complexes (Cui & 

Univ
ers

ity
 of

 M
ala

ya



49 

Dolphin, 1995; Robinson, Wright, & Suckling, 2000; Zhu & Ford, 1993), 

organorheniums (Ayres & Loike, 1990; Granata & Argyropoulos, 1995; Jiang, 

Argyropoulos, & Granata, 1995), vanadium complexes (Hanson, Baker, Gordon, Scott, 

& Thorn, 2010; He, Sun, & Han, 2013) were employed in previous reports. A few former 

reports also mentioned usage of organocatalysts for such transformation of lignin (R. Liu, 

Liang, Dong, & Hu, 2004; Rahimi, Azarpira, Kim, Ralph, & Stahl, 2013). Although, 

homogeneous catalytic systems offer the advantage of high yield, it comes with many 

disadvantages as well such as (i) product contamination during the product separation 

protocol due to the homogeneous phase of both reactants and products (ii) low selectivity 

due to over oxidation of targeted products.
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Table 2.3: Heterogeneous catalysts used for raw lignin oxidation 

Entry catalyst Solvent Oxidants Experimental 
conditions 

substrate Products Conve 
(%) 

Yield 
(%) 

Ref 

1 Pd/Al2O3 H2O O2 373-413K, 0.2-1 
Mpa,  
0-2 h 

Alkaline lignin from sugarcane 
bagasse 

Vanillin 
Syringaldehyde 
p-
Hydroxybenzaldehyde 

0-80% 

0-4.4 
0-6.7 
0-7.3 

(Sales, Maranhão, Lima 
Filho, & Abreu, 2007) 

2 LaFe1-

xCuxO3 
NaOH/ 
H2O 

O2 393K,  
2 MPa, 
0-3 h 

Lignin from enzymatic 
hydrolysis of steam explosion 
cornstalks 

Vanillin 
Syringaldehyde 
p-
Hydroxybenzaldehyde 

0-70 

2.4-4.6 
0-12 

0.4-2.5 

(J. Zhang, Deng, & Lin, 
2009) 

3 LaMnO3 NaOH/ 
H2O 

O2 393K,  
2 MPa, 
0-3 h 

Lignin from enzymatic 
hydrolysis of steam explosion 
cornstalks 

Vanillin 
Syringaldehyde 
p-
Hydroxybenzaldehyde 

4-57 

3.7-4.32 
3.6-9.33 
0.8-2.2 

(H. Deng et al., 2008b) 

4 LaCo1-

xCuxO3 
NaOH/ 
H2O 

O2 393K,  
2 MPa, 
0-3 h 

Lignin from enzymatic 
hydrolysis of steam explosion 
cornstalks 

Vanillin 
Syringaldehyde 
p-
Hydroxybenzaldehyde 

9-65 

2.4-5.3 
0-12.8 

0.9-2.88 
 

(H. Deng, Lin, & Liu, 
2010) 

5 LaCoO3 NaOH/ 
H2O 

O2 393K, 
 2 MPa, 
0-3 h 

Lignin from enzymatic 
hydrolysis of steam explosion 
cornstalks 

Vanillin 
Syringaldehyde 
p-
Hydroxybenzaldehyde 

8-61 

3.9-4.55 
2.1-9.99 
0.9-2.23 

(H. Deng et al., 2008a) 

6 Pd/CeO2 MeOH O2 458 K, 
0.1 MPa 
0-3 h 

Organosolv 
Lignin 

Vanillin 
Guaicol 
p-
Hydroxybenzaldehyde 

Not 
provided 

5.2 
0.87 
2.4 

(W. Deng et al., 2015) 

7 La/SBA-
15 

NaOH/ 
H2O 

H2O2  Organosolv beech wood lignin Vanillin 
Syringaldehyde 
Vanillic acid 

Not 
provided 

0.38 
0.52 
0.58 

(Gu, Kanghua, Ming, 
Shi, & Li, 2012) 
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2.2.2.2 Heterogeneous catalysts used for oxidation of lignin and its model 

compounds 

A heterogeneous catalyst is considered the best potential replacement over its 

counterpart as it offers many advantages such as mild reaction conditions, easy separation 

and recyclability and also excellent selectivity. A list of heterogeneous catalytic system 

was successfully employed for direct oxidation of raw lignin in Table 2.3 Most of the 

literatures explored oxidation of lignin using model compounds as complexity associated 

with structure of lignin. The Table 2.4 shows the model substrates used, experimental 

conditions, oxidants and catalytic systems used for lignin transformation till date. 

However, the yield obtained using those heterogeneous catalysts in oxidation purpose of 

lignin model compounds indicated very low conversion with moderate selectivity to 

target products. In addition, requirement of harsh reaction conditions with the examined 

catalysts causes economic unfriendliness process for production in industrial scale. 

Hence, other potential heterogeneous catalysts need to be designed to enrich the yield to 

target products at lower reaction parameters. 
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Table 2.4: List of heterogeneous catalysts used for lignin model compound oxidation 

 

 

 

Entry Catalyst Solvent 
Experimental 

conditions 
Substrate Products 

Conv 
(%) 

Yield 
(%) 

Ref 

1 Co3O4 H2O 413K, 0.5-4 MPa, 7 h Veratryl alcohol 
Veratraldehyde 
Veratric Acid 

40—85 39.2-81.6 
0.8-3.4 

(Mate, Shirai, & Rode, 
2013) 

2 Co3O4 H2O 413K, 0.689-4 MPa, 7 h Vanillyl alcohol 
Vanillic Acid 

Vanillin 
Other 

86 
69.66 
9.46 
6.88 

(Mate et al., 2014) 

3 Co3O4 H2O 413K, 0.689-4 MPa, 7 h Veratryl alcohol 
Veratric Acid 
Veratraldhyde 

 
85 81.6 

3.4 
(Mate et al., 2014) 

4 Co3O4 H2O 413K, 0.689-4 MPa, 7 h p-Sinapyl alcohol 
Acid 

Aldehyde 
Others 

77 
60 
7.7 

9.24 
(Mate et al., 2014) 

5 Co3O4 H2O 413K, 0.689-4 MPa, 7 h 3,4,5- trimethoxy benzyl alcohol 
Acid 

Aldehyde 
76.8 60.7 

16.13 
(Mate et al., 2014) 

6 Co3O4 H2O 413K, 0.689-4 MPa, 7 h p-Anisic alcohol 
Acid 

Aldehyde 
55 54.95 

0.006 
(Mate et al., 2014) 

7 Co3O4 H2O 413K, 0.689-4 MPa, 7 h Coniferyl alcohol 
Acid 

Aldehyde 
61 50 

11 
(Mate et al., 2014) 

8 Co3O4 H2O 413K, 0.689-4 MPa, 7 h p-Hydroxy benzyl alcohol 
Acid 

Aldehyde 
51.8 43.5 

8.3 
(Mate et al., 2014) 

9 Co3O4 H2O 413K, 0.689-4 MPa, 7 h p-Coumaryl alcohol 
Acid 

Aldehyde 
28 28 

0.03 
(Mate et al., 2014) Univ
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Table 2.4, continued 

Entry Catalyst Solvent 
Experimental 

conditions 
Substrate Products 

Conv 
(%) 

Yield 
(%) 

Ref 

10 Co3O4 H2O 
413K, 0.689-4 
MPa, 7 h 

4-hydroxy-3-methoxy-α-
methylbenzyl alcohol 

1-(4-hydroxy-3-
methoxyphenyl)ethanone 

90 81 
(Mate et al., 

2014) 

11 Co3O4 H2O 
413K, 0.689-4 
MPa, 7 h 

Benzyl alcohol 
Acid 

Aldehyde 
17.4 

13.6 
3.83 

(Mate et al., 
2014) 

12 Co3O4 CH3CN 433 k, 2.1 MPa, 2 h Vanillyl alcohol 
Vanillin 

Vanillic acid 
48 

42.2 
2.4 

(Jha, Patil, & 
Rode, 2013) 

13 
Mn-Co 
Mixed 
oxide 

H2O 433 k, 2.1 MPa, 2 h Vanillyl alcohol 
Vanillin 

Vanillic acid 
others 

52 
22.9 
4.2 
25 

(Jha et al., 
2013) 

14 
Mn-Co 
Mixed 
oxide 

CH3CN 
373-433k, 0.7-2.8 

MPa, 1-4 h 
Vanillyl alcohol 

Vanillin 
Vanillic acid 

others 
43-80 

23-60 
4-7 

4-16 

(Jha et al., 
2013) 

15 
Mn-Co 
Mixed 
oxide 

Tolune 
433k, 0.7-2.8 MPa, 

1-4 h 
Vanillyl alcohol 

Vanillin 
Vanillic acid 

 
35 

22 
>1 

(Jha et al., 
2013) 

16 
Mn-Co 
Mixed 
oxide 

Isopropyl 
alcohol 

433k, 0.7-2.8 MPa, 
1-4 h 

Vanillyl alcohol 
Vanillin 

Vanillic acid 
others 

70 
43.4 
15.4 
11.9 

(Jha et al., 
2013) 

17 
Mn2O3-
Co3O4 

Mixture 
CH3CN 

433k, 0.7-2.8 MPa, 
1-4 h 

Vanillyl alcohol 
Vanillin 

Vanillic acid 
others 

45 
33.3 
6.75 
4.5 

(Jha et al., 
2013) Univ
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Table 2.4, continued 

 

 

 

Entry Catalyst Solvent 
Experimental 

conditions 
Substrate Products 

Conv 
(%) 

Yield 
(%) 

Ref 

18 Mn2O3 CH3CN 
433k, 0.7-2.8 MPa, 1-4 

h 
Vanillyl alcohol 

Vanillin 
Vanillic acid 

others 
73 

54 
11 
7.3 

(Jha et al., 2013) 

19 
Co-ZIF-

9 
NaOH/ 
Toluene 

423 K, 0.5 MPa, 0-4 h Veratryl alcohol Veratradehyde 0-45 46 
(Zakzeski, Dębczak, Bruijnincx, & 

Weckhuysen, 2011) 

20 
Co-ZIF-

9 
NaOH/ 
Toluene 

423 K, 0.5 MPa, 0-4 h Vanillyl alcohol Vanillin 0-90 
Not 

provided 
(Zakzeski et al., 2011) 

21 
Co-ZIF-

9 
NaOH/ 
Toluene 

423 K, 0.5 MPa, 0-4 h Cinnamyl alcohol 
Cinnamaldehyde 

Epoxide 
0-34 

0-30 
0-3 

(Zakzeski et al., 2011) 

22 
Al2O3 

 
MeOH 458 K, 1 MPa, 24 h 

2-phenoxy-1-
phynylethanol 

Benzoic acid 
Methyl benzoate 
Acetophenone 

phenol 

9.4 

0.24 
3.6 
0 

2.4 

(W. Deng et al., 2015) 

23 SiO2 MeOH 458 K, 1 MPa, 24 h 
2-phenoxy-1-
phynylethanol 

Benzoic acid 
Methyl benzoate 
Acetophenone 

2.1 

0 
0 
0 
 

(W. Deng et al., 2015) 
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Table 2.4, continued 

 

  

 

 

Entry Catalyst Solvent 
Experimental 

conditions 
Substrate Products 

Conv 
(%) 

Yield 
(%) 

Ref 

24 CeO2 MeOH 458 K, 1 MPa, 24 h 2-phenoxy-1-phynylethanol 

Benzoic acid 
Methyl benzoate 
Acetophenone 

phenol 

9.1 

0.26 
3.2 
0 
0 

(W. Deng et al., 2015) 

25 MgO MeOH 458 K, 1 MPa, 24 h 2-phenoxy-1-phynylethanol 

Benzoic acid 
Methyl benzoate 
Acetophenone 

phenol 

5.1 

0.18 
3.4 
0 

0.96 

(W. Deng et al., 2015) 

26 Pd/Al2O3 MeOH 458 K,0.1 MPa, 24 h 2-phenoxy-1-phynylethanol 

2-phenoxy-1-
phynylethanone 

Benzoic acid 
Methyl benzoate 
Acetophenone 

phenol 

34 

30 
 

0 
0 

3.9 
3.0 

(W. Deng et al., 2015) 

27 Pd/SiO2 MeOH 458 K,0.1 MPa, 24 h 2-phenoxy-1-phynylethanol 

2-phenoxy-1-
phynylethanone 

Benzoic acid 
Methyl benzoate 

10 

6.0 
0 

0.34 
3.8 

(W. Deng et al., 2015) 
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Table 2.4, continued 

Entry Catalyst Solvent 
Experimental 

conditions 
Substrate Products 

Conv 
(%) 

Yield 
(%) 

Ref 

28 Pd/MgO MeOH 458 K,0.1 MPa, 24 h 2-phenoxy-1-phynylethanol 

2-phenoxy-1-phynylethanone 
Benzoic acid 

Methyl benzoate 
Acetophenone 

phenol 

22 

12 
0 
0 
6 
4 

(W. Deng et al., 2015) 

29 Pd/Al2O3+ CeO2 MeOH 458 K,0.1 MPa, 24 h 2-phenoxy-1-phynylethanol 

2-phenoxy-1-phynylethanone 
Benzoic acid 

Methyl benzoate 
Acetophenone 

phenol 

25 

2.0 
0 

18 
5 

20 

(W. Deng et al., 2015) 

30 Pd/CeO2 MeOH 458 K,0.1 MPa, 24 h 2-phenoxy-1-phynylethanol 

2-phenoxy-1-phynylethanone 
Benzoic acid 

Methyl benzoate 
Acetophenone 

phenol 

64-70 

12-15 
0.03-0.1 
14-27 
27-38 
38-48 

(W. Deng et al., 2015) 

31 Pd/CeO2 MeOH 458 K,0.1 MPa, 24 h 2-phenoxy-1-phynylethanol 

Methyl benzoate 
Acetophenone 

Substituted phenol 
Substituted ketone 

86-90 

25-40 
34-38 
64-82 
0-13 

(W. Deng et al., 2015) 
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Table 2.4, continued 

Entry Catalyst Solvent 
Experimental 

conditions 
Substrate Products 

Conv 
(%) 

Yield 
(%) 

Ref 

32 5 % Pt/MOF-5 NaOH/H2O 353 K, 1 h Vanillyl alcohol vanillin 24.5 24.3 (Tarasov et al., 2011) 

33 1 % Pd/sibunit NaOH/H2O 353 K, 1 h Vanillyl alcohol vanillin 47.8 34.8 
(Tarasov, Kustov, Bogolyubov, Kiselyov, & Semenov, 

2009) 

34 1 % Pd/ TiO2 NaOH/H2O 353 K, 1 h Vanillyl alcohol vanillin 32.8 14.8 (Tarasov et al., 2009) 

35 4 % Pd/ SiO2 NaOH/H2O 353 K, 1 h Vanillyl alcohol vanillin 62.9 43.6 (Tarasov et al., 2009) 

36 9 % Pt/ SKT-4 NaOH/H2O 353 K, 1 h Vanillyl alcohol vanillin 94.8 90 (Tarasov et al., 2009; Tarasov et al., 2011) 

37 2.3%Pd/sibunit NaOH/H2O 353 K, 1 h Vanillyl alcohol vanillin 46.8 38.5 (Tarasov et al., 2009) 

38 2.3 % Pt/SKT6 NaOH/H2O 353 K, 1 h Vanillyl alcohol vanillin 45.5 34.8 (Tarasov et al., 2009) 

39 2.3 % Pt/ MgO NaOH/H2O 353 K, 1 h Vanillyl alcohol vanillin 71.5 48.5 (Tarasov et al., 2009) 

40 Pd/ C EtOAc/H2O 353 K, 12 h 
2-aryloxy-1-

arylethnols 

Aryl 

ketones 
50-100 18-93 (Dawange, Galkin, & Samec, 2015) 
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2.2.2.3 Unconventional methods 

Some unconventional methods were also reported for lignin valorization. Behelig et al 

(Behling et al., 2016) reviewed some unconventional reaction media such as using a ionic 

liquid, or a supercritical fluid as a solvent system, and using microwave energy, or 

sonochemistry as the activation method of lignin. Chatel et al summarized the ionic 

liquids used for lignin valorization (Chatel & Rogers, 2013).   

2.3  Vanillyl alcohol as a lignin model compound  

The frequently used lignin model compounds are listed in Fig. 2.6. Here, in this study 

we used vanillyl alcohol as phenolic model compound which represent the β-O-4 linkage 

of lignin structure. Vanillyl alcohol is not directly available as a structural unit in the 

lignin structure. As it mimicked the one of the linkage in the lignin structure, it was 

thoroughly studied in previous literature as  a model compound representing one of the 

simplest molecular unit of the structure. Oxidative products obtained from oxidation of 

vanillyl alcohol has great industrial value. As they have flavor properties, food industries 

use it as a flavor. Also, perfumes industries are benefitted from the  flavor feature. The 

direct synthesis of vanillin from vanillyl alcohol has a great industrial potential as the 

global demand for vanillin is very high. Also, p-vanillin and its derivatives are generally 

used in various consumer products. Owing to the costly production process of vanillin 

from natural resources, it is produced by a synthetic process. The cost of vanillin extracted 

from vanilla pods is very high ($1200 per kilo) compare to synthetic vanillin ($15 per 

kilo). Global demand of vanillin is 16000 tons per annum. The production of vanillin 

from natural resources is only 0.2 % and 15 % from delignification process against the 

high demand of vanillin. The major production 85 % is obtained from synthetic process. 

Industrially, vanillin is synthesized by guaicol hydroxyalkylation reactions catalyzed by 

Lewis acids such as AlCl3, bases and mineral Bronsted acids. Some recent literatures 

reported usage of zeolite as a catalyst for such reactions. The industrial synthetic process 
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of vanillin production is displayed in Fig. 2.7. Moreover, oxidative products of vanillyl 

alcohol are used as a platform chemical in many pharmaceutical industries.   

 

 

Figure 2.6: Some examples of selected model compounds of lignin (monomeric 
units). 
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Figure 2.7: Two conventional methods of vanillin preparation. 

 

2.4 Why mixed oxides catalysts   

 Recently, mixed oxide catalyst is a potential candidate in versatile applications such 

as oxidation, reduction of complex substrates as they showed promising catalytic activity 

in aspect of high yield to selective products than their counterpart, isolated oxide form. 

The synergy of metal oxides significantly alter the electronic configuration and geometry 

of the catalyst (McFarland & Metiu, 2013). Moreover, the acid-base and redox properties 

of mixed oxide catalysts play a vital role in the oxidation chemistry (Gawande, Pandey, 
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& Jayaram, 2012). In addition, co-operative effect of mixed oxide catalysts promotes the 

characteristics such as stabilizing the active sites, increment of oxygen mobility on the 

catalyst surface and favor the redox cycle for reactivation of the catalyst (Aguilera, Perez, 

Molina, & Moreno, 2011). MnOx doped on Co3O4 was used for the oxidation of CO in 

H2 stream. From this application, a postulation was made that incorporation of the MnOx 

in the Co3O4 framework enhanced the reactive oxygen species on the surface resulting 

the reactivation of the reduced catalyst by O2 (Q. Zhang, Liu, Fan, & Wang, 2011). 

Furthermore, other bimetallic oxides such as CuCo bimetallic combination for 

transformation of o-cresol to salisaldehyde (Feng, Xu, & Liao, 2002), Cupper-Manganese 

oxide for liquid phase aerobic oxidation of p-cresol to p-Hydroxybenzaldehyde (Feng, 

Yang, Zhang, Wu, & Xu, 2004) with excellent catalytic activity were reported.  

2.5 Some preparation techniques of mixed oxide catalysts  

Catalyst preparation is the vital step to alter the morphology, geometry, and textural 

properties of inorganic materials. It is due to the fact that the performance of a catalyst 

strongly depends on the shape and crystallite size as well as exposure of specific crystal 

plane. For preparation of mixed oxide catalysts, some general synthesis methods were 

used such as sol-gel, solvothermal, hydrothermal, slurry method, and co-precipitation 

methods. These methods offers some advantages as well as some disadvantages. Many 

former reports such as yttrium- aluminum based mixed oxide (H. Wang, Gao, & Niihara, 

2000), Mn doped ZnO nanoparticles (Jayakumar et al., 2006), Strontium hexaferrite 

(SrFe12O19) (Hessien, Rashad, & El-Barawy, 2008), ZnO-SnO2 mixed oxide (M. Zhang 

et al., 2005), and Co1-xZnxFe2O4 non-stoichiometric oxide (Gul, Abbasi, Amin, Anis-ur-

Rehman, & Maqsood, 2007) synthesized using co-precipitation method. This method 

employed usage of base NaOH, KOH which caused residual of metal impurities in the 

prepared catalyst. Sol-gel synthesis method was also widely deployed to prepare mixed 

oxide catalysts such as CeO2-TiO2 (Shi, Yang, Tao, & Zhou, 2016), MnOx-CeO2 (Xingfu 
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Tang et al., 2006), CeO2-ZrO2 (Alifanti et al., 2003). However, sol-gel process is very 

much complicated and time consuming as it has few steps. Moreover, hydrolysis and 

polymerization of transitional metal ions are difficult to control. In addition, solvothermal 

method is also used to synthesize CuCeOx (Mrabet, Abassi, Cherizol, & Do, 2012), CeO2-

ZrO2 (Devaraju, Liu, Yusuke, Yin, & Sato, 2009), and rare earth-iron mixed oxides 

(Hosokawa, Jeon, Iwamoto, & Inoue, 2009). Hydrothermal synthesis was also reported 

for preparation of mixed oxide catalysts using supercritical conditions (Adschiri, Hakuta, 

& Arai, 2000). However, solvothermal and hydrothermal methods requires harsh 

conditions such as high temperature and pressure for crystallization of the materials. 

Furthermore, slurry method was also used for preparation of mixed oxides which is also 

performed at harsh conditions (Xie, Chen, Weng, & Wan, 2005). 

2.5.1 Supported mixed oxide catalysts 

For modification approaches, soft templating and hard templating techniques were 

employed to synthesize ordered mesoporous metal oxides. Soft templating involves usage 

of cationic or anionic surfactants. Two pathways were described for soft templating. One 

was the direct co-condensation with opposite charged species mediated by the 

intercalation of counter ions Na+, or K+. Another was the indirect co-condensation of 

similar charged species. Hard templating synthesis technique involved usage of some 

hard templates such as MCM-41, MCM-48, SBA-15, SBA-16, KIT-6, FDU-12 and also 

mesoporous carbon (Ren, Ma, & Bruce, 2012). However, in a hard templating process, it 

was not easy to fill the mesoporous silica template completely because there were 

complex interactions between the silica and filtrated metal ion precursor such as hydrogen 

bonding, Coulombic interactions, coordinating interaction, and van der Waals interaction 

(H. Yang & Zhao, 2005). Therefore, different methods were developed to improve the 

impregnation of the metals in the pore and minimize the loading outside the pores. Metal 

ion precursors interact with the fresh silica template through weak Coulombic interactions 
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with Si–OH. In order to achieve better replication, one possible way is to create silanols 

as many as possible (B. Tian et al., 2004; B. Tian et al., 2003). The functionalization (post 

synthesis grafting or one-pot preparation) of the mesoporous silica templates by certain 

organic groups (for instance, –NH2, –COOH) was also studied for a strong interaction 

between the organic group and metal ion precursor, thus improving the loading of metal 

ion precursor (Yangang Wang, Wang, et al., 2008; Yanqin Wang et al., 2005; Yangang 

Wang, Yuan, et al., 2008). However, both soft and hard templating methods posses 

advantages and disadvantages. Materials prepared via soft templating methods had low 

thermal stability and amorphous or semi crystalline walls. And also, the preparation 

technique is comparatively complicated likewise sol-gel method. On the otherside, 

presence of amine or acid groups in the functionalized material synthesized via hard 

templating method lead to poisoning of the catalyst.  

2.6 Why solvent evaporation method  

The synthesis technique is very much crucial to control the physico-chemical 

characteristics of the synthesized mixed oxides. One step synthesis method is beneficial 

over multi-step synthesis protocol as it reduces few steps such as filtration, washing etc. 

Simple and facile one pot solvent evaporation method was developed in this study to 

synthesis mixed oxides via a simplified protocol. And also, for better synergistic 

combination of the metals to great extent, one pot method is preferred as bimetallic 

complex of the metal precursors is precipitated as the residual after the solvent removal. 

It is a reproducible technique which could be potentially involved to prepare the material 

in  large scale. In general synthesis protocols, metal salts such metal chlorides or nitrates 

are used which required filtration, washing and harsh heat treatments for removal of the 

anionic part of the precursor. On contrary, in this technique, metal organic precursors 

were used as they are easily eliminated at low calcination temperature. And also, this 

process minimizes usage of solvents in large scale. 
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2.7 Reaction mechanism of metal catalyzed oxidation reactions  

Molecular oxygen contains two unpaired electrons in the triplet state with parallel 

spins. Hence, the direct reaction of  3O2 with a singlet organic molecule is a spin forbidden 

process and also the rate of kinetics was low. To overcome the activation energy barrier, 

there are two possible reaction pathways. The first one involves a free radical pathway in 

which 3O2 reacts with singlet molecule to form two doublets (free radicals) which are 

allowed spin orientation process. This mechanism is only possible in case of very reactive 

substrate which can produce spin resonance free radicals (Eq. 1).  

  ……………………… Eq. 1 

Another possible way is to reaction between 3O2 and paramagnetic transitional metals 

which form superoxometal complex shown in Eq. 2.  

……………………………Eq. 2 

A wide variety of reactive species are formed subsequently via inter- or intramolecular 

electron transfer which also play vital roles in oxidation reactions of organic molecules 

(Fig. 2.8).  

 

Figure 2.8: Metal-Oxygen species. 
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Previously, metal catalyzed oxidation reactions by molecular oxygen was rationalized in 

two classes i.e. homolytic and heterolytic by Sheldon and Kochi (Sheldon, 2012). These 

are described in details below.  

2.7.1 Homolytic mechanism  

Homolytic mechanism undergoes free radical species catalyzed by first row transition 

metals via one step electron transfer (CuI/ CuII, MnII/ MnIII and CoII/ CoIII) (Fig. 2.9). In 

a hemolytic reaction, the oxidation of organic substrate takes place outside the 

coordination sphere of the metals via radical chain formation. The key role of a metal in 

the homolytic reaction mechanism is to disintegrate the organic hydroperoxide formed in 

the solution. This process is spontaneous or initiated by a metal. This phenomenon is 

known as the Haber-Weiss mechanism displayed in scheme (Fig 2.9). 

 

Figure 2.9: Metal initiated and mediated oxidation. 

Many industrial application such as synthesis of adipic acids (Musser, 2005) and 

terephthalic acids (Sheehan, 2000) are based on such radical processes. However, the 

problems associated with this process was production of few side products as the results 

of series of consecutive reactions. And also, it is hard to control the pathway of radical 

chain reactions as the intermediate products of the process are more prone to oxidize than 

the reactants. 
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2.7.1.1 Direct homolytic mechanism of organic substrate 

This phenomenon is applied in case of one-electron autoxidation of the organic 

substrate by the oxidized metal framework e.g. CoII is used as catalyst with reactive 

substrate which leads to formation of large concentration of CoIII as the initiator of the 

reactions (Fig. 2.10). 

 

Figure 2.10: Direct homolytic oxidation of benzylic compounds. 

 

2.7.2 Heterolytic mechanism 

This metal catalyzed heterolytic reaction mechanism proceed by two electron transfers 

from the metal ion to the organic substrate. The reduced metal part reacts with molecular 

oxygen and regenerate oxidized metal ion e.g. Oxidation of alkene by Pd catalyst (Wacker 

process) (Fig. 2.11). 

 

Figure 2.11: Wacker oxidation of Alkenes. 

 

Univ
ers

ity
 of

 M
ala

ya



 

66 

But, in case of gas phase reaction, an oxometal species oxidize the substrate and be 

reduced which is re-oxidized by molecular oxygen (Fig. 2.12).  

 

Figure 2.12: Mars-Van Krevelen mechanism. 

 

2.7.2.1 Catalytic oxygen transfer 

Reduced species of dioxygen such as RO2H or H2O2 are often called as single oxygen 

atom donor (Fig. 2.13). The reactions proceed with this oxygen source are referred as 

catalytic oxygen transfer (Sheldon, 1993b). This technique is widely employed to 

synthesis organic chemicals in industrial scale.  

 

Figure 2.13: Catalytic oxygen transfer process over catalysts. 

 

Based on the nature of the active oxidants, heterolytic oxygen transfer process are 

classified into two categories. One is peroxometal species which is formed by early 

transitional metals such as Mo, W, Re, V, Ti, Zr.  And, oxometal species is generated by 

later transitional metals such as Os or Ru particularly Fe, Mn (Fig. 2.14).   
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Figure 2.14: Peroxometal versus oxometal pathway. 
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CHAPTER 3: METHODOLOGY 

3.1  Scope of work 

3.1.1 Cu based mixed oxide catalysts (Cu: M, M= Ti, Zr and Mn)  

As in previous literatures it is found that Cu based catalysts shown promising 

performances in lignin oxidation, the focus of this study is to synthesize Cu based mixed 

oxide catalysts in a effective and simplified method. Therefore, design the of copper based 

(Cu: M) mixed oxide catalysts where M refers to Ti, Zr and Mn were prepared via one 

pot solvent evaporation method. And also, the composition of the metal loading in the 

bulk phase of the catalysts was optimized in order to maximize the catalytic activity. The 

list of Cu based mixed oxide catalysts prepared in this study are listed in Table 3.1. 

 

Table 3.1: Cu based mixed oxide catalysts (Cu: M, M= Ti, Zr, and Mn) 

Catalysts 

Cu:M Ratio 

Cu: Ti Cu: Zr Cu: Mn 

Cu : M Cu: Ti Cu: Zr Cu: Mn 

Cu : 2M Cu : 2Ti Cu: 2Zr Cu: 2Mn 

2Cu : M 2Cu: Ti 2 Cu: Zr 2Cu: Mn 

 

 

3.1.2 Replacement of Cu in (Cu: M) mixed oxide catalysts 

After investigation of synthesized catalysts from section 3.1.1 in application of liquid 

phase oxidation of vanillyl alcohol as a lignin model compound, a comparison was made 

in view of their catalytic activity. The distinguished catalyst was modified by replacement 

of Cu by different valent Fe3+ and Ce4+  metals in optimum Cu based mixed oxide catalyst 

(Cu: M) after catalytic evaluation using the catalysts obtained from section 3.1.1. 
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 Fe: 2Ti 

 Ce: 2Ti 

3.1.3  Characterizations of Catalysts 

 

Table 3.2: List of Characterization techniques used. 

No 
Characterization/ 

Instrument 
Objective 

1 
Thermogravimetric Analysis 
(TGA) 

Analyze for thermal stability by weight loss (%) 

2 
Field Emission Scanning 
Electron Microscope 
(FESEM) 

Analyze for surface morphology, size and particles 
distribution 

3 
Electron Diffractive X-Ray 
(EDX) 

Analyze for elemental composition (surface depth of < 
500 nm) 

4 Brunner-Emmet-Teller (BET) 
Analyze for textural properties (surface area, pore size, 
pore shape, pore volume) 

5 

High Resolution-Transmission 
Electron Microscope (HR-
TEM) and Selected Area 
Electron Diffraction (SAED) 

Analyze for crystallinity, crystal size, crystal structure, 
distribution and lattice spacing 

6 
X-Ray powder diffractogram 
(XRD) 

Analyze for crystallinity, crystal phase, crystal ratio, 
crystal planes and lattice spacing 

7 Raman spectroscopy 
Analyze for catalyst composition based on scattering of 
light by the vibrating molecules. 

8 
X-Ray Photoelectron 
Spectroscopy (XPS) 

Analyze for chemical state and binding energy (surface 
depth ~1-12 nm) 

9 H2-TPR and O2-TPD 
Analyze the reducing ability and study the oxygen 
species 

 

3.1.4 Catalytic evaluation in oxidation of vanillyl alcohol 

Catalytic activity test of prepared mixed oxide catalysts via developed one pot solvent 

evaporation technique was performed in liquid phase oxidation of vanillyl alcohol (a 

lignin model compound) using two different oxidants H2O2 and air. And also, a suitable 

reaction condition was investiged for liquid phase oxidation of vanillyl alcohol via 

optimization of reaction variables such as time, catalyst mass, temperature, pressure, 

concentration of H2O2 and nature of solvent. 
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The reaction set up of the vanillyl oxidation in liquid phase by H2O2  was done in a 

typical fumehood. The reaction was carried out in a 100 ml three neck round bottom flask 

connected with a reflux condenser. The flask was dipped more than half of it’s volume 

into a oil bath placed into a magnetic hotplate. Firstly, vanillyl alcohol was weighted  with 

predetermined loading and added to 20 ml solvent on the flask with a magnetic stirrer 

inside it. After complete dissolve of vanillyl alcohol, predetermined load of mixed oxide 

catalyst was added to the reaction mixture and followed by well-stirring. After attaining 

homogeneous mixture of the catalyst and reactant, fixed concentration of H2O2 was 

injected slowly through one neck which was closed by a stopper and also periodically 

used for sampling . Prior to the addition of oxidant, the reaction mixture temperature was 

maintaind at expected temperature which was measured by a thermometer emerged into 

the reaction mixture through the other neck of the round bottom flask. The reaction 

progress with time was investigated as the first reaction parameter in a reaction condition 

followed in previous literatures of alcohol oxidation (reaction condition: 1 mmol vanillyl 

alcohol (0.15 g) with 3 mmol H2O2 (0.3 ml) and 0.0037 g/cm3 catalyst in 20 ml 

acetonitrile, 85 ⁰C). Other parameters such as concentration of H2O2 , catalyst mass, 

temperature, and nature of solvent were optimized respectively. The similar procedure 

was followed in all the reactions performed in this study for VA oxidation by H2O2 . 

The liquid phase aerobic oxidation was performed in a high pressure 200 ml autoclave 

reactor supplied by Parr Co. In a typical experiment of liquid phase aerobic oxidation, 3 

mmol vanillyl alcohol (0.45 g) was taken in 60 ml acetonitrile which was found as the 

best suitable solvent for VA oxidation under H2O2. The determined loading of catalysts 

mass was also added to the mixture. The reaction temperature was elevated to 120 °C and 

maintained. The air pressure was initially taken to 21 bar. The stirring speed was set up 

continuously and to speed rate of 800 rpm. The sample was collected through opening a 

vent in the reactor after certain interval. Time, followed by catalyst mass, temperature 
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and air pressure were investigated to find the suitable condition for maximum catalytic 

activity. All the aerobic oxidation reactions performed in this study was done following 

the similar procedure.The products from the oxidation reactions were collected after 

every 30 mins time interval.  

3.1.5  Plausible reaction mechanism  

The plausible reaction mechanisms of liquid phase oxidation of vanillyl alcohol as a 

lignin model compound over synthesized mixed oxide catalysts were proposed . 
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3.2 Research approach (flow chart) 

This study was carried out according to the illustrated fig 3.1. The catalysts were 

synthesized via developed one pot solvent evaporation method. And similar catalyst 

preparation protocol described in details in section 3.4 was followed to synthesized all 

the catalysts. Also, all the  catalysts were thourougly analyzed by necessary spectroscopic 

analytical tools (illustrated in section 3.5) to confirm the formation of mixed oxide 

catalysts. Oxidation of VA was performed using differents oxidants with their suitable 

reaction parameters described in section 3.1.4. Also, the catalytic activity measurement 

was carried out following the procedure described in section 3.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Research approach (flow chart). 
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3.3 Equipments and consumables 

 

Table 3.3: List of equipments and consumables used in this study. 

No Equipment and Apparatus Chemical and Consumables 
1 Beaker Titanium tetra-isopropoxide (97-98%) 

2 Measuring cylinders Methanol, C2H5O (95% and 99%) 
3 Mass balance Tetrahydrofuran 

4 Disposable pipette 
Zirconium butoxide, (80 % solution in 1-

butaol) 
5 Magnetic stirrer Manganese acetate hydrate (99%) 

6 Hot plate Trifluoroacetic acid, CF3COOH (98%) 
7 Vacuum line Cupper acetate hydrate, (98%) 
8 Schenk flask Cerium acetylacetonate 

9 Syringe Sodium hydroxide, NaOH 

10 Millipore syringe filter Vanillyl alcohol (98%) 
11 Glass crucible Acetonitrile (HPLC grade) 

12 Spatula Acetic acid (99%) 
13 Drying oven Dimethyl formamide, (99%) 

14 
Universal Temperature Programmed 

(UTP) oven 
Ethanol, C2H5OH (99%) 

15 Grinder Deionized water 
16 Vials Compressed air cylinder 

17 200 ml Hastelloy Autoclave reactor Isopropanol 
18 Chemical and heat resistant gloves Nitrogen gas cylinder 
19 HPLC-UV (Agilent) Column C-18 (Zorbax) 

20 Three neck round bottom flask Hydrogen peroxide, H2O2 (30% in H2O) 
21 Reflux condenser Iron acetate hydrate (99 %) 

 

 

3.4 Catalysts preparation method 

3.4.1 Materials 

All the chemicals used in this study were purchased from various commercial sources 

and used without further purifications. Cupper acetate (Sigma Aldrich 98%), Zirconium 

butoxide (80 % solution in butanol) (Sigma Aldrich), Iron acetate hydrated (Sigma 

Aldrich 95%), Cerium acetylacetonate hydrate (Sigma Aldrich), Manganese acetate 

hydrated (Sigma-Aldrich 98%), Titanium isopropoxide (Sigma Aldrich 97%), Methanol 

(Sigma Aldrich 99.8%), Tetrahydrofuran (Sigma Aldrich 99.9%). 
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3.4.2 Catalyst synthesis method 

Five different type of catalysts with different metal combinations and their loading 

were prepared according to the composition illustrated in Table 3.4 via developed one pot 

solvent evaporation method. In a typical synthesis method, 4 mmol of first metal 

precursors were completely dissolved in 30 ml methanol inside a 100 ml schlenk flask 

connected with a vacuum line adaptor. After complete dissolve of the taken metal 

precursor in the solution, second metal precursors with predetermined metal loading  were 

added to the solution. After complete mixture of both the metal precursors in the solution, 

a few drops of Trifluroacetic acid was added dropwise and carefully to attain a slight 

acidic pH (pH= 4). Afterthat, the mixture was placed for 4 h under vacuum to obtain a 

homogeneous mixture of the metal precursors into the solution. Then the solvent was 

extracted slowly under vaccum until dry powder was obtained. The dry powder recovered 

as residual of bimettalic complex. The powder was grinded finely prior to calcination. 

The calcination was done in a blast furnace under air at 500 °C using heating rate of 2 

°C/min. The material was again grinded finely . The obtained fine powders are the 

synthesized mixed oxide catalysts. 
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Table 3.4: The composition of metal precursor’s in the synthesis method. 

Chemicals Catalysts Cu-Ti Cu-Zr Cu-Mn Fe-2Ti Ce-2Ti 

Cupper acetate 

Cu: Ti 
4 mmol 
0.79g 

4 mmol 
0.79 g 

4 mmol 
0.79 g 

  Cu: 2Ti 
   4 mmol 

0.79 g 
4 mmol 

0.79 g 
4 mmol 

0.79 g 

2Cu: Ti 
8 mmol 

1.58 g 
8 mmol 

1.58 g 
8 mmol 

1.58 g 

Titanium 
isopropoxide 

 
4 mmol 

1.2 ml 

  
8 mmol 

2.4 ml 
8 mmol 
2.4 ml 

 
8 mmol 

2.4 ml 

 
4 

mmol 
1.2 ml 

Zirconium butoxide 

Cu: Zr 

 

4 mmol 
1.6 ml 

   Cu: 2Zr 
8 mmol 

3.2 ml 

2Cu: Zr 
4 mmol 

1.6 ml 

Manganese acetate 

Cu: Mn 

  

4 mmol 
0.98g 

  Cu: 2Mn 
8 mmol 

1.96 g 

2Cu: Mn 
4 mmol 

0.98 g 

Iron acetate Fe: 2Ti    
4 mmol 

0.76 g 
 

Cerium acetyl 
acetonate 

Ce: 2Ti     
4 mmol 
1.79 g 

Methanol  30 ml  30 ml 30 ml 30 ml 

Tetrahydrofuran   30 ml    

 

3.5 Catalysts Characterization tools 

To correlate the physiochemical properties with the catalytic activity, various 

spectroscopic analytic tools were employed. The principles of such analytical tools, 

analysis procedure and sample preparation techniques were described in the section 3.5.1 

to 3.5.11 in details.  
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3.5.1 X-Ray powder diffraction (X-Ray) 

3.5.1.1 Background of X-Ray 

The structural information such as crystal phase, crystallinity, crystal planes, crystal 

ratio and lattice spacing of any crystalline substance is determined by X-Ray diffraction 

analysis. It is a non-destructive test based on scattered waves mutually reinforcing one 

another. When an X-Ray beam hits a crystalline atom, the electrons around the atom 

oscillate with similar frequency as the incoming beam. After scattering, the X-Ray beams 

form a constructive interference as the atoms in a crystal are well arranged in a periodic 

pattern, the combining waves formed constructive interference. Thus well-defined 

diffracted X-Ray beams are formed when leaving the sample at various directions. 

3.5.1.2 Sample analysis procedure 

XRD analysis was conducted using Bruker AXS D8 advanced diffractometer at 

constant voltage 40 kV and 40 mA intensity. Cu Kα radiation (α = 1.5406Å) was used as 

a source of X-Ray beam. The Bragg angle was analyzed from 10° to 80° and the step size 

was 2°/ min.  Prior to the analysis, the sample was grinded into fine powder and was 

closely packed in a sample holder. And also, for smooth surface, a non-leaching glass 

slide was used to smooth. High Score-Plus software was used to analyze the obtained 

XRD pattern and the observed diffraction peaks were matched against the JCPDS 

standard reference patterns. The crystal size was calculated using the Scherrer’s 

equations. 

3.5.2 Field Emission Scanning Electron Microscopy (FESEM) 

3.5.2.1 Background of FESEM 

The topography of the sample was analyzed by Field Emission Scanning Electron 

Microscope (FESEM) with unlimited depths by using high-energy beam of electrons 

emitted from field emission gun. The exited electrons from the field emission gun are 
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confined into focused monochromatic beam using metal orifice and magnetic lenses. The 

detectors of electrons which are placed in the microscope are used to collects signals to 

generate the sample’s image. Different from conventional scanning electron microscope 

(SEM), FESEM generates vivid images with spatial resolution 3 to 6 times greater 

3.5.2.2 Sample analysis procedure 

FESEM Quanta FEI 200F was used to analyze the surface morphology, size and 

particles distribution. The sample was dispersed in ethanol and sonicated in an ultrasonic 

bath at room temperature for 2 min to obtain a clear cloudy suspension. One drop was 

carefully fixed on a carbon tape and was left to dry overnight in a desiccator prior to 

analysis. Both low (5 kV) and high (10 kV) were employed to give the best resolution. 

Magnification from 50 k to 200 k was used. 

3.5.3 Energy Dispersive X-Ray (EDX) 

3.5.3.1 Background of EDX 

Energy dispersive X-Ray (EDX) that is incorporated with FESEM instrument is used 

to determine the elemental composition on the material surface within 500 nm in 

thickness. EDX is able to distinguish all elements in the order of 0.1 percent and is limited 

to elements having an atomic number greater than boron. X-rays are generated from the 

atoms when an electron beams from the FESEM scans across the sample surface. The 

energy of the individual X-Rays is the characteristics of the elements that generate it. 

3.5.3.2 Sample analysis procedure 

The elemental composition was determined using INCA software. The analysis was 

conducted per area basis. For EDX, similar sample preparation as FESEM was employed. 
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3.5.4 High Resolution Transmission Electron Microscopy (HRTEM)  

3.5.4.1 Background of HRTEM 

 High Resolution Transmission Electron Microscopy (HR-TEM) is widely used to 

evaluate the sample crystallinity, crystal size, crystal structure, surface defects and lattice 

spacing at atomic scale. This instrument utilized both the transmitted and scattered beams 

to generate an interference image, and can be as small as the unit cell of crystals. This 

instrument generally consists of more than one condenser lenses to focus the electron 

beams on the sample, objective lens to form diffraction patterns and intermediates lenses 

for image magnification on the screen. Different from conventional TEM, HR-TEM has 

higher power of lattice resolution 

3.5.4.2 Sample analysis procedure 

HR-TEM analysis was conducted using JEM-2100F at an accelerating voltage of 200 

keV. A small amount of fine powder sample was dispersed in ethanol and sonicated for 

0.5 min in an ultrasonic bath at room temperature. Using a disposable pipette, one drop 

of the suspension was carefully dropped on a 400 square mesh copper grid (3.05 mm) and 

dried at 40 °C in an oven for 3 days prior to analysis 

3.5.5 Selection Area Electron Diffraction 

3.5.5.1 Background of SAED 

Selection Area Electron Diffraction is widely used to measure crystal structure and 

lattice parameters. SAED analysis is done inside a TEM instrument. This instrument 

works on similar as X-Ray diffraction analysis but in several thousand times smaller area 

than X-Ray diffraction. It can detect the lattice spacing, angle, the type of materials. In 

SAED, a user can wish to focus on a single crystal and capture a diffractogram of the 

crystals where a series of bright spots will represent a crystal plane. 
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3.5.5.2 Sample analysis procedure 

The sample preparation was followed as the similar as HRTEM analysis. 

3.5.6 Brunner-Emmet-Teller (BET) 

3.5.6.1 Background of BET  

BET is used to analyze the textural properties such as surface area, pore size, pore 

shape and pore volume of the sample. BET is a multilayer absorption process whereby 

non-corrosive gases (such as nitrogen, carbon dioxide, argon, etc.) are used to evaluate 

the adsorption of gas molecules on the solid surface. The degree of adsorption depends 

on several factors such as pressure, temperature and solid-gas interactions. After reaching 

the saturation pressure, the sample is removed from the gas environment and is heated to 

release adsorbed gas from the material and quantified. The collected data is displayed as 

BET isotherm which plots the amount of gas adsorbed with the relative partial pressure. 

There are 5 types of adsorption isotherms which are Type I, II, III, IV and V. 

3.5.6.2 Sample analysis procedure 

The textural properties of the samples were analyzed using nitrogen adsorption-

desorption analyzer TriStar II 3020 series, Microactive 2.0. Prior to BET analysis, 1 g of 

the solid sample was dried in an oven at 60 °C for 2 h to remove any trapped moistures. 

The sample was then placed in a 6 mm glass cell and degassed in a vacuum chamber, 

operating at 350 °C for 6 h to remove remaining moisture and possible contaminants. The 

sample was measured using relative pressure range of 0.01-0.90 P/Po.  

3.5.7 Raman analysis 

3.5.7.1 Background of Raman 

Raman spectroscopy is generally employed to analyze the chemical structure of 

inorganic materials. Raman spectroscopy is based on scattering of light by the vibrating 

molecules as a result of interaction between the monochromatic laser beam and molecules 
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of the sample. The Raman spectrum is constructed using the scattered light which has a 

different frequency from the incident light. This is also referred as inelastic scattering. 

Thus, Raman spectra are formed due to the inelastic collision between the incident 

monochromatic beam and molecules of the sample.  

3.5.7.2 Sample analysis procedure 

An in-built PL-Raman spectroscopy (Renishaw LabRam confocal Raman microscope 

with 325 nm line of a continuous He–Cd laser at room temperature) was used to analyze 

chemical structure of the sample. The sample was grinded into fine powder before 

analysis. 

3.5.8 Temperature Programmed Reduction (H2-TPR) 

3.5.8.1 Background of H2-TPR 

H2-TPR is a very useful tool in heterogeneous catalysis to determine the efficient 

temperature conditions of reducing the catalyst. An oxidized sample is placed in a sample 

holder in the instrument and a mixture of 10 % H2/He gas flowed over the sample. The 

detector in the instrument determine the temperature and amount of gas which was 

consumed by the sample.  

3.5.8.2 Sample analysis procedure   

Temperature Programmed Reduction were performed on a Micrometrics Chemisorb 

1100 series instrument. Before the analysis, removal of the surface moisture of 0.2 g 

catalyst was done via pretreatment at 180 0C for 1 h by N2 gas (20ml/min). Then, the 

analysis was carried out in process condition till 900 0C under gas flow 5% H2 with 95% 

N2 mixtures at heating rate of 10 oC/min and was held for 10 mins. 
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3.5.9 Temperature Programmed Desorption (O2-TPD) 

3.5.9.1 Background of the O2-TPD 

The re-oxidasibility of the catalyst was determined using O2-TPD. A mixture of 10 % 

O2/ N2 gas was passed through the reduced sample after H2-TPR and the oxygen 

consumption in different temperature was detected by the detector inside the instrument.  

3.5.9.2 Sample analysis procedure 

The similar procedure as H2 -TPR was followed during O2-TPD analysis.  

3.5.10 Thermogravimetric Analysis (TGA) 

3.5.10.1 Background of TGA 

Thermogravimetric Analysis (TGA) is used to determine the change in the material 

physical and chemical properties as a function of increasing temperature or time. It is 

generally employed for materials that exhibit either mass loss or gain as a result of 

decomposition or oxidation process. The instrument continuously measure the weight of 

the sample as it is gradually heated up to a maximum temperature of 2000 °C. TGA can 

also be coupled with FTIR and mass spectroscopy gas analysis 

3.5.10.2 Sample analysis procedure 

The thermal stability of the sample was determined using Mettler-Toledo 

TGA/SDTA851e instrument. Approximately 50 mg of the sample was placed in an 

alumina crucible and heated from room temperature up to 700 °C using heating rate of 5 

°C/min and constant air flow of 50 ml/min. The change in mass over temperature was 

plotted and the point of thermal stability of the sample was identified. 
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3.5.11 X-Ray Photoelectron Spectroscopy 

3.5.11.1 Background of XPS 

X-ray Photoelectron Spectroscopy (XPS) is used to characterize the surface chemical 

state of a material from 1 to 12 nm in depth. The chemical element and nature of the 

chemical bond between these elements can be detected except for hydrogen and helium. 

In XPS, the material is irradiated with sufficient energy of X-rays to excite the electrons 

away from the nuclear attraction force of an element into the vacuum state. In the vacuum 

state, the electron analyzer measures the kinetic energy and produces an energy spectrum 

of intensity versus binding energy. Each of the energy peaks on the spectrum represents 

a specific element 

3.5.11.2 Sample analysis procedure 

The binding energy of different elements in the sample was determined using Thermo 

Scientific K-alpha instrument. The sample was pressed into tablets before analysis. The 

analysis was carried out using a non-monochromatized Mg Kα (photon energy of 1253.6 

eV). A flat gold (Si/10nm Ti/200nm Au) was used as the substrate and reference. The 

XPS core levels were aligned to the C1s binding energy (BE) of 285 eV. 

3.6 Calculations 

3.6.1 Scherrer’s equation 

 Scherrer’s equation was used to determine the crystallite sizes of nano TiO2 crystals 

and is not applicable for grains larger than 0.01 to 0.02 μm. 

τ = K λ / β cos θ          Eq. 3.1 

Where τ is the mean size of the ordered (crystalline) domains, K is a dimensionless 

shape factor, λ is the X-ray wavelength, β is the line broadening at half the maximum 

intensity (FWHM) and θ is the Bragg angle. The dimensionless shape factor has a typical 
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value of 0.9, but varies with the actual shape of the crystallites. The value of 0.9 generally 

represents spheres particles, but is also valid for cubes, tetrahedral and octahedral 

particles. 

3.7 Catalytic activity measurement  

The performance test of the synthesized mixed oxide catalysts using both the oxidants 

was examined and measured for comparison study. The fig 3.2 illustrates the two possible 

reaction pathways followed for two different oxidants with the formed products.  

 

Figure 3.2: Oxidation of vanillyl alcohol using air and H2O2 oxidants over mixed 
oxide catalyst. 

 

Reaction mixture collected in every 30 mins were analyzed using Agilent Technology 

HPLC Chromatography 1100 series connected with a UV detector and computer 

interface. A mixture of solvent (85 % water + 15 % acetonitrile) along with 1 % acetic 

acid was used as the mobile phase and RP-C18 column (4.6×150 mm, 3.5 µm, pore size 

80-120 Å) by Zorbax was used. The products and substrates were successfully detected 

by a UV detector at ƛmax = 270 nm. The column temperature was stable at 28 0 C with 

flow rate 1 ml/min. The conversion, selectivity and yield were measured as follows: 

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝑓𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐 𝑜𝑓 𝑉𝐴 − 𝑖𝑛𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐 𝑜𝑓 𝑉𝐴

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐 𝑜𝑓 𝑉𝐴
 × 100 
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𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝑛𝑜 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑎 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟𝑚𝑒𝑑

𝑡𝑜𝑡𝑎𝑙 𝑛𝑜 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑓𝑜𝑟𝑚𝑒𝑑
 × 100 

𝑌𝑖𝑒𝑙𝑑 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑉𝐴
 × 100 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Structural properties of synthesized mixed oxide catalysts 

The structural and chemical properties was investigated using various spectroscopic 

tools ranging XRD, Raman, XPS, BET, HRTEM, FESEM, EDX, SAED, H2-TPR and 

O2-TPD etc. The results revealed through these techniques indicated the properties of 

synthesized mixed oxide catalysts to establish an intimate relation with the catalytic 

activity.  

4.1.1 Structural properties of synthesized Cu-Ti mixed oxide catalysts 

4.1.1.1 Thermogravimetric Analysis (TGA/DTG) 

 

 

 

 

 

 

 

 

Figure 4.1: Synthesized Cu-Ti mixed oxide catalysts illustrating TGA/ DTG 
spectrum (left); XRD analysis (right). 

 

The thermogravimetric analysis was carried out to examine the thermal stability of the 

catalyst (Cu: 2Ti) in the temperature range from 50 °C to 700 °C (Fig. 4.1). The Cu: 2Ti 

mixed oxide catalyst was chosen to analyse by TGA/DTG after primary screening of the 

catalyst in the oxidation reaction. The TGA/DTG curve shown four distinct weight loss 

by 6.67 %, 28.40 %, 18.90 %, and 4.80 % at temperature of 105 ⁰C, 220 ⁰C, 290 ⁰C and 

350 ⁰C respectively. The weight loss of 6.67 % attributed to the removal of absorbed 
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moisture from the catalyst. The weight loss by 28.40 % correspond to the removal of 

crystallite water molecules that was present on the precursors. The removal of organic 

groups was related to the weight loss by 18.90 %. Further weight loss by 4.80 % could be 

due to removal of remaining organic residue and any impurities. There was no further 

weight loss observed till 700 ⁰C which suggested that the catalyst reached it’s thermal 

stability till 700 ⁰C. Therefore, in this work, Cu3TiO4 was found to be stable at low 

temperature relative to the previously reported literature (Hennings, 1980). 

4.1.1.2 Crystal phase and crystallinity (XRD) 

XRD pattern for all synthesized samples are displayed in Fig. 4.1. In the recorded XRD 

patterns, two phases TiO2 and Cu3TiO4 were identified from PANalytical X’Pert 

Highscore Plus software based on Bragg angle (2 theta) and d spacing. The XRD peaks 

at 2 theta = 25.40⁰, 38.78⁰, 48.16⁰, 54.12⁰, 61.70⁰ with d spacing (Å) 3.50, 2.32, 1.88, 1.69, 

1.50 exactly matched Miller indices of (101), (112), (200), (105), (204) plane of anatase 

tetragonal TiO2 in accordance with JCPDS no (ICSD= 01-073-1764). The XRD peaks at 

2 theta = 35.65⁰, 55.13⁰, 62.84⁰, 75.24⁰ with d spacing (Å) 2.51, 1.66, 1.47, 1.26 were 

ascribed to Miller indices of (012), (018), (113), (024) plane of rhombohedral shaped 

spinel Cu3TiO4 phases in accordance with JCPDS no (ICSD= 00-041-0254). However, 

the peak intensity at 38.78° was more pronounced with the increase of Cu loading as both 

TiO2 and CuO phases overlapped at this position. Hence, the prepared catalysts 

represented mixed phase Cu3TiO4-TiO2 with high crystallinity and no other impurities. 

Moreover, the observed rhombohedral shape of Cu3TiO4 phase (space group R-3m) 

having cell parameters a= 3.04, c= 17.19 vary from the cell parameters of tetragonal TiO2 

(a= 3.78, c= 9.40) implied on considerable defect chemistry in form of distortion in the 

lattice owing to insertion of Cu in the TiO2 framework. Defect chemistry is a highly 

desirable characteristic to enhance the catalytic activity of mixed oxide catalysts.  
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Furthermore, in order to detect any change in the catalyst phases and chemical 

composition, the spent catalyst was analyzed by XRD after the catalytic reaction. It was 

worth to mention that the XRD finger print of the used catalyst exactly matched with 

fresh Cu-2Ti mixed oxide oxide catalyst in terms of peak position at 2 theta. However, 

the crystallinity of the recycled catalyst was negligibly affected after the catalytic 

reaction. In addition, the crystallite size of catalyst (Cu: 2Ti) was measured by 36 nm 

using Scherrer equation while catalysts (Cu: Ti) and (2Cu: Ti) were 41 nm and 43 nm, 

respectively.. 

4.1.1.3 Raman analysis 

The Raman spectra of synthesized catalysts are reported in Fig. 4.2.  The Raman 

spectra could be related to the typical pattern of Raman active vibrational modes of bulk 

anatase Titania crystalline phase with apparent of shifting (Samsudin, Hamid, Juan, 

Basirun, Kandjani, et al., 2015). It was noticeable in the Raman spectra that two Raman 

modes at E(g) and Eg(2) shows slight shifting towards higher wavenumber whereas 

Raman modes at B(g), Bg(2) in opposite trend. The observed Raman band shift at 146 cm-

1, 147 cm-1 and 151 cm-1 for Cu3TiO4-TiO2 catalysts was attributed to the bending 

vibration Eg(1)  of  Ti-O-Cu coordination in contrast to bulk O-Ti-O bending vibration 

which occur at 144 cm-1. Similarly, the peaks located at Raman shift 202 cm-1, 394 cm-1, 

507 cm-1, 628 cm-1 for the catalyst Cu3TiO4 could correspond to the Raman active  Eg(2), 

B(g), Bg(2), Eg(3) modes of TiO2. However, no Raman shift for CuO was visible in the 

Raman spectra suggested absence of isolated CuO phase in the synthesized catalyst 

structure. The blue and red shift of these Raman modes revealed that the Raman active 

modes of O-Ti-O system was affected by the insertion of Cu2+ (0.77 Å) ion in the Ti-O 

lattice and significantly rearrange of the cations in the octahedral and tetrahedral site of 

the Cu3TiO4 lattice. This indicated an expansion of the anatase unit cell as reported in 

XRD database (from 135x10-6 m-3 to 137.60 x10-6 m-3 )  (Sathasivam et al., 2015). And 
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also, the fact of distortion in the lattice was evidenced by the shifting of the Raman modes 

as Eg band is strongly sensitive to the change in the lattice parameter and attached ligands 

(Carlucci et al., 2014). Furthermore, the noticeable trend of shifting of the Raman active 

vibrational modes seemed to depend on the stoichiometry of Cu to Ti in the bulk catalyst.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Raman analysis of synthesized Cu-Ti mixed oxide catalysts. 
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Figure 4.3: N2 adsorption-desorption curve of synthesized Cu-Ti mixed oxide 
catalysts (a) Cu: 2Ti; (b) Cu: Ti; (c) 2Cu: Ti. 

 

4.1.1.4 Textural properties (BET) 

The N2 adsorption/desorption isotherm curve for synthesized Cu-Ti composite oxide 

catalysts (Fig. 4.3) shown type IV isotherm which indicated the mesoporous structure.  

The measured BET surface area, pore diameter, pore volume for catalyst (Cu: 2Ti), 

catalyst (Cu: Ti) and catalyst (2Cu: Ti) are displayed in Table 4.1. As the surface area of 

synthesized catalysts was found low surface are, the catalytic activity of synthesized Cu-

Ti composite oxide catalyst was not largely affected by surface area of the catalyst. 

However, the BET surface area for catalyst (Cu: 2Ti) (15 m2g-1) was slightly higher than 

catalyst (Cu: Ti) and catalyst (2Cu: Ti). Thr reason of low surface area might be due to 

treatment at thr high temperature during calcination process. And also, a careful 
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observation on the pore distribution of catalyst Cu: 2Ti indicated that the pores were 

uniform. 

 

Table 4.1: Textural properties of synthesized Cu-Ti mixed oxide catalysts. 

catalyst 
S BET 

(m2/g)a 

Vt 

(cm3/g)b 

DBJH 

(nm)c 

(Cu: 2Ti) 15.67 0.084 21.5 

(Cu: Ti) 5.02 0.016 15.3 

(2Cu: Ti) 4.11 0.015 13.3 

                  aBET surface area 
                      bThe total pore volume 
                      c BJH average pore diameter. 
 
 
 
4.1.1.5 Surface composition and oxidation state (XPS) 

It was evident that from the XPS spectra of catalyst (Cu: 2Ti) (Fig. 4.4), there was no 

other elements detected on the sample surface as impurities except for expected Cu, O, 

and Ti. The catalyst Cu:2Ti was chosen to analyse under XPS as it shown promising 

catalytic activity than other two catalysts in primary catalytic evaluation. In Fig. 4.4(a), 

the photoelectrons splitted from spin orbital of Cu 2p1/2 and Cu 2p3/2 at binding energy 

933.8 eV and 953.88 eV respectively which was evidently ascribed to Cu2+ ion (Tseng, 

Wu, & Chou, 2004). The shaken up peak from 940-955 eV in Cu 2p spectra further 

confirmed the presence of Cu2+ ion (Mathew, Shiju, Sreekumar, Rao, & Gopinath, 2002).  

Fig. 4.4(b) represented photoelectron from the spin orbital splitting of Ti 2p and Ti 2p 

binding energy location at 458.66 eV and 464.36 eV which corresponded to the presence 

of Ti4+ on the sample (Chu, Younis, & Li, 2012). The slight positive shift in the binding 

energy of Ti 2p peak position by 0.2 eV might be due to the decrease of the electron cloud 

density on the outer most shell of Ti (F. Liu et al., 2012). This observation was further 

supported by the formation Cu-O-Ti bond.  The O 1s spectra were deconvulated following 

the nonlinear de Gaussian displayed in Fig. 4.4(c). There were two distinguished peaks 
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identified where the peak located at 529.91.3 eV binding energy could be either Cu-O or 

Ti-O linkage present on the Cu-Ti mixed oxide catalysts. Robert et al. reported that the 

XPS binding energy between 531-532 eV could be attributed to weakly held (O-) species 

at the surface (i.e. compared to lattice oxygen)(Roberts, 1989) which could be referred as 

surface defect oxygen or oxygen vacancy in the framework of oxide structure guided by 

one previous report (O'Connell, Norman, Hüttermann, & Morris, 1999). Similar 

observation was also made in this work for the peak located at 531.2 eV in O 1s spectra.  

It was presumed that this surface defect oxygen was originated by the nonstoichiometry 

of cations and frequent rearrangements of the cations in the distorted lattice of the Cu-Ti 

composite oxide catalyst. Similar observation was on the formation of oxygen vacancies 

on stoichiometry of the cations in the mixed oxide was reported (D. Chen, Chen, Baiyee, 

Shao, & Ciucci, 2015; Liotta et al., 2008). Hence it was predicted that these weakly held 

oxygen species impacted on enhancement of the catalytic activity for liquid phase 

oxidation of vanillyl alcohol towards vanillin. Moreover, additional oxygen vacancies 

were created on the catalyst surface due to the usage of Trifluoroacetic acid (TFA) during 

the one pot synthesis method. The oxygen vacancies formation were triggered via (i) 

charge imbalance between the two anions (F-, O2-) and also (ii) the removal of 

physiosorbed F- on the catalyst surface during heat treatment (Samsudin et al., 2016). 
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Figure 4.4: XPS analysis of synthesized Cu-2Ti mixed oxide catalyst. (a) Cu 2p; 
(b) Ti 2p; (c) O 1s. 

 

4.1.1.6 Redox properties (H2-TPR and O2-TPD) 

To investigate the reducibility ability of the catalysts, TPR profile (Fig. 4.5a) was 

analyzed for synthesized Cu-Ti mixed oxide catalysts. TiO2 is difficult to reduce and thus 

does not show any peak in the H2 –TPR profile in the temperature range of 750 ⁰C to 60 

⁰C (Watanabe, Ma, & Song, 2009). The pure bulk CuO started reduction at 330 ⁰C (Mai, 

Zhang, Shi, Yan, & Li, 2011). Here, all three catalysts reduction started at 160 ⁰C which 

indicated that the synergy of Cu and Ti in synthesized mixed oxides greatly improved the 

reduction capability at low temperature. Therefore, the only detected peaks with peak 

maxima at 301 ⁰C, 341 ⁰C and 377 ⁰C for catalyst  (Cu: 2Ti), while catalyst (Cu: Ti) and 

catalyst (2Cu:Ti)  indicated presence of only one step reduction of Cu2+ species on the 
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catalyst domain, which in agreement with the XPS analysis. Moreover, in case of catalyst 

(Cu: 2Ti), the markedly shifted  peak towards low reduction temperature  implies on the 

highest interaction between Cu and Ti (H. Tian, Zhang, Scott, Ng, & Amal, 2014; Zou, 

Meng, Guo, & Zha, 2009) (Xiaolan Tang et al., 2005), and also very high dispersion of 

Cu on the Cu3TiO4 framework (L.-F. Chen et al., 2008). Thus, it enhanced the reducibility 

of catalyst (Cu: 2Ti) and consequently benefitted the catalytic conversion of vanillyl 

alcohol towards vanillin at low temperature. 

 

 

 

 

 

 

 

Figure 4.5: Synthesized Cu-Ti mixed oxide catalysts illustrating (a) H2-TPR 
analysis (b) O2-TPD analysis. 

 

To investigate the re-oxidasibility of the catalysts, O2-TPD profile (Fig. 4.5b) was 

studied on the same sample after H2-TPR analysis. Much interestingly, there were two 

distinctive peaks observed in catalyst (Cu: 2Ti) whereas three distinguished peaks for 

catalyst (Cu: Ti) and catalyst (2Cu: Ti). However, in O2-TPD profile of catalyst (Cu: 2Ti), 

the oxidation peak located at higher temperature was missing. Three detected peaks were 

attributed to three step reoxidation of the catalysts in following steps (Pintar, Batista, & 

Hočevar, 2005). (i) the peak at the lowest temperature with peak maxima at 167 ⁰C, 209 

⁰C, 239 ⁰C for catalyst (Cu: 2Ti), catalyst (Cu: Ti) and catalyst (2Cu:Ti) respectively, 

corresponded to desorption of oxygen in the oxygen deficiency present on the highly 
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dispersed coordinated Cu species on the surface or the oxygen vacancy sites as a form of 

defects created in the mixed oxide (ii) the peaks positioned at 285 ⁰C, 340 ⁰C, and 362 ⁰C 

for catalyst (Cu: 2Ti), catalyst (Cu: Ti) and catalyst (2Cu: Ti) respectively attributed to 

re-oxidation of bulk Cu species to Cu2+ ion. Besides these two peaks, the peak located at 

higher temperature 511 ⁰C, 562 ⁰C was due to oxygen desorption on the consumed H2 

storage on the interface of the phases in the catalyst structure.  In O2 -TPD profile, the 

most intense oxygen desorption peak at low temperature for catalyst (Cu: 2Ti) was 

indicative of the presence of larger concentration of oxygen vacancies as a form of surface 

defects in the mixed oxide than other two catalysts. It was worth to note that catalytic 

activity can be improved by creating excess amount of oxygen vacancies which could act 

as possible active sites on the catalyst surface. After removal of Trifluroacetic acid during 

calcination process many oxygen vacancies were created by the phenomenon charge 

compensation on the removal site of Fluorine from the lattice. In addition, the observed 

apparent shifting of the peak positions towards higher temperature gradually with change 

of atomic ratio of Cu to Ti indicated the poor accessibility of oxygen on the coordinated 

tetrahedral and octahedral site Cu2+ present on the lattice, and thus required high 

temperature to be re-oxidized. Nevertheless, a careful observation on the lowest 

temperature O2 desorption peak of catalyst contained high amount of Ti was indicative of 

enrichment of oxygen mobility on the surface of the catalyst at low temperature. This was 

the vital fact that resulting of improvement of catalytic activity for catalyst (Cu: 2Ti). 

4.1.1.7 Morphology  

The morphology of fresh and spent Cu-Ti mixed oxide catalyst was characterized by 

FESEM analysis (Fig. 4.6). FESEM images (Fig. 4.6a, 4.6b, 4.6c) for fresh catalyst (Cu: 

2Ti), catalyst (Cu: Ti) and catalyst (2Cu: Ti) respectively revealed an irregular surface of 

the catalysts and aggregated particles. The uneven surface of the catalysts is predicted to 

render better catalytic activity due to the exposure of high surface area. However, the 
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decrement of the catalytic activity for spent catalyst (Cu:2Ti) could be related to the 

smooth and plane surface of the catalyst (Fig. 4.6d). Moreover, High-resolution 

Transmission Emission Microscopy (HR-TEM) analysis was performed for the catalyst 

(Cu: 2Ti) which shown the best catalytic activity. The HRTEM image shows  high and 

regular dispersion of Cu on the TiO2 surface (Fig. 4.7a). In addition,  observation for the 

lattice fringe of the catalyst (Fig. 4.7c) revealed the presence of grain boundaries and 

surface disorder between (111) plane for TiO2 and (012) plane for Cu3TiO4  which 

indicated a form of surface defects that in agreement with previous study (Halilu et al., 

2016). Moreover, the formation of rhombohedral shape of Cu3TiO4 phase of the catalyst 

was also confirmed in the high resolution image (marked arrow in the picture). Besides, 

in order to further ensure the formation of Cu3TiO4 phase, selective area electron 

diffraction (SAED) was studied (Fig. 4.7d). The diffused ring observed in the SAED 

pattern confirm that the synthesized catalyst was a poly-crystalline. The bright spots 

visible in the SAED pattern evidently confirm the lattice plane 012, 018, 113 of Cu3TiO4 

by the measurement of d spacing (Å) 2.51, 1.66, 1.47 respectively.  

 

 

 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



 

96 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: FESEM analysis of synthesized Cu-Ti mixed oxide catalysts (a) Cu: 
2Ti; (b) Cu:Ti; (c) 2Cu:Ti; (d) spent catalyst. 

 

The elemental composition of the synthesized catalysts was also studied by energy 

dispersive X-ray microscopy (EDX) (Fig. 4.8). The measured stoichiometric ratio of Cu 

and Ti based on peak area ratio in EDX spectra for catalysts (Cu: 2Ti) (Fig. 4.8a), catalyst 

B (Cu: Ti) (Fig. 4.8b) and catalyst (2Cu: Ti) (Fig. 4.8c) tentatively matched with the 

intended  molar ratio of Cu and Ti. Moreover, the molar ratio of Cu: Ti before and after 

(Fig. 4.8d) the catalytic reaction was almost similar which suggested no change in the 

leaching of active metals occurred during the reaction. In Fig. 4.9, the evenly distributed 

elements (Cu, Ti, and O) confirmed vivid homogeneity of the oxide composite. This 

observation thus eliminated the probability of physical mixture of two different oxides. 
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Figure 4.7:  HRTEM and SAED pattern of synthesized Cu-2Ti mixed oxide 
catalyst. (a) Overview of the catalyst; (b) rhombohedral shape; (c) lattice fringe; 

(d) SAED pattern. 

 

 

Figure 4.8 EDX analysis of synthesized Cu-Ti mixed oxide catalysts. (a) Cu: 2Ti; 
(b) Cu: Ti; (c) 2Cu: Ti (d) spent catalysts. 
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Figure 4.9: Chemical mapping of synthesized Cu-2Ti mixed oxide catalyst (a) 
elemental distribution; (b) Ti distribution; (c) O distribution (d) Cu distribution. 

 

4.1.2 Structural properties of Cu-Zr mixed oxide catalysts 

4.1.2.1 Thermogravimetric Analysis (TGA/DTG) 

There were two distinctive weight loss detected on the TGA/DTG analysis of the 

synthesized CuZrO3 catalyst (Cu: 2Zr) before calcination (Fig. 4.10). The Cu: 2Zr ration 

was considered as it shown promising catalytic activity in the primary catalytic 

evaluation. The continuous weight loss by 13.43 % with a peak maxima at 280 °C could 

be ascribed to the loss of surface moisture and crystallite water from bulk Cu-2Zr mixed 

oxide catalyst. The maximum weight loss by 46.30 % with peak maxima at temperature 

330 °C possibly corresponded to removal of acetate organic group present in the metal 

precursors as CO2 and water. The minor two weight loss by 1.13 % and 0.56 % at 440 °C 

and 550 °C might be owing to elimination of further impurities from the catalyst. The 

amount of residue by 38.52 % was constant till 700 °C indicating the thermal stability of 

the catalyst at higher temperature. 
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Figure 4.10: Synthesized Cu-Zr mixed oxide catalysts illustrating TGA/DTG 
analysis (left); XRD analysis (right). 

 

4.1.2.2 Crystal phase and crystallinity (XRD) 

The chemical formula and the phases of Cu-Zr catalysts were detected by XRD 

diffractogram analysis based on Xpert High score plus Analysis database (Fig. 4.10). 

Careful observation on XRD pattern suggested that the synthesized crystal was identified 

as CuZrO3 phase in accordance with JCPDS no (ICSD 00-043-0953). However, presence 

of a minor phase CuO also was detected which match with the database Terorite (ICSD 

98-002-6715). The peak positioned at 2 theta = 24.33⁰, 28.29⁰, 31.58⁰, 34.34⁰, 41.01⁰, 

49.47⁰, 50.41⁰, 54.41⁰, 55.56⁰, 58.23⁰, 60.01⁰, 61.72⁰ respectively with d spacing(Å) 3.67, 

3.15, 2.83, 2.61, 2.20, 1.84, 1.81, 1.69, 1.65, 1.58, 1.54, 1.50 respectively exactly 

corresponded to miller indices (012) (112) (211) (013) (023) (040) (321) (322) (313) 

(401) (134),(402) plane of CuZrO3 respectively.  And also, the peaks positioned at 2 theta 

= 35.61, 38.81 respectively were ascribed to the plane of (11-1), (111) of CuO. Hence the 

catalyst was synthesized as highly crystalline perovskite shaped CuZrO3 catalyst with a 

minor phase CuO and no other impurities. In addition, the orthorhombic shape having the 

cell parameters (a=6.4465 Å, b= 7.4008 Å, c= 8.3128 Å) was varied from the typical 

cubic shape perovskite structure (a = 3.905 Å). This fact indicated displacement of B 

cation (Zr) introducing distortions in the domain of the perovskite crystal (Reller & 
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Williams, 1989). This phenomenon would imply on appreciable surface defects in the 

material which was one of the clue to the significant catalytic activity of perovskite type 

mixed CuZrO3 catalyst.    

The reused catalyst (Cu: 2Zr) was also characterized by XRD to detect any change in the 

phases, chemical composition and crystallinity. There was no change observed in the 

phase and chemical composition as the recorded XRD fingerprint for spent catalyst shown 

same pattern as the fresh catalyst based on peak location at Bragg angle. However, the 

crystallinity was slightly reduced relative to the fresh catalyst after performing the 

catalytic reaction. 

4.1.2.3 Raman analysis    

The Raman spectrum observed in Fig. 4.11 shown two distinctive patterns of Zr-O 

bonds and Cu-O bonds. Raman shift of Zr-O bonds was present at 146 cm-1,181 cm-1 and 

472cm-1 respectively (M. Li, Feng, Ying, Xin, & Li, 2003). The presence of Raman active 

modes of Cu-O bond were observed at 297 cm-1(Ag), 344 cm-1(Bg) and 629 cm-1(Bg) 

respectively (Hagemann, Bill, Walker, & François, 1990). In the enlarged Raman 

spectrum at 616 to 635 cm-1, peak shifting was observed. In bulk (Cu: 2Zr) catalyst, the 

Raman peak was noticeably shifted to the left relative to bulk (Cu: Zr) catalyst and was 

attributed to the larger concentration of Zr-O bonds in CuZrO3 catalyst structure. 

Contrary, the Raman peak of bulk (2Cu: Zr) catalyst with higher loading of Cu slightly 

shifted to the right and attributed to the larger concentration of Cu-O bonds. It was worth 

to mention that shorter bond lengths of Cu-O facilitates a blue Raman shift as a result of 

stress and strain phenomenon (Samsudin et al., 2016).  Furthermore, it was noticed that, 

larger stoichiometric ratio of Cu in the CuZrO3 catalyst induces structure defects and thus 

results to blue Raman shifting as well. In addition, the broadening of the peak illustrates 
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the structural distortion associated with the formation of perovskite structure CuZrO3 

(Perry, LIU, & INGEL, 1985).  

 

 

 

 

 

 

 

 

 

 

Figure 4.11: Raman analysis of synthesized Cu-Zr mixed oxide catalysts. 

 

4.1.2.4 Textural properties (BET) 

In order to corellate effect of textural properties of the catalysts towards the catalytic 

activity, BET N2 adsorption-desorption isotherm was employed (Fig. 4.12). Results 

shown the presence of  type (III) isotherm and slit shaped pore distribution for Cu-Zr 

catalysts. One of the key barrier to obtain high catalytic activity of a perovskite type oxide 

is low surface area (Tanaka & Misono, 2001). The textural properties such as pore size, 

pore diameter, and BET surface area (Table 4.2) of synthesized CuZrO3 catalysts clearly 

suggested that the catalyst via this facile solution method had moderate surface area with 

meso-porosity in the structure. In addition, it was worth to note that higher loading of 

ZrO2 contributed in the enrichment of the surface area (40.83 m2/g) whereas decrement 

in case of low Zr loading (20 m2/g) in the bulk phase of the CuZrO3 catalyst. The 
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enrichment by 2 magnitude fold in the BET surface area of catalyst (Cu: 2Zr) was 

reasonably the key parameter to obtain superior catalytic. Moreover, it was found that the 

textural properties of spent catalyst remains almost unchanged after the oxidation 

reaction. 

Table 4.2: Textural properties of synthesized Cu-Zr mixed oxide catalysts. 

catalyst 

S BET 

(m2/g)a 

Vt 

(cm3/g)b 

DBJH 

(nm)c 

A (Cu: Zr) 31.52 0.1578 20.02 

B (Cu:2Zr) 40.83 0.1387 13.59 

C (2Cu:Zr) 20.00 0.1325 26.49 

   aBET surface area 
  bThe total pore volume 
  c BJH average pore diameter. 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: N2 adsorption –desorption curve of synthesized Cu-Zr mixed oxide 
catalysts. (a) Cu: Zr; (b) Cu: 2Zr; (c) 2Cu: Zr; (d) Spent catalyst. 
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4.1.2.5 Morphology analysis  

The morphology of the fresh and spent catalyst was studied by FESEM analysis under 

various resolutions shown in Fig. 4.13. The images revealed that the catalyst was 

agglomerated flakes-type and having rough surface. The uneven surface is believed to 

perform superior catalytic activity as it facilitates the chemisorption of the reactants to 

take part in the selective oxidation reaction of vanillyl alcohol to vanillin. However, the 

FESEM micrographs of the used catalyst demonstrated plane surface which possibly 

indicated lower adsorption of the reactants to the surface (Fig. 4.13d).  

 

Figure 4.13: FESEM analysis of synthesized Cu-Zr mixed oxide catalysts. (a) 
Cu: Zr; (b) Cu: 2Zr; (c) 2Cu: Zr; (d) Spent catalyst. 

 

Furthermore, High Resolution TEM equipped with SAED was used on catalyst (Cu: 

2Zr) to observe the presence of CuZrO3 crystal phase in terms of d spacing (Å) (Fig. 

4.14). The only catalyst Cu: 2Zr was considered due to its better catalytic activity in 

primary catalytic evaluation. The image (Fig. 4.14) of the catalyst (Cu: 2Zr) confirmed 

the miller plane of (112) and (211) of CuZrO3 nanocrystalline domain with d spacing of 

2.83 Å and 3.15 Å respectively. In addition, the images shown presence of numerous 
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grain boundaries between the lattice planes accommodated by the lattice dislocations 

(Fig. 4.14b). The grain boundaries dislocations observed in CuZrO3 catalyst consisted of 

two types such as full dislocation (labelled as F) and partial dislocation (labelled as T) 

which led to stalking faults (Fig. 4.14e) (L. Wang et al., 2014).  It was postulated that the 

grain boundaries in the form of surface defects could increase the catalytic activity 

substantially as it act as trapping sites in the catalyst (Choi et al., 1992; Choo & Lee, 

1982; Royer, Duprez, & Kaliaguine, 2005; Vidruk et al., 2009). Moreover, the average 

crystallite size of CuZrO3 catalyst were measured in the range of 7 to 10 nm from the 

observed images (Fig. 4.14c). The Selective Area Electron Diffraction pattern (SAED) 

was applied to further support the formation of lattice parameters (d spacing) in the 

CuZrO3 catalyst (Fig. 4.14d). The diffused rings with the bright spots in the SAED pattern 

revealed that the catalyst was polycrystallin. In addition, the bright spots observed in the 

SAED pattern corresponded to the plane index of (112), (211) and (013) of CuZrO3 

nanocrystalline catalyst.  
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Figure 4.14: HRTEM and SAED pattern of Cu-Zr (Cu: 2Zr) mixed oxide 
catalyst. (a) Overview; (b) lattice fringe; (c) lattice size; (e) grain boundary. 

 

Additionally, EDX spectrum of synthesized Cu-Zr mixed oxide catalysts were 

acquired to confirm the elemental composition (Fig. 4.15). The observed percentage of 

atomicity confirmed tentatively the elemental ratio of Cu and Zr loaded in the catalyst 

synthesis protocol. Univ
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Figure 4.15: EDX pattern of synthesized Cu-Zr mixed oxide catalysts (a) Cu: 
Zr; (b) Cu: 2Zr; (c) 2Cu: Zr; (d) Spent catalyst. 

 

4.1.2.6 Surface composition and oxidation state (XPS)  

The surface elemental composition and the oxidation state of synthesized (Cu: 2Zr) 

catalyst were investigated using X-Ray Photoelectron Spectrum analytical tool (Fig. 

4.16). The XPS wide spectrum of the catalyst further confirmed presence of Cu, Zr and 

O with no other impurities withbinding energy 933.2 eV, 181.9 eV and 529.2 eV for Cu 

3d, Zr 3d and O 1s spin orbitals respectively (Fig. 4.16a). And also, the surface elemental 

composition of CuZrO3 catalyst was displayed in Table 4.3. In order to obtain further 

information on the chemical state of the components in the catalyst, high resolution 

spectra of the particular interested area was examined and shown in Fig. 4.16. There were 

two distinguishable peaks positioned at 181.81 eV and 184.18 eV which attributed by 

doublet terms of Zr 3d3/2 and Zr 3d5/2 in Zr 3d spectra due to spin orbital coupling (Fig. 

4.16b). Moreover, the energy difference between the two spin orbital by 2.4 eV was 
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further confirmed with the presence of Zr4+ oxidation state which was in well agreement 

with previously reported values of ZrO2 (J. Wang, Shi, & Jiang, 2009). The 

photoelectrons splitted from spin orbital of Cu 3d3/2 and Cu 3d5/2 at 933.8eV and 953.88 

eV respectively was evidently corresponded to the Cu2+ oxidation state (Fig. 4.16d) 

(Tseng et al., 2004). Furthermore, the presence of satellite peak in between 940-950 eV 

in Cu 2p spin spectra ascertained the Cu2+ chemical state (Mathew et al., 2002). There 

were observed two peaks at binding energy 529.67 eV and 531 eV in O 1s spin orbital 

using nonlinear de Gaussian (Fig. 4.16c). The peak at low binding energy 529.67 eV 

corresponded to the O2- chemical state which represented Cu-O and Zr-O linkage present 

in the catalyst framework. The higher binding energy peaks at 531eV  could be attributed 

to weakly held oxygen species(O-, O2
-) at the surface compared to lattice oxygen species 

(O2-) which was in good agreement with previously reported by Robert et al (Roberts, 

1989). Deng et also reported presence of oxygen vacancy on the surface of perovskite 

type Cu doped Co based oxide catalyst based on the higher binding energy peak of O 1s 

spectra in between 531 to 532 eV (H. Deng et al., 2010). Similar observation was also 

previously reported for La based transitional perovskite catalyst (O'Connell et al., 1999). 

Thus, standing on similar observation in this work, the presence of oxygen vacancy in the 

synthesized perovskite type CuZrO3 catalyst was supported. Furthermore, formation of 

oxygen vacancy on the catalyst surface was further triggered via charge compensation 

phenomenon and also during calcination process as a result of Trifluoroacetic acid 

addition during the synthesis step for TiO2 (Samsudin et al., 2016). Similar demonstration 

was observed in this CuZrO3 catalyst.  
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Table 4.3: Surface composition of synthesized Cu-2Zr mixed oxide catalyst from 
XPS wide scan. 

Cu (%) Zr (%) O (%) 

8.06 25.41 66.39 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: XPS analysis of synthesized Cu-2Zr mixed oxide catalyst. (a) wide 
scan; (b) Zr 3d; (c) O 1s; (d) Cu 2p. 

 

4.1.2.7 Redox properties (H2-TPR and O2-TPD) 

The H2-TPR spectrum clearly revealed the reduction potential of the synthesized Cu-

Zr mixed oxide catalysts (Fig. 4.17). A careful observation on the spectra in the range of 

180 ⁰C to 400 ⁰C indicated a broad reduction peak with a shoulder peak towards lower 

reduction temperature. The shoulder peak with a maxima at 200 °C could be attributed to 

desorption of oxygen (O-, O2
-) from oxygen vacancy sites on the catalyst surface. This 
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oxidation step required low temperature to be reduced as they were weakly held at the 

active sites. Moreover, the most intensed shoulder peak of catalyst (Cu: 2Zr) implied on 

large concentration of desorbed surface oxygen species occurring at low temperature and 

thus enhanced the catalytic activity.  Moreover, the broad peak at higher temperature 

corresponded to reduction of lattice oxygen (O2-). The catalyst with higher loading of Cu 

in the preparation protocol required large consumption of H2 reflected by peak 

broadening. In addition, the consistent shifting of the broad peaks towards high reduction 

temperature in the order of catalyst (Cu: 2Zr) < (Cu: Zr) < (2Cu: Zr), indicated magnitude 

of the interaction between Cu and ZrO2 in the catalyst framework. Hence, it was worth to 

mention that high content of Zr  in catalyst (Cu:2Zr) favored formation of highest degree 

of Cu-O-Zr phase. Consequently, this electronic interaction in the Cu-O-Zr phase induced 

the improvement of the reducing capabilities of the catalyst at low reduction temperature.  

In order to further evaluate the catalyst activation and O2 desorption behavior, O2-TPD 

was investigated (Fig. 4.17). It was speculated that oxidation of the catalyst took place in 

four distinctive steps denoted by α, β, γ and δ. The oxidation peak at lower temperature 

around 180 ⁰C-210 ⁰C was possibly owing to the desorption of physiosorbed (O2-) species 

at the present surface oxygen vacant sites suggested by O 1s in XPS spectra. Hence, α 

peak in Fig. 4.17 at the TPD profile was attributed to O2-. Oxygen desorption at (O-) 

species occurred at comparatively higher temperature (>400 ⁰C) than O2- species (< 300 

⁰C). So, it was reasonable to assign β and γ peaks to O- species. The δ desorption peak 

could attributed to lattice oxygen species as it required high temperature (>800 ⁰C).   It 

was worth to mention that the oxygen desorption peak at low temperature for catalyst 

(Cu: 2Zr) with high content of Zr was greatly shifted towards low temperature. It was 

indicative of enhancement of the oxygen mobility on the surface of the catalyst which 

facilitated the redox ability. This phenomenon could considerably enhance the catalytic 

activity observed for catalyst (Cu: 2Zr). In addition, the oxygen uptake at lower 
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temperature for catalyst (Cu: 2Zr) was greater (566 µmol/g) than catalyst (522 µmol/g for 

Cu: Zr) and catalyst (285 µmol/g for 2Cu: Zr). Based on the amount of oxygen desorption, 

it could conclude that catalyst B (Cu: 2Zr) contained the highest degree of physiosorbed 

(O2-) species associated with surface defects at low temperature which improved the 

catalytic activity 

 

 

 

 

 

 

 

Figure 4.17: Synthesized Cu-Zr mixed oxide catalysts illustrating H2-TPR (left); 
O2-TPD analysis (right). 

 

4.1.3 Structural properties of Cu-Mn mixed oxide catalysts 

4.1.3.1 Thermogravimetric analysis (TGA/DTG) 

Thermogravimetric analysis was carried out for the uncalcined catalyst (Cu: Mn) in 

order to determine the stability of the catalyst in temperature range of 60 to 700 °C (Fig. 

4.18.) Four distinguished weight loss of 3.18 %, 3.49 %, 29.83 % and 24.44 % were 

detected at temperature maxima 110 °C, 190 °C, 245 °C and 310 °C respectively. The 

first and second weight loss by 3.18 % and 3.49 % corresponds to the removal of adsorbed 

moisture from the surface and bulk catalyst. Furthermore, the elimination of crystallite 

water present on the precursors [Cu(CH3COO)2 .xH2O and Mn(CH3COO)3. 2H2O] could 

be ascribed to the third weight loss by 29.83 % at 245 °C. Moreover, the final weight loss 
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by 24.44 % at 310 °C was attributed to the elimination of organic groups from the metal 

salt precursors. The catalyst was observed to reach its thermal stability at 450 °C. 

 

 

 

 

 

 

 

Figure 4.18: Synthesized Cu-Mn mixed oxide catalysts illustrating, TGA-DTG 
curve (left); XRD analysis (right). 

 

4.1.3.2 Crystal phase and crystallinity (XRD)  

The XRD data of synthesized catalysts were evaluated using High score plus Panlytical 

software in terms of peak position at Bragg angle and lattice spacing (d) (Fig. 4.18). The 

XRD pattern displayed in Fig. 4.18 shows peaks at Bragg angle 2 Theta = 18.70⁰, 30.62⁰, 

36.06⁰, 37.17⁰, 43.79⁰, 49.15⁰, 54.33⁰, 55.45⁰, 57.89⁰, 63.56⁰, 66.13⁰, 68. 08⁰, 75.26⁰ with 

d spacing (Å) 4.74, 2.91, 2.49, 2.38, 2.06, 1.85, 1.68, 1.65, 1.59, 1.46, 1.441, 1.37, 1.26 

which corresponds to Miller indices (111), (220), (311), (222), (400), (420), (422), (430), 

(511), (440), (530), (442), (533) of cubic spinel Cu1.5Mn1.5O4 phase according to JCPDS 

No (ICSD-01-070-0260). Also, the peak positioned at Bragg angle 2theta= 33.21 and 

38.87 were detected as minor phase (222) and (111) plane of Mn2O3 and CuO 

respectively, in accordance with JCPDS No (ICSD-00-041-1442 and ICSD-00-041-

0254). No other impurities or phases were observed in the recorded XRD pattern. 

Cu1.5Mn1.5O4 phase was referred as nonstoichiometric form of cubic spinel CuxMn3-xO4 

structure.   
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The Cu1.5Mn1.5O4 phase after calcination at 500 °C observed in the XRD pattern is 

comply with the previous literature reported on the phase diagram of Cu-Mn-O (Wei, 

Bieringer, Cranswick, & Petric, 2010). The cubic spinel shaped Cu1.5Mn1.5O4 phase 

detected in this synthesis protocol was reported stable in low temperature in the phase 

diagram. It was worth to mention that this simple and facile synthesis protocol and 

calcined at 500 °C was very effective and successful to synthesis spinel structured, highly 

crystalline and stable mixed oxide catalyst.  Moreover, the spent catalyst was also 

analyzed by XRD to detect any change in the phase and crystallinity. As expected, there 

was no change in the XRD pattern as it showed similar pattern at the same Bragg angle 

as the fresh catalyst. It suggested that the crystallinity and Cu1.5Mn1.5O4 phase of the 

catalyst are well preserved  Also, the similar reaction conditions was observed not to 

affect the crystal phase in previously reported literature for CoTiO3 catalyst in vanillyl 

alcohol oxidation (Shilpy, Ehsan, Ali, Hamid, & Ali, 2015). However, the intensity of 

Mn3O4 phase was slightly reduced after the catalytic reaction probably due to 

amorphization and re-distribution of corresponding species (Samsudin, Hamid, Juan, 

Basirun, & Centi, 2015).  

4.1.3.3 Surface composition and oxidation state (XPS) 

XPS analysis was conducted to obtain the surface chemistry information along with 

the chemical bonding state of the elements for catalyst (Cu: Mn) (Fig. 4.19). The wide 

XPS spectra revealed that there were no trace of other metals as impurities but presence 

of Cu, Mn and O (Fig. 4.19a). The surface elemental composition was shown in Table 

4.4. The surface elemental composition acquired from XPS analysis shown that the 

surface of the catalysts is highly decorated with Mn co-ordinated species. Cu spin-orbit 

splitting indicated presence of two Cu species in the oxide cage (Fig. 4.19b). The major 

peak at binding energy for 2p3/2 at 933.1 eV and 2p1/2 at 953.1 eV corresponds to Cu2+ 

species (Hernandez, Fernández‐Bertrán, Farias, & Diaz, 2007). And also, the peak at 
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relatively lower binding energy at 931.07 eV along with a weak satellite peak at 945 eV 

was attributed to Cu+ species on the catalyst framework (Angelov, Zhecheva, Petrov, & 

Menandjiev, 1982; B. Yang, Chan, Chang, & Chen, 1991). It could be mentioned that 

Cu2+ was predominantly present in the catalyst with respect to the peak intensity and 

FWMH of Cu2+ and Cu+. Presence of Cu+ was originated from expected redox resonance 

of Cu2+ + Mn3+ → Cu1+ + Mn4+ which occurs on the catalyst surface. The identification 

of Mn oxidation state was disputable based on Mn 2p XPS spectra due to high fraction of 

Mn2O3. Different valences of Mn showed peaks at the same region of 2p. Therefore, the 

comprehensive approach to identify the oxidation state of Mn in the prepared catalyst was 

to analyze the Mn 3s spectra. The spin-orbit splitting of Mn 3s shown 5.5 eV binding 

energy difference between the main peak and satellite peaks in the XPS spectra (Fig. 

4.19d). It confirmed the presence of Mn3+ species discarding existence of Mn2+ and Mn4+ 

in the surface of the catalyst which well agreed with the former result reported in the 

literature (Wertheim, Hüfner, & Guggenheim, 1973). These observations suggested that 

the synthesized Cu1.5Mn1.5O4 catalyst contains only Mn3+ species with co-existence of 

Cu+ as well as Cu2+ species. Previously, it was reported in literature that ideal structure 

of cubic spinel (Cu2)[Mn3Cu]O8 contains two types of Cu species which was supported 

the current work (Vandenberghe, Legrand, Scheerlinck, & Brabers, 1976). 

 However, some shake up peaks due to charge transfer was also observed at binding 

energy 942 eV and 962 eV. It further confirmed the presence of Cu2+ species in the Cu-

Mn crystal cage (Mathew et al., 2002) In addition, O 1s XPS spectra is displayed in Fig. 

4.19c. The asymmetric peak of O 1s spectra was further resolved into three components 

by Gaussian Fitting. The peak at lowest binding energy by 529 eV corresponds to lattice 

oxygen species (OL) (O2-) of Cu-O and Mn-O. The peak at binding energy 531.2 eV could 

be attributed by surface oxygen vacancy as per previously reported literature (O'Connell 

et al., 1999; Roberts, 1989). Surface oxygen vacancies (OV) as surface defects can be 
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caused by the non-stoichiometry of the metal ions in the nanocrystalline domain. And 

also, the peak at higher binding energy in range of 531.8 to 532.9 eV was reported as 

chemisorbed (OC) or dissociative species (O2
−, O2

− or O−) and OH− (Yiting Wang et al., 

2015). The atomic percentage of the three types oxygen species were calculated from 

XPS data and shown in Table 4.5.  

Table 4.4: The surface composition of mixed oxide catalyst Cu: Mn from XPS 
wide scan. 

Cu (%) Mn (%) O (%) 

5.82 20.57 73.65 

 

Table 4.5: The area percentage of oxygen species from O 1s spectra. 

Lattice oxygen 
(OL) 

Surface oxygen Vacancy (OV) 
Defective oxygen 

(OD) 
46.23 % 38.36 % 15.40 % 
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Figure 4.19: XPS analysis of Cu-Mn (Cu: Mn) mixed oxide catalysts. (a) wide 
spectra; (b) Cu 2p; (c) O 1s; (d) Mn 3s. 

 

4.1.3.4 Morphology   

FESEM images for synthesized Cu-Mn catalysts after calcination were shown in Fig. 

4.20. It clearly indicates that the nanoparticles grew in agglomerated state in a 3D frame 

network to form an interconnected clusters. And also, it was visible that the catalyst 

possessed uneven and jagged pores. The randomly distributed pores were originated from 

the liberation of any organic residue during the heat treatment process. Furthermore, the 

rough and stony surface of the catalyst was believed to facilitate to the adsorption between 

catalyst and substrate and hence the enrichment of the catalytic activity in oxidation 

reactions. The higher resolution pictures of the well dispersed catalyst shown defined-

edges type particle shapes. The spent catalyst was also observed under microscopic 

analysis to study the probable change on the morphology and the surface of the catalyst 
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(Fig. 4.20d). There were indication that the particles was segregated after the reaction. 

The FESEM  image of the used catalyst shown that surface roughness was reduced by 

some degree expectedly.  

 

Figure 4.20: FESEM analysis of synthesized Cu-Mn mixed oxide catalysts. (a) 
Cu: Mn; (b) Cu: 2Mn; (c) 2Cu: Mn; (d) spent catalyst. 

 

HRTEM images was performed for catalyst (Cu: Mn) to further confirm the particle 

sizes and formation of Cu1.5Mn1.5O4 phase in terms of d spacing of the phase (Fig. 4.21) 

The d spacing was measured by 4.74 Å which confirmed (111) plane of Cu1.5Mn1.5O4 

(Fig. 4.21b). And also, the crystallite size was measured in range of 8-13 nm. A high 

resolution insight into the interface of the plane revealed presence of numerous grain 

boundaries associated by partial dislocations as a form of surface defects. In Fig. 4.21c 

partial dislocation occurred at the interface of two (111) plane of Cu1.5Mn1.5O4 and was 

labeled as T. The observed grain boundaries notably contribute to achieve high catalytic 
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activity by Cu1.5Mn1.5O4 catalyst. Furthermore, selective area electron diffractogram 

(SAED) was also obtained to confirm the crystallinity and the formation of Cu1.5Mn1.5O4 

phase in synthesized catalyst (Fig. 4.21d). The diffusive ring observed at the SAED 

pattern confirmed that the material was polycrystalline. The presence of bright spots from 

SAED pattern confirms each plane of the Cu1.5Mn1.5O4. Fig. 4.21d shown formation of 

(111) of Cu1.5Mn1.5O4 phase in terms of measured d spacing by 4.74 Å and 2.91 Å. 

 

Figure 4.21: HRTEM and SAED analysis of synthesized Cu: Mn mixed oxide 
catalysts. (a) lattice size; (b) lattice parameter; (c) grain boundary; (d) SAED 

pattern. 

 

Moreover, the elemental composition of prepared material was determined by EDX 

analysis (Fig. 4.22). The atomic ratio observed in the EDX spectrum of three catalysts 

tentatively matched with the primary ratio of metal loading in the synthesis protocol. In 

addition, the area mapping clearly shown high degree of homogeneity of both metals in 

the catalyst. (Fig. 4.22d) 
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Figure 4.22: EDX and chemical mapping of synthesized Cu-Mn mixed oxide 
catalysts. (a) Cu: Mn; (b) Cu: 2Mn; (c) 2Cu: Mn; (d) elemental mapping; (e) Cu 

distribution; (f) Mn distribution; (g) O distribution. 

 

4.1.3.5 Redox properties (H2-TPR and O2-TPD) 

The quantitate elucidation of reduction profile of Cu-Mn catalysts could not be 

determined precisely owing to existence of multiple valences for both element Cu and 

Mn (Fig. 4.23). However, the correlation of reduction temperature with the catalytic 

activity was established as oxidation reaction involves redox coupling (Kondrat et al., 

2011; Morgan et al., 2010). The profile of synthesized catalysts shown that H2 

consumption starts at 220 ºC with two distinguishable peak maxima at 340 °C and 430 

°C for all three catalysts. Isolated oxide phases shown reduction at higher temperature as 

per literature (Einaga, Kiya, Yoshioka, & Teraoka, 2014; Morales, Barbero, & Cadús, 
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2006). Reduction of CuO at around 300 °C whereas Mn3+ was slightly higher at range of 

350 °C -400 °C. But, reduction profile of synthesized catalysts in this solution method 

appeared at low reduction temperature.  It indicated that the redox ability of the catalyst 

prepared in solution route was strongly improved by the synergy of Cu and Mn. It was 

postulated that the initial H2 consumption occurred at the surface oxygen sites. The 

continuous reduction was observed for the catalyst till temperature at 480 °C. The large 

reduction was mainly due to few possible steps of reduction. The lattice oxygen (Cu-O 

and Mn-O) was reduced at the high reduction temperature relation to surface oxygen sites. 

In XPS spectra it was confirmed that Mn was present in the catalyst in oxidation state of 

Mn3+. Therefore, the reduction of Mn might be occurred as following steps Mn2O3-

Mn3O4-MnO. Complete reduction of MnO to metallic Mn was not expected even up to 

950 ⁰C due to the larger negative value of reduction potential (Carnö, Ferrandon, 

Björnbom, & Järås, 1997; Kapteijn, Singoredjo, Andreini, & Moulijn, 1994). Moreover, 

it was formerly reported that firstly reduced Cu0 could act as H2 activation site to decrease 

the reduction temperature of Mn species (Einaga et al., 2014). This fact could be 

contribution of reducing spill over species introduced by Ferradon et al (Ferrandon, 

Carnö, Järås, & Björnbom, 1999).   

Moreover, the comprehensive study of TPR profile of synthesized catalysts revealed 

that the catalyst contains equimolar ratio Cu and Mn had the first peak maxima at the 

lowest reduction temperature. The catalyst (Cu: Mn) reduction started at 275 °C where 

other two catalysts at 350 °C and 360 °C respectively. An approach to explain the low 

reduction temperature of catalyst (Cu: Mn) was due to presence of large concentration of 

structural defects associated with defective oxygen species which was also suggested at 

the O 1s XPS spectra as well as the smaller particle sizes. Another possible reason was 

attributed to the formation of high degree of Cu-O-Mn species which causes electronic 

interaction between Cu and Mn.   
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In order to study the oxygen vacancies in the catalysts, temperature programme oxygen 

desorption was used (Fig. 4.23). In the TPD profile, four distinctive oxygen desorption 

peaks were noted at temperature maxima around 230 °C, 340 °C, 540 °C and 680 °C 

respectively. The first oxygen desorption peak at low temperature was attributed by 

surface oxygen vacancies.  Desorption of oxygen at the lattice oxygen vacant sites of Cu 

occurred at temperature which was indicated by the prominent peak of catalyst (2Cu: Mn) 

with high loading of Cu. Similar trend was observed in case of catalyst (Cu: 2Mn) with 

high content of Mn at temperature of 540 °C. So, the third oxygen desorption peak 

correspond to oxidation of Mn2+ to Mn3+. A previous literature stated presence of 

defective oxygen species in the lattice at high temperature 523 ⁰C to 590 ⁰C for supported 

MnOx species (Trawczyński, Bielak, & Miśta, 2005). Similar observation was made by 

another group of researchers for Al2O3, SiO2 promoted MnOx species (Radhakrishnan, 

Oyama, Chen, & Asakura, 2001). Therefore, in our work, the oxygen desorption peak at 

high temperature around 680 °C was originated from structural defects associated with 

defective oxygen species. The most intensive peak at high temperature for catalyst (Cu: 

Mn) indicated that presence of high degree of defective oxygen species among all three 

catalysts. Thus, this fact notably lower the reduction temperature of catalyst (Cu: Mn) 

observed in TPR profile. 

 

 

 

 

Figure 4.23: Synthesized Cu-Mn mixed oxide catalysts, H2-TPR analysis (left); 
O2-TPD analysis (right). 
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4.1.4 Structural properties of synthesized Ce-2Ti mixed oxide catalyst 

The synthesized catalytic systems Cu-Ti, Cu-Zr, Cu-Mn were investigated in catalytic 

liquid phase oxidation of vanillyl alcohol using H2O2 oxidants. The results indicated that 

Cu: 2Ti catalysts shown the best catalytic activity in terms of conversion (66 %). Also , 

from the aerobic oxidation of vanillyl alcohol by synthesized catalysts, it can be 

concluded that Cu-2Ti was the best performed catalysts in terms of both catalysts 

conversion (94 %) with selectivity (86 %). Thus, with constant ration of M: 2Ti, other 

two catalysts were prepared where M corresponds to different valent Ce4+ and Fe3+  metal 

ions replacing the Cu in Cu: 2Ti catalysts. This is to investigate the effect of different 

valent cations and their synergy in the mixed oxide in view of catalytic activity. 

Therefore, for further study two mixed oxide catalysts such as Ce-2Ti and Fe-2Ti were 

prepared. 

4.1.4.1 Crystal phase and crystallinity (XRD) 

The XRD diffractogram of synthesized catalyst displayed in Fig. 4.24 was analyzed 

by a Panlytical Xpert High Score Plus software in terms of Bragg angle (2 theta) and d 

spacing (Å). The peaks positioned at 2 theta 25.44⁰, 37.99⁰, 54.09⁰, 55.24⁰, 62.83⁰ with d 

spacing (Å) 3.50, 2.36, 1.69, 1.66, and 1.47 respectively corresponds to crystal plane 101, 

004, 105, 211, and 204 respectively of tetragonal anatase phase of TiO2 (JCPDS No 01-

073-1764). Moreover, the peak located at 2theta 28.71⁰, 33.25⁰, 47.66⁰, 56.51⁰, 59.29⁰, 

69.60⁰, 76.89⁰, and 88.61⁰ with d spacing 3.10, 2.69, 1.90, 1.62, 1.55, 1.35, 1.23, 1.64 and 

1.10 respectively ascribed to the crystal plane (111), (200), (220), (311), (222), (400), 

(331), (420) and (422) respectively of cubic fluorite  CeO2 (JCPDS No 01-075-0076). 

The XRD pattern of synthesized catalyst indicated that catalyst is highly crystalline mixed 

phase of CeO2 -TiO2 which well agreement with previous reports (Gao et al., 2010; Reddy 

et al., 2005). Preuss and Gruenn reported existence of different phases such as Ce2TiO5, 

Ce2Ti2O7, and Ce4Ti9O24, by heating the appropriate ratio of precursors containing Ce 
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and Ti at 1250 ⁰C (Preuss & Gruehn, 1994) However, previous literatures did not observe 

Ce-Ti-O system in the XRD pattern (Reddy et al., 2005; Shi et al., 2016). Similar findings 

were also observed in this work. This could bedue to the low calcination temperature 

applied during the catalyst preparation. In addition, CeO2-TiO2 mixed oxide structure can 

be different owing to different ratio of Ce/Ti according to previous report. They stated 

that Ce-Ti-O solid solution can be formed by substitution of Ce4+ by Ti4+ which only 

showed cubic phase CeO2 when the x value decrease from 1 to 0.6 in CexTi1-xO2 and 

mixed phase oxide for x> 0.4 (Luo et al., 2001). Therefore, XRD analysis revealed that 

mixed phase CeO2-TiO2 catalyst with Ce-Ti-O solid solution possibly is formed as the 

ratio of Ce/Ti= 0.5 was used in the synthesis protocol. Worth mentioning that, in this 

present synthesis method, no other crystal phase of TiO2 but anatase was appeared. It was 

due to inhibition in the phase transformation as a result of Ce incorporation into TiO2 

lattice. The phenomenon explained by Lin and Yu could appeared in current study owing 

to stabilization of anatase through the formation of Ce-O-Ti bonds (J. Lin & Jimmy, 

1998). This was resulting of substitution of cerium in the lattice of the cerium oxide by 

Ti atom at the interface to form octahedral Ti sites. The interaction between the tetrahedral 

Ti and octahedral Ti inhibits the phase transformation to rutile. Another group of 

researchers also observed similar inhibition in phase transformation for TiO2-SiO2 

(Panayotov & Yates, 2003). The usage of fluorine source during the synthesis of catalyst 

also favors the formation of anatase crystal phase, as opposed to rutile or brookite. 

Fluorine acts as a surface stabilizer by controlling the high surface energy of anatase and 

thus promotes its growth (Samsudin et al., 2016). From the shift of CeO2 (111) crystal 

plane of to the low Bragg angle (2 theta= 28.75⁰ to 28.71º) suggests that modification of 

cell parameters owing to large difference of ionic dimensions between Ce3+ (1.03 Å) and 

Ce4+ (0.94 Å). This results in the generation of sub stoichiometric fluorite CeO2-x species 

during the heat treatment by the presence of Ce3+ species. It was formerly reported that 
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the presence of oxygen vacancies in CeO2 associated with Ce3+ species in CeO2-

TiO2system (Dauscher et al., 1990). 

 

 

 

 

 

 

 

 

Figure 4.24: XRD analysis of Ce-2Ti mixed oxide catalyst. 

 

In addition, the crystallite size of TiO2 and CeO2 was measured based on the most 

intense peak of corresponding phase by 35.6 nm, and 53.1 nm respectively by Scherer 

equation. The phase of the catalyst was well conserved as no change was visible in the 

XRD pattern in terms of Bragg angle and d spacing.  

4.1.4.2 Raman analysis 

As displayed in Fig. 4.25, Raman analysis of Ce-2Ti mixed oxide catalyst was 

conducted to further confirm the lattice structure exactly in combination with the XRD 

data. The distinguished peak at Raman peak 141, 394, 515, 637 cm-1 are in well agreement 

with previously reported study for typical spectra of anatase TiO2  (Hadjiivanov & 

Klissurski, 1996) while CeO2 exhibited only prominent peak at Raman peak 463 cm-1. 

CeO2 is ideally characterized by the strong triply degenerated Raman active mode F2g at 

464 cm-1 for Fluorite type structure (X.-M. Lin, Li, Li, & Su, 2001). The clearly observed 
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symmetric and sharp peak of F2g mode suggests that the CeO2 in synthesized material was 

well crystalline.  

In addition, previous literatures ascribed a weak band at 260 cm-1 with a shoulder peak 

around 600 cm-1  for normal Raman inactive transverse and longitudinal optical phonon 

modes at the Brillouin zone center for CeO2 (Shyu, Weber, & Gandhi, 1988). McBride et 

al studied Raman spectra for solid solutions of Ce1-xRexO2-y (Re is rare earth element) for 

large x values. He found asymmetry of the Raman active mode F2g and also a shoulder 

peak evolved at 570 cm-1 which was attributed to defect spaces by selection relaxation 

rule (McBride, Hass, Poindexter, & Weber, 1994). Following the similar trend, a very 

weak and ambiguous peak at 585 cm-1 was noted by Shi et al for CeO2-TiO2 binary oxide 

adopting different preparation method and postulated as oxygen vacancies (Shi et al., 

2016). And also, Benjaram et al reported a very least prominent peak around 570 cm-1 

(Reddy et al., 2003). In contradictory, Nakajima did not observed such peak around 580 

cm-1 for Zr4+ doping in CeO2 (Nakajima, Yoshihara, & Ishigame, 1994). They explained 

it as cation doping without oxygen vacancies as no charge neutrality was involved. 

However, in this study, no peak was observed in that particular region of interest possibly 

due to three hypothesis (i) adaptation of different synthesis technique; (ii) inappropriate 

ratio of Ce/Ti (small x value) unlike wise previous reports and; (iii) no charge neutrality 

due to equivalency of Ti4+ and Ce4+ cations. Moreover, the weak Raman band near 600 

cm-1 could correspond to a non-degenerate longitudinal optical (LO) mode of CeO2 (X.-

M. Lin et al., 2001). Normally, this mode should not be observed by Raman spectra. 

Furthermore, the observed apparent shifting of Raman active mode Eg of TiO2 towards 

low wavenumber (141 cm-1) further indicated formation of Ce-Ti-O system as a result of 

long bond length generation by substitution of Ti4+ (0.64 Å) into the Ce4+ (0.97 Å) lattice. 

Therefore, the Raman analysis further indicated formation of the Ce-Ti-O solid solution 

in mixed phase CeO2-2TiO2 catalyst.     
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Figure 4.25: Raman analysis of synthesized Ce-2Ti mixed oxide catalyst. 

 

4.1.4.3 Surface composition and oxidation state (XPS) 

Oxidation state and surface composition of the catalyst was determined through XPS 

analysis (Fig. 4.26). The surface composition of synthesized materials revealed that the 

catalyst’s surface contains Ce, Ti and O elements with traces amount of residual. The F 

might be present as physiosorbed in the surface owing to its binding energy (Samsudin et 

al., 2016) The elemental composition displayed in Table 4.6 indicates that the surface is 

enriched with Ti atoms. The Fig. 4.26c shows the spin orbit splitting of Ce with three 

pairs of doublet. The peak positioned at binding energy 900.6 eV, 907.5 eV and 916.6 eV 

can be ascribed to Ce 3d5/2. And, the peaks at binding energy 882.2 eV, 889.9 eV and 

898.2 eV corresponds to Ce 3d3/2 (Fan et al., 2008). However, Ce3+ species was not 

detected at by XPS due to the instability of the valence state. As shown in Fig. 4.26b, the 

peaks located at 458.6 eV and 464.6 eV are successfully attributed to the 3d3/2 and 3d5/2 

state of Ti4+ (Samsudin, Hamid, Juan, Basirun, & Centi, 2015).  
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Figure 4.26: XPS analysis of synthesized Ce-2Ti mixed oxide catalyst. (a) Wide 
scan; (b) Ti 2p; (c) Ce 3d; (d) O 1s. 

 

In Fig. 4.26d, O 1s spectra was displayed. The asymmetric peak of oxygen was 

deconvulated into three components peaks by Gaussian Fitting. The peak at low binding 

energy at 529.6 represents lattice oxygen. The peak at relatively high binding energy at 

531.2 eV can be successfully attributed to surface oxygen vacancy as a form of surface 

defects (Roberts, 1989). And also, the peak at higher binding energy between 531.8 eV 

and 532.9 eV is ascribed to dissociated or chemisorbed oxygen species ( O2
− or O−) and 

OH− (Yiting Wang et al., 2015). The percentage of oxygen species in the catalyst based 

on peak area were calculated and displayed in Table 4.6. As no Ce3+ ions is detected in 

XPS spectra, it could be conclusive that oxygen vacancies on the surface were created 

dominantly by the addition of Trifluroacetic acid during catalyst synthesis step. It was 
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previously reported that the degree of surface oxygen vacancies can be enriched by the 

presence of Trifluroacetic acid (Samsudin et al., 2016). Trifluroacetic acid can trigger 

oxygen vacancies via charge compensation and during the calcination process as well. 

Table 4.6: The surface composition of Ce-2Ti mixed oxide catalysts from XPS 
survey spectra. 

Ce (%) Ti (%) O (%) F (%) 

7.67 15.67 72.69 3.96 

 

Table 4.7: The area percentage of oxygen species from O 1s XPS spectra. 

Lattice oxygen 

(OL) 
Surface oxygen Vacancy (OV) 

Defective oxygen 

(OD) 

35.90 % 42.24 % 21.85 % 

 

4.1.4.4 Morphology 

Morphology of the catalyst was revealed by FESEM analysis under high resolution 

images. As shown in the Fig. 4.27, the particles were agglomerated and non-uniform. As 

no structure directing agent was added in the synthesis protocol, the heat treatment 

resulted to agglomeration. Also, it was clearly shown that the interconnected cluster 

framework of the synthesized materials possessed unevenly distributed jagged pores. The 

pores were created via removal of the organic groups during the calcination procedure. 

Mesoporous structure of the catalyst is believed to enrich the catalytic activity via more 

access to the active sites. Moreover, it is presumed that the observed rough surface with 

sharp defined edges of the catalyst facilitate the adsorption between reactants and catalyst 

which improved the performance of the   catalyst. Furthermore, careful observation on 

the high resolution images revealed that various crystal shapes like truncated, by-
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pyramidal, and cuboid exposed (101) plane of TiO2 which is necessary to obtain good 

catalytic activity in oxidation reactions. 

 

Figure 4.27: FESEM and EDX analysis of synthesized Ce-2Ti mixed oxide 
catalyst. (a) Fresh Ce-2Ti catalyst; (b) spent catalyst; (c) EDX pattern; (d) 

chemical mapping; (e) Ce distribution (f) Ti distribution. 

 

Furthermore, HRTEM images of synthesized catalyst were obtained to further confirm 

the formation of crystal phases in terms of lattice parameters. In Fig. 4.28a shown the 

measured d spacing 3.5 Å by which undoubtedly confirm the formation of TiO2 (101) 

phase of the catalyst. In addition, for further confirmation of the crystallinity and lattice 

fringes, selective area electron diffraction pattern were employed (Fig. 4.28b). The SAED 

pattern showed the synthesized materials was polycrystalline. The bright spots observed 
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in the image represents individual plane of crystals. The crystal plane of (111), (200) of 

CeO2 as well as (101) of TiO2 were confirmed by the measured d spacing 3.10, 2.61, and 

3.50 Å respectively from SAED pattern. 

The EDX pattern was also collected to ensure the elemental composition of Ce, Ti in the 

catalyst (Fig. 4.29c). The observed ratio of the Ce and Ti from the EDX spectra tentatively 

matched with primary metal loading Ti/Ce= 2 in loaded in bulk phase of the catalyst. 

Moreover, the chemical mapping of the synthesized material were acquired and displayed 

in Fig. 4.29d. The chemical mapping of the catalyst clearly showed high elemental 

dispersion which suggests highest interaction between Ce and Ti. This result indicated 

the possibility of mechanical mixture between CeO2 and TiO2 in the prepared catalyst. 

 

Figure 4.28: HRTEM and SAED analysis of synthesized Ce-2Ti mixed oxide 
catalyst. (a) Lattice parameters; (b) SAED pattern. 

 

4.1.4.5 Textural properties (BET) 

The N2 adsorption-desorption curve of synthesized catalyst is shown in Fig. 4.29. The 

observed isotherm match with Type III. The BET surface area of the catalyst was 

measured low at 12 m2/g due to formation of large agglomerated particles which 

suggested that the effect of surface area on catalytic activity is less significant. In addition, 

the measured pore size 32 nm and pore volume 0.096389 cm³/g for Ce-2Ti mixed oxide 

catalyst is indicated mesoporous structure. 
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Figure 4.29: N2 adsorption-desorption curve of Ce-2Ti mixed oxide catalyst. 

 

4.1.4.6 Redox properties (H2-TPR and O2-TPD) 

The reducing capability was evaluated by H2-TPR as shown in Fig. 4.30. In general, 

CeO2 showed reduction of its surface and bulk oxygen at around 530 °C and 650 °C 

respectively while TiO2 shows weak reduction at comparatively high temperature due to 

difficulties associated with reduction in former reports. The TPR profile observed for Ce-

2Ti mixed oxide prepared via solvent evaporation method showed two broad peaks at 430 

°C and 490 °C. The observed shifting of reduction temperature towards low region 

suggests that the reducing ability had been significantly enhanced. As, XRD and Raman 

data are likely indicative of Ce-O-Ti solid solution generation in the prepared catalyst, 

therefore the synergy could promoted the reducing ability. And also, Ti might cause 

weakening of the bond strength between Ce-O which could be a determinant to improve 

the catalyst reducibility. Besides, the reduction of Ti4+ might be accelerated at low 

temperature owing to the synergistic interaction between Ce and Ti. 

Furthermore, O2-TPD study was also investigated to study the oxygen species of 

reduced CeO2-2TiO2 mixed oxide catalyst (Fig. 4.30). The O2-TPD study revealed three 
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distinctive peaks at 290 °C, 500 °C and 770 °C for oxygen desorption in the catalyst 

denoted as α, β and γ. It suggests that three types of oxygen species with different energy 

are present in the catalyst which supported by XPS data. For the first broad oxygen 

desorption peak, α corresponds to oxygen vacant sites at the surface which required 

relative low energy. These surface oxygen vacancies are responsible to favor the 

enhancement of catalytic performance. The oxygen desorption peak, β is ascribed to the 

oxygen desorption of lattice oxygens. Hereafter, the peak at higher temperature was 

possibly due to the presence of defective oxygen species.   

 

 

 

 

 

 

 

Figure 4.30: Synthesized Ce-2Ti mixed oxide catalyst illustrating, H2-TPR 
analysis (left); O2-TPD analysis. 

 

4.1.5 Structural properties of synthesized Fe-2Ti mixed oxide catalyst 

4.1.5.1 Crystal phase and crystallinity (XRD) 

The crystal phase of Fe-2Ti mixed oxide catalyst was analyzed by Panlytical Xpert 

High score plus in Fig. 4.31 in terms of Bragg angle and d spacing (Å). The peak 

positioned at 2 theta 18.24⁰, 25.61⁰, 32.70⁰, 36.74⁰, 37.48⁰, 41.28⁰, 46.14⁰, 48.88⁰, 52.42⁰, 

56.33⁰, 60.01⁰, 65.71⁰, 69.52⁰ with d spacing 4.86, 3.47, 2.73, 2.44, 2.39, 2.18, 1.96, 1.86, 

1.74, 1.63, 1.54, 1.42, and 1.35 Å respectively is ascribed to (020), (110), (023), (040), 
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(113), (042), (043), (200), (220), (152), (062), (142), (243) of orthorhombic diiron 

titanium oxide (Fe2TiO5) crystal phase according to JCPDS no (ICSD 96-200-2303). 

Worth to mention that no other crystal phase was detected as impurity.  

 

 

 

 

 

 

 

 

 

Figure 4.31: XRD analysis of Fe-2Ti mixed oxide catalyst. 

 

4.1.5.2 Raman analysis 

Raman analysis of Fe-2Ti mixed oxide catalyst was done to further investigate the 

qualitative properties of crystalline product. The Raman spectra of Fe-Ti mixed oxide 

catalyst was displayed in Fig. 4.32. The Raman spectra revealed that the synthesized 

catalyst contains pure phase of anatase TiO2 and hematite in terms of the present Raman 

peaks. The Raman peaks located at 144 cm-1, 199 cm-1, and 659 cm-1 ascribed to Raman 

peaks of anatase TiO2 in accordance with previously reported literature (Samsudin, 

Hamid, Juan, Basirun, & Centi, 2015). In addition, the Raman peaks positioned at 225 

cm-1, 247 cm-1, 299 cm-1, 412 cm-1, 497 cm-1, and 613 cm-1 corresponds to hematite with 
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absence of impurities like pure Fe2O3 and γ-Fe2O3 (De Faria, Venâncio Silva, & De 

Oliveira, 1997; Szatkowski et al., 2015).  

 

 

 

 

 

 

 

 

 

Figure 4.32: Raman spectra of synthesized Fe-2Ti mixed oxide catalyst. 

 

4.1.5.3 Surface composition and oxidation state (XPS) 

XPS analytical tool was used to determine the surface composition (Table 4.8) and 

chemical state of the metals in the synthesized Fe-Ti mixed oxide catalyst and displayed 

in Fig. 4.33. The peak at binding energy (BE) 458.0 eV in Ti 2p spectrum evidently 

confirmed that the synthesized crystalline material contain Ti4+ chemical state which is 

consistent with  previous literature (Samsudin, Hamid, Juan, Basirun, & Centi, 2015). 

Moreover, the Fe 2p spectra was fitted with Gaussian-Lorentzian function shown Fe 2p1/2 

and Fe 2p 3/2 with multiple splitting with satellite featured peaks (Fig. 4.33c). The 

dominant peaks located including Fe 2p 3/2 at binding energy 712.28 eV and Fe 2p 1/2 at 

binding energy 725.87 eV with a satellite peak at 719.07 eV which was a characteristics 

of presence of α-Fe2O3 (Yamashita & Hayes, 2008). And also, fitted Fe 2p2/3 peak shows 

an additional spitted peak at binding energy 710.3 eV which was ascribed to as a resultant 
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of Fe-O-Ti solid solution presence in the prepared materials as per previous literature 

(Pham, Dinh, Vuong, Ta, & Do, 2014). And also, absence of peak at binding energy 709.3 

eV indicated that Fe2+ chemical state was absent in the material. Furthermore, O 1s 

spectrum was also fitted with Gaussian-Lorentzian and three distinguished peaks were 

detected (Fig. 4.33b). The peak at binding energy (BE) 529.80 eV was attributed to lattice 

oxygen (Fe-O or Ti-O). The peak at slightly higher binding energy 530.46 eV was 

ascribed to surface oxygen vacancies as a form of surface defects (Roberts, 1989). And 

also, the peak at binding energy (BE) 532.19 eV corresponds to defective oxygen species 

or chemisorbed oxygen species (O2
− or O−) or OH- (Yiting Wang et al., 2015). The 

percentage amount of oxygen species (Table 4.9) was determined based on the area of 

each peaks in O 1s spectrum. 
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Figure 4.33: XPS spectra of synthesized Fe-2Ti mixed oxide catalyst. (a) Survey 
spectra; (b) O 1s spectra; (c) Fe 2p3 spectra; (d) Ti 2p spectra. 

 

Table 4.8: The surface elemental ration of Fe-2Ti mixed oxide catalysts in XPS 
survey spectra. 

Fe (%) Ti (%) O (%) F (%) 

8.64 18.9 68.48 3.98 

 

Table 4.9: The area percentage of oxygen (O) species based on O 1s XPS 
spectra. 

Lattice oxygen  

(OL) 

Surface oxygen Vacancy 

(OV) 

Defective oxygen  

(OD) 

60.19 % 36.26 % 3.53 % 
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4.1.5.4 Redox properties (H2-TPR and O2-TPD) 

In order to investigate the reduction characteristics of the synthesized catalyst, H2-TPR 

was done in temperature range of 60 °C to 900 °C (Fig. 4.34). The H2-TPR spectrum 

revealed that the prepared materials were reduced in two step indicated by one dominant 

peak at 595 °C and a shoulder peak at 535 °C. The shoulder peak at low reduction 

temperature suggested reduction of surface oxygen present on the catalyst. And also, the 

peak at relatively high reduction temperature might be associated with reduction of lattice 

oxygen.  

 

 

 

 

 

 

 

Figure 4.34: Synthesized Fe-2Ti mixed oxide catalyst illustrating, (a) H2-TPR 
analysis; (b) O2-TPD analysis. 

 

O2-TPD was done towards the reduced catalyst in order to determine the re-oxidation 

process of the Fe-2Ti mixed oxide catalyst (Fig. 4.34b). O2-TPD profile of the catalyst 

indicated that O2 desorption occurred in four steps on the reduced catalyst suggested by 

the four distinctive peaks at 281 °C, 483 °C, 629 °C, and 720 °C. The peak towards low 

temperature corresponds to desorption of oxygen from the vacant surface oxygen sites. 

The peak at 483 °C was probably associated with desorption of oxygen from the lattice 

oxygen sites. And also, the peak at higher temperatures might be attributed to desorption 

of oxygen from the defective oxygen species.  
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4.1.5.5 Morphology   

Morphology of the synthesized materials was analyzed by FESEM analysis under high 

resolution (Fig. 4.35). The FESEM images of the Fe-2Ti mixed oxide catalyst shown 

rough and stony surface. And also, the material was agglomerated in 3-dimensional 

interconnected cluster network as it was calcined under high temperature. Moreover, the 

surface composition of the metals were determined by EDX (Fig. 4.35b). The observed 

composition of Fe to Ti in EDX pattern was consistent with the initial ratio during the 

synthesis in bulk phase (Fe: 2Ti).  

 

 

 

 

 

 

Figure 4.35: Morphology of synthesized Fe-2Ti mixed oxide catalyst. (a) 
FESEM image (b) EDX pattern. 

 

Furthermore, HRTEM images of the prepared catalyst was captured to confirm the 

formation of crystals in terms of lattice fringe (Fig. 4.36). The lattice spacing was 

measured 3.47 Å, 2.73 Å and 2.44 Å which indicated crystal plane of (110) of Fe2TiO5 

solid solution (Fig. 4.36c). Also, the SAED pattern of the synthesized materials suggested 

that it was a polycrystalline materials indicated by diffused rings. And the lattice spacing 

was also measured 3.47 Å and 2.73 Å of crystal plane (110) and (023) of Fe2TiO5 from 

the bright spots in the SAED pattern (Fig. 4.36b). Therefore, the crystal formation of 

Fe2TiO5 solid solution was confirmed by lattice spacing from HRTEM and SAED pattern.  
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Figure 4.36: HRTEM images of Fe-2Ti mixed oxide catalyst. (a) Overview of the 
catalyst; (b) SAED pattern; (c) lattice pattern. 

 

4.1.5.6 Textural properties (BET) 

The N2 adsorption-desorption curve for synthesized material is displayed in Fig. 4.37. 

The isotherm curve observed for the Fe-2Ti mixed oxide catalyst is type III. The surface 

area of the catalyst was also measured at 43.52 m2/g. The surface area seemed moderate 

to perform better catalytic activity. Moreover, the pore size was calculated with 9.7 nm 

and pore volume was determined at 0.1057 cm3/g.  
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Figure 4.37: N2- adsorption-desorption isotherm plot of synthesized Fe-2Ti 
mixed oxide catalyst. 

 

4.2 Catalytic activity assessment  

4.2.1 Cu-Ti mixed oxide catalysts 

4.2.1.1 Oxidation under H2O2 by Cu-2Ti mixed oxide catalysts 

These above discussed results suggested that synthesized Cu-Ti mixed oxide catalysts 

show unique defect properties and chemical activity to enrich the catalytic activity. The 

catalytic activity of synthesized Cu-Ti composite oxide catalysts with different 

composition of Cu and Ti were compared for liquid phase oxidation of vanillyl alcohol. 

The catalyst system (Cu: 2Ti) was taken into account to acquire the suitable reaction 

parameters such as solvent, temperature, time, catalyst mass, amount of oxidant, catalyst 

composition as well as presence of base. The other two catalysts (Cu: Ti) and catalyst 

(2Cu: Ti) were also performed at the same optimum condition of catalyst (Cu: 2Ti) for 

the oxidation of vanillyl alcohol. In addition, a reaction was carried out in absence of the 

catalyst, however no conversion of vanillyl alcohol was observed.  
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It was noted that the conversion significantly increased from 15 % to 61 % whereby 

the selectivity reduced from 83.0% to 60 % towards vanillin product with an increasing 

reaction time from 20 mins to 60 mins (reaction conditions: 1 mmol vanillyl alcohol, 3 

mmol H2O2, catalyst (Cu: 2Ti) mass 0.0025 g/cm3, 20 ml acetonitrile) (Fig. 4.38a). After 

60 mins, the constant conversion till 120 mins suggested that the reaction reached the 

equilibrium maxima. The selectivity decrement was associated with further oxidation of 

vanillin to vanillic acid in the presence of excess H2O2 in the reaction. Furthermore, 

guaicol was also produced as one of the side product.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.38: Effect of reaction parameters in oxidation of vanillyl alcohol by Cu-
Ti (Cu: 2Ti) mixed oxide catalyst using H2O2 (a) progress of reaction; (b) 

concentration of H2O2; (c) catalyst mass (d) temperature. 

Four different catalyst (Cu: 2Ti) loadings were studied for vanillyl alcohol oxidation 

reaction (reaction condition: 1 mmol vanillyl alcohol, 3 mmol H2O2, 20 ml acetonitrile 

85 °C, 1 h) and the results are displayed in Fig. 4.38c. The conversion of vanillyl alcohol 
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augmented with the loading of the catalyst due to greater concentration of active sites 

present on the catalyst surface to perform in the reaction. Thus, it was not surprising that 

the lowest catalysts mass loading 0.0006 g/cm3 (12 mg) shown the minimum catalytic 

conversion of 49 %.  

The comparative higher loading of catalyst at 0.0012 g/cm3 (25 mg) shown a slight 

increase of conversion (58 %). Further increased of  catalyst loading from 0.0012 g/cm3 

to 0.0025 g/cm3  rendered significant increase in the conversion by 66 %. Further 

increment of catalyst mass to 0.0037 g/cm3 (75 mg) exhibited marginal improvement in 

the conversion by 67 % with 70 % selectivity. This was possibly due to mass transfer 

resistance (Klaewkla, Arend, & Hoelderich, 2011b).  Noteworthy, the selectivity was 

almost constant at 71 % for all catalyst loading. Thus, the optimum catalyst loading was 

found at 0.0025 g/cm3 (50 mg) based on the above experimental results. From this 

observation, it was evident that the catalyst loading play a vital role towards conversion. 

In this experiment, various concentrations of oxidant H2O2 were used to determine any 

effect towards the catalytic reactivity (Fig. 4.38b). Four different molar ratios 1 mmol, 2 

mmol, 3 mmol and 4 mmol equivalent to substrate of H2O2 were taken at the reaction 

conditions (1 mmol vanillyl alcohol, catalyst (Cu: 2Ti) mass 0.0025 g/cm3, 20 ml 

acetonitrile 85 °C, 1 h). It was clearly observed that the concentration of oxidant had a 

significant impact towards conversion and selectivity. Both conversion and selectivity 

worsened gradually with an increase in the concentration of H2O2. In the presence of 

excess H2O2, fast formation of by-product (water) might lead towards fast catalyst 

deactivation by poisoning the surface active group of the catalyst (Forzatti & Lietti, 1999). 

And, the selectivity loss was possibly as a result of over oxidation of vanillin to 

corresponding carboxylic acid under longer reaction time. Moreover, we presumed that 

the formation of carboxylic acid in organic solvent in absence of base could cause strong 
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catalyst deactivation as well (Abad, Corma, & García, 2008). The amount of 1 mmol of 

H2O2 showed maximum conversion (66 %) and selectivity (71 %) to vanillin. However, 

the amount of 2 mmol, 3 mmol and 4 mmol displayed conversion by 63 %, 61 %, and 56 

% respectively with selectivity to vanillin by 67 %, 60 %, and 57 % respectively. From 

the above discussed experimental results, 1 mmol concentration of H2O2 was found to be 

the optimum condition of oxidizing agent in the vanillyl alcohol oxidation process. 

Effect of temperature was also examined in liquid phase oxidation of vanillyl alcohol 

over Cu-2Ti  mixed oxide catalyst in a temperature range of 65 ⁰C to 90 ⁰C (reaction 

conditions: 1 mmol vanillyl alcohol, 1 mmol H2O2, catalyst (Cu: 2Ti) mass 0.0025 g/cm3, 

20 ml acetonitrile, 1 h) (Fig. 4.38d). With the increase of temperature from 65 ⁰C to 85 

⁰C, there was a sharp enrichment expectedly in the conversion from 36 % to 66 % and no 

change in the selectivity was observed. The plausible reason is due to fast activation of 

substrate and oxygen source. However, at 90 ⁰C, the conversion significantly decreased 

to 60 % possibly owing to fast degradation of H2O2 at elevated temperature, thereby 

minimizing the efficiency of oxidation reaction of the substrate (De, Chaudhuri, & 

Bhattacharjee, 1999). Moreover, many previous study has demonstrated decomposition 

of H2O2 into O2 in presence of metals such as Cu (Gellerstedt & Pettersson, 1982; Salem, 

El‐Maazawi, et al., 2000). It was presumed that H2O2 stability was affected in oxidation 

reaction at the high temperature. Thus, the suitable temperature for oxidation of vanillyl 

alcohol was found to be at 85 °C. 

In this investigation, five different nature of organic solvents such as acetonitrile 

(MeCN), dimethylformide (DMF), Isopropanol, acetic acid (ACH), Tetrahydrofuran 

(THF) were studied in the liquid phase oxidation of vanillyl alcohol (reaction conditions: 

1 mmol vanillyl alcohol, 1 mmol H2O2, catalyst (Cu: 2Ti) mass 0.0025 g/cm3, 85 °C, 1 h) 

(Fig. 4.39). There was a considerable impact on both conversion and selectivity to vanillin 
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due to the nature of the solvent. In acetonitrile, moderate amount of conversion (66 %) 

and selectivity (71 %) were obtained. When, isopropanol was used as a solvent, 24 % 

conversion with 75 % selectivity were measured. In case of dimethylformide, Cu-Ti 

composite oxide catalyst shown conversion by 29 % with 76 % selectivity towards 

vanillin. The lowest conversion (21 %) with 74 % selectivity towards vanillin was 

attained in nonpolar solvent tetrahydrofuran.  The other solvents but acetonitrile might 

not function well due to unfavorable polarity or dielectric constant to the reaction 

intermediates (Andrade, Carlos, & Alves, 2005). Interestingly, acetic acid media shows 

the highest conversion (91 %) but moderate selectivity (46 %) towards vanillin. The 

enhanced catalytic activity in acetic acid media might cause by in situ formation of 

peroxyacetic acid due to reaction of acetic acid with H2O2  (Zhao, Zhang, Zhou, & Liu, 

2008). Peroxyacetic acid is stronger oxidant than H2O2. From this observation, 

acetonitrile was found to be the suitable solvent for vanillyl alcohol oxidation to selective 

vanillin in base free condition. 

 

 

 

 

 

 

 

Figure 4.39: Effect of catalyst composition (left); and influence of nature of 
solvents (right) in oxidation of vanillyl alcohol by Cu-Ti mixed oxide catalyst using 

H2O2. 
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As synthesized catalysts were studied for vanillyl alcohol oxidation at observed 

suitable reaction conditions (catalyst mass 0.0025 g/cm3, vanillyl alcohol 1 mmol, H2O2 

1 mmol, time 1 h, 20 ml acetonitrile, 1 h) (Fig. 4.39). For comparison, bulk CuO and TiO2 

(Degussa) catalysts were also studied  at same condition as mixed oxides. TiO2 shows 

conversion by 3 % with 58 % selectivity and 2 % conversion with 52 % selectivity for 

CuO in vanillyl alcohol oxidation. Based on the results, it was clearly evidenced that the 

prepared Cu-Ti mixed oxide catalyst highly promoted the catalytic conversion as well as 

the selectivity relative to their counterpart individual oxide phase. The catalyst (Cu: 2Ti) 

containing high loading of Ti in bulk phase which yields the best catalytic activity of 

substrate conversion by 66 % with significant selectivity of 71 % to vanillin using H2O2 

whereas the other two synthesized catalysts (Cu: Ti) and catalyst (2Cu: Ti) exhibited 

poorer catalytic activity. The catalyst (Cu: Ti) shown substrate conversion of 22 % with 

72 % selectivity to vanillin while 10 % substrate conversion with 62 % selectivity for 

catalyst 2Cu:Ti. It was clearly observed in the H2-TPR and O2-TPD profile that redox 

potential of the catalyst Cu: 2Ti was greatly enriched than other two catalysts which 

strongly supported the maximum conversion achieved. It was believed that Cu-O-Ti was 

the active phase in the oxidation reaction of vanillyl alcohol. The formation of Cu-O-Ti 

active phase was larger in concentration for catalyst (Cu: 2Ti) due to high dispersion of 

Cu into the TiO2 lattice thus the synergistic combination could significantly improve the 

reducing ability of the catalyst.   And also, the crystallite size observed in XRD analysis 

for catalyst (Cu: 2Ti) was 36 nm whereas other two catalysts crystallite size was larger 

by 41 nm. Hence, more surface area was accessible to take part in the catalytic reaction 

which was further proved by result of BET surface area. Furthermore, the catalytic 

properties such as grain boundaries and surface oxygen vacancies as surface defects 

present in catalyst (Cu: 2Ti) played vital role to enrich the degree of active sites. In 

addition, it was presumed that TiO2 was strongly modified and reactive than pure TiO2 
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under influence of Cu3TiO4 phase in the mixed oxide system Furthermore, metal oxide 

phases co-operation is an important phenomenon  to improve the catalytic activity of a 

mixed oxide catalyst (Grasselli, 2001). Thus, it was postulated that the composition of 

Cu3TiO4 phase and modified TiO2 possibly favored the phenomenon of phase co-

operation and was active in catalyst (Cu: 2Ti). 

An immense number of literature reported the vital role of base in metal oxide 

catalyzed reaction for alcohol as the formed alkoxide ion (R-O-) is not stable and thus 

required a strong base to form the alkoxide (R-O-) ion (Jha & Rode, 2013; Shilpy et al., 

2015; Tarabanko, Petukhov, & Selyutin, 2004; Tomlinson 2nd & Hibbert, 1936) In this 

experiment, we also focus on the impact of base in the oxidation reaction vanillyl alcohol. 

Among all of the above mentioned solvents, acetic acid and isopropanol were tested under 

treatment of base due to their ability towards solubility of the base NaOH (Fig. 4.40). 

Before proceeding for the oxidation reaction, equimolar (1:1) amount of NaOH (0.15g) 

was added to the solvents. In the presence of alkaline OH-, the conversion (91%) remains 

constant, but there was a modest increase in the selectivity (59%) towards vanillin in 

acetic acid. In case of isopropanol, the conversion (86%) and selectivity (99%) towards 

vanillin are significantly improved. The base could play two major roles to enrich the 

catalytic activity and selectivity. Firstly, NaOH reacts vigorously with H2O2 to produce 

perhydroxy anion (OOH-) which is a strong oxidizing agent and also can play a role as 

oxygen source. Secondly, the -OH- anion could deprotonate on the -OH group present on 

the benzylic carbon which dominates the reaction pathway to only corresponding 

aldehyde product to form other oxidative products. These results are in harmony with 

previously reported study,  Shilpy et al for vanillyl alcohol oxidation in presence of base 

over CoTiO3 catalyst (Shilpy et al., 2015). This evidences that addition of base enhance 

the oxidation reaction of vanillyl alcohol towards vanillin over Cu-Ti mixed oxide 

catalyst. 
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Figure 4.40: Effect of base media (NaOH) in oxidation of vanillyl alcohol by Cu-
2Ti mixed oxide catalyst using H2O2 in oxidation of vanillyl alcohol. 

 

4.2.1.2 Oxidation under air by Cu-2Ti mixed oxide catalysts 

To make the rational study, liquid phase aerobic oxidation of vanillyl alcohol was 

carried out by using air. The reaction parameters were optimized under air. The above 

discussed results revealed that catalyst (Cu: 2Ti) shown promising catalytic activity in 

solvent acetonitrile in base free condition. Therefore, catalyst (Cu: 2Ti) was chosen in 

solvent acetonitrile to compare the catalytic activity at the optimized process conditions 

by using air as oxidant. A blank reaction in the absence of catalyst under air condition 

resulted in no conversion occurred. The progress of the reaction was monitored after 

every 20 mins time interval (reaction condition: 3 mmol vanillyl alcohol, 0.0025 g/cm3 

catalyst, 120 °C and 21 bar air pressure, 60 ml acetonitrile) displayed in Fig. 4.41a. It was 

found that conversion steeply increased by 94% from 48% while reaction time was 2 

hours from 30 mins with almost constant selectivity at 86 %. Hereafter, there was no 

noticeable change for further increment of conversion. It was worth to mention that 

vanillic acid and quinone were found as the by-products. 
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Catalyst loading was also further optimized in range of catalyst loading 0.0012 g/cm3 

to 0.0037 g/cm3 in liquid phase aerobic oxidation of vanillyl alcohol (reaction condition: 

3 mmol vanillyl alcohol, 60 ml acetonitrile, 2 h, 120 °C, 21 bar) (Fig. 4.41b). In case of 

0.0012 g/cm3 catalyst mass, the least catalytic activity was observed by 62 %. Further 

increment of catalyst loading by 0.0025 g/cm3 showed excellent catalytic conversion by 

94 % was obtained. For 0.0037 g/cm3, no significant change in the conversion was noticed 

due to insignificant mass transfer effect (Klaewkla et al., 2011b). Noteworthy, the 

selectivity was almost constant at 86 %.   

 

 

 

 

 

 

 

 

 

 

Figure 4.41: Effect of reaction parameters in oxidation of vanillyl alcohol by Cu-
Ti mixed oxide catalyst using air (a) progress of reaction; (b) catalyst mass; (c) 

temperature; (d) air pressure. 
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Temperature in range of 85 ⁰C to 140 °C was investigated to study the profound effect 

on the catalytic activity in liquid phase aerobic oxidation of vanillyl alcohol (reaction 

condition: 3 mmol vanillyl alcohol, 0.0025 cm3/g catalyst mass, 21 bar air pressure, 2 h, 

60 ml acetonitrile) (Fig. 4.41c). There was an ascending trend in the catalytic conversion 

with the increase of temperature. The conversion reached at maximum by 96 % when the 

reaction was at 140 °C. However, for 120 °C, there was a negligible decrease in the 

catalytic conversion of 94 %. At reaction temperature of 140 °C, char formation was 

found. In addition, the selectivity was slightly reduced to 86 % from 89 % within the 

considered temperature range owing to over oxidation of vanillin to vanillic acid at high 

temperature. Based on this observation, 120 °C was the optimum temperature found for 

aerobic oxidation of vanillyl alcohol.  

Four different air pressure such as 7 bar, 14 bar, 21 bar, and 28 bar was monitored to 

study the apparent influence (Fig. 4.41d). Compressed natural air pressure was found to 

have impact on both conversion and selectivity in liquid phase aerobic oxidation of 

vanillyl alcohol (reaction condition: 3 mmol vanillyl alcohol, 0.0025 cm3/g catalyst mass, 

T= 120 °C, 2 h, 60 ml acetonitrile). Improvement of the catalytic conversion by 94 % 

from 52 % was visible with increase of air pressure from 7 bar to 28 bar. Contradictorily, 

an inverse effect on the selectivity to vanillin was noticed with increase of pressure. The 

selectivity was readily dropped from 86 % to 78 %. It was possibly due to next step 

oxidation of vanillin to corresponding acid in presence of excess desorbed oxygen in the 

reaction. Thus, 21 bar air pressure was the best process condition to achieve outstanding 

catalytic activity of 94 % conversion with 86 % selectivity to vanillin. The catalytic 

conversion by Cu-2Ti mixed oxide was improved substantially in liquid phase aerobic 

oxidation of vanillyl alcohol. The reaction conditions was comparatively higher than 

using H2O2, as O2 atom is quite kinetically stable owing to its triplet ground state and 

strong O-O bond. 
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In order to investigate the stability of the catalyst, vanillyl alcohol oxidation was 

carried out using the spent catalyst at the optimum reaction conditions for fresh catalyst 

using H2O2 (Fig. 4.42). After the first run of the freshly prepared catalyst, it was filtered 

and washed properly with acetonitrile several times to remove desorbed oxygenated 

products over the catalyst surface and dried under vacuum at 80 ⁰C for 4 h. Then the spent 

catalyst was investigated for vanillyl alcohol oxidation. The following procedure was 

carried out for three subsequent oxidation experiments. The conversion slightly decreased 

from 66 % to 58 % after the first use. However, the conversion sharply reduced to 38 % 

after the third run of the catalyst. This decrement might occurred due to reduction in 

roughness of the catalyst surface as negligible crystallinity change was demonstrated. 

Surprisingly, the selectivity remains almost constant at 71% in every recycling 

experiment. It implies that the reaction pathway was constant. 

 

 

 

 

 

 

 

 

 

Figure 4.42: Recyclability study of Cu-Ti (Cu: 2Ti) mixed oxide catalyst in 
oxidation of vanillyl alcohol by using H2O2 as an oxidant. 
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4.2.2 Catalytic activity of Cu-Zr mixed oxide catalysts 

4.2.2.1 Oxidation under H2O2 by Cu-Zr mixed oxide catalysts 

The catalyst CuZrO3 (Cu: 2Zr) was used to optimize the reaction parameters such as 

catalyst loading, time, temperature and solvent, concentration of oxidant H2O2 in vanillyl 

alcohol oxidation. Another two catalysts labeled as catalyst (Cu: Zr) and catalyst (2Cu: 

Zr) was experimented at the determined suitable reaction conditions.  A blank reaction 

was also carried out without the presence of catalyst and results show the poor conversion 

(>2%). It implies on that the oxidation reaction did not procced in absence of the catalyst. 

In order to monitor the progress of the conversion and selectivity by CuZrO3 catalyst 

(Cu: 2Zr) in vanillyl alcohol oxidation, the first parameter taken into account was reaction 

time (Fig. 4.43a) (reaction condition : 1 mmol vanillyl alcohol, 3 mmol H2O2, 0.0037 

g/cm3 catalyst , 85 °C, 20 ml acetonitrile). It was clearly observed from the concentration 

of vanillyl alcohol that there was a gradual progress in the amount of substrate conversion. 

The conversion reached from 14 % to 62 % by four hours reaction time. However, the 

selectivity towards vanillin slightly dropped from the initial amount 80 % to 72 % with 

forwarding of the reaction time. It was associated with the further oxidation of vanillin to 

corresponding vanillic acid. It was evidenced from the increment of vanillic acid from 6 

% to 12 %. Additionally, formation of by-product guaicol was also observed at 18 %. 

From the experimental data, four hours was chosen as the optimum reaction time for 

vanillyl alcohol oxidation as the highest conversion was achieved by such period. 

Various amounts of catalyst loading was experimented in the vanillyl oxidation 

reaction (Fig. 4.41b) to determine the apparent impact of catalyst mass into the oxidation 

reaction (reaction condition: 1 mmol vanillyl alcohol, 3 mmol H2O2, 85 °C, 4 h, 20 ml 

acetonitrile). From the observed data, it was evidenced that catalyst loading had a 

remarkable effect on the amount of substrate conversion with constant selectivity. The 
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conversion reached sharply to 47 % from 37 % while the loading was changed from 

0.0012 g/cm3 to 0.0025 g/cm3. Further increment on the catalyst mass 0.0037 g/cm3 into 

the reaction contributes in enrichment of conversion of 62%.  However, the selectivity 

toward vanillin stood almost unchanged at 72%. It provided the information that mass 

transfer was significant wiht 0.0037 g/cm3 of catalyst. In case of catalyst loading 0.050 

g/cm3, the conversion remained almost similar 61% as the 75 mg loading owing to 

insignificant mass transfer effect (Klaewkla et al., 2011b). Based on the above discussion, 

0.0037 g/cm3 catalyst mass was the optimum catalyst loading for vanillyl oxidation over 

CuZrO3 (Cu: 2Zr) catalyst.  

 

 

 

 

 

 

 

 

 

 

Figure 4.43: Effect of reaction parameters in oxidation of vanillyl alcohol by Cu-Zr 
(Cu: 2Zr) mixed oxide catalyst using H2O2 (a) progress of reaction; (b) catalyst 

mass; (c) concentration of H2O2; (d) temperature. 
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To investigate the possible consequence of H2O2 concentration change, four different 

molar ratios: 1mmol, 2 mmol, 3 mmol and 4 mmol to the substrate was injected in the 

oxidation reaction of vanillyl alcohol (Fig. 4.43c) (reaction condition : 1 mmol vanillyl 

alcohol, 0.0037 g/cm3 catalyst , 85 °C, 4 h, 20 ml acetonitrile). From these results, it was 

worth to mention that there was a major impact on both conversion and selectivity due to 

increment of H2O2 concentration in the vanillyl alcohol oxidation reaction. Increment in 

the molar ratio of H2O2 facilitates generation of excess –OH- ion which further benefited 

the conversion. However, the selectivity was dropped moderately with high concentration 

of H2O2. It resulted the further oxidation of produced vanillin towards corresponding acid 

in the presence of excess -OH ion. For 1 mmol amount of H2O2, 42% conversion with 

73% selectivity was obtained. In case of 2 mmol H2O2, the conversion substantially 

improved by 53% with 71% selectivity. Similar trend was also observed for 3 mmol of 

H2O2 which shows conversion of 62% with 72% selectivity of vanillin. However, reverse 

trend was observed for 4 mmol H2O2 (61 % conversion with 52 % selectivity towards 

vanillin). It could be possibly due to the fast formation of water during oxidation reaction 

which resulted in deactivation of the catalyst active site on the surface.  Thus, 3 mmol of 

H2O2 was chosen as the optimum concentration as it served to render superior catalytic 

activity with moderate selectivity via vanillyl alcohol oxidation over perovskite type 

CuZrO3 (Cu: 2Zr) catalysed process.  

To study the probable response of temperature on conversion and selectivity for 

vanillyl alcohol oxidation reaction, a range of temperatures from 65 °C to 85 °C was 

considered (reaction conditions: 1 mmol vanillyl alcohol, 3 mmol H2O2, 0.0037 g/cm3 

catalyst , 4 h, 20 ml acetonitrile) (Fig. 4.43d). A progressive trend on the conversion was 

expectedly observed in range of 65 °C to 90 °C. At 65 °C, the catalytic activity of CuZrO3 

(Cu: 2Zr) catalyst was obtained by 34 % conversion with 72 % selectivity towards 

vanillin.  When the temperature was rose up to 75 °C, the conversion was improved by 
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44 % conversion with 74% selectivity towards vanillin. The best catalytic efficiency was 

exhibited by 62% conversion and 72 % selectivity towards vanillin at elevated 

temperature of 85 °C. However, a marginal decrement on conversion (58 %) with 

selectivity (72 %) was obtained at 90 °C. Thermodynamically, elevated temperature 

favored the enrichment of conversion due to the activation energy was reached optimum 

point for catalyst to perform the catalyzed oxidation reaction. Hence, from the observed 

data, we concluded that 85 °C was the suitable temperature condition for vanillyl alcohol 

oxidation.     

In order to illustrate the catalytic activity and selectivity in different nature of solvents, 

various solvents with different polarity were used in CuZrO3 (Cu: 2Zr) catalyzed 

oxidation reaction (reaction conditions: 1 mmol vanillyl alcohol, 3 mmol H2O2, 0.0037 

g/cm3 catalyst , 85 °C, 4 h) (Fig. 4.44). The experiment was done in acetonitrile, 

dimethylformamide, tetrahydrofuran, ethanol and acetic acid under optimized reaction 

condition. In acetonitrile, CuZrO3 catalyst shows superior catalytic activity by 62 % 

conversion with 72 % selectivity. In isopropanol, lower conversion of vanillyl alcohol 34 

% with better selectivity (78 %) were obtained. When dimethylformide was used as 

solvent, there were further decrease in the conversion (26 %) and 76 % selectivity. In case 

of tetrahydrofuran, the catalytic activity (21 %) and selectivity (74 %) observed were also 

seems not much impressive.  Unfavorable polarity and dielectric constant of the nonpolar 

solvents towards the reaction intermediates might cause adverse effect in the catalytic 

action for vanillyl alcohol oxidation (Andrade et al., 2005). Therefore, there was visibly 

a declined trend on the catalytic activity in order of MeCN > Isopropanol > DMF > THF. 

Interestingly, in acetic acid media, a surprising catalytic conversion (90 %) with poor 

selectivity (42 %) were noticed. It might be associated also to the in situ formation of 

peroxy radicals generated by reaction between acetic acid and H2O2 (Zhao et al., 2008). 

Univ
ers

ity
 of

 M
ala

ya



 

154 

Hence, acetonitrile was found to be the suitable solvent for vanillyl alcohol oxidation in 

base free condition.  

 

 

 

 

 

Figure 4.44: Influence of nature of solvents (left); effect of catalyst compositions 
(right) in oxidation of vanillyl alcohol by Cu-Zr (Cu: 2Zr) mixed oxide catalyst 

using H2O2. 

 

The vanillyl alcohol oxidation reaction by CuZrO3 (Cu: 2Zr) was tested at suitable 

reaction parameters under treatment of base NaOH (reaction conditions: 1 mmol vanillyl 

alcohol, 3 mmol H2O2, 0.0037 g/cm3 catalyst, 85 °C, 4 h, 1 mmol NaOH) (Fig. 4.45). It 

was clearly visible that the base played an impressive role to amplify the catalytic activity. 

Two solvents such as acetic acid and isopropanol were aimed owing to the insolubility of 

NaOH in other nonpolar solvents. Prior to carry out the reaction, an equimolar ratio (1:1) 

of NaOH (0.15g) was dissolved to the solvent. In acetic acid media in presence of base, 

the catalytic selectivity (56 %) was notably improved where the conversion (89 %) 

remains almost unchanged. In case of isopropanol, both conversion (92 %) and selectivity 

(99 %) were markedly bettered which was well agreement with previously reported by 

Shilpy et al and Jha et al (Jha & Rode, 2013; Shilpy et al., 2015). 
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Figure 4.45: Influence of base reaction media over Cu-Zr (Cu: 2Zr) mixed oxide 
catalyst in oxidation of vanillyl alcohol. 

 

The prepared catalysts (Cu: Zr), catalyst (Cu: 2Zr) and catalyst (2Cu: Zr) were tested 

for oxidation of vanillyl alcohol at the optimized reaction conditions (Fig. 4.44). To 

rationalize, commercially available pure CuO and ZrO2 catalysts were also investigated 

at the same reaction conditions . The bulk CuO catalyst shown 2 % conversion with 52 

% selectivity and 3 % conversion with 58 % selectivity for ZrO2. Interestingly, the 

synthesized catalyst shown improved catalytic action than their counterpart single oxide 

catalyst. For Catalyst (Cu: Zr), conversion (42 %) with selectivity (69 %) were achieved. 

When catalyst (Cu: 2Zr) catalyst were used the best conversion (62 %) with selectivity 

(71 %) towards were obtained. The least conversion (22 %) with selectivity (66 %) were 

observed in case of catalyst (2Cu: Zr). It was worth to mention that the highest catalytic 

activity was obtained by catalyst (Cu: 2Zr) was due to the high content of ZrO2. High 

loading ZrO2 could cause large concentration of acidic site on the surface to interact with 

Cu2+ ion strongly onto the surface. Consequently formation high degree of Cu-O-Zr phase 

in the catalyst as it was presumed that Cu-O-Zr was the active phase for oxidation of 

vanillyl alcohol. And also, high dispersion of Cu on the ZrO2 in catalyst (Cu: 2Zr) 
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minimize the grain size to less than 10 nm and exposed numerous grain boundaries 

observed in HRTEM micrograph.  Moreover, it was evidenced from H2-TPR and O2-TPD 

showed large concentration of oxygen vacancies on the surface associated with defects 

created by the favorable stoichiometry of Cu to Zr (1:2) in the synthesis protocol of 

catalyst. Furthermore, the order of catalytic performance was in well agreement with that 

of the above mentioned BET surface area as large surface area could offer exposure of 

large number of active sites to partake in the reaction. 

4.2.2.2 Oxidation under air by Cu-2Zr mixed oxide catalysts 

The best performed catalyst (Cu: 2Zr) with high content of Zr in acetonitrile was 

further examined for aerobic oxidation of vanillyl alcohol in base free condition under 

various reaction parameters such as time, catalyst loading, temperature and pressure. The 

progress of the reaction was recorded after every half an hour time interval till the reaction 

time reached 2.5 hours and the results are displayed in Fig. 4.46a (reaction conditions: 3 

mmol vanillyl alcohol, 21 bar air pressure, 0.0025 g/cm3 catalyst , 120 °C). The catalytic 

activity was improved expectedly at a precipitous rate with the increase of time till 2 hours 

of reaction time. The conversion was measured by 91 % conversion with 76 % selectivity. 

Thereafter, the reaction progress was not significantly forwarded. Thus, 2 hours was 

chosen as optimum reaction time. It was worth to note that vanillic acid and quinone was 

found as the side products. 
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Figure 4.46: Effect of reaction parameters in oxidation   of vanillyl alcohol by 
Cu-Zr (Cu: 2Zr) mixed oxide catalyst using air (a) progress of reaction; (b) 

catalyst mass; (c) temperature; (d) air pressure. 

 

In order to examine the effect of catalyst loading, catalyst mass in a range 0.0012 g/cm3 

to 0.0050 g/cm3 was considered (reaction conditions: 3 mmol vanillyl alcohol, 21 bar air 

pressure, 120 ⁰C, 2 h) (Fig. 4.46b). A steep improvement in the catalytic conversion by 

91 % from 63% was visible while the catalyst loading was changed by 0.0025 g/cm3 from 

0.0012 g/cm3.  However, further increment in the catalyst loading till 0.0050 g/cm3 was 

observed not to promote the catalytic conversion noticeably. This was the fact that mass 
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transfer effect was not significant (Klaewkla, Arend, & Hoelderich, 2011a). Noteworthy, 

the selectivity (76 %) was not affected by the change in the catalyst loading. 

The apparent response in catalytic activity with respect to temperature was 

investigated in range of 85 ⁰C to 140 ⁰C (reaction condition: 3 mmol vanillyl alcohol, 21 

bar air pressure, 0.0025 g/cm3 catalyst , 2 h) (Fig. 4.46c). The catalytic conversion was 

substantially better at 94 % from 68 % while the temperature was elevated from 85 °C to 

140 °C. However, the selectivity was slightly dropped by 74% from 79 % with the 

increment of temperature. This was possible due to further oxidation of vanillin product 

to corresponding acid at higher temperature. It was worth to mention that char formation 

was observed at temperature 140 °C. Therefore, 120 °C was considered the best 

temperature for liquid phase aerobic oxidation of vanillyl alcohol. 

The air pressure was found to be the vital determinant to obtain superior catalytic 

activity from 7 bar to 28 bar (reaction condition: 3 mmol vanillyl alcohol, 0.0025 g/cm3 

catalyst , 120 °C, 2 h) (Fig. 4.46d). The pressure was changed from 7 bar to 14 bar with 

conversion was enriched by 79 % from 66 %, but a drop in the selectivity to 78 % from 

81 % towards vanillin. When the pressure was increased to 21 bar air pressure, excellent 

catalytic activity was measured at 91 % conversion with 76 % selectivity. Further rise in 

the air pressure was found to be detrimental to the selectivity by 71 % from 76 %. 

However,  conversion was improved up to 96 %. The slight drop in the selectivity was 

associated with the over-oxidation of vanillin to vanillic acid in presence of excess 

desorbed oxygen in the reaction media. Based on the experimental data, 21 bar air 

pressure was selected as the optimum pressure for liquid phase aerobic oxidation of 

vanillyl alcohol. 

The stability of the catalyst was also examined by the reused catalyst at the optimum 

reaction condition for vanillyl alcohol oxidation using H2O2 (reaction condition : 1 mmol 
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vanillyl alcohol, 3 mmol H2O2, 0.0037 g/cm3 catalyst , 85 °C, 4 h) (Fig. 4.47). The catalyst 

was recovered by filtration after the first run of the catalyst in the reaction and washed off 

several times by acetonitrile for removal desorbed oxygenated products onto the surface. 

The spent catalyst was dried of at 80 °C for 4 hours. The subsequent reactions were carried 

out at the optimum reaction conditions following the similar recovery procedure. The 

conversion was dropped by 56 % from 62 % after the first catalytic reaction. In case of 

third run of the catalyst, the conversion was further reduced to 52 %. In forth run, lowest 

conversion (48 %) was observed.  

 

 

 

 

 

 

 

Figure 4.47: Recyclability study of Cu-Zr (Cu: 2Zr) mixed oxide catalyst. 

 

However, the selectivity stands almost unchanged at 72 %, indicative of similar 

reaction pathways was dominant at every recycling experiments. As the XRD (section 

4.1.2.1) and SEM (section 4.1.2.5) shown the same fingerprints and morphology for spent 

catalyst as the fresh catalyst, the selectivity was unaffected. But, the conversion was 

influenced possibly owing to transformation of uneven surface to plain surface (Fig. 4.13) 
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4.2.3 Catalytic evaluation of Cu-Mn mixed oxide catalyst 

4.2.3.1 Oxidation under H2O2 by Cu-Mn mixed oxide catalysts  

As described above, these findings from XRD, HRTEM and SAED confirmed 

formation of Cu1.5Mn1.5O4 phase in all synthesized catalysts. And also, XPS revealed co-

existence of two oxidation state of Cu2+ and Cu+ with Mn3+ species. In addition, presence 

of surface oxygen vacancies was confirmed by the O 1s spectra and O2-TPD studies. It 

was postulated that great catalytic activity could be achieved by enrichment of surface 

defects oxygen which are surface reactive oxygen species to facilitate the oxidation 

process. Moreover, the grain boundaries as form of surface defects as additional active 

sites was marked in the interface of the plane. The reducing temperature of the prepared 

Cu1.5Mn1.5O4 catalyst phase was significantly lower than corresponding isolated phases 

because of synergistic combination of the metals and also large concentrations of 

structural defective oxygen species. These structural and chemical properties of 

synthesized Cu1.5Mn1.5O4 catalyst enhanced the catalyst robustness for the liquid phase 

oxidation of vanillyl alcohol. 

To evaluate the catalytic activity, catalyst (Cu: Mn) was considered due to better 

catalytic activity to optimize the reaction variables after primary catalytic evaluation. No 

conversion was observed in acetonitrile with and without the presence of catalyst using 

H2O2 oxidant.  However, in the presence of equimolar base NaOH in Isopropanol relative 

to vanillyl alcohol was added and oxidation reaction was carried out. Interestingly, a 

surprising catalytic activity was achieved. To determine the role of the base, reaction 

without the catalyst in presence of base NaOH and H2O2 in solvent isopropanol was also 

considered. No conversion of vanillyl alcohol was found. Therefore, it was worth to 

mention that presence of base in liquid phase oxidation of vanillyl alcohol by 

Cu1.5Mn1.5O4 was crucial as it probably deprotonate the phenoxy ion and favors the 

coordination with the catalyst. It is a well-known fact that H2O2 coupled with NaOH 
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favored the lignin valorization over metal oxides (Tarabanko et al., 2004; Tomlinson 2nd 

& Hibbert, 1936) (Jha & Rode, 2013). 

To monitor the progress of the oxidation reaction, HPLC analysis was done after every 

0.5 h of reaction time interval (reaction conditions: 1 mmol vanillyl alcohol, 1 mmol 

NaOH (0.15g), 3 mmol H2O2, 20 ml Isopropanol, catalyst 0.0037 g/cm3 ) (Fig. 4.48a). A 

steeply progressive trend on the amount of conversion was visible. After two and half 

hour reaction time, the conversion reached to 94 % with 99 % selectivity to vanillin. With 

the increase of reaction time, the conversion remained almost constant (99 %). Based on 

the found results, 2.5 h was chosen as the optimum time for vanillyl alcohol oxidation by 

Cu1.5Mn1.5O4 catalyst using H2O2 oxidant. 

To determine the optimum loading of catalyst in the reaction, four different loading 

0.0012 g/cm3, 0.0025 g/cm3, 0.0037 g/cm3 and 0.0050 g/cm3 were considered (reaction 

conditions: 1 mmol vanillyl alcohol, 1 mmol NaOH (0.15g), 3 mmol H2O2, 20 ml 

Isopropanol, 85 °C, 2.5 h ) (Fig. 4.48b). A sharp increase by 94 % from 56 % was 

observed in the amount of conversion while catalyst loading was changed from 0.0012 

g/cm3 to 0.0037 g/cm3 owing to significant mass transfer effect. However, in case of 

0.0050 g/cm3 catalyst loading, the conversion was further enriched by 2 %. It was due to 

possibly mass transfer resistance (Klaewkla et al., 2011a). Surprisingly, the selectivity 

towards vanillin stood constant at 99 % for all loading of the catalysts. Thus, 0.0037 g/cm3 

was the best catalyst mass for liquid phase selective oxidation of vanillyl alcohol to 

vanillin using H2O2 oxidant.  

Four different molar ratios such as 1 mmol, 2 mmol, 3 mmol and 4 mmol of H2O2 

concentration to vanillyl alcohol was studied in order to scrutinize the effect of oxidant 

concentration in the reaction (reaction conditions: 1 mmol vanillyl alcohol, 1 mmol NaOH 

(0.15g), 20 ml Isopropanol, 2 h, 85 °C, catalyst 0.0037 g/cm3) (Fig. 4.48c). The 
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conversion was markedly improved while the concentration of the H2O2 was increased. 

The conversion was maximum at 94 % in case of 3 mmol. Increased amount of H2O2 

facilitate to accelerate the rate of oxidation reaction. However, 4 mmol shown slightly 

declined amount of conversion (92 %). This was possibly due to degradation of H2O2 

becomes predominant over oxidation of vanillyl alcohol. Noteworthy, the selectivity was 

not affected for abovementioned concentratio of H2O2. Based on the experimental data, 

3 mmol was chosen as the best concentration for liquid phase oxidation of vanillyl alcohol 

by H2O2. 

The oxidation reaction was carried out at four different temperatures such as 65 °C, 75 

°C, 85 °C and 90 °C under optimized reaction conditions to investigate the probable 

response (reaction conditions: 1 mmol vanillyl alcohol, 1 mmol NaOH (0.15g), 3 mmol 

H2O2, 20 ml Isopropanol, 2h, catalyst 0.0037 g/cm3) (Fig. 4.48d). With the increase of 

temperature to 85 °C from 65 °C, the catalytic conversion was improved expectedly to 94 

% from 56 % conversion. However, at temperature of 90 °C, the conversion was slightly 

reduced to 92 %. In previous literature, it was reported that H2O2 degradation was higher 

above temperature 90 ⁰C and thus resulted to lower conversion (Andas, Adam, Rahman, 

& Taufiq-Yap, 2014). Similar observation was made in our study. Thus, 85 °C was 

considered as the best temperature for maximum amount of conversion in liquid phase 

oxidation of vanillyl alcohol using H2O2.  
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Figure 4.48: Effect of reaction parameters in oxidation of vanillyl alcohol by Cu-
Mn (Cu: Mn) mixed oxide catalyst using H2O2 (a) progress of reaction; (b) catalyst 

mass; (c) concentration of H2O2; (d) temperature. 

 

Two solvents acetic acid and isopropanol was considered to study the profound 

influence of nature of the solvent as NaOH is well soluble in both media (reaction 

condition: 1 mmol vanillyl alcohol, 1 mmol NaOH (0.15g), 3 mmol H2O2, 2h, 85 °C 

catalyst 0.0037 g/cm3 ) (Fig. 4.49). For isopropanol, the highest catalytic activity was 

obtained by 94 % conversion with 99 % selectivity to vanillin. In case of acetic acid, there 

was a marginal decrement in the catalytic conversion by 3 %. But, the selectivity was 

remarkably impacted to 61 %. This was probably due to the both polarity and pH of the 

reaction. At lower pH, formation of peracetic acid was expected which could further 

generate peroxy (-OOH) radicals (Fujita & Que, 2004). This resulted further oxidation of 
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vanillin to vanillic acid in acetic acid media. Therefore, isopropanol was the best solvent 

to obtain maximum conversion with excellent selectivity towards vanillin. 

 

 

 

 

 

 

 

 

Figure 4.49: Influence of nature of solvents (left); and effect of catalyst 
compositions (right) in oxidation of vanillyl alcohol by Cu-Mn (Cu: Mn) mixed 

oxide catalyst. 

 

The catalyst composition was also a vital parameter to survey the profound effect of 

the catalytic conversion (reaction condition: 1 mmol vanillyl alcohol, 1 mmol NaOH 

(0.15g), 3 mmol H2O2, 2h, 85 °C, 20 ml isopropanol, catalyst 0.0037 g/cm3 ) (Fig. 4.49). 

The catalyst contains equivalent loading of Cu and Mn was found to be most effective in 

oxidation of vanillyl alcohol using H2O2. Catalytic conversion by 94 % with 99 % 

selectivity in presence of base NaOH was obtained for catalyst (Cu:Mn) under optimized 

reaction conditions. Inferior catalytic conversion was noted for catalyst (Cu: 2Mn) and 

catalyst (2Cu: Mn) 67 % and 36% respectively. Notably, the selectivity was not affected 

by the ratio of the metals loaded. It suggested that the reaction pathways were similar in 

all catalysts as Cu1.5Mn1.5O4 phase was formed in all catalysts. The above experimental 

data implies that the catalytic activity was well influenced by the chemical composition 

of the metal loading in the synthesis protocol. The metal loading in the bulk phase of the 
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catalyst could significantly assisted to alter the concentration of surface reactive oxygen 

species. Thus, it could be concluded that formation Cu-O-Mn linkage in catalyst (Cu:Mn) 

was higher as it was expected as the key active sites in the catalyst. Superiority of the 

catalyst (Cu:Mn) was further confirmed by the reducing properties of the catalyst in H2-

TPR profile. Hence, the control of the surface composition in Cu-Mn mixed oxide is vital 

to improved catalytic activity in oxidation of vanillyl alcohol. In addition, it is well 

recognized that the origin of excellent catalytic activity by Cu-Mn mixed oxide catalyst 

was attributed to presence of two Jahn Teller ions Cu2+ and Mn3+ and their solid state 

charge transfer redox cycle (Cocke & Vepřek, 1986; Puckhaber, Cheung, Cocke, & 

Clearfield, 1989). 

4.2.3.2 Oxidation under air by Cu-Mn mixed oxide catalysts 

The best catalyst (Cu: Mn) in terms of conversion was further considered for aerobic 

oxidation of vanillyl alcohol to avoid use of base NaOH. Acetonitrile was chosen as the 

solvent as it was the suitable solvent in case of other catalysts.  Furthermore, reaction 

variables was optimized by using air. A blank reaction in absence of catalyst was 

performed in aerobic oxidation of vanillyl alcohol. No conversion was noticed. To inspect 

the progress of aerobic oxidation reaction in presence of catalyst was carried out (reaction 

condition: 3 mmol vanillyl alcohol, T= 120 °C, P= 21 bar air, 60 ml acetonitrile, 0.0025 

g/cm3) (Fig. 4.50a). The substrate conversion was sharply enriched with the increase of 

reaction time. It reached the maxima at 97 % conversion with selectivity to vanillin in 2 

h reaction time. After that, the reaction did not proceed with appreciable improvement in 

conversion. And also, the selectivity dropped owing to over oxidation of vanillin product 

to corresponding acids. Hence, 2 h of reaction time was the best reaction time to achieve 

optimum catalytic activity for liquid phase aerobic oxidation in base free condition.  
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Four different loadings such as 0.0006 g/cm3, 0.0012 g/cm3, 0.0025 g/cm3 and 0.0037 

g/cm3 of catalyst  was loaded to study the apparent effect in aerobic oxidation of vanillyl 

alcohol (reaction condition: 3 mmol vanillyl alcohol, T= 120 °C, P= 21 bar air, 60 ml 

acetonitrile ) (Fig. 4.50b). The best catalytic activity was obtained for catalyst loading of 

0.0025 g/cm3 due to significant mass transfer attaining. The worst catalytic activity was 

for 0.0006 g/cm3 by 48 %. In case of 0.0037 g/cm3 there was no significant achievement 

in the conversion possibly owing to insignificant mass transfer (Klaewkla et al., 2011a). 

Worth mentioning, the selectivity was maintain constant for vary of catalyst loading. 

 

 

 

 

 

 

 

 

 

 

Figure 4.50: Effect of reaction parameters in oxidation of vanillyl alcohol by Cu-
Mn (Cu: Mn) mixed oxide catalyst using air (a) progress of reaction; (b) catalyst 

mass; (c) temperature; (d) air pressure. 
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The temperature in range of 85 to 140 °C was found to have a vital role in the catalytic 

activity for liquid phase aerobic oxidation of vanillyl alcohol (reaction condition: 3 mmol 

vanillyl alcohol, P= 21 bar air, 60 ml acetonitrile, 0.0025 g/cm3) (Fig. 4.50c). At 85 °C 

the least catalytic activity was measured by 64% conversion. As temperature rose to 120 

°C, excellent catalytic activity by 91 % conversion with 81 % selectivity to vanillin was 

obtained. Further rise in the temperature to 140 °C shown slight increment in the 

conversion but selectivity was reduced. It was possibly due to over oxidation of vanillin 

to vanillic acid at higher temperature. However, char formation was also observed at 140 

°C. Thus, it was worth to note that 120 °C was the suitable temperature for liquid phase 

aerobic oxidation of vanillyl alcohol.    

To investigate the perceptible influence of the air pressure, the reaction was carried 

out at four different pressures such as 7 bar, 14 bar, 21 bar and 28 bar (reaction condition: 

reaction condition: 3 mmol vanillyl alcohol, 120 °C, 60 ml acetonitrile, 0.0025 g/cm3) 

(Fig. 4.50d). The catalytic conversion was found in an ascending order with the increase 

of pressure in the order of 7 bar < 14 bar < 21 bar < 28 bar whereas the selectivity was in 

a descending order. The selectivity was reduced due to presence of more adsorbed oxygen 

in the reaction which caused over oxidation of the product vanillin. The optimum catalytic 

conversion by 91 % conversion with 81 % selectivity towards vanillin was attained for 

21 bar air pressure while the worst conversion (61%) was measured at for 7 bar air 

pressure. Based on the observed results, one can conclude that 21 bar air pressure was the 

optimum condition for aerobic oxidation of vanillyl alcohol.        

The catalyst was recovered after the reaction and washed thoroughly with the solvent 

to remove any desorbed products. Thereafter, it was dried for four hours at 60 °C. An 

oxidation reaction using spent catalyst was carried out in the optimized conditions as fresh 

catalyst (reaction conditions: 3 mmol vanillyl alcohol, T= 120 °C, P= 21 bar air, 60 ml 

Univ
ers

ity
 of

 M
ala

ya



 

168 

acetonitrile, 0.0025 g/cm3 catalyst mass, 2 h) (Fig. 4.51). Similarly, three cyclic reaction 

was performed and showed negligible change in the catalytic activity after the third run. 

The catalytic activity was slightly lower owing to the decrement in the roughness of the 

surface by some degree possibly. It was possibly due to metastabilty of the rough surface. 

Similar observation in reduction of roughness of the catalyst surface after catalytic 

reaction in vanillyl alcohol oxidation was made in previous report (Shilpy et al., 2015). 

And also, there was reasonable expectation of blockage on the few active sites by the 

residual un-desorbed products after washing. Noteworthy, the selectivity stood almost 

constant. It suggested that the reaction pathway was not changed as the catalyst phase 

remained unchanged after oxidation reaction. 

 

 

 

 

 

 

 

 

Figure 4.51: Recyclability study of Cu-Mn (Cu: Mn) mixed oxide catalyst in 
oxidation of vanillyl alcohol by using air as oxidant. 

 

4.2.4 Catalytic performance of Ce-2Ti mixed oxide catalyst 

4.2.4.1 Oxidation under H2O2 by Ce-2Ti mixed oxide catalyst 

The above discussed properties of synthesized CeO2-TiO2 mixed oxide catalyst 

confirms that it possessed strong reducing ability and strong interaction between Ce and 

Ti. Moreover, presence of surface oxygen vacancies and grain boundaries as active sites 
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of the catalyst makes the catalyst stand out in liquid phase oxidation of vanillyl alcohol 

using different oxygen source of H2O2 and air. Surface oxygen vacant sites at the catalyst 

surface held weakly bonded various oxygen species. These weakly held oxygen species 

can contribute significantly to improve the catalytic performance in oxidation reaction as 

they partake in the reaction to oxidize at low temperature. Therefore, trifluroacetic acid 

was involved in the synthesis technique to achieve great amount of surface oxygen 

vacancies as measured 42.24 % in O 1s XPS spectrum in the mixed oxide catalyst. And 

also, the reducing profile reveals that lattice oxygen was reduced at low temperature than 

isolated oxide phase by the effect of high interaction between metals (Ce and Ti). 

Therefore, the migration rate of lattice oxygen to the surface will be fast at low 

temperature resulting faster oxygen mobility towards better catalytic performance.  

A blank reaction without the catalyst was carried out using both H2O2 and air. No 

significant change in the initial concentration of the substrate was observed indicating no 

conversion occured. Hence, in order to investigate the progress of the oxidation reaction, 

reaction mixture was collected after every 30 mins reaction time interval and analyzed by 

HPLC as displayed in Fig. 4.52a (reaction conditions: 1 mmol vanillyl alcohol, 3 mmol 

H2O2, 0.0037 g/cm3, 85 °C, 20 ml acetonitrile). The conversion was sharply improved to 

64 % from initial 16 % with moderate selectivity (36%) to vanillin when the reaction time 

reached 3 h. Thereafter, no significant advancement in the amount of conversion was 

speculated. It is a well-established fact that H2O2 is a slow oxidant. Based on the 

experimental data, 3 h was selected as the optimum time to obtain maximum conversion 

in liquid phase oxidation of vanillyl alcohol using H2O2. Worth noting that vanillic acid 

and guaicol were also generated as the side products due to over-oxidation of vanillin.  

The apparent effect of catalyst mass on conversion and selectivity in liquid phase 

oxidation of vanillyl alcohol was studied (reaction conditions: 1 mmol vanillyl alcohol, 3 
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mmol H2O2, 85 °C, 20 ml acetonitrile, 3 h). Four different catalyst mass 0.0012 g/ cm3, 

0.0025 g/ cm3, 0.0037 g/ cm3 and 0.0050 g/ cm3 was loaded and reaction was carried out 

(Fig. 4.52b). The obtained results showed a progressive trend in case of conversion till 64 

% for 0.0037g/cm3 while the catalyst amount was increased. There was no significant 

increment in conversion (66 %) for 0.0050 g/ cm3 due to insignificant mass transfer effect. 

Interestingly, the selectivity towards vanillin was maintained approximately at 36 %.  

 

 

 

 

 

 

 

 

 

 

Figure 4.52: Effect of reaction parameters in oxidation of vanillyl alcohol by Ce-
2Ti mixed oxide catalyst using H2O2 (a) progress of reaction; (b) catalyst mass; (c) 

concentration of H2O2; (d) temperature. 

Concentration of H2O2 was considered as one of the important reaction parameters to 

observe the impact on conversion and selectivity (reaction conditions: 1 mmol vanillyl 

alcohol, 0.0037 g/cm3, 85 °C, 20 ml acetonitrile, 3 h). The obtained results are displayed 

Univ
ers

ity
 of

 M
ala

ya



 

171 

in Fig. 4.52c for four different molar ratios of 1, 2 3 and 4 to the substrate. Under influence 

of high H2O2 concentration, it was inspected that the conversion was steeply enriched and 

reached it maxima at 66 % whereas the selectivity to vanillin was gradually dropped to 

46 % from 34 %. High concentration of H2O2 provides sufficient active oxygen rich 

species to accelerate the rate of reaction and thus enriched the substrate transformation. 

Simultaneously, the aldehyde product formed initially was further oxidized to 

corresponding acid in presence of excess oxygen species and by-product water, thereby 

selectivity to vanillin was reduced. The observed reaction  concluded that 3 mmol was 

the suitable concentration of H2O2 in terms of conversion (67 %) and selectivity (72 %) 

for liquid phase oxidation of vanillyl alcohol.  

The oxidation reaction was performed at four different temperatures 65, 75, 85 and 90 

°C respectively and results are showed in Fig. 4.52d (reaction conditions: 1 mmol vanillyl 

alcohol, 3 mmol H2O2, 0.0037 g/cm3, 20 ml acetonitrile, 3h). The temperature was found 

to have a major impact on conversion but a slight improvement in selectivity. The 

conversion was found to improve with the rise of the temperature where conversion 

reached highest (64 %) at 85 °C. However, there was slight decrement in conversion (61 

%) was noticed at 90 °C. This could be due to fast self-degradation of H2O2 in acetonitrile 

at high temperature and hence reducing the conversion in lies with previous report. Note 

that, the selectivity was slightly decreased owing to over-oxidation of formed products at 

high temperature.  

Five solvents such as acetonitrile, isopropanol, dimethylformide, ethanol, 

Tetrahydrofuran of different polarity was investigated to monitor the apparent effect of 

solvent in conversion and selectivity (reaction conditions: 1 mmol vanillyl alcohol, 3 

mmol H2O2, 0.0037 g/cm3, 85 °C, 3 h) (Fig. 4.53). The conversion was affected in order 

of acetic acid (92 %) > acetonitrile (64 %) > isopropanol (37 %) > Dimethylformamide 
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(27 %) > Tetrahydrofuran (18 %). It was due to favorable polarity of the solvent to the 

substrate. The selectivity (77 %) was the best in case of isopropanol. In acetic acid, high 

catalytic conversion (92 %) with poor selectivity towards vanillin (32 %) was observed 

and could be explained by the low pH value of the reaction media. According to the Wu’s 

report, Au supported on reduced graphene oxide catalyst showed high catalytic activity 

for veratryl alcohol oxidation using H2O2 at low pH reaction media which bolster the 

observed experimental data in present study.(Wu, Guo, & Zhang, 2015) Furthermore, 

peracetic acid formation by reaction between acetic acid and H2O2 could be one of the 

probable reason which can act as oxygen rich, strong oxidant. Considering both 

conversion and selectivity, acetonitrile was the suitable solvent for vanillyl alcohol 

conversion. 

 

 

 

 

 

 

Figure 4.53: Influence of nature of solvents (left) and effect of base media (right) 
in oxidation of vanillyl alcohol by Ce-2Ti mixed oxide catalyst using H2O2. 
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Moreover, the reaction was carried out in the presence of base NaOH as shown in Fig. 

4.53 (reaction conditions: 1 mmol vanillyl alcohol, 3 mmol H2O2, 1 mmol NaOH 0.0037 

g/cm3, 85 °C, 3 h). Isopropanol and acetic acid were taken as solvents because of 

solubility of NaOH. For isopropanol, in base media with equimolar ratio of NaOH to the 

substrate, surprising catalytic activity was found by conversion (90 %) with 99 % 

selectivity towards vanillin. In case of acetic acid, the selectivity (49 %) was enriched to 

a certain extent with no noticeable impact on the conversion (91%).  

4.2.4.2 Oxidation under air by Ce-2Ti mixed oxide catalyst 

For aerobic oxidation of vanillyl alcohol, optimum reaction time was also investigated 

and displayed in Fig. 4.54a (reaction conditions: 3 mmol vanillyl alcohol, catalyst mass 

0.0025 g/cm3, 120 °C, 21 bar air pressure, 60 ml acetonitrile). Reaction analysis was done 

periodically in every 30 mins interval. The reaction was continued with increment in the 

substrate conversion to 97 % with 71 % selectivity towards vanillin till reaction time 

reached 2 h. After 2.5 h reaction time, it was speculated that no more noticeable change 

in the substrate concentration (97 %). In fact, minor reaction pathways leading to 

formation of vanillic acid and quinone was also noticed. One could conclude that 2 h was 

the optimum time for maximum catalytic conversion. 

The best catalyst mass was determined by changing the catalyst loading in aerobic 

oxidation of vanillyl alcohol (reaction conditions: 3 mmol vanillyl alcohol, 120 °C, 21 

bar air pressure, 60 ml acetonitrile, 2 h). Fig. 4.54b shown that a steep rise in the amount 

of conversion was achieved while the catalyst mass was increased. The best catalytic 

performance was measure for catalyst loading of 0.0025 g/cm3. Further increment in the 

catalyst loading had no impact on the catalyst activity due to insignificant mass transfer 

effect. Worth mention, the selectivity stood almost constant with the change in the catalyst 

mass. 
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In order to study the obvious effect of temperature on catalyst reactivity atrange of 85 

°C to 140 °C (reaction conditions: 3 mmol vanillyl alcohol, catalyst mass 0.0025 g/cm3, 

21 bar air pressure, 60 ml acetonitrile, 2 h). It was evident from the obtained experimental 

results displayed in Fig. 4.54c that the reaction was thermodynamically favored to 

promote the conversion with the rise in temperature. However, char formation was visible 

for temperature 140 °C with no obvious improvement in the conversion (98 %). 

Therefore, 120 °C was selected as the suitable reaction temperature in view of conversion 

(97 %), selectivity (71 %) as well.  

The pressure of air was found to have a prominent effect in the catalytic reaction of 

liquid phase aerobic oxidation of vanillyl alcohol (reaction conditions: 3 mmol vanillyl 

alcohol, catalyst mass 0.0025 g/cm3, 120 °C, 60 ml acetonitrile, 2h). Four different air 

pressure such as 7 bar, 14 bar, 21 bar, 28 bar was considered to speculate the impact of it 

(Fig. 4.54d).  An inclined trend for conversion whereas a declined trend was noticed for 

the increment of air pressure. The conversion was increased from 64 % to 97 % with 

selectivity drop from 79 % to 67 %. The reason for drop in the selectivity was over 

oxidation of initial products in excess desorbed oxygen in the solvent at high air pressure 
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Figure 4.54: Effect of reaction parameters in oxidation of vanillyl alcohol by Ce-
Ti mixed oxide catalyst using air (a) progress of reaction; (b) catalyst mass; (c) 

temperature; (d) air pressure. 

 

 

 

 

 

 

 

 

Figure 4.55: Stability study of Ce-2Ti mixed oxide catalysts in oxidation of 
vanillyl alcohol. 
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The stability of the catalyst was also examined for three subsequent reactions using 

the similar reaction parameters as fresh catalyst(reaction conditions: 3 mmol vanillyl 

alcohol, catalyst mass 0.0025 g/ cm3, 120 °C, 21 bar air pressure, 60 ml acetonitrile, 2 h) 

(Fig. 4.55). Prior to catalytic reaction, catalyst was filtrated off and washed thoroughly 

with acetonitrile. Hereafter, the catalyst was dried off for four hours at 80 °C. The similar 

procedure was followed during all carried out reactions by spent catalyst. The catalyst 

shown promising stability by the indication of no significant loss of catalytic conversion 

(91 %) at second run.  For the third run, the catalytic activity was measured at conversion 

(84 %). At the fourth reaction, a marginal decrement of catalytic conversion (71 %) was 

measured. It was postulated that the reduction of catalyst performance was associated 

with the roughness of the surface. As after catalytic reaction, the degree of metastable 

edges of catalyst surface would be minimized. In addition, another assumption could be 

made that the residual un-desorbed products after wash might cause blockage on the 

active sites and therefore drop at the conversion. And also, byproduct H2O in alcohol 

oxidation lead to catalyst deactivation in some degree. However, almost constant 

selectivity (71 %) in all above cases suggest that the governing reaction pathway was not 

changed as similar catalyst phase was maintained in recycled catalyst as fresh catalyst. 

4.2.5 Catalytic activity measurement of Fe-2Ti mixed oxide catalyst 

4.2.5.1 Oxidation under H2O2 by Fe-2Ti mixed oxide catalyst 

Catalytic activity of Fe-2Ti mixed oxide catalyst was done under influence of two 

oxidants H2O2 and air. Under mediation of H2O2, five different reaction parameters such 

as time, catalyst mass, concentration of H2O2, temperature, nature of solvent were 

investigated. Firstly, the reaction progress was analyzed by taking 0.5 cm3 reaction 

mixture in every 30 mins interval of reaction time for oxidation by H2O2 (Reaction 

condition: 1 mmol vanillyl alcohol, 0.0025 g/cm3 catalyst , 85 °C, 20 ml acetonitrile, 3 

mmol H2O2). The reaction progress was observed to have a steep increment in the amount 
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of conversion from 17 % to 58 % till 2 hours of reaction time (Fig. 4.56a). After that, 

there was no considerable improvement in the amount of conversion (59%). The 

selectivity slightly dropped at 62 % reaction time 2 hours from the initial amount (66 %). 

Hence, based on the experimental data, 2 hours was chosen as the optimum time to 

achieve maximum conversion (58 %) with good selectivity (62 %).  

Catalyst mass from range of 0.0006 g/cm3 to 0.0037 g/cm3 were considered to investigate 

the apparent effect of catalyst mass on the catalytic activity (Reaction condition: 1 mmol 

vanillyl alcohol, 85 °C, 20 ml acetonitrile, 3 mmol H2O2, 2 h) (Fig. 4.56b). The catalytic 

conversion was enriched substantially from 33 % to 58 % while the catalyst amount was 

increased from 0.0006 g/cm3 to 0.0025 g/m3. Further increment in the catalyst mass did 

not have affect in the catalytic conversion (60 %). It is worth noting that the selectivity 

(58 %) remained constant for every amount of catalyst mass. 
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Figure 4.56: Effect of reaction parameters in oxidation of vanillyl alcohol by Fe-
2Ti mixed oxide catalyst using H2O2 (a) progress of reaction; (b) catalyst mass; (c) 

concentration of H2O2; (d) temperature. 

 

Moreover, the effect of H2O2 concentration was investigated to find the optimum 

concentration (Reaction condition: 1 mmol vanillyl alcohol, 85 °C, 20 ml acetonitrile, 2 

h) (Fig. 4.56c). Four different concentration from 1 mmol to 4 mmol of H2O2 was 

considered as concentration for oxidation of vanillyl alcohol. 3 mmol concentration of 

H2O2 shown the best catalytic activity whereas other concentrations shows gradual 

increase in the catalytic conversion from 1 mmol to 3 mmol. However, in case of 

selectivity to vanillin, the enrichment in the concentration shown negative trend which  

was  possibly due to excess oxidation of vanillin to vanillic acid.   

Temperature was found to have a prominent influence in the amount of catalytic 

conversion within 65 °C to 90 °C (Reaction condition: 1 mmol vanillyl alcohol, 0.0025 
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g/cm3 catalyst, 2 h, 20 ml acetonitrile, 3 mmol H2O2) (Fig. 4.56d). The conversion was 

increased sharply from 39 % to 58 % when the temperature was rose from 65 ⁰C to 85 ⁰C. 

However, at 90° C, there was a loss in the catalytic activity (56 %) due to fast 

decomposition of H2O2.  

A wide range of solvents was considered in order to observe the obvious effect of 

nature of solvent in the catalytic activity by Fe-Ti mixed oxide catalyst under mediation 

of H2O2 (Reaction condition: 1 mmol vanillyl alcohol, 0.0025 g/cm3 catalyst , 2 h, 85 °C, 

3 mmol H2O2) (Fig. 4.57). The catalytic activity was measured in the order of 

CH3COOH> MeCN > Isopropanol > DMF > THF. Although, acetic acid shown 

promising catalytic conversion but it displayed poor selectivity (44 %) to vanillin. Hence, 

considering both the conversion and selectivity, acetonitrile shown the best catalytic 

activity (58 % conversion with 62 % selectivity) by Fe-Ti mixed oxide catalyst due to its 

favorable polarity.  

 

 

 

 

 

Figure 4.57: Liquid phase oxidation of vanillyl alcohol using H2O2 oxidant (a) 
effect of nature of solvent; (b) influence of base NaOH. 

 

To examine the effect of base NaOH, two solvent acetic acid and isopropanol were 

considered as NaOH is only soluble in these two solvents (Reaction condition: 1 mmol 

vanillyl alcohol, 0.0025 g/cm3 catalyst , 85 °C, 20 ml acetonitrile, 3 mmol H2O2) (Fig. 
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4.57). In case of acetic acid, the catalytic conversion (86 %) was not changed appreciably 

but in isopropanol (88 % conversion). However, the selectivity was observed to be 

enriched substantially in both solvents. In acetic acid, the selectivity to vanillin was 

measured 52 % whereas surprising selectivity (99 %) was found in isopropanol.  

4.2.5.2 Oxidation under air by Fe-2Ti mixed oxide catalyst 

Aerobic oxidation of vanillyl alcohol was also performed by Fe-Ti mixed oxide 

catalyst in suitable solvent acetonitrile. Four various reaction parameters such as time, 

catalyst mass, air pressure and temperature were investigated in liquid phase aerobic 

oxidation of vanillyl alcohol by Fe-Ti mixed oxide catalysts. To determine the optimum 

time for aerobic oxidation of vanillyl alcohol, the reaction progress was speculated in 

every 30 mins time interval of reaction time. (Reaction condition: 3 mmol vanillyl 

alcohol, 0.0025 g/cm3 catalyst , 120 °C, 60 ml acetonitrile, 21 bar air pressure) (Fig. 

4.58a). The catalytic conversion reached at its maxima (97 % conversion) in 2 hours 

reaction time. The conversion was not further increased if the reaction was continued till 

2.5 hours. The selectivity was measured at 73 % to vanillin. 

Four different catalyst mass was loaded in aerobic oxidation of vanillyl alcohol to 

examine the apparent effect on catalytic activity (Reaction condition: 3 mmol vanillyl 

alcohol, 120 °C, 60 ml acetonitrile, 21 bar air pressure, 2 h) (Fig. 4.58b). There was a 

sharp increment in the catalytic conversion from 56 % to 97 % while the loading of the 

catalyst was changed from 0.0006 g/cm3 0.0025 g/cm3. Further increment in the catalyst 

mass till 0.0037 g/cm3 in the reaction was not observed to have considerable effect in the 

conversion (98 %). Worth to mention, the selectivity (73 %) stood similar in all cases. 
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Figure 4.58: Effect of reaction parameters in oxidation of vanillyl alcohol by Fe-
2Ti mixed oxide catalyst using air (a) progress of reaction; (b) catalyst mass; (c) 

temperature; (d) air pressure. 

 

Four aerobic oxidation reactions were performed in a temperature range of 85° C to 

140 ⁰C (Reaction condition: 3 mmol vanillyl alcohol, 0.0025 g/cm3 catalyst, 60 ml 

acetonitrile, 21 bar air pressure, 2 h) (Fig. 4.58c). It was observed that the catalytic 

performance was enhanced with the rise in the temperature. The catalytic conversion was 

increased sharply from 63 % to 97 % while the temperature of the reaction was rose from 

85 ⁰C to 120 ⁰C. At the temperature of 140 ⁰C, char formation was observed without 

further increment of the catalytic conversion. Hence, 120 ⁰C was chosen as the optimum 

temperature in liquid phase aerobic oxidation of vanillyl alcohol. To note, the selectivity 

was slightly dropped from the initial amount with the rise of temperature.  
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Four different air pressure in range of 7 bar to 28 bar was examined in liquid phase 

aerobic oxidation of vanillyl alcohol (Reaction condition: 3 mmol vanillyl alcohol, 0.0025 

g/cm3 catalyst , 120 °C, 60 ml acetonitrile, 2 h) (Fig. 4.58d). The air pressure was found 

to have a prominent effect on both conversion and selectivity. The conversion was sharply 

increased from 58 % to 98 % with the increment in air pressure till 28 bar whereas the 

selectivity decreased from 77 % to 71 %.   

The reusability study of the synthesized Fe-2Ti mixed oxide catalyst was also 

examined under aerobic oxidation at the optimum conditions (Reaction condition: 3 

mmol vanillyl alcohol, 0.0025 g/cm3 catalyst , 120 °C, 60 ml acetonitrile, 21 bar air 

pressure, 2 h) (Fig. 4.59). The spent catalyst was recovered from the reactor and washed 

thoroughly with acetonitrile and dried under vacuum at 80 °C for 6 hours. The spent 

catalyst was investigated for aerobic oxidation of vanillyl alcohol at the similar optimum 

conditions as fresh catalyst. The catalytic conversion was slightly reduced to 85 % in the 

fourth run. This is due to the possible blockage on the active sites by the undesorbed 

products and slight reduce of the surface roughness. However, the selectivity to vanillin 

was almost similar in all the run for spent catalyst which indicated that the reaction 

pathways governs by the Fe-2Ti mixed oxide catalyst was not changed for the spent 

catalyst. 
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Figure 4.59: Reusability study of Fe-2Ti mixed oxide catalysts in aerobic 
oxidation of vanillyl alcohol. 

4.3 Comparison of overall catalytic activity of synthesized mixed oxides 

catalysts 

The comparison study of all synthesized catalyst with different cationic charge and radii 

revealed that Cu-2Ti mixed oxide catalyst shown the overall performance in both aerobic 

oxidation and treatment of H2O2 in liquid phase oxidation of vanillyl alcohol. The 

catalytic performance of different synthesized mixed oxides catalysts is displayed in 

Table 4.10. The results for  two different oxidants (H2O2 and air) conclude that that the 

catalytic activity was strongly enriched under air condition with 1.5 magnitude increment 

for conversion. Though the catalytic activity of synthesized catalysts shown very 

promising performance under treatment of base NaOH with H2O2, usage of base in such 

oxidation reaction caused unwanted environmentally waste, also separation process of the 

product is costly. As aerobic oxidation was experimented in absence of any base coupled 

with promoted catalytic activity, one can conclude that aerobic oxidation over synthesized 

catalysts is convincing in terms of economy, green and industrial scale. The comparison 

in the catalytic performance was probably affected with the physiochemical 

characteristics of the catalysts which was reflected on the various spectroscopic analysis. 
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Table 4.10: Overall comparison of performance by synthesized mixed oxide 
catalysts. 

Catalyst H2O2 H2O2+NaOH Air 
Cu-2Ti 66% conversion 

71% selectivity 

86% conversion 

99 % selectivity 

94% conversion 

86 % selectivity 
Cu-2Zr 62% conversion 

70% selectivity 

89% conversion 

99 selectivity 

91% conversion 

76 % selectivity 
Cu-Mn Not active 94% conversion 

99% selectivity 

91% conversion 

81% selectivity 

Ce-2Ti 67% conversion  

72% selectivity 

90% conversion 

99% selectivity 

97% conversion 

71% selectivity 

Fe-2Ti 58 % conversion 

62 % selectivity 

88 % conversion 

99 % selectivity 

97 % conversion 

73 % selectivity 
*Selectivity towards vanillin 

 The reduction potential of the catalyst suggested that Cu-2Ti mixed oxide catalyst had 

the lowest reducing temperature, substantial amount of surface defects and better surface 

area which contributed to enrich the catalytic conversion in both H2O2 and aerobic 

oxidation. Though, Ce-2Ti, Cu-Mn and Fe-2Ti mixed oxide catalysts shown better 

catalytic conversion (97 %) than Cu-2Ti (91 %) in case of base free aerobic oxidation, 

Cu-2Ti mixed oxide catalyst shown the best yield to targeted vanillin product (86 %). 

Moreover, the selectivity can be possibly related with the presence of acid sites on the 

catalyst which was determined by NH3-TPD. The NH3-TPD profile of the catalysts 

indicated that Cu-2Ti and Cu-Mn mixed oxide catalysts had relatively high number of 

weak acid sites such as Lewis acid sites on the surface which probably enriched the 

selectivity of the catalysts (Fig. 4.60). In addition, both Cu-2Zr and Fe-2Ti mixed oxide 

catalysts had relatively lower number of weak acid sites reflected on the NH3-TPD test 

and hence they show almost similar selectivity which is much lesser than Cu-2Ti mixed 

oxide catalysts in aerobic oxidation of vanillyl alcohol. Furthermore, the Ce-2Ti mixed 

oxide catalyst shown the lowest peak intensity in NH3 –TPD test and therefore the catalyst 

shown the lowest selectivity among all the synthesized catalysts.  
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Figure 4.60: NH3-TPD analysis of synthesized catalysts. 

 

4.4 Reaction mechanism of vanillyl alcohol oxidation over synthesized mixed 

oxide catalysts 

4.4.1 Possible reaction mechanism of vanillyl alcohol transformation under H2O2 

The reaction pathway of liquid phase oxidation reaction of vanillyl alcohol is vital to 

understand the transformation of vanillyl alcohol to vanillin over mixed oxide catalysts. 

H2O2 is one of the potential oxidant for an oxidation reaction as water is the only by-

product from H2O2  degradation. H2O2 degradation over transitional metal surface such as 

Ti, Zr, V, Mo etc. generally involves high valent peroxometal complexes. In the reaction 

mechanism, we discuss the transformation of vanillyl alcohol to vanillin by H2O2 over 

Cu-Ti mixed oxide catalyst as an example. In this experiment, the initial step governs by 

the dissociative adsorption of H2O2 on the Cu-Ti/Zr surface. It has been reported 

previously TiO2/ZrO2 itself is not active for H2O2 decomposition (Salem, Elhag, & Khalil, 

2000). However, if transitional metal is incorporated in the matrix of TiO2/ZrO2, it 

successfully cleave the H2O2 to form per-oxo intermediate. Furthermore, the per-oxo 

intermediate will propagate into ·OH2 radicals via one step electron oxidation and 

followed by formation of OH- ions (Fig. 4.61) (Okamoto, Ohto, & Imanaka, 1993; 

100 200 300 400 500 600 700

0

200

400

600

800

si
g

n
al

(m
v)

T(0C)

 Cu-2Ti
 Cu-2Zr
 Cu-Mn
 Ce-2Ti
 Fe-2Ti

 

 

weak acid

Univ
ers

ity
 of

 M
ala

ya



 

186 

Uehara, Urade, Ueda, Sakagami, & Abe, 1998). In the postulated reaction mechanism 

(Fig. 4.62), Vanillyl alcohol will be adsorbed on Ti metal site of Ti per-oxo intermediate 

(I) (Fig. 4.62) via hydrogen linkage to produce vanilloxy intermediate state (I) (Fig. 4.62). 

The process followed by  one benzylic hydrogen attracted towards the electron rich 

nucleophile OH- and removed as water molecule. Simultaneously, the hydrogen of the 

alcoholic group will be donated on the catalyst Cu-Ti surface to produce selective product 

benzaldehyde. Moreover, the product benzaldehyde could be oxidized further in presence 

of excess OH- to form corresponding acid   

 

Figure 4.61: Production of peroxo intermediates by Cu-2M (M=Ti & Zr) mixed 
oxide catalyst with H2O2. 
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Figure 4.62: Catalytic transformation of vanillyl alcohol to vanillin over 
synthesized Cu/Ti mixed oxide catalysts. 

 

4.4.2 Postulated reaction mechanism of vanillyl alcohol conversion using air as 

oxidant 

The reaction pathways of liquid phase aerobic oxidation was also investigated in this 

study for catalytic transformation of vanillyl alcohol by using  catalyst Cu-2Ti mixed 

oxide catalyst as the example of mixed oxide catalysts (Fig. 4.63). The oxidant O2 

molecule contains two unpaired electrons with parallel spins in the ground state. 

Therefore, the direct reaction of single organic molecules with the triplet state of oxygen 

molecule is a spin forbidden process with slow reaction rate. Catalysis by a paramagnetic 

transitional metal can overcome this and accelerate the rate of reaction (Sheldon & Van 

Santen, 1995).  As Ti is a paramagnetic substance and Cu is a diamagnetic materials 

because of the Jahn Teller effect (Manna, Basu, Mitra, Mukherjee, & Das, 2009) Ti has 

the strong tendency to react with O2 and form metal superoxo complex. The metal 
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superoxo complex further turns into metal peroxo complex which readily transforms into 

metal hydroperoxo complex by accepting one electron from vanillyl alcohol. Thus, the 

role of Ti is to activate oxygen molecules without presence of base NaOH. The reaction 

intermediate phenolate ions can reacts with Cu2+/ Fe 3+/ Ce4+ ions in the reaction media 

in the respective catalytic system to generate phenoxy ions (Barton, Logie, Schoonees, & 

Zeelie, 2005). The phenoxy intermediate further forms quinomethide by means of readily 

reactions which reacts with Cu superoxo species to form Cu peroxy complex. After that, 

the Cu proxy complex decompose into corresponding aldehyde by abstracting proton 

from the reaction medium and Cu hydroxyl complex. 

 

 

Figure 4.63: Possible reaction mechanism of aerobic oxidation of vanillyl alcohol 
over Cu-M (where M= Ti, Zr and Mn) mixed oxide catalyst. 
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CHAPTER 5: CONCLUSION AND RECOMMENDATION 

5.1 Conclusion  

The solvent evaporation method was highly effective to synthesize mixed oxide 

catalysts with high crystallity, stable, and mesoporous materials (Cu-Ti, Cu-Zr, Cu-Mn, 

Ce-2Ti and Fe-2Ti) successfully supported by various spectroscopic analytical tools such 

as XRD, H2-TPR, O2-TPD, XRD, Raman, BET and XPS etc. The physico chemical and 

structural properties evidently revealed that the synthesized mixed oxide catalysts shown 

excellent catalytic activity in liquid phase oxidation of vanillyl alcohol due to strong 

reducing ability and presence of surface oxygen vacancies to a great extent. In addition, 

alteration of electronic arrangements to favor the redox cycle was caused owing to high 

degree of homogeneity of the metals evidenced in chemical mapping . This study revealed 

that effect of different cations and their charges to significantly modify the chemical 

properties of the catalysts which is further supported by the catalytic activity. The 

synthesized mixed oxide catalysts could be sequenced as followed Ce: 2Ti (66 %) > Cu-

2Ti (67 %) > Cu: 2Zr (62 %) > Fe-Ti (58 %) > Cu: Mn (inactive) in view of catalytic 

conversion using H2O2 oxidant in base free condition at suitable reaction variables: 1 

mmol Vanillyl alcohol, 3 mmol H2O2, 0.0025 g/cm3 catalysts mass, 20 ml acetonitrile. 

The measured catalytic performance in case of liquid phase aerobic oxidation revealed 

the superiority as followed in terms of catalytic conversion Ce-2Ti (97 %) = Fe-2Ti (97 

%) > Cu-2Ti ( 94 %) > Cu-Zr (91 %) at optimized reaction conditions: 3 mmol vanillyl 

alcohol, 21 bar air pressure, 120 ⁰C). In addition, the metals loading in synthesized 

materials was evidently found to impact the catalytic conversion significantly but not the 

reaction pathway supported by observed similar amount of selectivity. Increase of 

parameters concentration such as time, temperature, catalysts mass enriched the catalytic 

conversion till the optimum point in case of all the synthesized catalysts. Furthermore, all 

the mixed oxide catalysts shown significant enrichment of both conversion and selectivity 
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when air was used as the oxidant which suggested of green process with effective catalytic 

performance. The surprising catalytic activity was measured using H2O2 coupled with 

base NaOH which led to almost 99 % selectivity to vanillin along with substantial 

enrichment in the amount of conversion. Besides, the mixed oxide catalysts were 

observed to be stable at subsequent four oxidation reactions with minimum loss of 

catalytic activity. And also, unchanged amount of selectivity to vanillin during the 

stability test evidently suggested of well preservation of the catalysts phase in the 

oxidation reactions. 

In summary, the work concluded that among synthesized mixed oxide catalyst via 

solvent evaporation method, Cu-2Ti was the best performed catalysts in terms of both 

catalytic conversion and selectivity under investigated different reaction variables ( 66 % 

conversion with 71 % selectivity to vanillin under H2O2 and 94 % conversion with 86 % 

selectivity to vanillin under air) in liquid phase oxidation of vanillyl alcohol.  These mixed 

oxide catalyst prepared via solvent evaporation technique are potential candidate as a 

catalyst to be used for lignin valorization. These mixed oxide catalysts open up a new 

possibility of lignin valorization in industrial scale to reduce dependency on fossil fuels.  

5.2 Recommendations 

A further investigation can be further studied in the catalyst synthesis protocol 

considering various parameters such as temperature, pressure, techniques of solvent 

evaporation and nature of solvents. The effect of such parameters for catalyst synthesis 

protocol will possibly contribute to control the structural and surface properties of the 

catalysts which will eventually promote the catalytic performance. Besides, different non-

ionic surfactants as structure directing or crystal size control agents also can be examined 

to resist the agglomeration of the particles during the thermal treatment in order to obtain 

fine nanoparticles of expected shape along with better catalytic performance and stability. 
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As solvent evaporation techniques was effective and successful to synthesize mixed oxide 

catalysts with homogeneous metal distribution, other mixed oxide catalysts with different 

metals except above mentioned metals could be prepared for various application purpose. 

Such catalysts also can be further studies for various oxidation reaction of different 

substrate including raw lignin. A tuned synthesis protocol via solvent evaporation for 

mixed oxide catalysts can be a potential replacement of other homogeneous catalysts such 

as chromium salts or manganese salts used in oxidation reactions generally in industrial 

scale to minimize the cost and environmentally friendly process.   
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