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1.1 Introduction 

The term Catalysis means the process in which the rate of the chemical reaction is 

accelerated by the addition of a substance that is not consumed in the reaction and the 

substance is called as a catalyst. The catalyst speeds up the reaction by providing an 

alternative pathway causing to reduce the activation energy [1]. The eminent Swedish 

chemist Jöns Jacob Berzelius originally used the word "catalysis" (from the Greek kata-, 

“down,” and lyein, “loosen”) in 1835 to link a number of discoveries done by other 

researcher in the late 18th and early 19th centuries. This includes, the first organic reaction in 

1811, that is, the synthesis of sugar from starch which is enhanced by acid. The term catalysis 

was originated by Scottish chemist Elizabeth Fulhame and explained in a book in 1794 based 

on her oxidation–reduction experiment. The catalyst accelerates the reaction rate by lowering 

the reaction's activation energy by providing a different route, as shown in Figure 1.1, 

without consuming during the reaction. It is used in small quantities, and it can convert a 

large number of reactant molecules to a desired product.  

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Energy profile diagram of catalytic reaction 
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Catalysis is a multidisciplinary field that involves inorganic chemistry, organic chemistry, 

materials science, biochemistry, surface science, chemical engineering, bio-engineering, 

kinetics, and theoretical chemistry. Catalysis is the backbone of most industrial processes; the 

modern industrialized world would be impossible without catalysts because more than 80 % 

of the industrial processes which convert raw materials into useful chemicals are based on 

catalytic technologies. The catalytic production of ammonia fertilizer is the best example of 

catalysis in everyday life, which is crucial to sustaining the contemporary global population 

[2]. Nowadays, about fifteen international companies are manufacturing about 100 

commercial solid catalysts. Catalyst plays a crucial role in reducing the process cost and also 

reducing the pollution of the process [3]. The catalyst is vital in lowering many harmful 

pollutants formed in the process.  

  The catalyst is divided into three types; homogeneous, heterogeneous, and biocatalyst, as 

shown in Figure 1.2. The first two are based on the phase of the reactant and catalyst in the 

mixture during the reaction. Biocatalysts are the catalytic action that occur through the 

enzymes, and this can be considered as heterologous and homogenous hybrids. 

 

 

 

 

 

 

Figure 1.2. Types of catalysis 
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1.1.1 Homogeneous catalyst 

 Homogeneous catalysis is the process in which the catalyst is in the same phase as the 

reactants, mainly in the liquid phase. The catalyst used for this process is known as a 

homogeneous catalyst. It may be acid, base, metal salts, or a combination of ligand metal 

complexes (organic or organometallic complexes). Concerning metal complexes, one can 

tune the catalytic activity of metal to obtain the desired product. This can occur through the 

electronic interaction between ligands and metals. For example, Ni-based catalysts gives 

different products from butadiene depending on the ligands used with Ni, as shown in Figure 

1.3 [4]. 

 

Figure 1.3. Different product selectivity from butadiene using Ni based catalyst 

The first commercial process utilizing a homogenous catalyst (NO - nitric oxide) was 

developed in the 1750s for the oxidation of SO2 to SO3 to produce sulphuric acid in the lead 

chamber [5]. In the 19th  century, there were three crucial homogeneous catalysts- I) In 1938 

Co based organometallic complex for hydroformylation which was discovered by Roelen; II) 

Ziegler–Natta catalysts for the conversion of terminal alkenes to polymer and III) In 1965, Rh 

based (RhCl(PPh3)3). Wilkinson investigated the catalyst for the hydrogenation of alkenes. 

Millions of tons of bulk chemicals are produced by using homogeneous catalytic process 

examples- oxidation, metathesis, hydroformylation, carbonylation, hydrogenation, and 
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hydrocyanation. Even though these catalysts are highly efficient in terms of catalytic activity 

and selectivity, it has major limitation in high catalyst recovery cost and moderate thermal 

stability. A general mechanism for transmetalation using homogeneous catalysis is given in 

Figure 1.4. 

 

Figure 1.4. General mechanism for transmetalation using homogeneous catalysis 

1.1.2 Biocatalyst 

Biocatalysts are enzymes obtained from biological sources. These enzymes contain protein 

which helps to speed up the biological reaction by lowering the activation energy. Most 

enzymes work in living organisms. Hence it is performed best in water, and is very sensitive 

to variations in temperature and pH [6]. One of the most distinctive characteristics of 

biocatalysts is selectivity for initiating and inhibiting their catalytic activity. This distinctive 

property is due to the enzyme's three-dimensional structure, which is obtained by the 

intermolecular interaction of many amino acids into proteins. Biocatalysts are biodegradable 

and work under mild conditions, reducing the formation of side products; thus leading to 

environmental friendly biocatalysts. The new process of immobilizing enzymes on supports 

makes biocatalysts more stable and reusable for the reaction [7-8]. 

1.1.3 Heterogeneous Catalyst 

Heterogeneous catalysis is the process in which the reactants and the catalyst are not 

in same phases. Mostly the catalyst is in the solid phase. This solid catalyst is dispersed in 

liquid reaction mixture and facilitates the reaction. For gaseous reactants the solid catalyst is 
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packed in a reactor in the pellet form and the reaction is carried out by passing the gaseous 

reactant over the solid catalyst. Sometimes a fluidized bed reactors are also used for gas solid 

reactions to improve the contact between the reactant and catalyst. A general mechanism for 

heterogeneous catalysis involves three steps, as shown in Figure 1.5. These includes i) the 

gaseous or liquid reactant from the reaction mixture adsorbed on the catalyst surface, ii) the 

interaction of adsorbed reactants on the catalyst surface and conversion into the product, iii) 

the desorption of the product from the catalyst surface [9]. The adsorption of the substrate on 

the catalyst surface occurs by two adsorption process, one is physisorption and another one is 

chemisorption. In physisorption, substrate adsorbs on the catalyst surface. Physisorption 

occurs when the substrate molecule is attracted to atom/ molecules (active site) present on the 

catalyst surface due to Van Der Waals forces generated between them. Chemisorption occurs 

when an electronic cloud of substrate molecules overlaps with an electronic cloud of atoms/ 

molecules (active site) on the catalyst surface. This can take place through one of two 

different pathways: i) the molecular adsorption pathway in which substrate molecule adsorbs 

on catalyst surface without breaking of chemical bonds between the atoms ii) the dissociative 

adsorption pathway in which the substrate (reactant) structure gets affected after the 

adsorption on the catalyst surface due to the breaking of a chemical bond between the atoms 

in the substrate molecule in order to form new bonds with the catalyst surface. Chemisorption 

can be observed over a wide range of temperatures, e.g., hydrogen chemisorption on ZnO-

Cr2O3 occurs above room temperature. Chemisorption of N2 on synthetic ammonia-iron 

catalyst takes place above 400 ºC temperature. 
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Figure 1.5. General mechanism for heterogeneous catalysis 

Almost 85% of industrial production of chemicals are based on various catalytic process. The 

heterogeneous catalysts are widely used (80%) in the industry to obtain bulk and basic 

chemicals in large quantities (Figure 1.6) [10]. The heterogeneous catalysts have diverse 

applications in the field of petrochemical industry to get good quality chemicals and fuels, in 

the field of energy for its conservation and storage, as well as for rectification of the 

environment by decreasing the harmful substances. This signifies its essential role in the 

world economy. The significant difference between homogeneous and heterogeneous 

catalysts is given in Table 1.1, which makes heterogeneous catalysts more applicable in 

industry. Heterogeneous catalysts are used in reactions such as oxidation, deNOx, 

hydrogenation, photocatalyst, and electrocatalyst, and in producing different fine and bulk 

pharmaceutical chemicals. (Figure 1.7)  

All catalytic process

85% 

Catalytic process

15 % Non-

Catalytic process

Catalytic process

3% Biocatalyst17% 

Homogeneous catalyst

80% 

Heterogeneous 

catalyst

 

Figure 1.6.  The contribution of catalytic processes to the chemical industries and the 

contribution of heterogeneous catalysis in comparison to other catalytic processes 
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Table 1.1. Difference in homogeneous and heterogeneous catalyst 

Sr. No. Homogeneous catalyst Heterogeneous catalyst 

1 Low thermal stability High thermal stability 

2 Difficult to recover Easy to recover 

3 High selectivity Low selectivity 

4 Limited application Wide application 

 

Heterogeneous 

catalyst

Oxidation

Hydrogenation

Automobiles

Photo catalysis

Water gas shift

Fine chemical

Electro catalysis

Coupling reaction

Reforming

Desulphurization

 

Figure 1.7. Applications of heterogeneous catalyst 

1.2 Hydrogenation 

In organic synthesis, reduction or hydrogenation is a significant reaction with multiple 

industrial applications in the food, petrochemical, agricultural, pharmaceutical, etc. 

Hydrogenation reaction includes converting an unsaturated compound to a saturated 
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compound (i.e., double or triple bond to single bond) in the presence of the catalyst. This 

involves different hydrogenation methods like using metal hydride, transfer hydrogenation, 

and molecular hydrogen under catalytic conditions. In most industries, metal hydrides such 

as lithium aluminum hydride (LiAlH4) at RT or sodium borohydride (NaBH4) at high 

temperature are used in a stoichiometric amount as a reducing agent [11]. The transfer 

hydrogenation method is also used widely. In this method, metal complexes are used as a 

catalyst and protic solvent as a hydrogen donor, including isopropanol, formaldehyde, 

formic acid, etc. The activity of these catalysts can be altered by changing the ligand 

system attached to the metal atom. The real disadvantage of transfer hydrogenation is the 

inherent reversibility of the reaction, so; this process has a limited scope as it could provide 

only modest yields of product [12]. Also, using metal hydride reagents causes 

environmental problems, and the product has no selectivity. It is not useful in the reduction 

of multifunctional compounds because of non-regioselectivity. Therefore, even if handling 

H2 is challenging, catalytic reduction employing molecular H2 is often employed in the 

industry. This is clean production method which has excellent atom economy and easy 

product separation. [13]. Catalytic hydrogenation is the reaction in which molecular 

hydrogen adds to an unsaturated compound and gives a saturated compound, or sometimes, 

adding hydrogen causes the molecule to break (this process is known as hydrogenolysis). 

[12]. Hydrogen acts as a reducing agent, giving its electron in a chemical redox reaction. 

However, when it reacts with the metal, it behaves as an oxidizing agent. The reaction 

conditions are mainly based on the type of substrate and catalyst. The central role of the 

catalyst is to activate the hydrogen molecule and facilitate the reaction between hydrogen 

++and substrate. Both homogeneous and heterogeneous catalysts are used for 

hydrogenation. Homogenised chemical reactions show a high degree of rate constant and 

are very selective; however, it is challenging to separate the catalyst from the reaction 
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mixture. Due to some benefits over homogeneous catalysis, such as (I) regenerability, (II) 

thermal and mechanical stability, (III) economy, and (IV) appropriate morphological 

features like high surface area and crystalline nature, heterogeneous catalysts account for 

nearly 90% of industrial catalytic processes [14]. The mechanism of heterogeneous 

catalytic hydrogenation was reported by Horiuti-Polanyi [15].  

   The steps involved in it are as follows and as shown in Figure 1.8. 

1. Physisorption of both hydrogen and unsaturated compound on catalyst 

2.  Hydrogen dissociation into atomic hydrogen and binding of the unsaturated bond to 

the catalyst (chemisorption) 

3. The hydrogen atom transfer from catalyst surface to unsaturated compound which is a 

reversible step 

4.  In the next step second hydrogen atom transfers from catalyst surface  

5. Desorption of product from catalyst surface 

Physisorption Chemisorption
Reaction

Desorption

 

Figure 1.8. Steps involve in the hydrogenation of C=C bond at a catalyst surface 

   There are different heterogeneous metal catalysts utilized for hydrogenation 
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including Pd [16], Pt [17], Rh [18], Ir [19], Ni [20, 21], Raney Ni [22], Au [23], Ru [24] and 

poly-metallic catalysts [25, 26]. Because of the high cost of noble metals, it is dispersed on 

high surface area supports. This allows more effective and economic usages of the noble 

metals compared to bulk-metal system.  These supports are not only important for the 

dispersion of metal particles; it also helps in adsorption and desorption of reactants and 

products, and also affects the catalytic properties of metal particles. As the support plays an 

important role in the heterogeneous catalyst, many supports are investigated [27] for the 

hydrogenation such as carbon [28], silica [29], polymeric materials [30], and nanoparticles 

with magnetism [31]. The chemical and electronic structure of the metal [32] is mainly 

dependent on the electron transfer [33] by the support and also it has an influence on the 

adsorption capacity [34].  

Catalytic hydrogenations generally performed in a variety of methods, including 

batch-wise or continuous, in the liquid or gas phase. But the liquid phase hydrogenation has 

an advantage in the higher volume productivity of a hydrogenation system. The capacity to 

use reaction heat is also higher for the liquid phase because of the larger heat transfer 

coefficient. [35]. Now a day’s liquid phase hydrogenation reaction is getting more attention. 

[36]. Reactors with fixed beds or those with fluidized beds are often utilized in continuous 

processes. The selection of an appropriate reactor system is influenced by a number of 

variables, including the catalyst used, reaction conditions (H2 pressure, temperature, and 

solvent), heat production, space-time yield, residence duration, mass-transport phenomena, 

and financial considerations.  

1.3 Hydrogenation of some industrial important compound 

The hydrogenation technique was invented by the French scientist Paul Sabatier. In 

1897, he discovered that traces of nickel were responsible for the addition of hydrogen to 

molecules of gaseous hydrocarbons; later on, this process was known as the Sabatier process. 
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The actual Sabatier process involves the addition of an H2 molecule to the CO2 at high 

temperatures (300-400 °C) in the presence of nickel as a catalyst, producing methane and 

water. Later, in 1905, Fritz Haber and Carl Bosch discovered the widely accepted Haber-

Bosch process. The process transfer the atmospheric nitrogen (N2) into ammonia (NH3) by 

using an iron catalyst under high temperatures (400-500 °C) and H2 pressures (150-250 bar). 

The discovery of Raney nickel was found to be revolutionary in hydrogenation. Murray 

Raney obtained a finely powdered form of nickel from Ni-Al alloy in 1924, which was 

widely used to for hydrogenation reactions including aromatic ring hydrogenation to alkanes, 

conversion of nitriles to amines. Hydrogenated products of some compounds are important in 

various industries, such as food, petrochemical, agricultural, and pharmaceutical industries, 

are shown in Table 1.2.  

Table 1.2.  Industrially important hydrogenated compounds (Data from Ullman and Kirk 

encyclopaedia) 

Sr. 

No 

Substrate Functional 

group to be 

reduce 

Product Importance Existing 

procedure 

1 

 

 

Ketone 

 

Intermediate 

in ibuprofen 

(anti-

inflammatory 

drug) 

 Raney Ni, 

high temp 

and H2 

pressure 

2 

 

 

Ketone 

 

Food 

additives,  

flavoring 

agents 

Raney Ni, 

Raney Ni, 

high temp 

and H2 
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pressure 

3 

 

 

Ketone 

 

Flavor and 

fragrance 

agents 

5%Pt/C, 5-

100 ⁰C, 5-50 

bar H2 

pressure 

 

4 

 

 

Aldehyde 

 

As bio-fuel 10% copper 

chromate 

catalyst, 200-

300⁰C, 30 

atm H2 

pressure 

5 

 

 

Aldehyde 

 

Use as sugar 

substitute, as 

laxative,  in 

mouthwash, 

toothpaste 

Batch 

fermentation 

of glucose 

and fructose 

by Z. 

mobilis, 

6 

 

 

Aromatic 

 

Use in 

production of 

caprolactum, 

adipic acid, 

Nylon-6 

5% Rh/C or 

5%Ru/C, 5-

150 ⁰C, 3-50 

bar 

7 

 

 

Aromatic 

 

Upgrading 

of coal liquids 

and diesel 

fuels 

5% Rh/C or 

5%Ru/C, 5-

150 ⁰C, 3-50 

bar 
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8 

 

 

Aromatic 

 

In preparation 

of thermostat 

polymer  

Ru 

catalyst,140 

⁰C, 80 bar H2 

pressure 

9 

 

 

 

 

 

Aromatic 

 

Intermediate 

in synthesis of 

hexnolactam, 

praziquantel 

(parasitic 

worm 

infections)  

Rh/C 

10 

 

 

Nitro 

 

Intermediate 

in Nimesulide 

anti-

inflammatory 

drug 

H2- 4bar, 

120⁰, Pd/C 

(5%-Pd 

loading) 

11 

 

 

Nitro 

 

Precursor for 

antimicrobial 

chlorhexidin 

Cu or Pd 

activated C 

or an oxidic 

support 90 – 

200 ⁰C and 

100 – 600 

kPa 

12 

 

 

Nitro 

 

Used for the 

production of 

fine 

chemicals, 

medium-to-

high 

temperature 

(T > 393 K) 
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functionalized 

polymers, 

pigment and 

pharmaceutica

ls. 

and 

hydrogen 

pressure (H2 

> 3 bar) 

using noble 

metal 

catalysts 

13 

 

 

Acid 

 

Used as fuel 

additives, 

food 

ingredients, 

pharmaceutica

l intermediates 

Over copper-

chromite cata 

lyst,  250⁰ C 

and 200-300 

atm pressure 

14 

 

Oil 

Unsaturated fatty acids  

Olefins Alkane 

Saturated fatty acids 

To stabilizes 

the oil and 

prevents 

spoilage from 

oxidation. 

Ni-Al alloy 

catalyst, high 

temp(150⁰C) 

and pressure 

 

15 

 

Ketone & 

Debenzylat

ion 

 

Intermediate 

in 

Terbutaline 

sulphate drug 

(used as a 

short-term 

asthma 

treatment)  

4 wt % Pd/C 

catalyst 

(10% Pd) 

w.r.t. 

substrate, 5 

bar H2, RT, 2 

h 
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Ni and Pd-based catalysts are used in most processes to get hydrogenated products. Nickel is 

the cheapest element, but due to its poor catalytic activity under ambient conditions, it 

requires high temperature and high pressure to activate. This makes the process expensive. 

Palladium metal is less expensive than other noble metals. Also it is more active than non-

noble metal. Hence now day’s palladium metal-based catalysts are used extensively in 

industries.  

1.4. Palladium metal 

Out of six platinum-group (Ru, Rh, Pd, Os, Ir, and Pt) metals, palladium metal is 

probably more protean and exploited transition metal due to its ability to perform different 

organic transformations such as cross-coupling, alkylation, arylation, cyclization, oxidation, 

hydrogenation, radical reaction, petroleum cracking [37-38], fine chemical synthesis [39], 

etc. Also, it is 2-3 times cheaper than other platinum-group metals. It also has a typical 

electronic configuration for its outermost shell (Pd-4d10 5s0), which is different from the other 

group elements ( Ni-3d9 4s1, Pt-5d9 6s1, Os-6d9 7s1 or 6d8 7s2), which makes its properties 

different from the other. It is less dense and has a low melting point than others. Palladium 

has a special and significant feature that makes it a highly effective catalytic element in 

hydrogenation reactions. This includes the quick adsorption of large amounts of hydrogen gas 

to generate palladium hydride (PdH). Palladium absorbs significant amounts of hydrogen 

under normal conditions (room temperature and atmospheric pressure). These adsorbed 

hydrogen atoms occupy the interstitial octahedral positions of the face-centered cubic lattice 

[40]. In 2001 Schlapbach et al. reported temperatures and equilibrium pressures vital in 

forming different metal hydrides [41]. Except for Pd, other metals require high temperatures 

and pressure to form metal hydride. To form a metal hydride, dissociation of the H2 molecule 

is a necessary step. Except for Pd, other metal needs energy inputs to overcome the activation 

barrier, which leads to high H2 pressure and elevated temperature. In Pd-based catalytic 



Chapter 1 Introduction 

2023 Ph.D. Thesis: Mirabai M. Kasabe, (CSIR-NCL, Pune) AcSIR 

 

17 

 

 

processes, reaction conditions are frequently mild, which leads to good yields and high 

chemo-, regio-, and stereoselectivity. Other advantages of using palladium are the need for a 

catalytic quantity, excellent selectivity, ease of handling, no need for a pre-treatment step, 

and in most situations, simple catalyst recovery.  

Most of the time, palladium and other noble metals are dispersed on supports with 

larger surface area to reduce the cost of the process. Support plays an important role and has 

various advantages. Firstly, it reduces the price of the catalyst by reducing the quantity of 

costly active metal. High metal dispersion on support increases the available metal surface 

area, which is directly proportional to the catalytic performance. The support gives 

mechanical strength to the catalyst by stabilizing the metal particles. Sometimes it provides 

new active sites in reaction to activate substrate molecules; it may be acidic or basic, or 

bifunctional. However, based on the materials used, the supports can affect the electronic 

properties of the active metal, alter the amount of active sites, or influence the morphological 

structure of the metal crystallites. This interaction of support with metal is known as metal 

support interaction. The strength of these metal-support interactions can have a significant 

impact on the catalytic activity of the catalyst. 

1.5 Metal-support interactions 

The discovery of metal support interaction (MSI) has started a very crucial research topic in 

catalysis as it helps understand the electronic properties and geometrical structures of metal 

catalysts. [42, 43]. In 1979, Tauster and co-workers reported that H2 and CO chemisorption 

decreased on metal from group 8 supported on TiO2 with an increase in reduction 

temperature [34]. Detail characterization showed that the decrease of this sorption is not 

correlated with an agglomeration of metal particles, while attributed to the interaction of 

support with metal particles. Due to these MSI, support suboxide species encapsulated the 

metal nanoparticles to lower the high surface energy of particles under reducing conditions. 
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This cause to decrease in the chemisorption capability of the metal particle by blocking the 

accessibility of H2 and CO molecules to particles. For a variety of metal-supported catalyst 

systems, the MSI has been mostly used as a technique to increase stability [44-46], find out 

catalytic mechanism [47, 48], improve activity [49, 50], and prop up the selectivity [49-52]. 

Particularly, the interfacial sites perform an important role by bridging the metal species and 

support. To learn more information on the MSI, one would like to read related reviews [53-

56]. Boaro et al. used different CeO2-supported catalysts for important CO2 reduction 

processes and explained the role of ceria in reactions. Cerium-based catalysts shows a strong 

metal support interaction (SMSI) due to CeO2 reducibility. This interaction causes the 

enhancement of the reducing ability of the metal and support metal due to the hydrogen 

spillover mechanism. An oxygen vacancy in CeO2 causes surface imperfections which leads 

to promoting the anchoring of metal particles over the surface, which gives high metal 

dispersion [57]. Meriaudeau et al. compared the SMSI impact on Pt supported on TiO2 and 

CeO2 [58]. They used gas chromatography to evaluate the outcomes of H2 chemisorption and 

examine the byproducts of hydrogenation processes on carbon molecules. It observed 

significant differences in the hydrogen and CO chemisorption capacities as well as the 

hydrogenolysis selectivity between the two systems. Despite the similarity in the reduction 

process, which involves the creation of Ti3+ (Ce3+) ions and oxygen vacancies, but the authors 

proposed that these oxides exhibit distinct mechanisms for the SMSI impact. In a related 

study, Datye et al. employed HRTEM to compare the SMSI impact on Pt/TiO2 and Pt/CeO2 

[59]. The findings supported the aforementioned hypothesis, as the presence of a capping 

layer was detected only in the TiO2-supported catalyst. The distinctive surface structure and 

electronic characteristics play a crucial in the substantial modulation of metal-oxide 

interactions. More specifically, various surface sites such as cations, anions, and vacancies on 

oxides offer diverse anchoring sites for bonding with metal species. However, due to the 
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diverse electronic properties and coordination structures of these surface sites, the bonding 

properties between metal species and different surface sites are distinct, resulting in a varied 

apparent MSI. The presence of single Pt atoms supported in Fe2O3, ZnO, and γ-Al2O3 

illustrates that the Turnover Frequency (TOF) of individual Pt atoms in CO oxidation 

increases with the rising redox ability of the supports under identical reaction conditions [60]. 

This underscores how the unique surface structure and electronic properties effectively 

modulate metal-oxide interactions, influencing the catalytic behavior in a manner that is 

contingent upon the specific characteristics of the supporting material. Because of high 

chemical stability and total surface area of carbon based catalysts such as carbon nanotubes 

and graphene, have found widespread application in a variety of industrially significant 

chemical reactions, including liquid phase hydrogenation, photo catalytic reactions, and 

electrochemical reactions. Strong covalent s-bonds hold the sp2-hybridized carbon in 

graphitic structures together in a basal plane. Only weak bonding to metal species in contact 

with the plane is permitted by the carbon p-orbitals, which extend normal to the basal plane. 

Consequently, because the carbon atoms in the basal plane are too inert to form a bonding 

contact with metal species, it is challenging to induce MSI in a perfect carbon support [61]. 

The strength of the MSI of metal supported catalyst depends on different variables including 

the nature of the metal, nature of support material, precursors used to prepare metal and 

support, the preparation method of the catalyst. (Figure 1.9)  

Metal 

support 

interaction

Affect Depends on

Nature of metal

Nature of support

Method of preparation

Precursor use to synthesis

Size of metal particles

Shape of metal particles

Electronic structure 

Composition of catalyst
 

Figure 1.9. Factors affecting and affect by metal-support interaction 
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1.6 Preparation methods of heterogeneous catalysts 

 The selection of synthesis method of catalyst and conditions used for pre-treatment 

plays important role in determining the catalytic performance of catalyst. These factors 

directly affect the surface area of metal, dispersion, particle size and morphological 

structures. These parameters control the catalytic activity, selectivity of products, and 

stability of the catalyst. Hence during selection of catalyst preparation method, it is crucial to 

consider required material texture which must be on knowledge of chemistry of the intended 

catalysed reaction. There are some methods for catalyst preparation which includes i) 

precipitation method [62], ii) impregnation method [63], and iii) chemical deposition method 

[64]. The precipitation method is generally used in industries for metal oxide synthesis. The 

catalyst prepared by using impregnation method is more feasible because of its benefits of 

good particle size, fast recovery and reagent savings. Previously our group has worked on the 

hydrogenation of nitro group in nitrobenzene by the palladium-supported on magnesium 

hydroxyl fluoride catalyst produced via impregnation method (1PMF-imp) and data was 

compared with similar catalyst composition prepared by the precipitation method (1PMF-ppt) 

under identical reaction conditions. Using 1PMF-imp, 99% conversion of the nitrobenzene 

during hydrogenation was accomplished in 2 hours at ambient temperature and atmospheric 

pressure. On the other hand, employing 1PMF-ppt in 2 hours, only 25% conversion was 

achieved. In light of this, 1PMF-imp's catalytic activity was superior. This might be due to 

trapping of the palladium inside the bulk of the catalyst added to a catalyst using the 

precipitation method and result in poor metal dispersion since it was added to the same pot 

during the precipitation process. 

Hence out of these preparation methods impregnation method is widely used method. 

Palladium is typically supported on different supports such as carbon, metal oxide, zeolites, 

polymers, etc. by impregnation method. 
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1.7 Different supports used to disperse Pd for hydrogenation 

The strength of MSI is affected by the nature of the support. The catalytic performance of 

catalysts is frequently altered by the use of various supports as supports have distinct physical 

and chemical characteristics, such as thermal stability, acid-base properties, large surface 

area. Mostly the choice of the support depends on the type of reactions. For instance, in an 

oxidation reaction, the point of zero charge (PZC) of the support is used to determine which 

support to use for Pd particles [65]. The following is the order of PZC of various typical 

supports: MoO3 > Nb2O3 > SiO2 > TiO2 > CeO2 > ZrO2 > Co3O4 > Al2O3 > activated carbon 

≈ carbon black> graphene oxide. Cationic metal precursor adsorb best on negatively charged 

surfaces because MoO3 or NbO3 have strong acidic PZC, whereas the metal particles adsorb 

on the reduced state supports like carbon with high PZC. 

Some of the common supports used to disperse palladium for hydrogenation of various 

industrially important compound are discussed below. 

a) Palladium on carbon 

Carbon is a widely used support material that first found use in catalytic chemistry because of 

its high surface area and more adsorption capability. Palladium on carbon is a common 

catalyst for hydrogenation and hydrogenolysis of different functional groups [66-68]. 

Generally, it is commercially available as a black powder with 5% to 10% Pd supported on 

carbon. Typically, the Pd/C catalyst is used as dry or as a solid that is 50% wet with water. A 

wet catalyst is safer to handle because of the pyrophoric nature of Pd/C. Recently, the 

exhaustive progress of catalytic hydrogenation techniques has increased researchers' interest 

in the production of highly active Pd on various carbon materials includes activated carbon, 

carbon nanotube (CNT) [69], carbon nanofibers (CNF), carbon nano globules (CNGs) [69], 

graphene nano-plates (GNP) [70], nitrogen-functionalized carbon nanotube (NCNT) [71], 

phosphorus-doped carbon [68]. R. Mironenko summarized some of the previous prior 
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methods to control the catalytic characteristics of Pd/C catalysts with variations of the carbon 

materials and palladium precursors [67]. The structure, morphology, and surface chemistry of 

various carbon materials differ from one another. As a result, depending on the type of 

carbon support selected, the production of palladium clusters and NPs, as well as their 

catalytic characteristics, might differ dramatically. When Pd/C catalysts are being prepared, 

the formation of active sites is controlled by a different variables such as the nature of carbon 

material, palladium precursor, method of preparation, and pre-treatment of catalyst. Since 

none of the parameters may be taken into account separately, it is not always possible to 

predict how each one will affect the generation of catalytically active structures. The difficult 

task of nanoscale design may be made simpler by reducing the number of stages during the 

catalyst synthesis. Even though the Pd/C catalyst is a more active and robust catalyst for the 

reduction of various function groups, it has some disadvantages such as handling it is difficult 

due to its pyrophoric nature, Pd particles agglomeration, reduction–carbidization of Pd2+ to 

Pd carbides (PdCx) and Pd leaching [72]. 

b) Palladium on metal oxide 

There are two types of metal oxides i) reducible metal oxide, and ii) non-reducible metal 

oxide based on their chemical behaviors. Reducible oxides are the material that can change 

the oxidation state of metal easily. When surface oxygen is removed, the excess electron is 

left on the metal which is redistributed on empty levels of the cation by changing its 

oxidation state leading to a lower band gap < 3eV. The transition-metal oxides involve WO3, 

TiO2, CeO2, NiO, and Fe2O3 are examples of reducible oxides. Non-reducible oxides are 

chemically inert and stoichiometrically stable. These oxides do not lose oxygen easily due to 

the intrinsic resistance (high band bap > 3eV) to change the oxidation state of that 

corresponding metal cation, for example- Al2O3, SiO2, hydrotalcite, etc. A survey of the 

literature shows palladium dispersed on SiO2 [73], Al2O3 [74, 75], MgO [76, 77], ZnO [78, 
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79], ZrO2 [80, 81], CeO2 [82, 83], WO3 [84, 85], MoO3 [86], and TiO2 [87, 88] has good 

catalytic activity for hydrogenation various functional groups. Ye Gou et al. has reported the 

Pd/NiO catalyst for acetophenone hydrogenation under reaction conditions of 1.5 MPa H2 

pressure, and 80 °C [89]. The reactions were performed on three different Pd/NiO (Pd shape 

is different hexagonal or triangular Pd/NiO, octahedral Pd/NiO, and cubic Pd/NiO) catalysts 

under identical reaction conditions and the catalytic activity and selectivity was compared. 

The order of catalytic activity followed cubic Pd/NiO > octahedral Pd/NiO > hexagonal or 

triangular Pd/NiO. This may be due to the shape and size of the catalyst. As compared to 

others, cubic Pd was the smallest in size, which led to a highly active catalyst since there are 

more catalytically active sites available for the reaction. Patel et al. used ployaniline-coated 

celite as support to dispersed Pd metal [90]. This catalyst was used for the chemoselective 

hydrogenation reaction of olefins and imines. It showed prominent catalytic activity under 

ambient conditions. Due to the basic nature of celite further hydrogenation was avoided and 

the catalyst became highly chemoselective. Unsupported Pd nanoparticles as well as Pd 

supported on a variety of supports, including activated carbon, graphene oxide Al2O3, SiO2, 

TiO2, and SiC, were prepared and used for the hydrogenation of cinnamaldehyde. [91]. The 

Pd particle size was affected by changing the precursors, calcination and reduction 

temperature, and the SMSI effect. From the results, it was concluded that the C=C bond 

selective hydrogenation was observed over smaller Pd particles while larger Pd particles were 

responsible for the C=O bond selective hydrogenation and it was also confirmed from DFT 

calculation. Thus, it is confirmed that support is crucial for tuning the reaction selectivity. 

Pd/ZrO2 and PdO/ZrO2 composites, consisting of nanoparticles of Pd or PdO, were 

synthesized by a novel one-step approach [80]. These exhibited efficient catalytic activity in 

the reduction of acetophenone (AP) under aqueous conditions at both 1 bar and 10 bar of H2 

pressure. When compared to Pd or PdO nanoparticles that were not supported, the presence 
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of zirconia led to a significant enhancement in catalytic activity. While unsupported PdO 

primarily produced ethylbenzene (EB) through hydrogenation, the PdO/ZrO2 composite 

displayed exceptional regioselectivity towards 1-phenyl ethanol (PE), which was maintained 

even during recycling. Similarly, the Pd/ZrO2 composite exhibited higher regioselectivity to 

PE compared to unsupported Pd nanoparticles. In the hydrogenation of substituted 

acetophenones, both PdO and zirconia contributed to a high selectivity towards alcohol 

products. L. Zhang investigated the potential size-based SMSI phenomenon in Pd/ZnO 

catalysts [79]. In this study, hexagonal ZnO nanoplates were employed as support to disperse 

Pd nanoparticles of varying sizes (ranging from 1.6 to 7.9 nm) by using the atomic layer 

deposition (ALD) technique. These Pd/ZnO catalysts showed size-based SMSI behaviour 

during subsequent hydrogen (H2) reduction at high temperatures, with the bigger Pd particles 

(2.5 nm) displaying a stronger tendency to be encapsulated by ZnO than the smaller particles. 

For the CO2 reduction, the Pd/ZnO catalysts which having bigger Pd nanoparticles 

demonstrated significantly higher turnover frequencies (TOFs) with selectivity towards 

CH3OH compared to smaller (1.6 nm) Pd/ZnO catalysts. These observed variations in 

catalytic efficiency were related to the varying degrees of Pd-ZnO interface formation 

induced by the size-dependent SMSI phenomenon. 

Zhang et al. successfully developed a controlled synthesis method for silica hollow 

microspheres with a distinctive rough surface (RS) resembling a moonscape and a 

macroporous structure (MS) [73]. This synthesis was achieved using the (water-oil-water) 

three-phase emulsion technique. These materials were used to disperse Pd metal. The 

catalytic performance of the synthesized catalyst was evaluated for the hydrogenation of 

NBR (nitrile butadiene rubber). The Pd/N-RS catalyst exhibited remarkable activity for 

hydrogenation with maintaining 92% of its original performance even after five recycles, 

surpassing the performance of the Pd/N-MS catalyst. The enhanced reusability of the Pd/N-
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RS catalyst can be related to its unique rough surface (moonscape-like), which effectively 

mitigates diffusion limitations and promotes the rapid desorption of NBR/HNBR molecules 

from the catalyst support surface. This process allows the re-exposure of active sites, thereby 

preserving high hydrogenation activity. The results of this research highlights the significance 

of the rational design of support morphology and structure in improving NBR hydrogenation 

activity. Zeolite is an excellent support with abundant pores. Wang et al. showed an 

innovative approach for achieving selective hydrogenation of furfural utilizing a core-shell 

Pd@S-1 (silicalite-1) zeolite catalyst, which allows for precise control of the wettability of 

the zeolite sheath [92]. Considerable changes were observed in the diffusion behavior of 

several molecules by appropriately adjusting the hydrophilicity of the zeolite micropores. 

Specifically, the Pd@S-1-OH catalysts, derived by silanol group’s functionalization on the 

zeolite, demonstrated exceptional catalytic performance, stability, and selectivity in the 

hydrogenation of furfural to furan. These findings highlight the profound influence of zeolite 

micropore hydrophilicity on the hydrogenation process and emphasize the potential for 

tailoring catalyst properties through the control of wettability for enhanced reaction 

outcomes.  

c) Palladium on mixed oxide 

In chemistry, an oxide with cations of different chemical elements or a single element in 

multiple oxidation states is known as a mixed oxide. The term is typically used to describe 

solid ionic compounds that have two or more elemental cations and the oxide anion O-2, for 

example- ilmenite (FeTiO3), perovskite (CaTiO3)) and garnet (Fe3Al2Si3O12). These are 

natural mixed oxide minerals. Examples of synthetic mixed oxides are ZnO-ZrO2, CeO2-

ZrO2, ZnO-SiO2, CuO-CeO2, etc. It should be emphasized that the textural and structural 

characteristics of metal oxide can be considerably improved by adding another metal oxide to 

it. Even small amounts of metal or metal oxide can increase the thermal stability and catalytic 
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activity of metal oxide through the formation of a substitutional solid solution and SMSI. 

There are several reports based on a modification of metal oxide by the addition of metal or 

metal oxide [93-100]. Vikanova et al. developed Pt-based catalysts supported on synthesized 

CeO2-ZrO2 (CZ) mixed oxides for the acetophenone hydrogenation showing remarkable 

catalytic activity under milder conditions [101]. Over a 1% Pt/CZ catalyst, the entire 

conversion of the substrate was accomplished in 2 hours, which is half compared to the 

catalysts supported on CeO2, TiO2, and CZ commercial supports. These results, which were 

in line with the data from the TPR analysis, noted that hydrogen adsorption was enhanced in 

1% Pt/CZ catalysts, which was attributed to the enhanced hydrogen spillover effect. 

However, this variation in catalytic activities of these catalysts for acetophenone 

hydrogenation shows that the synthesis process of the support has a significant impact on 

their performance. Hydride formation on palladium metal supported on SiO2 (Pd/SiO2) 

catalyst was studied, and the results were compared with ZnO-promoted Pd/SiO2 catalyst 

[102]. At temperatures above and around 523 K, the pure Pd/SiO2 catalyst is physically less 

stable and more prone to sintering and silicide production, which eventually leads to the 

creation of Pd2Si alloy at temperatures 200℃ lower than for the ZnO-promoted Pd/SiO2 

catalyst (PdZn alloy state). Methanol generation from CO2 hydrogenation was studied on Cu-

ZnO, Cu-ZrO2, and Cu-ZnO-ZrO2 [96]. The combined results of the DRIFTS (diffuse 

reflectance infrared Fourier transform spectroscopy) experiment and DFT (Density functional 

theory) calculation reveal that the CO2 adsorption and conversion take place at the ZnO-ZrO2 

interfaces, while metallic Cu is also required to promote H2 dissociation and serve as a source 

of hydrogen. The XPS and TPD results showed that the interaction between ZnO and ZrO2 

leads to the formation of oxygen vacancies which were the active sites to adsorbed CO2 

molecule. The impact of the ZnO/SiO2 ratio on the structural characteristics and catalytic 

performance of Cu/ZnO and Cu/SiO2 catalysts for ester hydrogenation in water [99]. This 
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ratio affects the water tolerance of Cu/SiO2 and Cu/ZnO catalysts. A significant improvement 

in water resistance without sacrificing conversion was achieved by adding the right amount 

of ZnO to Cu/SiO2 catalysts, which led to a decrease in the reaction temperature. 

Simultaneously, SiO2 was added to Cu/ZnO catalysts to successfully reduce agglomeration 

by serving as a partition material and preventing Cu/ZnO agglomeration. However, the 

addition of ZnO had a negative impact on the dispersion of copper in Cu/SiO2, which led to a 

quick decline in the stability of the catalyst as a result of excessive sintering brought on by 

the ZnO presence. With increasing SiO2 content, the copper dispersion in Cu/ZnO catalysts 

first increased but later declined. The Cu/ZnO catalyst's activity was lowered, and it 

deactivated quickly, as a result of the excessive addition of SiO2. This study demonstrated 

that the Cu/SiO2 and Cu/ZnO catalysts both benefited from the correct addition of 5% ZnO 

and 5% SiO2, respectively. Regalbuto et al. characterized Pt/WO3/SiO2 catalysts by XRD, CO 

chemisorption, and XPS [103]. The data showed that WO3 controlled the Pt crystallite size, in 

part by lowering the creation of bulk PtCI2 precursor. Shift in Pt-electron binding energy (due 

to charge transfer) and also CO chemisorption data indicated that the catalyst showed strong 

metal-support interaction. An effective bifunctional catalyst (Pd metal supported on Zn+2-Cr+3 

mixed oxide) for the one-step synthesis of methyl isobutyl ketone (MIBK) from acetone and 

H2 in both gas and liquid phases [104]. Acetone is condensed into mesityl oxide using an acid 

catalyst, and then it is hydrogenated to produce MIBK. The Cr-rich oxides showed the higher 

surface area and good Pd dispersion. 0.3% Pd/Zn–Cr (1:1) catalyst showing an intermediate 

acid site and acid strength. This catalyst showed good acetone conversion and selectivity for 

MIBK. 

d) Palladium on metal fluorides 

Metal fluorides are the common source of fluorides utilized in the synthesis of cryolite 

and aluminum. Metal fluorides are usually solid crystalline materials. Calcium fluorides 
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naturally occur. Solid metal fluoride catalysts have been discovered to be more effective and 

stable than metal oxide for a few heterogeneously catalyzed processes. Metal fluorides are 

significantly more Lewis acidic than metal oxides and halides because the most 

electronegative fluorine atom causes acidity on the central metal. The catalyst 1%Pt/MgF2 

was six times more active than 1%Pt/Al2O3 for o-chloronitrobenzene hydrogenation [105]. 

The metal fluoride synthesized by a one-pot fluoro-lytic sol–gel method was used to 

dispersed Pd metal and subsequently used for the hydrogenation of various functional groups 

such as olefins [106], oil hydrogenation [107], nitro-aromatics [108], imine and aromatics. In 

n-pentane hydro isomerization processes, Pd-Cu/HS-AlF3 (HS = high surface area) catalysts 

showed better activity than the Pd-Cu/C catalyst [109]. The platinum supported on binary 

Mg-Co fluorides was tested for o-chloronitrobenzene (o-CNB) hydrogenation [110]. Binary 

magnesium-cobalt fluorides form solid solutions since the ionic radius of Co2+ approximates 

that of Mg2+, which causes the substitution of Co2+ into the MgF2 rutile-type structure. This 

results in Mg-Co fluorides having more surface area, surface acidity, and nitrobenzene 

adsorption capacity than their fluorides. It has a significant effect on the activity of o-CNB 

hydrogenation. On Pt/MgCoF catalyst surface, o-CNB adsorbs at centers of metal-support 

boundary through (1) nitrogen of nitro group to Pt centers (electron-rich center) (2) oxygen 

atoms of the nitro group to Mg2+ ions (electron-deficient center).  

From all the above discussion it can be conclude that on the surfaces of catalyst, cations, 

and anions have been referred to as acid-base pairs [111]. Metal ions behave as Lewis or 

Brønsted acids in heterogeneous catalytic systems, whereas counter ions exhibit basic 

characteristics. A significant amount of Brønsted acidity may be present in the hydroxyl 

groups on the surface. The free electron pairs of the species that have been adsorbed may be 

taken up by the exposed coordinatively unsaturated cations to show Lewis acidity. Hence, all 

supports discussed above can be categorized into three functional categories, such as neutral, 
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basic, and acidic supports. There are different acidic supports (zeolites, γ-Al2O3, CeO2, TiO2, 

ZrO2, Nb2O5, MgF2), basic supports (MgO, CaO, BaF2, hydrotalcite) and neutral supports 

(SiO2, CN, α-Al2O3)  used to disperse metal as per the requirement of reaction.   

1.8 Different functional supports  

a) Neutral supports 

The non-reducible oxides are chemically inert and stoichiometrically stable. These oxides do 

not lose oxygen easily due to the intrinsic resistance (high band bap > 3eV) to change the 

oxidation state of that corresponding metal cation. These non-reducible oxides such as Al2O3, 

SiO2, etc., and carbon, and graphene oxides are the neutral supports which does not 

contribute in the reaction. 

b) Basic supports 

The examples of solid bases are metal and mixed oxides, supported alkali or alkaline earth 

oxides, hydrotalcites, zeolites, basic clays, phosphates, anion exchangers, supported amides 

and imines, and impregnated carbons. In basic support generally metal oxide -OH group and 

oxide ion on the surface are a Brønsted and a Lewis base, respectively. Typical examples of 

metal oxide solid bases are BaO, MgO, CaO, and SrO. Metal oxide becomes more basic with 

increasing ionic radius, decreasing charge, and decreasing electronegativity of metal ion. 

Basicity of mixed oxides is relatively understudied, but variety of reactions carried out with 

solid bases as summarized by Ono and Hattori [112]. The conversion of acetone to methyl 

isobutyl ketone is performed by Cu, Pd, and Ni supported on MgO, hydrotalcites, etc [113, 

114]. One fundamental challenge associated with the utilization and handing of basic 

catalysts (especially those of a more basic nature) is the existence of acidic contaminants in 

the surrounding atmosphere. Basic catalysts can become quickly and perhaps irreversibly 

contaminated by water and CO2.  

c) Acidic supports 
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In genuine metal oxides, the surface-exposed coordinatively unsaturated cation behaves 

as a Lewis acid, while the surface-exposed hydrogen of -OH behaves as a Brønsted (or 

protonic) acid. As ionic radius decreases, charge rises, and electronegativity of metal ions 

increases, metal oxide generally gets more acidic (both acid intensity and acid quantity). So, 

from extremely acidic to very basic, metal oxides are ordered according to their acid intensity 

as follows:       RuO4 > MoO3, WO3 > ZrO2 > Cr2O3, Al2O3 > MgO > CaO > BaO > Na2O 

The catalytic reduction of carbon monoxide (CO) was examined using Pd dispersed on 

different materials such as Al2O3, SiO2, ZrO2, and TiO2 [115]. The choice of support material 

exerted a significant influence on both the catalysts' activity and selectivity. Pd/Al2O3 

predominantly produced dimethyl ether (DME), methanol formation favored over Pd/SiO2, 

methane generated over Pd/TiO2, and Pd/ZrO2 yielded methanol as the main product. Higher 

CO conversions on Pd/ZrO2 and Pd/TiO2 were attributed to the formation of cationic 

palladium species due to MSI. The substantial formation of DME over Pd/Al2O3 was ascribed 

to the support metal oxide's acidity. X-ray photoelectron spectroscopy (XPS) analysis 

revealed the interaction between palladium and the support for Pd/ZrO2 and Pd/TiO2, which 

demonstrated a slightly positive palladium oxidation state because of strong contact between 

the Pd metal and the support material. Due to the existence of the Pd-support interface, the 

Pd/ZrO2 catalyst showed outstanding activity and selectivity towards methanol. In another 

study, palladium supported on MgO, hydrotalcites (HT), and Al2O3 synthesized and used for 

the partial hydrogenation of acetylene, aiming to find the influence of support nature on 

electronic density of Pd, and catalytic performance [116]. It showed that the Pd/HT catalyst 

exhibited the highest acetylene conversion compared to Pd catalysts supported on Al2O3 and 

MgO. CO pulse and CO-IR analysis revealed that the Pd/HT catalyst exhibited the highest Pd 

metal dispersion (34.6%) over support among the three catalysts. This was further confirmed 

by HRTEM and TPR profile. XPS and CO-IR techniques revealed different electronic 
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densities of supported Pd. The catalyst Pd/HT showed a blue shift in CO-IR and an increase 

in binding energy (BE) showing that decrease in the electronic density of the supported Pd 

due to the acidic sites on HT. Conversely, the Pd/MgO catalyst showed red shift and 

decreased BE suggested that the electronic density of Pd increased due to the basic sites. Pd2+ 

species adsorb onto the basic sites (O2). Subsequently, upon reduction, the acid sites promote 

the redistribution of Pd atoms, resulting in the generation of numerous low-coordinated Pd 

particles, thereby enhancing the dispersion of the catalyst. These clearly show that the acidity 

of supports plays a vital role in catalyst performance and the selectivity of products. 

Previously our group has synthesized palladium supported on magnesium fluoride by 

a sol–gel route and used for the selective hydrogenation of variety of functional groups of 

different compounds under ambient reaction conditions as shown in Figure 1.10 [106-108]. 

Fluorine in MgF2 produces a higher Lewis acidity on magnesium metal which stabilized the 

active palladium species by metal support interaction. The synthesis of the catalyst requires 

40 % HF which may raise some safety and environmental concerns. The combination of two 

distinct weakly acidic metal oxides frequently leads to the creation of highly acidic mixed 

oxides. Amorphous and crystalline SiO2-Al2O3 serve as prime illustrations of this process, 

wherein potent Brønsted (or protonic) acids are generated. Additional instances include the 

pairing of TiO2-SiO2 and SO4-ZrO2. Moreover, the manipulation of basicity can be achieved 

through the synthesis of mixed oxides. In certain scenarios, coexistence of acidic and basic 

sites on the metal oxides surfaces play a remarkable role in achieving exceptional catalytic 

performance. 
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Figure 1.10. Hydrogenation of various functional group over Pd/MgF2 catalyst. 

 Previously our group has used a WO3/SiO2 (WS) catalyst for nitration reaction instead of 

conc. H2SO4 [117]. The WO3/SiO2 catalyst was synthesized by sol-gel method with changing 

WO3 loading ranging from 1 to 30 wt%. The sol-gel technique has resulted in the generation 

of well dispersed WO3 nano-particles of 2-5 nm size on a high surface area mesoporous silica 

and showed higher acidity. One of other active mixed metal oxide discussed above i.e. 

CuO/CeO2 which previously our group has used for oxidation reaction for the conversion of 

CO to CO2. CuO/CeO2 were synthesized by the co-precipitation method, which caused 

structural defects in the CeO2 lattice. The dispersion of palladium metal onto these mixed 

oxides was carried out to examine the interaction between the Pd metal and the oxides. 

Subsequently, these catalysts were employed in a range of significant industrial 

hydrogenation reactions.  

1.9 Limitations of hydrogenation reactions 

Presently, the significance of hydrogenation reactions in industries has experienced a 

tremendous increase due to their diverse applications in different fields. Numerous research 
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groups are actively striving to achieve hydrogenation products under mild conditions for 

enhanced economic feasibility. Traditional hydrogenation processes predominantly operate at 

high pressures and temperatures. However, elevated temperatures can result in metal 

agglomeration, leading to a decrease in catalytic activity. Consequently, several research 

groups are dedicated to developing catalytic systems that can replace these harsh reaction 

conditions with ambient conditions for hydrogenation processes [118]. Furthermore, the use 

of catalysts with high noble metal loading contributes to the costliness of the process. The 

leaching of noble metals poses a significant challenge for many industries, as it leads to a 

decrease in metal content and subsequently reduces catalytic activity. Overcoming these 

limitations is a primary focus for numerous industries and research groups. Therefore, 

keeping these limitations in mind, the thesis aims to achieve several specific objectives, thus 

paving the way for advancements in the field of hydrogenation. 

1.10 Research scope and objectives of the thesis   

The elementary reaction steps in catalysis are heavily influenced by multiple parameters, 

including the shape, size, and electronic properties of individual particles, and their interfacial 

interactions. Consequently, the macroscopic catalytic behavior can be understood as the 

collective result of interactions between reactants, intermediates, and products with the 

micro(nano)scopic coordination environment of surface atoms, which involves geometric 

arrangements, electronic confinement, interfacial effects, and other factors. Manipulating 

these parameters can significantly impact the local surface structure and chemistry, thereby 

exerting profound effects on catalysis. However, it is important to note that due to the 

intricate interplay between structural and chemical factors, uncovering the fundamental origin 

of catalytic performance poses considerable challenges. Considering the role of Pd based 

catalysts in diverse heterogeneous catalytic reactions and problems involved in catalytic 

hydrogenation reaction our group has investigated the Pd supported catalyst on metal 
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fluorides which showed a very high catalytic activity of Pd in various organic reaction. 

However, there is apprehension of using metal fluorides as supports due to the associated 

hazards while synthesizing these catalysts. Hence the goal of this thesis is to synthesize Pd 

based catalysts supported on acidic metal oxides and to correlates its catalytic activity for 

various hydrogenation reactions. To achieve the above-mentioned goals, Pd-supported 

WO3/SiO2 and CuO/CeO2, both having Lewis and Brønsted acidic properties, have been 

analyzed in the present study. Palladium dispersed on high acidic support may hydrogenate 

most of industrially important compounds in organic synthesis at ambient conditions. By 

keeping this in mind, few objectives are set for the thesis work as follows- 

 Synthesis of Pd-WO3/SiO2 catalysts with different Pd loading on WO3/SiO2 support 

with varying acidity by changing WO3 loading  

 Synthesis of Pd-CuO/CeO2 catalysts with different Pd loading  

 Characterization of all synthesized catalysts to understand the characteristics of the 

catalysts 

 To check catalytic activity of both catalysts for hydrogenation of different industrially 

important compounds 

 To optimize the reaction conditions to optimize the yields of desired product and 

study the recyclability of the catalysts 

  To study mechanistic aspect and establish catalyst structure-activity correlation 
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Abstract 

A series of palladium supported on WO3/SiO2 mixed oxide with different Pd loading 

(0.1, 0.5, 1, and 2 wt %) were synthesized by wet impregnation of palladium on WO3/SiO2 

prepared by sol-gel method and characterized by various physico-chemical techniques. The 

detailed characterization revealed the formation of Pd/WO3/SiO2 catalyst with high Pd 

dispersion (36%) on acidic support WO3/SiO2. This catalyst has shown very high efficiency for 

hydrogenation of cinnamaldehyde at 60 ℃ and 3 bar H2 pressure. Using 1%Pd-WO3/SiO2 

hydrogenation of cinnamaldehyde was achieved with 99% conversion and 70% hydrocinnamyl 

alcohol selectivity under ambient condition. Selective hydrogenation of cinnamaldehyde to 

hydrocinnamyl alcohol has been attributed to the high dispersion and large particle size of Pd 

on WO3/SiO2 acidic support. The catalyst was successfully recycled for three times without any 

loss in catalytic activity. Mechanistic studies using FTIR analysis showed the adsorption of 

cinnamaldehyde on 1%Pd-WO3/SiO2 catalyst through C=O group. Dissociative adsorption of 

hydrogen molecule takes place on reduced Pd on WO3/SiO2 support, into two hydrogen atom. 

These hydrogen atoms react with the adsorbed cinnamaldehyde molecule and transfer it to 

hydrocinnamyl alcohol. 

 

60 ℃,

3 bar H2

pressure,

THF

Yield- 70%
Conv.- 99%
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2.1 Introduction 

Hydrogenation is an important organic reaction, which has valuable industrial applications 

in the production of fine chemicals, flavors, agrochemicals, fragrances, and pharmaceutical 

industry. Catalytic hydrogenation of cinnamaldehyde (CAL) is an important reaction in 

chemical industry. CAL is α, β-unsaturated aldehyde which contains C=C and C=O conjugated 

system. Due to the hydrogenation of C=C and C=O bond it gives different hydrogenated 

products such as hydrocinnamaldehyde (HCAL), cinnamyl alcohol (COL), 3-phenyl propanol 

or hydrocinnamyl alcohol (HCOL) and propyl benzene (PB) as shown in Scheme 2.1. All the 

products are important in chemical industries. Among this HCOL is used as food flavoring 

agent, in the preparation of essence. It is usually used to make peach, apricot, watermelon, 

plum, watermelon, strawberry, and walnut and hazelnut essences. It is a key intermediate in 

medicine, proformiphen (Phenprobamate) which is a central skeletal muscle relaxant (Scheme 

2.2). 

 

Scheme 2.1. Hydrogenation of cinnamaldehyde 
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Scheme 2.2.  Phenprobamate  

Variety of homogeneous and heterogeneous catalysts have been reported for selective 

hydrogenation of CAL to HCAL and COL [1-8], but very few are reported for HCOL under 

ambient condition. Till date, both non-noble metal (e. g., Fe, Ni, Co and Cu) and noble metal (e. 

g., Pt, Pd, Ru, and Ir) nanoparticles (NPs) have been used as efficient catalysts to produce HCOL 

[9-13]. Some studies have reported the effect of metal (Pt, Rh, and Ru) particle size on selective 

hydrogenation of CAL [3, 5, 14-16].  In 1990 Giroir-Fendler et al. ascribed the particle size of 

metals affect the directional effect of the phenyl ring [17]. According to the authors, the phenyl 

group is repulsed by the metal surface preventing the C=C bond approach the metal surface. As a 

result, only the C=O bond can approach the metal, resulting in high selectivity for C=O bond 

hydrogenated products. On the other hand, phenyl group does not interact with the metal surface 

of microscopic particles, thus both the C=O and C=C bonds can approach the metal surface and 

undergo hydrogenation. Galvagno et al. [18] reported that the proportion of corners, edges, and 

faces revealed to the substrate varies as a function of particle size. Different catalytic 

characteristics can be found in atoms in varied crystallographic locations, resulting in different 

activities and selectivity. Ma et al. reported 3%Pt/CNTs (carbon nanotubes) catalyst which 

completely hydrogenate both C=C and C=O bonds on CAL to obtain HCOL, with selectivity about 

80% at 80 ºC and 30 bar H2 pressure after longer reaction time (12 h) [19]. Asedegbega-Nieto et 

al. have carried out CAL hydrogenation on bimetallic catalyst Ru–Cu and Ni– Cu supported on 

graphite [20]. The reactions were performed over monometallic catalysts (Ru and Ni/graphite) and 

bimetallic catalysts (Ru-Cu and Ni-Cu/graphite) with varying metal percentage. For Ru-
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Cu/graphite series, the monometallic 2Ru/graphite catalyst gave both saturated products (HCAL 

and COL) and unsaturated alcohol (HCAL). At the lower Cu content (2Ru0.3Cu/graphite) the 

selectivity for COL is high while when the Cu content increased (2Ru0.9Cu/graphite) the 

selectivity for HCOL increased. In case of Ni-Cu Series there is no significant change in 

selectivity. 1.2%Pt/SiO2 catalyst prepared by impregnation and hydrogen reduction method was 

used for the hydrogenation of CAL [21]. The catalyst revealed the high activity and selectivity to 

HCOL (60%) at 10 bar H2 and 80 ˚C in 2 h.  S. Chang et al. used Pt/graphite to perform the 

hydrogenation of CAL under milder reaction conditions (60 ˚C, 3bar H2 pressure, 4 h) [22]. 2% 

Pt/graphite gave 6% CAL conversion with 83% selectivity of HCOL. When Pt loading reached 

4%, the conversion of CAL increased to 97% with 97% selectivity for HCOL. Even though the 

reaction conditions are efficient for commercial process, but the higher metal loading makes 

process expensive. Therefore, it is highly desired to develop the active catalyst to get saturated 

alcohol (HCOL). 

Previously, we have synthesized palladium supported on magnesium hydroxyl fluoride Pd-MgF2-

x(OH)x catalysts which showed very high efficiency for selective hydrogenation of various 

olefins/nitro-aromatics under ambient conditions [23, 24]. The high activity was attributed to the 

acidity of the support which enhanced metal-support interaction and Pd dispersion thus leading to 

activation of hydrogen under ambient conditions. To study the effect of different acidic supports 

with tunable acidity on Pd dispersion, metal-support interaction and in turn on hydrogenation 

activity, we prepared a series of WO3/SiO2 solid acid catalysts by simple sol-gel method with 

varying WO3 loading for supporting Pd and its activity for CAL hydrogenation. 

2.2 Experimental Section  

2.2.1 Materials  
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All the reagents such as palladium acetate, ammonium meta-tungstate (AMT), ethyl silicate-40 

(ES-40) and sodium salt of cinnamaldehyde, hydrocinnamaldehyde, 3-phenyl propanol and propyl 

benzene and solvents such as methanol, ethanol, THF, toluene were procured from Molychem 

India, Chemplast, Chennai, Sigma Aldrich and used as such without further purification. 

2.2.2 Catalyst Preparation  

 The support WO3/SiO2 (WS) with different WO3 loadings (10, 15, and 20 wt% WO3 

loading on SiO2) was synthesized by previously reported method [25], using ES-40 as silica 

precursor and ammonium meta-tungstate (AMT) as WO3 precursor, respectively by sol–gel 

technique. Subsequently, palladium (0.1%, 0.5%, 1%, and 2 wt%) was loaded on WS support by 

simple impregnation method.  

 The typical synthesis procedure for 20%WO3/SiO2 (20WS) and 1%Pd20WS (1P20WS) is 

described below:  

(a) Synthesis of 20WS 

 Ammonium meta-tungstate (AMT) (5.31 g) was dissolved in 10 mL distilled water and 

added drop wise into dry IPA solution (35 ml) of ES-40 (50.0 g) with constant stirring. To this 

solution 3 mL dil. NH4OH (2.5%) solution was added and stirred until the formation of white gel. 

This resultant gel was air dried and calcined at 500 °C in air for 5 h. 

(b)  Synthesis of 1P20WS 

 The calcined support 20WS (5 g) was dispersed in 50 mL methanol.  Solution of palladium 

acetate (0.105 g) in mixture of methanol (10 mL) and acetone (10 mL) was added drop wise to the 

slurry of 20WS with constant stirring. This slurry was stirred for 2 h. The solvent was removed on 

rotary evaporator. The solid was dried at 100 ºC and calcined at 250 °C in air for 5 h. Similarly, 

all the catalysts with different palladium loadings (0.1, 0.5 and 2%) supported on 20WS were 
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prepared. Similarly, 1% Pd loaded catalysts on 10WS and 15WS support were also prepared. The 

nomenclature for the catalysts is specified below in Table 2.1. 

Table 2.1. Nomenclature of all xPd-yWO3/SiO2 catalysts 

Sr. No. Catalyst name 

 

Wt% of Pd 

x 

Wt% of WO3 

y 

1 0.1P20WS 0.1 20 

2 0.5P20WS 0.5 20 

3 1P20WS 1 20 

4 2P20WS 2 20 

5 1P15WS 1 15 

6 1P10WS 1 10 

 

2.2.3 Catalysts characterization  

(a)  X-ray Diffraction analysis 

 All the synthesized catalysts were characterized by X-ray diffraction method using PAN 

analytical X‟Pert Pro Dual Goniometer diffractometer. The diffractometer consists of X’celerator 

solid state detector with CuKα (λ=1.5406Ǻ, 40kV, 30mA) radiation and a Ni filter. The X-ray 

diffraction pattern of the sample was collected in the range of 2θ = 20-80° with a step size of 0.02° 

and a scan rate of 4° min-1. 

(b) BET surface area measurements  

 The Brunauer–Emmett–Teller (BET) specific surface area of the catalyst was determined 

by N2 sorption method at -196 °C, using Auto-sorb Quanta Chrome equipment. The sample was 

pretreated at 200 °C under vacuum prior to N2 adsorption. 
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(c)  Chemisorption studies 

 The chemisorption study of H2 was carried out using Qudrasorb instrument. The catalyst 

sample (0.15 g) was pretreated at 250 °C with 10 °C min−1 heating rate, for 2 h. The catalyst was 

reduced at 400 °C in hydrogen for 2 h. The analysis was carried out at 30 °C, with the help of 

stoichiometry of 1:2 of palladium and H2. 

(d) Fourier Transform Infrared Spectroscopic studies  

 The Fourier transform infrared (FTIR) spectra of the samples were recorded on a Thermo 

Nicolet Nexus 670 IR instrument using DTGS detector. KBr pellet method was used for 

preparation of samples with a resolution of 4 cm-1 in the range of 4000-400 cm-1 and 100 scans. 

(e)  XPS analysis 

 X-ray photoelectron spectroscopy (XPS) measurements for all the catalysts were carried 

out using Thermo K-alpha spectrometer using micro focused and monochromatic Al Kα radiation 

with energy 1486.6 eV. The samples were degassed at 300K for 4 h in a vacuum chamber. Charge 

compensation was done with the help of electron flood gun. The calibration is done with respect 

to binding energy (BE) values by referring standard C 1s peak (284.6 eV) of contaminant carbon. 

(f)  Electron microscopy  

 The morphology of the samples were determined using scanning electron microscopy 

(SEM) on a FEI quanta 200 3D dual beam ESEM instrument having thermionic emission tungsten 

filament in the 3 nm range at 30 kV. The particle size was determined using transmission electron 

microscopy (TEM) and analysis was done on a Tecnai G2-20 FEI instrument operating at an 

accelerating voltage of 300 kV. Before analysis, the powder samples were ultrasonically dispersed 

in isopropanol, and deposited on a carbon coated copper grid, dried in air before TEM analysis. 

2.2.4 Catalytic activity 
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(a)  Hydrogenation of Cinnamaldehyde 

The catalytic hydrogenation of CAL was carried out in 50 mL two necked round bottom flask 

at room temperature and 1 atm pressure of H2. Initially the catalyst (1P20WS) (0.1g) was reduced 

in-situ in ethanol (15 mL) by bubbling H2 (10 mL/min) for 15 min before each catalytic reaction. 

Then CAL (1 g) was added to the flask. The reaction mixture was stirred at room temperature with 

H2 gas continuously bubbling through the reaction mixture. The analysis was periodically carried 

out on gas chromatography Shimadzu equipped with a HP-5 column (30 mm × 0.25 mm × 0.25μm) 

and FID detector. Conversion of CAL was calculated based upon the GC by external calibration 

method, where substrate conversion = [moles of substrate redacted]/[Initial moles of substrate 

used] × 100. The product identification was carried out by comparing authentic standard samples 

in GC. For pressure effect, the hydrogenation was performed in a 50 mL high-pressure autoclave 

of Amar make. The reactor was charged with a known quantity of catalyst, 15 mL THF, and 

substrates. Before starting the reaction the reactor was purged with hydrogen three times, and then 

the reactor was filled with desired pressure of hydrogen. The reactor was heated to the required 

temperature of the reaction. Once the temperature was attained the stirring of the reactor was 

started and the reaction was carried out for 2-8 h. After completion of the reaction the stirring was 

stopped, and the reactor was cooled down to room temperature. The reactor was depressurized and 

the analysis of the reaction mixture was carried out. 

(b)  Procedure for catalyst recycles study  

The catalyst recycle study was carried out using 1P20WS catalyst for CAL hydrogenation under 

optimized reaction conditions [1 g CAL, 0.10 g catalyst (10 wt% catalyst with respect to substrate), 

15.0 mL THF, 3 bar H2 pressure, 60 °C, t-8 h]. After 8 h of the reaction, the catalyst was separated 

from the reaction mixture by centrifugation; the separated catalyst was washed with methanol for 
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2-3 times. Further, the washed catalyst was dried in an oven at 80 °C. This dried catalyst was used 

for the next reaction with the same charge. Again the same procedure was repeated for the next 

three cycles.  

2.3. Results and Discussions 

2.3.1 Catalyst characterization 

 A series of Pd-WO3/SiO2 (PWS) catalysts with Pd loading ranging from 0.1 to 2 wt% on 

20%WO3/SiO2 (20WS) were prepared by wet impregnation method using palladium acetate as 

palladium pre-cursor. To study the effect of support acidity on catalyst activity, we have also 

prepared catalysts with 1% Pd loading on 10% WS and 15% WS. The acid strength of the 

WO3/SiO2 supports with varying WO3 loading is shown in Table 2.2 [25]. Increase in the acidity 

from 0.34 to 0.56 mmol NH3/g was observed with increase in the WO3 loading from 10 to 20%, 

with maximum acidity for 20WS (0.56 mmol/g) [25]. 

(a)  X-ray diffraction studies 

 The X-ray diffraction pattern of all the prepared catalysts were analysed for its crystalline 

phases and the information is provided in Figure 2.1. The XRD pattern showed all the 

characteristic peaks for monoclinic crystalline WO3 phases, at 23.1, 23.6, 24.2, 26.6, 28.8 and 

33.5 corresponding to (002), (020), (220) and (202) planes. The XRD patterns also indicate the 

crystalline nature of WO3 phase with underlying broad peak for amorphous silica centered at 24º. 

The intensities and positions of the peaks are in accordance with the literature (JCPDS no. 43-

1035). However, no peaks corresponding to the palladium were observed in the XRD pattern of 

the catalysts even for 2% Pd loading, probably due to low palladium loading and high dispersion 

on the support.  
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Figure 2.1. XRD pattern of (i) (a) 1P10WS, (b) 1P15WS and (c) 1P20WS, (ii) (a) 20WS, (b) 

0.1P20WS, (c) 0.5P20WS, (d) 1P20WS and (e) 2P20WS 

(b)  BET surface area analysis   

 The surface area of the support and metal dispersion of the Pd loaded catalysts was 

determined using BET method and chemisorption respectively, which is given in Table 2.2. The 

surface area for the supports decreased with increasing WO3 loading from 553 m2/g for 10WS to 

289 m2/g for 20WS. Similarly, there was a decrease in surface area from 289 m2/g with increasing 

palladium loading, such as 278, 274, 264, and 255m2/g respectively for 0.1P20WS, 0.5P20WS, 

1P20WS, and 2P20WS catalysts. There was no specific trend observed in pore size and pore 

volume. The adsorption-desorption isotherms of all the Pd loaded catalysts are shown in Figure 

2.2, which showed type IV isotherm pattern for all the catalysts confirming its mesoporous nature. 

The metal dispersion was calculated from the H2 chemisorption. Very high Pd dispersion on acidic 

support (Table 2.2) was observed; 0.1P20WS showed maximum Pd dispersion of 40% followed 

by 0.5P20WS (38%), 1P15WS (37%), and 1P20WS (36%).   
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Table 2.2. Surface properties of the PWS catalysts 

 

(c)  Fourier Transform Infrared spectroscopy 

 The FTIR spectra of PWS catalysts were studied using KBr pellet method (Figure 2.3). 

Very strong band between 1300-1000 cm−1 for Si-O-Si appeared mainly due to asymmetric 

stretching, symmetric stretching and bending vibrations, whereas, W=Ot and W-O-W stretching 

were observed as weak bands at 959 and 806 cm−1. The bands at 467 cm−1 are assigned to O-Si-O 

bending vibrations. The band at 1630 cm−1 can be attributed to surface hydroxyl groups. 

 

 

 

Sr. 

No. 

Catalyst Surface  

area, 

(m2/g) 

Pore  

size,  

(Å) 

Pore  

volume, (cc/g) 

Pd  

Dispersion, 

 (%) 

NH3 

Desorbed, 

mmol/g 

1 10WS 553 20 0.56 - 0.34 

2 1P10WS 489 16 0.38 33 - 

3 15WS 438 44 0.96 - 0.35 

4 1P15WS 394 30 0.59 37 - 

5 20WS 289 36 0.53 - 0.56 

6 0.1P20WS 278 26 0.35 40 - 

7 0.5P20WS 274 22 0.30 38 - 

8 1P20WS 264 24 0.31 36 - 

9 2P20WS 255 15 0.34 33 - 
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Figure 2.2. BET surface area analysis of (a) 0.1P20WS, (b) 0.5P20WS, (c) 1P20WS, (d) 

2P20WS, (e) 1P10WS and (f) 1P15WS 
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   (i)                (ii) 

Figure 2.3. FTIR spectra of all PWS catalysts in the range  i) 400 to 4000 cm-1 and ii) 400 to 

2000 cm-1, (a) 0.1P20WS, (b) 0.5P20WS, (c) 1P20WS, (d) 2P20WS, (e) 1P10WS and (f) 

1P15WS 

(d)  X-ray Photoelectron Spectroscopy 

 X-ray photoelectron spectroscopy (XPS) was utilized to determine the electronic state of 

palladium in fresh, and activated (reduced in H2 atmosphere) catalysts (Figure 2.4A).  Palladium 

3d core level spectrum of the catalyst with the binding energy (BE) of the Pd 3d5/2 peak at 335.1 

eV, corresponding to metallic palladium, while, Pd3d3/2 peaks at 336.7 eV and 336.4 eV, 

corresponding to Pd+2 phase was observed in the fresh catalyst indicating presence of both Pd(0) 

and Pd(+2). However, only metallic palladium species (Pd 3d5/2 at 335.1 eV) was observed in the 

activated catalyst, due to complete reduction of Pd2+ to Pd0, in presence of hydrogen under ambient 

conditions. This indicates very facile reduction of Pd (+2) to Pd (0) at room temperature and 

atmospheric pressure. Figure 2.4(B) represents W4f core level spectra, where doublet can be 

deconvoluted into pair of peaks with binding energies at 35.1-35.7 eV for W 4f7/2 and 37.3-37.8 

eV for W 4f5/2, respectively. These peaks can be attributed to +6 oxidation state of tungsten by 

comparing with earlier literature [26]. 
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Figure 2.4. XPS spectra related to (A) Pd3d, (B) W4f of a) fresh, b) activated 1P20WS catalyst 

(e) TEM Analysis 

 The palladium particle size was determined using the TEM analysis (Figure 2.5 to 2.9). 

The catalyst prepared by the impregnation method showed very high dispersion of the palladium 

particles. Most of the Pd particles were found to be in range of 12-18 nm though the particle size 

distribution ranged up to 25 nm. The tungsten and palladium particles were distinguished by 

characteristics d spacing values. Palladium nano-particles were found to be in (111) plane as 

confirmed by characteristics d spacing of 0.23 nm [27]. The particle size distribution is given as 

Figure inset. The particle size distribution ranges over 5-25 nm, however, maximum particles are 

in the range of 12 nm - 18 nm. 
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Figure 2.5. TEM images of 1P20WS catalyst 

 

Figure 2.6. TEM images of 0.1P20WS catalyst 
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Figure 2.7. TEM images of 0.5P20WS catalyst 

 

Figure 2.8. TEM images of 2P20WS catalyst 

 

Figure 2.9. TEM images of (a) 1P10WS and (b) 1P15WS catalyst 
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As previously reported [25], the formation of very small particles of WO3 (2-5 nm) dispersed on 

SiO2 are formed due to sol gel preparation method. The loaded palladium has formed nano sheets 

on WS support as confirmed from Figure 2.5c. The catalysts showed very high metal dispersion 

(36%) compared to the literature reports. Palladium dispersion on commercial carbon of very high 

surface area (1400 m2/g) was reported to be only 30% for 1% Pd loading [28]. The Pd (3%) 

dispersed on high surface area carbon (844 m2/g) used for nitrobenzene hydrogenation showed 

only 12.4% Pd dispersion [29]. The high metal dispersion can be attributed to the formation of 

palladium nano-sheets on the surface. This observation is in agreement with our previous work 

where Pd nano sheets formation was observed on acidic MgF2-x(OH)x support [23]. 

(f) SEM analysis 

 SEM images of all the prepared catalysts are shown in Figure 2.10. All the catalysts showed 

almost similar morphology and particle size with some particles in the range of 10-20 m and 

some very small particles of <5 m. Elemental analysis of catalysts carried out by EDAX 

technique is presented in Table 2.3.        
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Figure 2.10. SEM images of (a) 0.1P20WS, (b) 0.5P20WS, (c) 1P20WS, (d) 2P20WS, (e) 

1P10WS and (f) 1P15WS catalyst 

Table 2.3. Elemental composition of catalysts by EDAX 

Entry Catalyst Elemental Composition (%) 

Pd W Si O 

1 0.1P20WS 0.22 4.17 37.49 58.12 

2 0.5P20WS 0.32 2.86 35.46 61.36 

3 1P20WS 1.43 6.20 35.29 57.08 

4 2P20WS 1.62 14.06 24.71 59.62 

5 1P10WS 0.78 6.68 30.63 61.73 

6 1P15WS 0.97 16.50 36.18 46.73 

2.3.2 Catalytic activity for Cinnamaldehyde hydrogenation 

(a) Catalysts screening 

The catalytic performance of the palladium supported on WO3/SiO2 catalyst was evaluated 

a 

f 

b 
c 

d e 

50 µm 50 µm 50 µm 

50 µm 50 µm 50 µm 
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for hydrogenation of CAL initially in ethanol at room temperature and atmospheric pressure by 

continuous bubbling hydrogen gas (10-12 ml/min) through the reaction mixture. There were three 

hydrogenated products obtained such as HCAL, HCOL, and PB.  Along with these hydrogenated 

products ethyl ketal of CAL was also obtained because the reaction was carried out in ethanol as 

shown in Scheme 2.3. 

 

Scheme 2.3. Hydrogenation of CAL on PWS catalyst 

For comparison, the reaction was carried out using support (20WS) under identical reaction 

conditions. As expected, the reaction showed very low conversion of CAL (9%) with lower yield 

(1%) for hydrogenated product HCAL and high (8%) for ketal of CAL (Table 2.4, entry 1). To 

study the effect of individual components of the support, the reaction was carried out using 

1%Pd/SiO2 and 1%Pd/WO3 catalyst also; it gave 26% and 22% CAL conversion respectively 

(Table 2.4, entry 2-3). To study the effect of support acidity on CAL hydrogenation, reaction was 

also performed using 1P10WS, 1P15WS, and 1P20WS under same reaction condition (Table 2.4, 

entry 4-6). The catalytic activity increased with increasing the acidity of the support. As mention 
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above the acidity trend for the support is as follows: 20WS > 15WS > 10WS. As the acidity of 

1P20WS catalyst was high it gave high CAL conversion of 93%. While 1P15WS, and 1P10WS 

catalyst gave 79%, and 63% CAL conversion respectively. The very high activity under ambient 

condition of the catalysts can be attributed to the very high Pd dispersion on acidic support. This 

observation is in agreement with our previous results for hydrogenation of styrene under ambient 

conditions using 1%Pd/MgF2-x(OH)x, where very high activity was attributed to very high Pd 

dispersion (48%) and formation of Pd nano sheets on acidic MgF2-x(OH)x support [23]. Similarly 

in case of PWS catalysts Pd nano sheet formation was observed on WS support (Figure 2.5. to 

2.9.) explaining the high activity of the catalyst for hydrogenation of CAL under ambient 

conditions. As the rate of hydrogenation is high for 1P20WS, high yield for hydrogenated products 

was obtained. Almost 40% yield was obtained for HCOL.  

Table 2.4. The catalyst screening for CAL hydrogenation 

Sr. 

No. 

Catalyst Time 

h 

Conv. 

% 

Yield 

 

Yield 

 

Yield 

 

Yield 

ketal 

of CAL 

1 20WS 8 09 - 1 - 8 

2 1Pd/SiO2 8 26 - 2 1 23 

3 1Pd/WO3 8 22 - 2 - 20 

4 1P10WS 8 63 2 6 11 44 

5 1P15WS 8 79 4 14 27 34 

6 1P20WS 8 93 4 17 40 32 

Reaction condition- CAL (1 g), 10 wt % catalyst  w.r.t. substrate, 15 ml solvent (ethanol),  H2 

bubbling,  temp-RT. 
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(b) Solvent effect on Cinnamaldehyde hydrogenation 

The effect of various solvents on the hydrogenation of CAL and the yield of hydrogenated products 

was studied using the polar (methanol, ethanol, and Tetrahydrofuran (THF)) and nonpolar solvents 

(toluene), and the results are shown in Table 2.5. A very high CAL conversion was obtained in 

polar solvents with the better yield of HCOL as compared to the nonpolar solvents. The higher 

rate of hydrogenation in the polar solvent may be due to a high dipole moment, high dielectric 

constant, and also high hydrogen donor ability of polar solvents [30, 31].  In methanol and ethanol, 

higher CAL conversion (>99% and 93% respectively) was obtained but due to acidic support the 

rate of ketal formation was higher than the rate of hydrogenation. Hence in both solvent the yield 

of ketal of CAL was high as compare to hydrogenated products. In THF 62% CAL conversion 

was obtained with 47% yield of HCOL.  In nonpolar solvent toluene; CAL conversion was 59% 

with 32% yield for HCOL.  In THF good CAL conversion (62%) with high yield (47%) for HCOL 

was obtained, hence THF was used as solvent for further parametric study.  

Table 2.5. Solvent effect on hydrogenation of CAL  

Sr. 

No. 

Solvent Time 

h 

Conv. 

% 

Yield 

 

Yield 

 

Yield 

 

Ketal 

of CAL 

1 Methanol 8 >99 3 4 22 68 

2 Ethanol 8 93 4 17 40 32 

3 THF 8 62 6 9 47 - 

4 Toluene 8 59 6 21 32 - 

Reaction condition- CAL (1 g), 10 wt % catalyst w.r.t. substrate (1P20WS), 15 ml solvent, H2 

bubbling, temp- RT. 
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(c) Time profile study for Cinnamaldehyde hydrogenation 

      The reaction profile and yield of products over time was carried out in THF and the result is 

shown in Figure 2.11. The result showed constant increase in CAL conversion with time, despite 

the less initial activity with 1P20WS catalyst. The yield of the products HCOL, HCAL, and PB 

also gradually increased with time. At 1h the yield of HCOL was 5%, which increased to 75% 

after 12h.  
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Figure 2.11. CAL hydrogenation reaction profile with time 

Reaction condition- CAL (1 g), 10 wt % catalyst w.r.t. substrate (1P20WS), 15 ml solvent 

(THF), H2 bubbling, temp- RT. 

(d)  Pressure effect on Cinnamaldehyde hydrogenation 

To find the effect of pressure on CAL hydrogenation, the reaction was carried out at 3bar 

hydrogen pressure and room temperature. The results were compared with reaction under 

ambient reaction conditions and the data is shown in Figure 2.12. It shows that with increase 

in the pressure from 1 to 3 bar the conversion of CAL increased from 62 to 75% and yield from 
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47 to 53% after 8h. This increase in the reaction rate is attributed to the higher concentration 

of hydrogen in same volume at higher H2 pressure which, leads to increase in the solubility of 

hydrogen. 
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Figure 2.12. Effect of Pressure on CAL hydrogenation reaction  

Reaction condition- CAL (1 g), 10 wt % catalyst w.r.t. substrate (1P20WS), 15 ml solvent 

(THF), temp- RT, time-8h. 

(e) Temperature effect on Cinnamaldehyde hydrogenation 

In addition to pressure, reaction temperature is also an important factor in investigation of 

activity of PWS catalyst for CAL hydrogenation. To explore the effect of temperature on CAL 

hydrogenation, the reactions were performed at RT (30 ºC) and 60 ºC. The results are shown in 

Figure 2.13. At 30 °C temperature, 75% conversion of CAL was obtained within 8h with 52% 

yield of HCOL. As expected the CAL conversion increased, with an increase in the temperature. 

At 60 °C almost 99% conversion of CAL was observed with 70% yield of HCOL in 8h.  
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Figure 2.13. Effect of temperature on CAL hydrogenation reaction  

Reaction condition- CAL (1 g), 10 wt % catalyst w.r.t. substrate (1P20WS), 15 ml solvent 

(THF), 3bar H2 pressure, time-8h. 

(f) Catalyst loading effect on Cinnamaldehyde hydrogenation 

To find out the role of the catalyst loading on CAL hydrogenation, reactions were 

performed at different catalyst loadings such as 5, 10 and 15 wt % with respect to CAL and results 

are shown in Figure 2.14. As catalyst loading increased gradually from 5 to 15 wt. % with respect 

to CAL, the conversion gradually increased from 37 to 99%, with HCOL yield from 24 to 72% 

after 8h. At higher catalyst loading (15 wt. %) 99% CAL conversion was observed with in 5h with 

59% yield of HCOL. This can be attributed to the number of active sites with increase in the 

catalyst charge, which leads to an increase in the conversion. 
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Figure 2.14. Effect of catalyst loading on the conversion of CAL  

Reaction condition- CAL (1 g), catalyst (1P20WS), 15 ml solvent (THF), 3 bar H2 Pressure, 

temp-60 ºC; red dash line-5h; black solid line- 8h; ■conversion of CAL, ▼yield of HCOL, 

▲yield of HCAL and ● yield of PB. 

(g) Pd loading effect on Cinnamaldehyde hydrogenation 

To study the effect of Pd metal loading on CAL hydrogenation, we controlled Pd loading 

to 0.5, 1, and 2 wt% by varying the amount of Pd precursor during catalyst synthesis, and reaction 

results are shown in Table 2.6. As Pd loading was increased, CAL conversion also increased 

because the active sites increased in the reaction medium. The 0.5P20WS catalyst showed 60% 

CAL conversion with 28% yield of HCOL, which increased to 99% conversion and 70% yield for 

1P20WS catalyst in 8h. With increase in further Pd loading, the time required for complete 

conversion of CAL decreased from 8 h for 1P20WS catalyst to 5h for 2P20WS catalyst (2% Pd 

loading).  2P20WS catalyst shows 99% CAL conversion with 61% yield of HCOL after 5h. After 

8h the yield of HCOL increased to 75%.  The result shows that there is no considerable increase 
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in yield of HCOL with increasing Pd loading from 1 to 2% in catalyst. So for further recycle study 

we used 1P20WS catalyst.  

Table 2.6. Pd loading effect on CAL conversion  

Sr. 

No. 

Catalyst 

loading 

wt% 

Time 

h 

Conv. 

% 

Yield 

 

Yield 

 

Yield 

 

1 

 

0.5 2 31 1 16 14 

8 60 2 30 28 

2 1 2 42 3 11 28 

8 99 7 22 70 

3 2 2 74 7 24 44 

5 99 8 30 61 

8 99 11 13 75 

Reaction condition- CAL (1 g), catalyst 10 wt % wrt substrate, 15 ml solvent (THF), 3 bar H2 

Pressure, temp-60 ºC. 

(h) Recycle study 

The recycle study of catalyst was performed with 1P20WS catalyst after separating it from 

the reaction mixture by centrifugation, washing with solvent and drying in oven at 100 °C. The 

three cycles were performed using same charge and optimized reaction conditions. The results are 

shown in Figure 2.15. From result we concluded that the catalyst shows good stability up to three 

runs with similar yield of HCOL. Additionally, to check Pd leaching in reaction mixture, ICP-AES 

analysis was carried out and the results showed no Pd leaching in the reaction mixture. 
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Figure 2.15. Recycle study of 1P20WS catalyst for CAL hydrogenation 

Reaction condition- CAL (1 g), 1P20WS catalyst 10 wt % wrt substrate, 15 ml solvent (THF), 3 

bar H2 Pressure, temp-60 ºC, time-8h. 

There are very few reports, for the selective hydrogenation of CAL to HCOL. Some are 

shown in Table 2.7. In 2006, Ru-Cu supported on graphite with 2 wt % Ru and 0.9 wt % Cu loading 

has shown hydrogenation of CAL at 50 ºC and 50 bar hydrogen pressure. Catalyst gave 100% 

conversion of CAL with 50% selectivity of HCOL [20]. Y. Qian reported Pt support on carbon 

nano-tubes for CAL hydrogenation which showed very good selectivity for HCOL (80%) [19]. 

Though the selectivity is good, the pressure required for conversion is high (30 bar) and also the 

Pt loading is high in the catalyst (3 wt %). This may lead to economic concerns. 1% Platinum 

supported on silica is also reported for same reaction at milder reaction conditions such as 80 ºC 

and 10 bar H2 pressure [21]. But the catalyst showed very low CAL conversion (38%) with lower 

(35%) selectivity for HCOL. When the present work was compared with previous literature, the 

1P20WS catalyst was found to be superior with 99% CAL conversion with 70% yield of HCOL 
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under milder reaction condition such as 60 ºC temperature and 3 bar hydrogen pressure at lower 

(1%) palladium loading. 

Table 2.7. Literature survey for hydrogenation of CAL 

 

2.3.3. Used catalyst characterization 

(a) XRD analysis 

The powder X-ray diffraction pattern of fresh and used 1P20WS catalysts are shown in Figure 

2.16. There was no changes observed in the diffraction pattern of used catalyst compared to fresh 

catalyst and it completely matched with the XRD pattern of monoclinic crystalline structure of 

WO3. 

Sr. 

No. 

Catalyst Catalyst 

Loading 

wrt 

 substrate 

Solvent Temp 

ºC 

Pressure 

bar 

 

Time 

h 

Conv. 

% of 

CAL 

Select. 

HCOL 

 

Ref. 

1 2Ru0.9Cu/graphite - IPA 50 50 6 100 50 [20] 

2 3%Pt/CNTs 5 wt% IPA 80 30 12 100 80 [19] 

3 1%Pt/SiO
2
 5 wt% IPA 80 10 2 38 35 [21] 

4 5%Ni-

0.5%Pd/CeO2/ZrO2 

5 wt% IPA 100 20 8 100 99.9 [32] 

5 4% Pt/graphite 15wt% IPA 60 5 4 97 95 [22] 

6 5%Pd/C 5wt% Dioxane 80 1 atm. 55 100 60 [12] 

7 Pd/ZnO 10wt% Toluene 80 40 1 100 30 [33] 

8 Ni-Ag/TiO2 15wt% MeOH 80 20 1 76 40 [34] 

9 1P20WS 10wt% THF 60 3 8 99 70 Present 

work 
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Figure 2.16. XRD pattern of (a) fresh and (b) used 1P20WS catalysts 

(b) HRTEM analysis 

To study the morphological change in used catalyst, HRTEM analysis of fresh and used catalyst 

was performed and the results are presented in Figure 2.17 and 2.18. The HRTEM results showed 

no change in the particle size and also no change in the elemental composition of fresh and used 

1P20WS catalyst. The XRD and HRTEM data of used catalyst confirmed no changes in the 

structure of the used catalyst. 
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Figure 2.17.  HRTEM data of fresh 1P20WS catalyst 

 

 

 

  

 

 

 

 

Figure 2.18.  HRTEM data of used 1P20WS catalyst 

2.4. Possible reaction mechanism of cinnamaldehyde hydrogenation on 1P20WS catalyst 

The present 1P20WS catalyst is active for selective hydrogenation of CAL to HCOL. Mechanistic 

aspects for hydrogenation of CAL on 1P20WS catalyst were studied by survey of the previous 

literature reports and using FTIR spectroscopy. Literature survey showed that the product 

selectivity for hydrogenation of α, β-unsaturated carbonyl compounds is depending on d-band 
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