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Abstract 

Selective oxidation of alcohols is a crucial reaction in either petroleum refinery or biorefinery 

and biomass processing, because it represents an elegant class of atom-efficient molecular 

transformations for chemical valorization. This reaction can be catalyzed by a range of platinum-

group and other noble and/or transition metals. The alcohol oxidation products such as aldehyde, 

ketone, ester and acid products are valuable intermediates for the fine chemical, pharmaceutical 

and agrochemical sectors. In addition, alcohols such as benzyl alcohol (BnOH) derivatives are 

used to design catalytic systems for lignin depolymerization. Lignin is the most important 

renewable source of aromatics on the planet, and depolymerizing the lignin can result in valuable 

aromatic compounds currently produced from petroleum. 

In the present study, the catalytic activity of palladium supported on ceria nanorod and 

mesoporous silica for the aerobic oxidation of BnOH derivatives and 4-(benzyloxy)phenol is 

investigated. Different Pd/ceria catalysts were prepared, varying the oxidation state of palladium 

by changing the preparation method and palladium precursor. A selected number of samples 

were studied by X-ray diffraction (XRD), temperature-programmed reduction (TPR), 

transmission electron microscopy (TEM), nitrogen adsorption-desorption analysis, and X-ray 

photoelectron spectroscopy (XPS) techniques. 

Catalytic activity of palladium oxide supported on ceria nanorod (PdOx/CeO2-NR) for 

aerobic selective oxidation of BnOH to benzaldehyde (PhCHO) was evaluated. The ceria nanorod 

was synthesized hydrothermally and the Pd(NO3)2 was deposited by a wet impregnation method, 

followed by calcination to acquire PdOx/CeO2-NR. In addition, PdOx/CeO2-NR was reduced 



 

IX 

(PdOx/CeO2-NR-Red) by H2 using TPR equipment, and tested for BnOH oxidation to assess the 

effect of palladium oxidation state on the catalytic activity. Furthermore, the effects of solvent 

and temperature on the catalytic activity of aforementioned catalysts were studied. The 

PdOx/CeO2-NR showed remarkable activity in ethanol (EtOH): 93% BnOH conversion along with 

96% PhCHO selectivity. A mechanistic hypothesis for BnOH oxidation with PdOx/CeO2-NR in 

EtOH is presented. 

Pd/ceria catalysts with different preparation methods or different palladium precursor were 

prepared and tested for selective BnOH oxidation. The results showed that for all the reduced 

samples, using toluene as solvent for BnOH oxidation resulted in higher conversions compared 

to utilizing EtOH. In addition, changing the palladium precursor enormously influenced the 

catalytic activity, and probably changed the mechanism of the reaction. 

Furthermore, solvent-free aerobic oxidation of BnOH derivatives was performed using 

palladium oxide supported on ceria nanorod (2 wt.% Pd), leading to 34% BnOH conversion, with 

99% PhCHO selectivity. The solvent-free oxidation on BnOH derivatives showed that when 

electron-donating groups (EDG) were substituted on BnOH (e.g. 4-methoxybenzyl alcohol) the 

conversion increased, but decrease in selectivity occurred; while electron-withdrawing groups 

(EWG) eliminated the catalytic activity to zero conversion (e.g. for 4-nitrobenzyl alcohol). 

Pd-P alloy supported on functionalized mesoporous silica was tested for BnOH to compare 

the effect of support on the catalytic activity. This catalyst was almost inactive in EtOH, but active 

in toluene. Unlike other tested catalysts, utilizing supported Pd-P at temperatures above 100 °C 

led to decrease in selectivity of PhCHO.  
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Opening Discussion 

Selective oxidation reactions are considered to be one of the most crucial groups of 

transformations in organic chemistry. The catalytic oxidation of alcohols is of utmost importance 

for either petroleum refinery or biorefinery, and biomass processing, because it represents an 

elegant class of atom-efficient molecular transformations for chemical valorization, that are 

catalyzed under mild conditions by a range of platinum-group and other noble and/or transition 

metals. The alcohol oxidation products such as aldehyde, ketone, ester and acid products are 

valuable intermediates for the fine chemical, pharmaceutical and agrochemical sectors, with 

allylic aldehydes be particularly high-value compounds, widely applicable in numerous 

industries such as perfume and flavorings [1-3]. 

In addition to importance from chemical and industrial points of view, selective catalytic 

oxidation of alcohols plays a significant role in green chemistry, since in many cases it can be an 

environmentally friendly alternative for toxic chemical reactions. For example, benzaldehyde 

(PhCHO), a critical fine and intermediate chemical in many industries as pharmaceutical, 

dyestuff, agrochemical and perfumery [4], is conventionally produced by oxidation of toluene or 

hydrolysis of benzal chloride, but in the former, the selectivity is low, and the latter leads to 

undesirable chlorine contamination [5]. PhCHO can be produced from selective catalytic 

oxidation of benzyl alcohol (BnOH) as well. Although expensive and toxic chromium and 

manganese salts can be used as stoichiometric oxidants, but they might be replaceable by cheaper 

and more ecofriendly oxidants like oxygen and air [6]. The major part of the present PhD thesis 
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is dedicated to selective and aerobic catalytic oxidation of BnOH to PhCHO over supported 

palladium catalysts. 

For an oxidation process to be ideally green, it is essential to design a highly active and 

selective recyclable catalyst, capable of working at atmospheric pressure in the presence of 

oxygen and the absence of solvents and bases. Stoichiometric oxidations catalyzed by transition 

metal compounds or sulfoxides are still commonly used, despite the formation of a large amount 

of undesirable products. Several homogeneous noble metal-based catalysts are able to perform 

the selective oxidation of alcohols, but, besides the difficulty to isolate the catalyst from the 

reaction mixture, reusability of expensive noble metal and purification of products, they require 

the use of organic solvents or high oxygen pressure. Therefore, considering easier catalyst 

recycling and products separation, noble metal heterogeneous catalysts might be an 

advantageous alternative [7]. 

Even though the feasibility of omitting the solvent from catalytic oxidations might lead to a 

greener reaction and a cheaper process, studying the behavior of a catalyst in solvents with 

different natures is still necessary. This is particularly valid for catalytic oxidation of benzylic 

alcohols, because this reaction is a basic model for oxidative depolymerization of lignin , a process 

in which, solvents might play a critical role [8-10]. Lignin, the most important renewable source 

of aromatics on the planet, is a complex three-dimensional amorphous phenylpropanoid 

polymer. Lignin valorization is the name of different processes leading to depolymerization of 

lignin into valuable aromatic compounds that, currently is obtained from petroleum resources 

[11-13]. 
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In general, selective oxidation of BnOH and its derivatives not only is important from 

industrial and economic point of view due to precious produced compounds, but also is a key 

step of developing catalysts for one of most important processes of green chemistry, i.e., 

valorization of lignin. 

 Catalysis 

As a simple definition, “catalyst” is a substance that facilitates a chemical reaction. It might 

seem that catalysts accelerate chemical reactions; but in fact, catalysts open up new routes to 

equilibrium. In other words, catalysts deal with the kinetics, not the thermodynamics of chemical 

reactions. Svante August Arrhenius, formalized the relation among reaction rate constant, k (mol 

L-1 s-1) for zero order reactions and s-1 for first order reactions), and the absolute temperature, T 

(K), based on empirical observations (Equation 1.1). In this equation, A, represents the pre-

exponential factor which is a constant for each chemical reaction; R is the universal gas constant 

(~2 cal mol-1 K-1), and Ea is the reaction activation energy (cal mol-1). Decrease in Ea leads to increase 

of k, and this how a catalyst works [7]. 

𝑘 = 𝐴𝑒−
𝐸𝑎
𝑅𝑇 Equation 1.1 

Catalysis has been a key element for development of chemical industry and became the base 

of the large-scale production of chemicals. Catalysis contributed to preservation of resources as 

well as diminishing the industrial pollutions [14,15] which are both, crucial concepts of green 

chemistry. In other words, “catalysis is the key to sustainability” [16].  
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1.1.1. E Factor, Atom Economy and Environmental Quotient 

When it comes to quantifying the “greenness” of a chemical process, certain measures are 

defined, from which E factor and atom economy are among the basics. For a chemical reaction, E 

factor is defined as below: 

𝐸 =
𝑘𝑔 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒

𝑘𝑔 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 

Equation 1.2 

where waste is everything produced except desired product. Water, gases as carbon dioxide or 

NOx, inorganic salts, heavy metal salts, and/or organic compounds are examples of most common 

“waste” of chemical reactions. The factor of “atom economy” considers the number and identity 

of the atoms of reactants in a chemical reaction that are incorporated into the desirable 

product/products. As an example, the stoichiometric oxidation of 1-Phenylethanol to the 

corresponding ketone, with chromium trioxide in sulfuric acid and catalytic oxidation with O2 

are reported in Scheme 1.1a. and Scheme 1.1b respectively. The atom efficiency of the stoichiometric 

oxidation is 42% while the atom efficiency of the catalytic oxidation with molecular oxygen is 

87%, assuming 100% conversion of substrate to the desirable product (acetophenone). 

3 PhCH(OH)CH3 + 2 CrO3 + 3 H2SO4  ―――>  3 PhCOCH3 + Cr2(SO4)3 + 6 H2O (a) 

PhCH(OH)CH3 + 1/2 O2 ―――>  PhCOCH3 + H2O (b) 

Scheme 1.1. Stoichiometric (a) and catalytic (b) oxidation of 1-Phenylethanol. 



Chapter 1: Introduction 

6 

E factor and atom economy exclude the nature of wastes in chemical reactions. For example, 

in the reaction showed in Scheme 1.1b, water is considered as waste, and its production decreased 

the atom economy of the reaction. But from environmental point of view, Cr2(SO4)3 waste of the 

stoichiometric oxidation (Scheme 1.1a) is far more important than H2O waste. Therefore, a third 

factor, “environmental quotient” (EQ), is defined as bellow: 

𝐸𝑄 = 𝐸 × 𝑄 
Equation 1.3 

where E is the E factor and Q is an arbitrarily assigned unfriendliness quotient whose value 

depends on toxicity, ease and efficiency of recyclability, etc., of each chemical compound or 

element [7,16,17]. 

In general, the atom economy plays an important role in green chemistry. Ideally, every atom 

participating in a process should be converted to product. Classic organic synthesis protocols 

often use stoichiometric reagents many of those are toxic, containing atoms that are not 

incorporated in the products and must be gotten rid of. This is disadvantageous not only for the 

environment, but also from economic point of view, because the lost is twice: once paying for the 

additional reagents, and once spending for waste disposal and product separation. Shifting from 

stoichiometric to catalytic reactions might be beneficial for the environment as well as for the 

economy of chemical industries. However, it is not guaranteed because many alternative catalytic 

reactions, are still costly and/or lead to toxic waste, either due to price/nature of the uncollectable 

catalyst, or production of undesirable products because of low yield of the favorable product.  
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1.1.2. Efficiency of Catalytic Reactions and Catalysts 

One of common methods of measuring the efficiency of a chemical reaction, is to assess three 

key factors, namely reactant conversion, product selectivity and product yield (Equation 1.4 - 1.6). 

By definition, reactant conversion is the fraction of reactant that is converted during the chemical 

reaction. The product selectivity is the fraction of a certain product out of all the produced 

materials. The product yield calculated the fraction of production of a specific reaction product, 

compared to the ideal production, i.e., 100% reactant conversion and 100% product selectivity. 

𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 
× 100 Equation 1.4 

𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
× 100 Equation 1.5 

𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑖𝑜𝑛 ×  𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦

100
 Equation 1.6 

While conversion, selectivity and yield refer to the efficiency and results of chemical 

reactions, turnover number (TON) and turnover frequency (TOF) are common means to measure 

the efficiency of a catalyst. TON is the average number of substrate moles that each mole of 

catalyst converted to a product, during the course of reaction. TOF counts the same value as TON, 

but per unit of time. TON and TOF for a homogeneous catalysis is given in Equation 1.7 and 

Equation 1.8. 
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𝑇𝑂𝑁 =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
× 100 Equation 1.7 

𝑇𝑂𝐹 (ℎ−1) =
𝑇𝑂𝑁

𝑇𝑖𝑚𝑒
 Equation 1.8 

In case of heterogeneous catalysis, number of active sites should be used for calculating TON 

and TOF. But since extracting this number in many cases is difficult, mass of catalyst is used 

alternatively. 

1.1.3. Catalysts Categorization 

Catalysts can be categorized according to a variety of properties; but, perhaps the most 

common classification is homogeneous, heterogeneous and biocatalysts. 

In homogeneous catalysis, the reactants, products and the catalyst are all in the same phase. 

The most regular form of homogeneous catalysis is the condition in which, all the materials 

present in a solution. For instance, liquid-phase oxidation of ethylbenzene to acetophenone over 

cobalt ions as catalyst, in acetic acid as solvent, by H2O2 as oxidizing agent [18], (Scheme 1.2). On 

the other hand, in heterogeneous catalysis, the catalyst and substrate are in different phases; for 

example, in methanation of CO2 (Scheme 1.3) over supported nickel catalyst, the substrate is in 

gaseous and the catalyst is in solid phase [19]. Biocatalysts are often complex proteins called 

enzymes that catalyze reactions in living cells. It is noteworthy that the catalytic activity of 

biocatalysts is not limited to living cell. As an example, in a previous research work of the author, 
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a commercial mixture of Cellulase and -Glucosidase showed activity for enzymatic hydrolysis 

of cellulose in Calotropisgigantea fiber to glucose [20] (Scheme 1.4). 

 

Scheme 1.2. Liquid-phase oxidation of ethylbenzene to acetophenone over cobalt ions as catalyst, in 

acetic acid as solvent, by H2O2 as oxidizing agent. Reaction conditions: ethylbenzene (EB) with 35% 

aq. H2O2, 10% CoBr2 in AcOH at 80 °C. HPEB: (1-hydroperoxyethyl) benzene, AP: acetophenone, PE: 

phenylethanol, PEA: 1-phenylethyl acetate. 

CO2 + 4H2  ―――> CH4 + 2H2O 

Scheme 1.3. Methanation of carbon dioxide. 

 

Scheme 1.4. Enzymatic hydrolysis of cellulose to glucose via Cellulase and β-Glucosidase. 

Homogeneous catalysis offers high catalytic performance, in many cases, better than the 

heterogeneous catalytic systems; but, it only accounts for 10% of the global industrial catalytic 

processes. The main reason probably is that collecting and recovering the catalyst after 
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homogeneous catalytic reactions is a problematic task, making the whole process economically 

and environmentally unbeneficial. On one hand, the price of the catalyst is usually way higher 

than the value of the reactants thus, if possible, shouldn’t be lost, and on the other hand, 

remaining some parts of the catalyst in the product can be extremely unfavorable, aside from 

environmental threat poses by industrial waste polluted with chemical catalysts. Furthermore, 

being in form of metal-ligand, many homogeneous catalysts are thermally sensitive due to weak 

resistance of the ligand against temperature. However, heterogeneous catalysis suffers from its 

own disadvantages, namely, low reaction yield in some cases, leaching of catalyst from the 

support material, mass transfer between multiphases, and catalyst deactivation due to reasons as 

sintering or thermal degradation (that happens at elevated temperatures) [7,21,22]. 

1.1.4. Nanocatalysis 

As discussed in previous section, conventional homogeneous and heterogeneous catalysts 

each suffers from certain drawbacks. Homogeneous catalysts offer high catalytic activity and 

product yield; but, they are difficult/impossible to recover and reuse after the catalytic reaction. 

Heterogeneous catalysts are easier to recollect and recycle, while resulting lower catalytic activity, 

partly because of less surface area of the catalyst that is accessible for the substrate. 

The inclusion of nanoscience into the science of catalysis has become a widely accepted 

approach to design new catalysts with high selectivity [23]. Supported or unsupported noble 

metals have shown a close relationship between their size and/or shape and their catalytic activity 

[19,24,25]. In the case of supported particles, their catalytic performance is strictly dependent on 

the type of chosen support, being those with higher surface areas the best ones for preparing 
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nanoparticles (NPs) directly on the support. High dispersion and low leaching can be achieved if 

a strong affinity between support and particles occurs. The support can also effect the electronic 

structure of the supported metal and/or modify the catalytic reaction by itself [26-28]. NPs of 

noble metals supported on different materials such as oxides have been largely applied for 

catalyzing chemical reactions aiming at energy conversion, environmental remediation, and 

chemical industry, because of their exceptional activity [29]. Oxidation of alcohols is one of 

reactions in which, homogeneous or heterogeneous noble metal catalysts have been extensively 

utilized; however, heterogeneous systems are preferred due to recoverability of the expensive 

catalyst [30-33]. 

 Catalytic Oxidation of Alcohols 

Carbonyl compounds such as aldehydes, acids and ketones are widely utilized as starting 

precursor or intermediate for the synthesis and design of high-value chemicals in numerous 

industrial fields such as pharmaceutical, perfumery, agrochemical, and dyestuff [32,34-37]. In 

industry, many of these compounds are majorly produced by inefficient and/or unsustainable 

conventional methods, even though they can be produced by selective oxidation of primary or 

secondary alcohols (Scheme 1.5a, and 1.5b respectively); therefore, selective oxidation of alcohols 

is considered utterly important in both academic studies and industrial production [38-42]. In this 

regard, several aspects of this reaction has been focused on by researchers, aiming at improving 

the reaction from economic and environmental points of view, for example, high efficiency of the 

reaction, i.e., substrate conversion and product selectivity, mild reaction conditions (temperature, 
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pressure, pH), omitting the use of solvent or using greener and/or cheaper solvents, 

environmentally-friendliness of oxidizing agent, efficiency and eco-friendliness of the utilized 

catalyst, etc. An ideally economic and green alcohol oxidation requires a highly active and 

selective recyclable catalyst that works in atmospheric pressure of air or molecular oxygen and 

room temperature, without any solvent or base. [3,37,43,44].  

 

Scheme 1.5. Oxidation of (a) primary alcohols to aldehyde and acid, and (b) secondary alcohols to 

ketone. 

1.2.1. Examples of catalytic alcohol oxidation 

In 1977, palladium catalyzed oxidation of alcohols by molecular oxygen was performed for 

the first time by Blackburn and Schwartz using PdCl2 with sodium acetate ligand [45]. Since then, 

many studies have been focused on catalytic activity of palladium for selective oxidation of 

alcohols by air or O2. Many homogeneous palladium catalysts have been reported. Palladium (II) 

acetate for instance showed high activity and selectivity for oxidation of a variety of primary and 

secondary alcohols by O2 in presence of a base and organic solvents [46,47] as well as water 
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[48,49]. Table 1.1 shows some of the reactions performed in abovementioned research works. 

Although the alcohol conversion and the product selectivity of the oxidation reactions were high 

in many of the experiments, but the necessity of utilizing base and irrecoverableness of the 

catalyst pose serious disadvantages to these reactions. 

Schultz et al. compared three catalyst systems developed by their group [50]. In this report, 

a Pd-N-heterocyclic carbene catalyst was used for aerobic oxidation of alcohols at room 

temperature using 1 mol% catalyst. The activity of this catalyst was compared with the previously 

reported Pd(OAc)2/TEA (a mixture of palladium(II) acetate and triethylamine) [51] and 

Pd(IiPr)(OAc)2 [52] catalyst systems. The new system (Pd(IiPr)-(OPiv)2) was similar to 

Pd(IiPr)(OAc)2, but in the new system, acetate was replaced by pivalate (PivO, tert-Butylformate), 

because they had realized that more basic anionic ligands improved the oxidation rates. Although 

Pd(IiPr)-(OPiv)2 system represented a mild oxidation, the scope was limited to the primary 

aliphatic alcohols, and sterically encumbered alcohols were not oxidized well. They also 

evaluated the substrate scope of the three catalytic systems for more complex alcohols such as 

1,2- and 1,3-mono-protected diols as well as amino alcohols. The authors demonstrated that both 

the Pd(IiPr)-(OPiv)2 and Pd(IiPr)(OAc)2 systems were more efficient in terms of catalyst loading 

and oxygen concentration. Pd(IiPr)(OAc)2 showed the greatest ability to be modulated through 

changing temperature.  
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Table 1.1. Oxidation of primary and secondary alcohols by homogeneous palladium catalysts and O2 

in basic conditions. a dimethyl sulfoxide. b PhenS*: bathophenanthroline disulfonate. 

Substrate Product catalyst Solvent Yield (%) Ref 

  

Pd(OAc)2 Toluene 95 30 

 
 

Pd(OAc)2 Toluene 85 30 

  

Pd(OAc)2 Toluene 93 30 

  

Pd(OAc)2 DMSOa 50 31 

  
Pd(OAc)2 DMSO 53 31 

  

PhenS*Pd(OAc)2b Water 90 32 

  

PhenS*Pd(OAc)2 Water 79 32 

  

PhenS*Pd(OAc)2 Water 88 32 

  

PhenS*Pd(OAc)2 Water 90 32 



Chapter 1: Introduction 

15 

As noted earlier, difficulty to isolate the catalyst from the reaction mixture, reusability of 

expensive noble metals and purification of products remain a complex task. Therefore, a valid 

alternative due to the more convenient catalyst recycling and products separation is noble metal 

heterogeneous catalysts [7,53,54]  

Hackett et al. showed that Pd dispersed on high surface area, mesoporous alumina (350 m2g−1 

surface area; 3 nm pore diameter) offered exceptional activity for selective aerobic allylic alcohol 

oxidation in toluene. Palladium was deposited by wetness impregnation with tetraamine 

palladium(II) nitrate solution, on an alumina support which was prepared by modified 

surfactant-templated route through hydrolysis of aluminum sec-butoxide and subsequent aging 

in the presence of lauric acid following by calcination at 500 °C [55]. After palladium deposition, 

the catalyst was first calcined and then reduced under H2. Schematic depiction of the prepared 

catalyst is given in Figure 1.1. They found out that the yield of aldehyde production 

(crotonaldehyde and cinnamaldehyde) were enhanced up to 10-fold over that had been achieved 

in their previous research [56] using a conventional amorphous alumina support with smaller 

surface area (180 m2g−1) for the aerobic oxidation of croton alcohol and cinnamyl alcohol (see 

Scheme 1.6 for the oxidized alcohols and produced aldehydes’ chemical structures). This was 

attributed to the greater dispersion achievable over the higher alumina area, and its ability to 

stabilize single-site Pd2+ catalytic centers. They observed that high palladium loading resulted in 

bigger clusters and metallic palladium, while for lower metal loadings, palladium tended more 

to stabilize on the support in oxidized isolated form (see Table 1.2) [55]. In case of conventional 

alumina support, it was observed that increase in palladium loading up to 0.84 wt.% improved 

the conversion of cinnamyl alcohol, while further increase in Pd loading to 2.02 wt.% diminished 
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the conversion (Figure 1.2), due to adverse effect of high Pd loading on particle size and dispersion 

of metal on the support. 

 

Figure 1.1. Schematic depiction of palladium on alumina surface, prepared by Hackett et al. [55]. 

OH CH3 

(a) 

O CH3 

(b) 

OH

 

(c) 

O

 

(d) 

Scheme 1.6. Chemical structure of (a) croton alcohol, (b) crotonaldehyde, (c) cinnamyl alcohol, and 

(d) cinnamaldehyde. 

Table 1.2. Structural and catalytic properties of Pd/mesoAl2O3 [55] in the aerobic oxidation of croton 

alcohol and cinammyl alcohol to corresponding aldehydes. 

Pd loading 

(wt.%) 

Particle 

size (nm) 

Total Pd2+ 

(%) 

Crotonaldehyde Yield 

(mmol h-1 gcat.
-1) 

Cinnamaldehyde 

Yield (mmol h-1 gcat.
-1) 

0.03 0.13 85 3.1 1.9 

0.06 0.8 59 5.1 1.8 

1.03 1.3 43.4 29.9 9.0 

2.37 2.0 23.6 24.8 8.2 

4.70 4.4 17.8 17.1 7.2 
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Figure 1.2. Reaction properties for cinnamyl alcohol selective aerobic oxidation over Pd supported 

on conventional amorphous alumina [56]. 

Wada et al. prepared catalysts included palladium oxide NPs of 1.5–3.0 nm diameter, located 

on the surface of TiO2 crystalline particles and covered by an ultrathin microporous silica layer 

[57]. The catalysts showed excellent catalytic activities towards the aerobic oxidation of BnOH in 

water, and mild activity in toluene; but, the catalysts were not active for the oxidation of a bulkier 

alcohol, 2-naphthylmethanol, suggesting the size selectivity of the catalysts due to the 

microporous thin silica layer on its surface. The ultrathin microporous silica layer was reported 

to be responsible for the suppression of the growth of PdO particles during the calcination, given 

that the preparation of catalysts was finalized by controlled calcination process. 

The NPs of many transition/noble metals are reported to be effective for selective oxidation 

of alcohols. Copper‐manganese oxide on carbon system has been proven to be efficient for 
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selective oxidation of different alcohols to the corresponding aldehydes or ketones with 

molecular oxygen at 80 °C [58]. Anderson et al. showed that Pt supported on Al2O3 and Ru 

supported on carbon are active in aerobic oxidation of 2-octanol to the corresponding ketone in 

water as solvent. However, they reported that utilizing H2O2 as oxidant led to better catalytic 

activity compared to air [59]. Yamaguchi and Mizuno tested Ru supported on alumina for 

solvent-free selective oxidation of a range of primary and secondary alcohols with molecular 

oxygen, resulted in high alcohol conversion and selectivity towards the corresponding aldehyde 

or ketone [60]. Performing the same reactions in organic solvents was studied by the same group 

[61]. Utilizing a polar solvent, i.e., acetonitrile (AcCN) led to significant decrease in alcohol 

conversion compared to non-polar toluene or less polar ethyl acetate (EtOAc) solvents; but the 

selectivity of aldehyde remained constant. A 4-step mechanism is proposed for the aerobic 

oxidation of alcohols over prepared Ru/alumina catalyst (see Scheme 1.7) including formation of 

Run+-alcoholate species through the ligand exchange between Run+-hydroxide and the alcohol, β-

hydride elimination of the alcoholate species to the corresponding carbonyl compound and the 

Run+-hydride species, and re-oxidation of Run+-hybrid through insertion of molecular oxygen 

into Run+-hybrid [61]. 
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Scheme 1.7. Mechanism of Ru/alumina catalyzed aerobic oxidation of alcohols, proposed by 

Yamaguchi and Mizuno [61]. 

Abad et al. prepared gold NPs supported on nano cerium oxide, and tested the catalytic 

activity on a range of allylic alcohols, and compared the results with those achieved by Pd/Au 

bimetallic catalysts supported on TiO2, for the same oxidation reactions [62]. They observed that 

the mono metallic gold catalyst led to extensively higher selectivity towards unsaturated 

carbonylic compounds; for example, in case of oxidation of 1-Octen-3-ol, 99% yield of unsaturated 

carbonylic products was achieved by Au/CeO2, while 26% yield was obtained by the bimetallic 

Au-Pd/TiO2 catalyst. Scheme 1.8 shows the possible competing chemical processes during gold or 

palladium catalyzed aerobic allylic alcohols oxidation. The percentage of each product (if 

produced during the reaction) is partly dependent on the alcohol substrate [62]. 
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Scheme 1.8. Six possible chemical processes competing during aerobic oxidation of allylic alcohols 

catalyzed by gold or palladium [62]. 

 Benzyl alcohol 

Oxidation of benzyl alcohol (BnOH) is of utmost importance from scientific research, 

industrial, and environmental points of view [63-66]. Products of BnOH oxidation, specially 

benzaldehyde (PhCHO), are key materials in many industries such as perfumery, 

pharmaceutical, agrochemical, and dyestuff manufacturing [67-69]. The traditional PhCHO 

production methods pose economic and environmental disadvantages; therefore, if being 

performed efficiently and environmentally friendly, BnOH catalytic oxidation can be a proper 

alternative [70-72]. In this regard, many factors should be considered such as activity, selectivity, 

recyclability and toxicity of the catalyst, price and eco-friendliness of the oxidizing agent, and of 

the reaction solvent (if used), required temperature and pressure, etc. [3,7,73]. 

Because of economic and environmental issues, it is an advantage if a designed catalytic 

system works well in solvent-free conditions, or in cheaper and greener solvents; however, in 
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case of BnOH and other benzylic alcohols, it can be important for a catalyst to show high 

performance in presence of solvents too. The reason is that benzylic alcohols are basic “model 

compounds” for lignin oxidative depolymerization [74], which will be shortly discussed in 

Section 1.4. 

BnOH can be oxidized to PhCHO by a range of metal catalysts. But the oxidation might 

continue to produce benzoic acid (PhCOOH). The reaction is depicted in Scheme 1.9. Therefore, 

it’s extremely important for a catalyst to be selective towards the favorable product, i.e., PhCHO, 

or corresponding aldehydes of other benzylic alcohols. 

 

Scheme 1.9. Oxidation of benzyl alcohol (BnOH) to benzaldehyde (PhCHO) and final benzoic acid 

(PhCOOH). 

Hydrogen peroxide and tert-butyl hydroperoxide (TBHP) have been used as oxidant in some 

studies; for instance, ferric tridodecanesulfonate [75] and CoFe2O4 NPs [76] with H2O2, or Mg-Al 

hydrotalcite [77] and Vanadium hydrophosphate with TBHP [78] have been applied to perform 

the oxidation of BnOH. But it would be preferred if the reaction can be oxidized by oxygen, or 

even better, by air at atmospheric pressure. 

Utilizing noble metals to catalyze aerobic oxidation of BnOH to PhCHO is widely 

investigated. For instance, Ruthenium is proved successful in catalyzing this oxidation reaction, 

using air or molecular oxygen. Ruthenium is applied in form of tetrapropylammonium 
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perruthenate (TRAP) [79], RuCl2(PPh3)3 in combination with 2,2’,6,6’-tetramethylpiperidine N-

oxyl (TEMPO) [80] and supported on Al2O3 [60]. Many research works are dedicated to assess the 

catalytic behaviors of gold on BnOH oxidation reaction. Unsupported nanoporous gold showed 

good catalytic activity and high PhCHO selectivity in gas-phase oxidation of BnOH with 

molecular oxygen [81]. Gold NPs supported on Si/Ti [82], zeolite type metal-organic framework 

[83], mesoporous HMS silica [84] and recently BiClO [85] are also investigated and proved to be 

reactive for BnOH oxidation. 

Palladium NPs on various supports for oxidation with air or O2 were studied and in many 

cases, seemed promising due to high activity and selectivity. Considering the price of noble 

metals and environmental issues, recoverable and reusable heterogeneous systems are preferred.  

Some examples of supported palladium used for BnOH selective oxidation with air or oxygen 

include Pd supported on pumice [86], hydroxyapatite-supported palladium nanoclusters [87], 

SBA-15-supported palladium NPs [88], mesoporous alumina-supported palladium [55], Pd/COP-

4 as an organic polymer-supported palladium [89], and more recently, mesoporous CN-

supported Pd NPs [90], PdO/CuO NPs on zeolite-Y crystallite [91] and palladium NPs on a Cu 

based nanoporous metal-organic framework [92]. Furthermore, bimetallic Au/Pd NPs catalysts 

supported on TiO2 [93,94], polyaniline [95], mesoporous silica SBA-15 [96] and SBA-16 [97], and 

Ti-NT nanotubes [98] have been investigated. 

1.3.1. Mechanism of Pd-catalyzed BnOH Oxidation 

The mechanism of the alcohols oxidation over Pd0 has been investigated [3,99-101]. Oxygen 

is chemisorbed on palladium surface, oxygenated Pd mediates the assisted homolytic cleavage of 
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the O – H bond of BnOH, leading to formation of an alkoxide–palladium bond and a PdOH. 

Finally, a near Pd0 cause the hydrogen abstraction, permitting the release of the PhCHO and of a 

molecule of water [3] (Scheme 1.10). 

 

 

Scheme 1.10. Mechanism of BnOH oxidation catalyzed by Pd0 supported on ceria (thick lines). 

PhCHO, toluene, benzyl ether, benzene, PhCOOH and benzyl benzoate are the 6 products 

observed for oxidation of BnOH over Pd NPs at the temperature range close to 70–100 °C. The 

mechanism proposed by Savara et al. based on a microkinetic model, can justify the route to each 

of the 6 aforementioned products. For instance, Savara et al. postulates that the if the alkoxy, 

instead of losing a hydrogen, loses an oxygen, an alkylic derivative would appear. This alkyl can 

convert to toluene or ether, based on the conditions: the alkyl might catch a near-by hydrogen 

attached to the surface and produce toluene; alternatively, the alkyl might convert to ether if there 

is alkoxy bound to the near-by surface. The formation of acyl derivatives was justified by an 

intermediate which might be produced if an alkoxy interacts with a near-by oxygen on the surface 
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similar to toluene and ether routes, production of PhCOOH, benzyl benzoate or benzene from 

carbonyloxyl, depends on the conditions [3,101,102]. 

1.3.2. Factors in BnOH selective oxidation 

Several reaction variables might influence the catalytic behavior and subsequently, the 

conversion of substrate and selectivity for the desirable product, namely oxidant, temperature, 

solvent (if applicable), concentration, etc. 

1.3.2.1. Oxidant 

Most of the palladium-catalyzed selective BnOH oxidation utilized molecular oxygen as 

oxidant [1,3,54]. However, air [103,104] and H2O2 [105] are studied as well. Kong et al. synthesized 

PdFe3O4@mCeO2 microsphere including a magnetite core and a mesoporous CeO2 shell [106]. The 

catalytic test for oxidation of BnOH was performed using O2 flow, leading to 80.5% BnOH 

conversion and 94.8% selectivity for PhCHO at 100 °C. Yan et al. performed the solvent-free 

BnOH oxidation over palladium NPs supported on carbon nanotube, [107], by 20 mL min-1 O2 

flow, bubbling into a mixture of 50 mmol of BnOH (5.174 mL) and 10 mg catalyst (Pd 1 wt.%) at 

160 °C. The selectivity of PhCHO have been above 90% in all experiments; but, with generally 

low BnOH conversion. Dell’ Anna et al. compared the catalytic activity of palladium supported 

on porous methacrylic polymer, using air or oxygen as oxidant and water as solvent. At 100 °C, 

O2 resulted in 75% and 99% conversion and selectivity, while with air, both of conversion and 

selectivity were lower, standing at 57% and 77% respectively [103]. Rostamnia et al., utilized air 

flow at 80 °C for BnOH oxidation over Pd supported on graphene oxide nanocomposite catalyst 
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[104], which led to 98% PhCHO yield. Increase in the reaction rate is reported for reaction over 

Au-Pd catalyst supported on TiO2, at 120 °C [108], when the pressure of oxygen changed from 2 

to 5 bar (Figure 1.3). Conversion of substrate and PhCHO selectivity grew to approximately 95% 

and 80% respectively at the maximum pressure, with diminish in amount of produced toluene. 

 

Figure 1.3. Effect of pressure on conversion and selectivity during BnOH oxidation catalyzed by Au-

Pd/TiO2 at 120 °C [108]. 

1.3.2.2.  Temperature 

Cao et al. tested the effect of temperature on catalytic activity of bimetallic Au-Pd supported 

on TiO2 catalyst for BnOH oxidation to PhCHO, using O2 [108]. The reaction was carried out at 80 

- 140 °C. Figure 1.4 shows the effect of reaction temperature on the alcohol conversion and 

aldehyde aldehyde/toluene selectivity. The BnOH conversion increased with the temperature 

from 20% at 80 °C up to 81% for the reaction at 140 °C, but the PhCHO selectivity diminished at 

the temperatures above 100 °C, from almost 70% at 100 °C down to 60% at 140 °C. The same 
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phenomenon is reported by Qi et al. for BnOH oxidation catalyzed by partially reduced 

palladium supported on MnOx [109]. Increasing the temperature from 100 to 130 °C has led to rise 

in BnOH conversion from 50% at 100 °C, to 70% at 130 °C; but, the selectivity decreased from 

almost 98% to near 80% by heating the reaction up to 130 °C. Chan-Thaw et al. suggest that the 

reason of lower PhCHO selectivity at temperatures above 100 °C is that activation barrier for the 

formation of toluene through the C ― O bond cleavage is higher than for the PhCHO formation 

[3]. 

 

Figure 1.4. Effect of temperature on conversion and selectivity during BnOH oxidation catalyzed by 

Au-Pd/TiO2 [108]. 

1.3.2.3. Solvent and Concentration 

Many organic solvents have been utilized for BnOH catalytic oxidation by palladium 

catalysts. For instance, toluene [90,95], xylene [101] dimethyl sulfoxide (DMSO) [110,111], and 

AcCN [112] are investigated. Rostamnia et al. [104] explored the solvent effects on the oxidation 
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of BnOH catalyzed by a highly dispersive Pd supported on graphene oxide nanocomposite, using 

either water, ethanol (EtOH), methanol (MeOH), toluene, or dichloromethane (DCM) as solvent 

(Figure 1.5). The best PhCHO yield was achieved in nonpolar toluene (80% PhCHO yield). It was 

hypothesized that the reason was that the catalyst dispersed properly in toluene, consequently 

exhibiting a higher catalytic efficiency. The yield of PhCHO for the reactions with EtOH, MeOH, 

and water was ~35%, 34% and 28% respectively, following by below 5% PhCHO yield obtained 

using DCM. Addition of a surfactant to water resulted in significant increase of PhCHO yield, up 

to ~95%, due to enhanced catalyst dispersion in solvent. The authors attributed the higher yield 

in water/surfactant system compared to toluene, to the exclusive solubility of O2 in water [104]. 

 

Figure 1.5. Effect of solvent on catalytic activity of 0.0096 mmol Pd-Supported graphene oxide 

nanocomposite in oxidation of 6 mmol BnOH at 80 °C [104]. 

Yang et al. studied the effect of solvent, using palladium supported on a mineral clay, 

palygorskite (PG) [112]. X-ray photoelectron spectroscopy (XPS) analysis of the supported 

palladium samples showed that the major palladium species was Pd2+, with the Pd 3d5/2 peak at 

337.3 eV BE. The best catalytic performance was observed in AcCN, leading to 100% BnOH 
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conversion and 99% PhCHO selectivity. The authors attributed this result to high polarity of 

AcCN. But the second best catalytic activity was observed in the nonpolar toluene (85% 

conversion) followed by 73% conversion obtained from the reaction in DCM solvent, which 

possesses a higher dielectric constants compared to toluene. The recyclability of the supported 

palladium catalyst was tested at the optimized conditions by Yang et al. (Figure 1.6), leading to 

slight decreases in BnOH conversion and preserving high PhCHO selectivity for five reaction 

rounds. Catalyst was separated, washed several times with EtOH and deionized water, and dried 

in vacuum at room temperature before being used in the next oxidation round [112]. 

 

Figure 1.6. Recyclability test of Pd/PG in BnOH oxidation [112].  

Dimitratos et al., compared [113] the oxidation in toluene and in water, using palladium, gold 

and platinum mono or bimetallic catalysts supported on activated carbon. All of the prepared 
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catalysts showed better activity in water. Best result was obtained by Au 73%-Pd 27% catalyst in 

water, resulted in 96% BnOH conversion and 94% PhCHO selectivity. 

The catalytic activity of palladium NPs supported on mesoporous carbon nitride (Pd/CN) for 

the aerobic BnOH oxidation was studied by Xu et al. [90]. The reactions were carried out utilizing 

10 mL toluene as solvent at 80 °C. As the amount of BnOH increases from 0.4 to 1.0 mL, its 

conversion improves from 39% to 94%, preserving 100% selectivity towards PhCHO but further 

addition of the substrate concentration resulted in decreases in BnOH conversion. The authors 

postulated that since the catalytic reaction proceeds in the presence of 10 mL toluene under the 

low amount of feedstock (< 0.8 mL), the solvent with high concentration might impede the 

adsorption of BnOH on the surface of heterogeneous catalyst, thus undermining catalytic activity 

[90]. The authors also tested the oxidation of other benzylic alcohols, and the substrates, products 

and results are presented in Table 1.3. They observed that the catalytic activity for each case 

depends on the property of substituent. Addition of electron-donating groups (EDG) i.e., methyl 

and methoxy, led to high catalytic activity (> 92%) in shorter reaction time, while substituting 

electron-withdrawing group (EWG) i.e., nitro, resulted in a significant decrease in alcohol 

conversion i.e., down to 54%. Xu et al. hypothesized that electron-withdrawing groups would 

hinder the activation of hydroxyl in the catalytic reactions [90]. As shown in Section 1.3.1 and 

Scheme 1.10 for mechanism of BnOH oxidation with Pd, the hydroxyl group should be activated 

on Pd to form the alkoxide, which later undergoes a dehydrogenation and then transformation 

into aldehyde. The EDGs are able to facilitate the formation of carbocation-type transition state, 

whereas, EWG would impede it [90]. However, Xu et al. reported that elongating the duration of 
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the oxidation of 4-nitrobenzyl alcohol up to 10 hours resulted in increase in alcohol conversion to 

87% [90]. 

Table 1.3. Oxidation of benzylic alcohols (1 mL) by Pd/CN & O2, at 80 °C in 10 mL toluene [90]. 

Substrate Product Reaction Time (h) Aldehyde Yield (%) 

  

4 94 

  

4 92 

  

3 93 

  

2.5 53 

1.3.2.4. Effect of Catalyst properties 

Zhou et al. studied the crucial role of both the size and the distribution of Pd NPs on the 

activity and selectivity [89]. Palladium was supported on a covalent organic polymer (COP-4). 

The Pd/COP-4 catalysts prepared with an impregnation method and H2 reduction, were active 

for the aerobic oxidation of BnOH to PhCHO whether with or without solvent. Pd/COP-4-DH 

(prepared with dimethylformamide (DMF)) with a mean palladium size of 7.7 nm and a 

dispersion of 0.145 resulted in 32% BnOH conversion (Table 1.4). The other catalyst (Pd/COP-4-

WH, prepared with water) with 9.9 nm and 0.113 dispersion led to less conversion (20.1%), 

showing that solvents used in the process of preparing the catalysts might influence the 
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interaction between the support and the metal particles and thus the distribution of the particles 

and the catalytic activity. DMF used in this contribution can build a bridge between the COP-4 

support and the Pd particles. However, the achieved PhCHO selectivity was higher with 

Pd/COP-4-WH, because particle size distribution of Pd/COP-4-DH was broader [89]. 

Table 1.4. Catalyst properties catalytic activity of Pd supported on covalent organic polymer (COP-

4), for BnOH to PhCHO aerobic solvent-free oxidation at 160 °C [89]. 

Catalyst Pd Size (nm) Pd Dispersion Conversion (%) Selectivity (%) 

COP-4 - - 6.2 100 

Pd/COP-4-WHa 9.9 ± 0.2 0.113 20.1 57.1 

Pd/COP-4-DHb 7.7 ± 1.8 0.145 32.0 89.8 

a Catalyst prepared with water. b Catalyst prepared with dimethylformamide. 

Crystal structure of palladium may affect the catalytic activity for BnOH oxidation. Ferri et 

al. studied the oxidation of BnOH catalyzed by Pd supported on alumina. [114]. They observed 

that in comparison with other palladium faces, Pd (111) was more likely to host the 

decarboxylation, leading to unfavorable benzene production; but, PhCHO production showed 

insignificant dependence on Pd structure, occurred on all exposed faces [114]. 

1.3.2.5. Effect of Support 

Support may influence the catalytic activity of metal NPs, for instance, by changing the 

electronic and structural properties of the NPs through surface interaction with the support [3]. 

Metal sintering, over-oxidation, and leaching of metal can be affected by support properties; in 

addition, the support itself may play a role in the reaction by absorbing the reactants [3,54], or, as 
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shown in Table 1.4 for COP-4 support, by directly catalyzing the reaction even without presence 

of metal NPs [89]. 

CeO2 is a reductive oxide, efficient as support for metals such as Pd, Pt, and Au to catalyze 

reactions like amination of alcohols [115], and oxidation of CO [116] and alcohols [117]. The 

reason is the enhanced surface area and high amount of surface-active sites (oxygen vacancies) 

on nano ceria in comparison with other common supports [117-119]. This higher oxygen vacancy 

roots from the presence of Ce(III) on the ceria surface which can promote the absorption of 

molecular oxygen. In other words, the oxygen reserving capacity of a ceria sample depends on 

the Ce3+/Ce4+ ratio, which may itself be related to ceria morphology [120]. It has been shown that 

CeO2 support with different morphologies such as nanorod, nanocube, or nano-octaedron 

differently effected the catalytic performances, as reported for lean methane combustion over 

palladium supported on ceria nanorod, nanocube, or nanotube catalysts [120] and in BnOH 

oxidation over palladium supported on CeO2 truncated octahedra and cubes [121]. 

Other metals supported on ceria have also been tested for different reactions, for instance, 

Cu or Ni supported on ceria nanorod (CeO2-NR) led to a higher activity compared with other 

support morphologies; in particular, the nanorod morphology showed better activity in the CO 

oxidation [122], in the dry reforming of methane [123], and in the synthesis of dimethyl carbonate 

from methane and MeOH [124]. 

X-ray diffraction (XRD) technique is utilized in many research works to study the crystal 

structure of catalysts and the possible effect of metal deposition on the support structure. For 

instance, the XRD patterns of Pd/ceria samples (Figure 1.7) in Lei et al. research work [120], 

reported to show reflections that according to Joint Committee on Powder Diffraction Standards 
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(JCPDS), were assigned to face-centered cubic structure of CeO2. All characteristic peaks of three 

Pd/ceria samples (at 28.6°, 33.1°, 47.5°, 56.3°, 59.1°, 69.4°, 76.7°, and 79.07°) were corresponded to 

the (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (3 3 1), and (4 2 0) planes respectively, indicative 

of ceria face-centered cubic structure (JCPDS No. 34-0394). Lei et al. claimed that since no peak of 

Pd phase was observed, Pd particle size was small and NPs were well-dispersed on the support 

[120]; however, this might be due to other reasons such as low metal loading (below the device 

detection limit) [125,126]. 

 

Figure 1.7. XRD patterns of Lei et al. Pd ceria samples. o-CeO2, c- CeO2, and r- CeO2 represents ceria 

with nano-octaedron, nanocube, and nanorod morphologies respectively [120]. 

Zhang et al. reported that the bimetallic Au/Pd supported on CeO2-NR showed remarkable 

catalytic activity and selectivity in BnOH oxidation using molecular oxygen [119]. Oxidation of 

BnOH catalyzed by PdCl2 supported on spherical, microrods, or spindle-like CeO2 particles was 

investigated by Liu et al.[117]. The scanning electron microscope (SEM) images are depicted in 
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Figure 1.8, proving the formation of targeted morphologies. The experiments were performed 

using molecular oxygen at 80 °C, and 1:4 molar ratios of BnOH to PdCl2. Yields of PhCHO of the 

reactions are reported in Table 1.5. Among three used support morphologies, nanosphere ceria 

derived the best PhCHO yield and microrod-structure ceria performed the weakest. 

Figure 1.8. SEM images of: (a) nanosphere, (b) microrod, and (c) spindle-like ceria particles 

synthesized and acquired by Liu et al. [117]. 

Table 1.5. Surface area (SBET) and total pore volume (V) of ceria-supported PdCl2 catalysts, and 

results of BnOH oxidation [117]. 

This was explained by data from the Brunauer–Emmet–Teller (BET) surface area acquired 

from nitrogen adsorption-desorption analysis (Table 1.5). Microrod structure showed least surface 

area while spindle-like ceria had the most, and nanosphere ceria was reported to be in the middle. 

The other important factor is total pore volume, whose amount for spherical ceria was higher 

than that of spindle-like and microrods ceria so it was concluded that better Pd nanoparticles 

dispersion over nanosphere, led to higher PhCHO production. 

   

Ceria Morphology SBET
 
 (m2/g) V (cm3/g) PhCHO Yield (%) 

nanosphere 112.3 0.18 99 

microrod 97.2 0.14 84 

spindle-like 117.6 0.12 90 
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Zhang et al [119] compared the catalytic behavior of CeO2-NR-supported bimetallic Au/Pd 

by monometallic Pd in selective BnOH oxidation using 1.0 MPa molecular oxygen. CeO2-NRs 

were reported to be 10-20 nm and 50-300 nm in diameter and length respectively, and lots of 

metal NPs with the narrowly distributed size around 2.6 nm were evenly deposited on the ceria 

according to transmission electron microscope (TEM) images shown in Figure 1.9a [119]. By 

studying the high resolution transmission electron microscope (HRTEM) image (Figure 1.9b), 

Zhang et al. realized that the fringe distance for the ceria support was 0.287 nm, in good 

agreement with the value corresponds to (200) ceria lattice plane (Figure 1.9b). In addition, the 

0.204 nm fringe distance measured for the metal particles was reported to be pretty close to 

related value of both palladium and gold (200) lattice space [119]. 

  

Figure 1.9. TEM (a) and HRTEM (b) images of AuPd/CeO2 sample (Au:Pd 1:5, 1.2 wt.%) [119]. 

Utilizing XPS analysis, Zhang et al measured the oxidation state of palladium and gold in 

one of samples (Figure 1.10). By comparing the peak positions (Au 4f7/2 at ~83.3 nm and Pd 3d5/2 

at ~334.9 nm) with reference values, it was shown that Pd and Au were in metallic state, indicating 
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the reduction of palladium and gold by the Ce3+ at room temperature. Bimetallic catalyst 

demonstrated better reactivity than monometallic Pd/CeO2-NR, but slightly better PhCHO 

selectivity was achieved by the monometallic catalyst (Table 1.6). Higher activity of bimetallic 

system was attributed to electron density being pulled away from Pd by Au leading to improved 

interaction among Pd and BnOH atoms [119]. 

 

Figure 1.10. Au 4f (a) and Pd 3d (b) XPS spectra of AuPd/CeO2 sample (Au:Pd 1:5, 1.2 wt.%) [119]. 

Table 1.6. Metal composition and catalytic activity of Pd/CeO2 and some of AuPd/CeO2 samples 

prepared and used in aerobic BnOH to PhCHO oxidation at 120 °C by Zhang et al. [119]. 

Au:Pd 
Time 

(min) 

Conversion 

(%) 

Selectivity 

(%) 

0:1 60 95.7 95.0 

1:5 22 94.7 92.3 

1:3 40 96.6 94.4 

Xin et al studied the effect of CeO2 morphology on the catalytic activity of ceria-supported 

palladium single atoms (Pd1) as well as hexapalladium clusters (Pd6) in BnOH aerobic oxidation. 

[127]. Pd1 or Pd6 were deposited on either truncated octahedron ceria (CeO2(T)), ceria nanocube 

(CeO2 (C)), or ceria nanorod (CeO2 (R)). HRTEM images of CeO2 (T) and CeO2 (C) supports 
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(before metal deposition), as well as images of CeO2 (R) sample -after Pd1 or Pd6 deposition are 

shown in Figure 1.11 [127]. Xin et al. measured the fringe distances of ceria samples and reported 

that the main exposed plane in CeO2 (C) was (100), while both CeO2 (R) and CeO2 (T) mainly 

exposed (111) plane. For instance, the measured 0.31 nm fringe distance of Pd1/CeO2 (R) and 

Pd6/CeO2 (R) (Figure 1.11c and 1.11d respectively), were in good agreement with the d value of 

ceria (111). In addition, Xin et al. were unable to identify any Pd particles in the HRTEM images 

of Pd1/CeO2 (R) or Pd6/CeO2 (R) [127]. 

 

 

Figure 1.11. HRTEM images of (a) truncated octahedron ceria (CeO2(T)), (b) ceria nanocube 

(CeO2(C)), (c) ceria nanorod supported with Pd single atoms (Pd1/CeO2 (R), and (d) ceria nanorod 

supported with hexapalladium clusters (Pd6/CeO2 (R)) [127]. 
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Xin et al. tested all the Pd/ceria samples in aerobic solvent-free BnOH oxidation (Figure 1.12) 

[127]. Regardless of the support morphology, all the samples with hexapalladium clusters, 

namely Pd6/CeO2 (R), Pd6/CeO2 (T), and Pd6/CeO2 (C) were almost inactive, while all the samples 

with atomically dispersed palladium, namely Pd1/CeO2 (R), Pd1/CeO2 (T), and Pd1/CeO2 (C) 

showed activity for BnOH oxidation, indicating the critical effect of metal particle size, Xin et al. 

claims [127]. Among the reactions catalyzed by Pd1/ceria samples, best result was achieved using 

CeO2 (R) as support, leading to ~26% BnOH conversion. This result was slightly higher than that 

achieved using truncated octahedral CeO2 as support (~24% BnOH conversion), even though both 

CeO2 morphologies exposed the (111) plane which has a synergy with palladium for catalyzing 

selective BnOH oxidation [121,127], showing the superiority of nanorod morphology in the 

performed experiments [127]. The catalysts were reduced at the final stage of preparation, but as 

shown by Tan et al., keeping palladium in metallic state on CeO2-NR is a problematic task [128]. 

 

Figure 1.12. BnOH conversion by different Pd/ceria samples prepared by Xin et al. [127]. Reaction 

conditions: 5 mmol BnOH, 10 mg catalyst, 1 atmosphere O2, 100 °C, 3h, solvent-free. 
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Furthermore, Xin et al., chose the best support morphology, i.e., CeO2 (R), and utilized it for 

aerobic solvent-free oxidation of BnOH substituted with methyl, methoxy, or nitro group. The 

results are summarized in Table 1.7. It can be observed that substituting different groups, 

influenced the outcome of the reactions. As expected, Pd6/CeO2 (R) was still inactive in the 

oxidation of substituted benzylic alcohols [127]. 

Table 1.7. Solvent-free oxidation of BnOH and substituted benzylic alcohols with Pd single atoms or 

Pd hexamers supported on CeO2 (R) (Pd1/CeO2 (R) and Pd6/CeO2 (R) respectively). Reaction 

conditions: 5 mmol BnOH, 10 mg catalyst, 1 atmosphere O2, 100 °C, 3h [127]. 

Substrate catalysts 
Conversion 

(%) 

Aldehyde 

selectivity 

(%) 

 

Pd1/CeO2 (R) 

Pd6/CeO2 (R) 

26.60 

0 

100 

N/A 

 

Pd1/CeO2 (R) 

Pd6/CeO2 (R) 

18.63 

0 

100 

N/A 

 

Pd1/CeO2 (R) 

Pd6/CeO2 (R) 

11.12 

0 

100 

N/A 

 

Pd1/CeO2 (R) 

Pd6/CeO2 (R) 

27.13 

0 

100 

N/A 

In contrary to research work of Xu et al. [90], Xin et al. observed that placing an EDG like 

methyl or methoxy in the BnOH molecule decreased the conversion of benzylic alcohols, while 
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addition of an EWG ended up in even a slightly higher alcohol conversion compared to BnOH 

conversion in the same conditions [127]. This might suggest that in two abovementioned studies, 

the reaction mechanisms were different. 

 Benzylic Alcohols as Lignin Model Compounds 

Lignocellulosic biomass, the most abundant and renewable natural resource on Earth, is 

composed of a complicated mixed structure of three natural biopolymers, namely cellulose, 

hemicellulose, and lignin [11,129-131]. Cellulose (Scheme 1.11a) is a semi-crystalline long chain 

polysaccharide formed by D–glucose units, linked by β–1,4 glycosidic bonds. Hemicellulose 

(Scheme 1.11b) is a complex, branched and heterogeneous amorphous polymeric network of 

pentoses such as xylose, and, hexoses such as mannose. Lignin (Scheme 1.11c) consists of an 

amorphous three-dimensional complex structure in which, p-hydroxyphenyl (H), guaiacyl (G) 

and syringyl (S) units are linked by C ― O or C ― C bonds. In the structure of plants (Figure 1.13) 

cellulose fibers are connected to lignin through hemicellulose. The role of lignin is to hold the 

cellulose and hemicellulose together, and to provide resistance and impermeability [11,132,133]. 

If separated, isolated, and chemically transformed, these three biopolymers can end up in a 

vast and multifunctional group of value-added biofuels, platform and intermediate chemicals, 

that are conventionally produced from petroleum [134-136]. For instance, bioethanol fuel can be 

produced from cellulose by hydrolysis to glucose (as explained in Section 1.1.3, Scheme 1.4) and 

subsequent fermentation of glucose to EtOH. This bioethanol can be potentially used as fuel either 

alone or in mixture with gasoline [20]. 
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(a) 

 

(b) 

 

(c) 

 

Scheme 1.11. Structure of (a) cellulose, (b) hemicellulose example, and (c) lignin example [132]. 

 

Figure. 1.13. Schematic representation of the location and structure of main components of 

lignocellulosic material. 
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Among three major components of lignocellulosic biomass, lignin is considered as a unique 

natural resource of numerous aromatic polymers [9,137]. Catalytic oxidative depolymerization of 

lignin aiming at extracting the highly valuable lignin monomers has been the title of many 

research works, especially during the last decade To better understand the cracking mechanism 

of lignin linkages, different “lignin model compounds” resembling those linkages have been 

employed by researchers, and numerous catalytic systems have been designed and tested in the 

oxidation of the linkages of the model compounds, and in oxidative depolymerization of lignin 

[8,138,139]. The most abundant linkages in lignin structure are β ― O ― 4, α ― O ― 4 and 4 ― 

O ― 5 (Scheme 1.11c) [10]. Examples of lignin model compounds, including those containing the 

noted linkages are shown in Scheme 1.12.  

 

 

Scheme 1.12. Examples of lignin model compounds resembling the common linkages in lignin. 
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BnOH along with substituted benzylic alcohols are the most basic lignin model compounds. 

Since lignin oxidative depolymerization is regularly performed in solvents, studying the activity 

of a catalyst in different solvents is critical.  

In this PhD research, several Pd/ceria nanorod catalysts have been synthesized and their 

catalytic activity in aerobic oxidation of BnOH and 4-benzyloxyphenol in different organic 

solvents has been studied. The catalysts were characterized by Temperature-Programmed 

Reduction (TPR) and nitrogen adsorption-desorption analysis (performed by the author), as well 

as XRD, TEM and XPS (conducted by technicians and colleagues of the author), and the results 

of analytical techniques are discussed. In addition, one of synthesized catalysts, palladium oxide 

supported on CeO2 –NR was tested in the aerobic solvent-free oxidation of BnOH and substituted 

benzylic alcohols. Furthermore, a number of palladium supported on mesoporous silica catalysts 

prepared by the colleagues of the author has been examined for the BnOH and 4-

benzyloxyphenol in different organic solvents. Detection and quantification of the products of 

catalytic oxidation at different stages of the reactions were carried out by gas chromatography-

mass spectrometry (GC-MS). 
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 Chemicals 

PdCl2; 10 wt.% Pd(NO3)2 solution in 10 wt.% nitric acid; Ce(NO3)3∙6H2O; Oleylamine; 

Trioctylphosphine; (3-aminopropyl) triethoxysilane; Citric acid, 1-pentanol, K2PdCl4, Benzyl 

alcohol (BnOH), Benzaldehyde (PhCHO), 4-Methoxybenzyl alcohol and all other chemicals 

except those reported below are from Sigma Aldrich (Germany)  

40% Pd in Pd(NO3)2∙2H2O; Pd 10% w/w in Pd(NO3)2 solution; NaH2PO2∙H2O; and all BnOH 

derivatives were from Alfa Aesar. 

Cyclooctanone, Celite, SiO2, filter cel, were from Fluka. 

n-Dodecane was from Merk-Schuchardt (Germany). 

Mesoporous silica, SiO2, were from STREM Chemicals. 

 Catalyst Preparation 

2.2.1. Preparation of Pd/ceria Catalysts 

Different palladium/ceria nanorod catalysts were prepared by the author, varying the 

palladium deposition method, palladium precursor, palladium oxidation state, and palladium 

wt.%. Preparation methods are described in the following. 

2.2.1.1. Synthesis of Ceria Nanorod 

Ceria nanorod (CeO2-NR) was prepared according to previously published method [125]. 

1.300 g of Ce(NO3)3·6H2O were dissolved in 20.0 mL of distilled water and then added to an alkali 
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solution formed by dissolving 14.400 g NaOH in 40.0 mL of distilled water in a Teflon bottle 

(Figure 2.1) under intense stirring for 30 min. Afterward, to perform a hydrothermal treatment on 

the mixture, the Teflon bottle was placed in a stainless-steel autoclave vessel. Then the vessel was 

tightly sealed and put in oven at 100 °C for 24 h. Next, the obtained purple precipitate was 

separated by vacuum filtering over a paper filter, washed several times with distilled water and 

EtOH, and dried at 120 °C for 24 h. The dried solid was milled in an agate mortar and calcined at 

400 °C for 5 hours. 

 

Figure 2.1. Preparation of ceria nanorod (CeO2-NR). 

2.2.1.2. Preparation of Palladium Oxide Supported on CeO2-NR 

Palladium oxide supported on CeO2-NR (PdOx/CeO2-NR) was prepared by depositing 

palladium nitrate on CeO2-NR via wet impregnation process, aiming at achieving CeO2/Pd molar 

ratio of 95/5 (2 wt.% Pd), and a final calcination (Figure 2.2). A volume of 10.0 mL of 0.020 M 

aqueous solution of Pd(NO3)2·2H2O was gradually added to 1.000 g of CeO2-NR in a flask while 

stirring and heating at 60 °C for 2 h. Afterward, the water was evaporated and the solid was dried 

at 120 °C for 24 h in oven, followed by milling and calcination at 500 °C for 5 h to achieve 

PdOx/CeO2-NR. The utilized palladium(II) nitrate solution was prepared by dissolving the proper 
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amount of Alfa Aesar palladium(II) nitrate dehydrate powder in distilled water at room 

temperature, helped by gradual addition of tiny amounts of HNO3. 

 

Figure 2.2. Preparation of Palladium Oxide Supported on ceria nanorod (PdOx/CeO2-NR). 

2.2.1.3. Preparation of Reduced Palladium Oxide Supported on CeO2-NR 

250 mg of prepared PdOx/CeO2-NR was subjected to reduction by H2-TPR (described in 

Section 2.5.2.2) and the produced sample (PdOx/CeO2-NR -Red) was subjected to catalytic testing 

to study the effect of Pd oxidation state on the catalytic behavior of the palladium/ceria system. 

2.2.1.4. Methanol-reduced Pd/ceria 

For preparation of this catalyst (Pd/CeO2-NR-Me-Red), methanol (MeOH) was utilized as 

solvent to reduce palladium during wet impregnation, aiming at obtaining 2 wt.% Pd: 0.017 g 

PdCl2 was dissolved in 30.0 mL MeOH by stirring at room temperature for 18 h. The obtained 

solution was gradually added to 0.500 g CeO2-NR, which led to immediate start of darkening the 

color of ceria powder. Then, the temperature was increased to 50 °C, maintaining there for 5 h, 

while the mixture was vigorously stirred. By heating to 50 °C, the color of the solid became dark 

green, and ended up in greenish black after 5 hours at 50 °C. Afterwards, the liquid was removed 
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by centrifuge, and the solid was washed by MeOH three times, following by drying in room 

temperature for 24 h and milling. A part of this catalyst was utilized in aerobic BnOH oxidation, 

the other part of this sample was subjected to calcination (500 °C for 5 h), before being tested in 

catalytic oxidation of BnOH. 

2.2.1.5. Hydrazine-reduced Pd/CeO2-NR 

For preparation of this catalyst (Pd/CeO2-NR-Hz-Red) hydrazine was utilized to reduce 

palladium during wet impregnation, with the aim of achieving 2 wt.% Pd: 10 mL of 0.020 M 

aqueous solution of Pd(NO3)2·2H2O was prepared described in Section 2.2.1.2. Subsequently, 1.160 

g of prepared CeO2-NR powder was added and stirred for 2 h at 60 °C. Then, an aqueous 

hydrazine solution (1.80 mmol) was added drop by drop to the mixture. Hydrazine and 

palladium molar ratio was fixed to 5:1. After 4 h, the precipitate was recovered by centrifugation, 

washed with plenty of water and ethanol (EtOH) and finally dried overnight at 65 °C. 

2.2.1.6. Preparation of Palladium Oxide Supported on CeO2-NR by Palladium 

Nitrate Commercial Solution 

As described in Section 2.2.1.2, PdOx/CeO2-NR was prepared using solid palladium(II) nitrate 

dehydrate. precursor from Alfa Aesar (AA). Palladium oxide supported on CeO2-NR was also 

prepared by palladium(II) nitrate commercial solutions. Preparation method was similar to that 

of PdOx/CeO2-NR, except that instead of dissolving palladium(II) nitrate dehydrate powder, the 

commercial palladium(II) nitrate solutions from AA or Sigma Aldrich (SA) was used. With AA 
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palladium(II) nitrate solution, three catalysts (2, 4 or 5.2 wt.% palladium) and with Sigma Aldrich 

solution, one sample (2 wt.% palladium) were prepared. 

2.2.2. Preparation of Pd/silica Catalysts 

In order to understand the role of the support on the catalytic activity of palladium for 

oxidation of alcohols, the oxidation reaction was tested using palladium/silica catalytic system. 

Palladium metallic as well as palladium phosphorous supported on amine-functionalized 

mesoporous silica was prepared by colleagues of the author, using a commercial mesoporous 

silica. 

2.2.2.1. Functionalization of mesoporous silica Support: NH2SiO2 

Mesoporous silica support was functionalized with 3-aminopropyltriethoxysilane (3-APTES) 

in order to add amine groups on the pore channels. 1.0 g of mesoporous silica, 100.0 mL of toluene 

and 2.5 mL of 3-APTES were put in a flask under stirring in flow of Ar for 12 hours. Then, the 

mesoporous silica was washed with water and EtOH for 3 cycles, using centrifuge for recovering 

the solid, which was finally dried at room temperature overnight. 

2.2.2.2. Synthesis and loading of Pd0 nanoparticles 

0.0355g of PdCl2 (2 mmol), 20.0 mL of oleylamine and 0,1 mL of trioctilphosphine were added 

in a flask under stirring at room temperature. The reaction was heated up to 240 °C under gentle 

Ar flow for 1.5 h. During the synthesis, gradual colour change from yellowish white to brown 

and finally to black was observed, indicating nucleation and subsequent growth of Pd0 particles. 
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The Pd nanoparticles (NPs) were separated from the reaction mixture by adding 50 mL of 

isopropanol, followed by centrifugation. The Pd0 NPs were further washed by dispersing in 

cyclohexane (10.0 mL). Thereafter, an amount corresponding to 2 wt.% of Pd0 NPs was added to 

the functionalized mesoporous silica by dispersion in 5.0 mL of cyclohexane and ultra-sonicated 

for 1 h. Finally, the dispersion was centrifuged, washed with EtOH and dried overnight in air. 

2.2.2.3. Synthesis of Pd-P alloy supported on NH2 mesoporous silica by in-situ 

reduction 

0.8052 g of citric acid, 18.0 mL of EtOH and 70.0 mL of distilled water were mixed under 

stirring and 0,4596 g of sodium hydroxide was added to obtain sodium citrate. Then, 0.03128 g of 

K2PdCl4 was added and completely dissolved under stirring. Then 0.5000 g of mesoporous 

functionalized silica, was added to the mixture which was then stirred for 2h. Finally, 0.5087 g of 

sodium hypophosphite monohydrate was dissolved in 50.0 mL of distilled water and dropped in 

the mixture, maintaining the stirring for 4 h at 80 °C. The precipitate was repeatedly centrifuged 

with distilled water and EtOH, and dried overnight in air at room temperature [126]. 

All the supported palladium catalysts, whether those prepared by the author, or the catalysts 

prepared by other members of our research group, are listed in Table 2.1. An acronym is specified 

to each catalyst which will be used in the text from now on.  
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Table 2.1. List of palladium catalysts tested in oxidation reactions. 

Sample acronym 
Pd 

wt.% 
Support Pd precursor Description 

CeO2-NR - - - Ceria nanorod support 

PdOx/CeO2-NR 2 

CeO2-NR 

Pd(NO3)2.2H2O 
Solid precursor of Alfa Aesar 

PdOx/CeO2-NR-Red 2 Reduced by H2-TPR 

Pd/CeO2-NR-Me-Red 2 PdCl2 
Pd reduced with MeOH during the wet 

impregnation 

Pd/CeO2-NR-Hz-Red* 2 Pd(NO3)2.2H2O 
Pd reduced with hydrazine following 

the wet impregnation 

PdOx/CeO2-NR-AA2 2 

Pd(NO3)2 

solution 

Alfa Aesar Pd(NO3)2 solution, Pd 10% 

w/w 
PdOx/CeO2-NR-AA4 4 

PdOx/CeO2-NR-AA5.2 5.2 

PdOx/CeO2-NR-SA2 2 Sigma Aldrich Pd(NO3)2 solution 

Pd0/NH2SiO2* 2 Functionalized 

mesoporous 

silica 

PdCl2 Pd0 or palladium phosphorous 

supported on amine-functionalized 

mesoporous silica 
Pd-P/NH2SiO2* 2 K2PdCl4 

* Prepared by colleagues of the author 

 Catalyst Testing 

The catalytic activity of prepared Pd/ceria and Pd/silica samples was tested in oxidation of 

BnOH and BnOH derivatives, and of 4-benzyloxyphenol as a lignin model compound. 

2.3.1. Oxidation of BnOH in Organic Solvents by Air/O2 

The catalytic activity of different Pd/ceria and Pd/silica catalysts for BnOH oxidation was 

investigated using a 25 mL round-bottom three-neck flask equipped with reflux condenser, gas 

inlet and thermometer. The reactions generally were tested during 5-hour reaction time, changing 
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several parameters: solvent, temperature, substrate concentration, catalyst/substrate ratio, and 

oxidant (20 mL min-1 air or O2). 

2.3.2. Leaching test 

Leaching test of PdOx/CeO2-NR catalyst was conducted using 16 mg catalyst for the aerobic 

BnOH (0.16 mmol) oxidation in EtOH at 78 °C. After 45 min, the catalyst was removed by 

centrifuge (10000 rpm, 20 min) and the remaining solution was subjected to reaction conditions 

again, to check any possible progress in the conversion of the substrate. 

2.3.3. Recyclability test 

Recyclability test of PdOx/CeO2-NR was carried out by performing the aerobic BnOH (0.16 

mmol) oxidation in EtOH at 78 °C for three rounds using. In each round, after 5 hours the catalyst 

was separated by centrifuge (10000 rpm, 20 min), washed 3 times with EtOH and dried at room 

temperature to be used in the next round. The weight of catalyst in each round of reaction was 32 

mg. Parallel reactions were carried out to acquire a proper amount of catalyst after recovering. 

2.3.4. Solvent-Free Aerobic Oxidation of Benzylic alcohols 

Catalytic activity of PdOx/CeO2-NR-SA2 for solvent-free aerobic oxidation of BnOH as well 

as substituted benzylic alcohols was assessed in a 10 mL two-neck round bottom flask, equipped 

with reflux condenser and gas inlet. For each reaction, 10 mmol of substrate was added to the 

flask, which was then put into a pre-heated silicon oil bath. When the temperature of substrate 

arrived at 100 °C, it was subjected to vigorous stirring and 10 mL min-1 air flow, bubbled into the 
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liquid/melted substrate. Then, 10 mg of PdOx/CeO2-NR-SA2 (catalyst/substrate molar ratio 

approximately 1:5320) was added, and the temperature and stirring maintained for 5 hours after 

which, the reactants were analyzed. 

2.3.5. Oxidation of 4-benzyloxyphenol in Organic Solvents 

All the Prepared Pd/ceria and Pd/silica catalysts (Table 2.1) were tested for oxidation of 4-

benzyloxyphenol. For each reaction, 10 mL of 16 mM 4-benzyloxyphenol solution (in EtOH or 

toluene) and 32 mg of the testing catalyst was added to a 25 mL round-bottom three-neck flask 

equipped with reflux condenser and gas inlet. 20 mL min-1 air or O2 was bubbled into the reaction 

mixture, while intensely stirring. A silicon oil bath was utilized to heat the system up to boiling 

of the applied solvent. Furthermore, other catalytic systems, either commercial catalysts or 

catalysts prepared by the colleagues of the author for other projects, were tested for the oxidation 

of 4-benzyloxyphenol, namely, Co3O4, platinum supported carbon, ruthenium supported on Mg-

Al alloy oxide, BaZrO3, CzZrO3, SrZrO3, and cobalt supported on Mg-Al alloy oxide (either non-

calcined, or calcined at 500 or 800 °C). 

 Analytical Method 

2.4.1. Gas Chromatography-Mass Spectrometry 

Detection and quantification of the products of catalytic oxidation at different stages of the 

reactions were carried out by gas chromatography-mass spectrometry (GC-MS), using an 

internal standard for calculating the substrate conversion, products’ selectivity. 



Chapter 2: Experimental 

54 

2.4.1.1. Background 

Gas chromatography mass spectrometry is a method by which a mixture of compounds can 

be both separated and identified. The compounds are first separated by gas chromatography as 

described below and then analyzed by the mass spectrometer. 

Gas chromatography (GC), is a common type of chromatography used in analytical 

chemistry for separating and analyzing compounds that can be vaporized without 

decomposition. In gas chromatography, the mobile phase is a carrier gas, usually an inert gas 

such as helium or hydrogen. The stationary phase is a thin polymeric layer liquid at the operative 

conditions, supported on glass or metal column. The temperature of the system can be controlled 

and modified during the analysis. Gas chromatography is like fractional distillation, since both 

processes separate the components of a mixture primarily based on boiling point (or vapor 

pressure) differences. Each compound being analyzed, reaches its boiling point in the heated 

column, starts vaporizing, interacts with the stationary phase and dilutes in it as a function of its 

affinity. This causes each compound to move through the column at a different rate and to be 

elute at a different time, known as the retention time of the compound. These properties permit 

to separate and recognize compounds in a mixture. The comparison of retention times is what 

gives GC its analytical usefulness. 

Fractional distillation is typically used to separate components of a mixture on a large scale, 

whereas GC can be used on a much smaller scale to detect compounds in an unknown mixture 

(i.e. microscale). 
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To establish the identity of the different separated compounds flowing out from the GC 

column, a detector is needed. Usually a FID (flame ionization detector) detector is used to 

determine and quantify compounds. Figure 2.3 shows the diagrams of a GC, a GC split injector, 

and a FID detector. On entering into the detector, the all carbonaceous substances are burned 

with air and hydrogen at the jet’s tip. Radical carbocations are formed as products of the 

combustion and they are detected by an anode detector. (Figure 2.4) [140]. 

In Mass spectra detector the molecules eluted from the GC are ionized to form charged particles, 

by removal of an electron. The radical cations formed pass through a magnetic field that sort them 

according to their mass-to-charge ratio (m/z). Ionization is achieved in a number of ways. In an 

electron impact (EI) mass spectrometry, the sample is introduced into a high-vacuum chamber 

where it is bombarded with highly energetic electrons. The bombarding electrons eject an electron 

from a molecule to form a radical cation, called molecular ion. The molecular ion is then detected 

and its mass to charge recorded. Because the relative molecular masses of the molecular ion and 

the sample are essentially identical, the mass spectrometer determines the Mw of the sample. 

Normally the excess of energy in the bombarding electrons causes the molecular ion to break 

down to give fragment cations and fragment radicals. Identification of the fragments provides 

information on the structure of the molecule. The ions are separated by their mass to charge ratio 

using a magnetic quadrupole analyzer. The quadrupole consists of four parallel metal rods. Each 

opposing rod pair is connected together electrically, and a radio frequency (RF) voltage is applied 

between one pair of rods and the other. A direct current voltage is then superimposed on the RF 

voltage. Ions travel down the quadrupole between the rods. Only ions of a certain mass-to-charge 

ratio will reach the detector for a given ratio of voltages: other ions have unstable trajectories and 
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will collide with the rods. This permits selection of an ion with a particular m/z or allows the 

operator to scan for a range of m/z-values by continuously varying the applied voltage [141]. 

 

(a) 

 

 

(b) (c) 

Figure 2.3. Diagram of a gas chromatograph (a); GC split injector diagram (b); flame ionization 

detector diagram (c). 

The separated ions can then be quantified using a faraday cup or electron multiplier. When 

a beam or packet of ions hits the metal, it gains a small net charge that can then be discharged to 

measure a small current equivalent to the number of impinging ions. By measuring the electrical 

current (the number of electrons flowing through the circuit per second) in the metal part of the 
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circuit the number of charges being carried by the ions in the vacuum part of the circuit can be 

determined (Figure 2.4a) [142]. An electron multiplier uses this principle of secondary electrons 

to amplify the signal. Ions are directed onto a first dynode which causes the emission of secondary 

electrons which are accelerated through an electric potential so that they strike a second dynode. 

This process can be repeated numerous times causing an amplification of the signal up to 106 

times (Figure 2.4b) [143]. 

  

(a) (b) 

Figure 2.4. Faraday cup diagram (a); electron multiplier diagram (b). 

2.4.1.2. Experimental 

Samples from the reactions were passed over a celite path entrapped between two pieces of 

cotton in a glass Pasteur pipet, by eluting with diethyl ether, and analyzed by GC-MS. The 

analyses were carried out on a Shimadzu VG 70/250S apparatus equipped with a Supelco SLB™ 

column (30 m, 0.25 mm and 0.25 m film thickness), using a temperature profile at 50 °C for 4 

minutes followed by a 10 °C/min temperature gradient until 250 °C for 10 min. The injector 

temperature was 250 °C. 

An internal standard compound (either cyclooctanone or n-dodecane) was utilized for 

calculating the conversion of substrates and the selectivity towards the products. In case of the 
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catalytic testing in organic solvents, the internal standard compound was added before the 

reaction (in the substrate solution); these reactions were analyzed hourly, by taking a 0.01 mL 

sample. In case of analyzing the result of solvent-free reactions, first, all the reactants were 

dissolved in ethyl acetate (EtOAc), diluted to 25 mL, then the proper amount of internal standard 

compound was added to this solution. Surface of reflux column as well as other internal parts of 

the reaction set-up were washed carefully with EtOAc to ensure collecting all the presented 

reactants. 

2.4.2. Definitions and Calculations 

The catalytic activity of the prepared catalysts was assessed by calculating the conversion of 

substrate and selectivity of the intended products, which are the corresponding aldehydes in case 

of benzylic alcohol substrates. 

For the simplest conducted reaction BnOH to PhCHO, the conversion and selectivity are 

calculated as follows: 

BnOH conversion (%) =
moles of BnOH reacted

initial moles of BnOH 
× 100 Equation 2.1 

PhCHO selectivity (%) =
moles PhCHO produced

moles of BnOH reacted
× 100 Equation 2.2 

 Catalyst Characterization 

A selected number of prepared catalysts were characterized. Textural and morphological 

properties were studied by X-ray diffraction (XRD), transmission electron microscope (TEM) and 

nitrogen adsorption-desorption analysis. Redox properties and oxygen storing capacity were 
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investigated by Temperature-programmed reduction H2-TPR. Electronic and chemical properties 

at the surface of the samples are analyzed by X-ray photoelectron spectroscopy (XPS). 

2.5.1. X-ray Diffraction 

2.5.1.1. Experimental 

XRD patterns were recorded using a Scintag X1 diffractometer equipped with a Cu Kα 

(λ=1.5418 Å) source and the Brag-Brentano θ–θ configuration in the 2θ =10 - 80 range, with 0.05° 

step size and 3 s acquisition time. The phases of the metal and oxide support of the catalysts were 

carefully analyzed by PowderX software. Peak positions in the diffraction patterns were 

compared with Joint Committee on Powder Diffraction Standards (JCPDS) database files. The 

average crystallite sizes of the various catalysts were calculated by using Scherrer’s equation from 

the predominant peaks of the corresponding element. 

2.5.2. Temperature-Programmed Reduction 

2.5.2.1. Background 

Temperature-programmed reduction (TPR), is a beneficial method for characterizing 

supported and unsupported metal and mixed metal oxides, revealing information about redox 

properties of samples, identification of supported metal/metals, finding efficient reduction 

conditions, metal-support interaction, etc. In this technique, a reducing gas mixture (typically 5% 

of H2 diluted in Ar or N2) is flowed over the metal oxide catalyst at high temperature. A thermal 

conductivity detector (TCD) measures the changes in the thermal conductivity of the exiting gas 
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flow by producing TCD signals that are then converted to concentration value of reducing gas 

(H2), from which, the consumed H2 can be measured. Figure 2.5 [25], shows the TPR profile of 

supported nickel in oxide and reduced states. 

 

Figure 2.5. TPR profile of supported Ni, chemically reduced by hydrazine (orange line), and 

supported NiO (dotted black line).  

2.5.2.2. Experimental 

H2-TPR experiment was performed by a Thermo Scientific TPDRO1100 flow apparatus. The 

PdOx/CeO2-NR (0.250 g) was pre-treated in a flow of 10 % O2/He mixture (20 cm3 min-1) at 300 °C 

for 30 min. The H2-TPR was conducted flowing 30 cm3 min-1 of 5% H2/Ar mixture from 50 °C up 

to 500 °C with a rate of 10 °C min-1, maintaining the final temperature for 60 minutes. Then the 

sample was cooled down to 50 °C in the same mixture, followed by heating in pure Ar up to 350 

°C (10 °C min-1) to remove chemisorbed hydrogen, and then cooling down to room temperature. 

The H2 consumption and release were measured by a TCD detector. A trap was utilized before 

flowing into the TCD detector to remove the generated H2O in the reduction process. 
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2.5.3. Transmission Electron Microscopy 

2.5.3.1. Experimental 

TEM images were acquired using a FEI-Thermo Fisher Scientific Tecnai 12 G2 Twin 

instrument, operating at primary electron beam energy of 120 keV, equipped with a “post-

column” Gatan Biofilter electron energy filter, a Gatan 794 IF Peltier cooled charge-coupled 

device-based slow scan camera, equipped with EDX system. The used catalysts were dispersed 

in isopropyl alcohol and ultra-sonicated for 15 min. Then a drop of the suspension (~20 μL) was 

placed on a copper TEM grid (400 mesh), covered by an amorphous carbon film. 

2.5.4. Nitrogen Adsorption-desorption Analysis  

2.5.4.1. Background 

Surface area and pore size distribution of a variety of solid materials such as industrial 

adsorbents, catalysts, pigment, etc., can be assessed by gas adsorption measurements. The 

nitrogen adsorption method is one of the most commonly used methods for determining the 

surface area of a catalyst (Brunauer-Emmet-Teller (BET) surface area) according to physical 

adsorption of nitrogen on the surface of the solid and by calculating the amount of adsorbate gas 

corresponding to a monomolecular layer on the surface. Relatively weak van der Waals forces 

between the adsorbate gas molecules and the adsorbent surface of the sample result in physical 

adsorption. The assessment is usually carried out at the temperature of liquid nitrogen. 

Measuring the amount of adsorbed either by a volumetric or continuous flow procedure. 

The theory is based on the BET equation: 
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Equation 2.3 

where c is the BET constant, P is the equilibrium pressure, P° is the saturation pressure of the 

adsorbates at the temperature of adsorption, υ is the adsorbed gas quantity and υm is the adsorbed 

gas quantity of a monolayer [144,145]. 

2.5.4.2. Experimental 

The surface areas of the synthesized materials were measures by N2 adsorption isotherms at 

77 K using a Micrometrics Gemini V apparatus. Before the measurement, the sample was heated 

at 200 °C in He for 2 h. The surface area was calculated by the BET method in equilibrium pressure 

range 0.05 < P/P° < 0.3. From the desorption branch of the hysteresis loop using the BJH method, 

the pore size distribution was obtained, and the total pore volume was calculated from the 

maximum adsorption point at P/P°=0.99. 

2.5.5. X-ray photoelectron spectroscopy 

2.5.5.1. Experimental 

XPS measurements on fresh ceria nanorod, PdOx/CeO2-NR, PdOx/CeO2-NR-Red, and Pd/ 

CeO2-NR-Mt-Red were carried out at the Materials Science Beamline (MSB) at the Elettra 

synchrotron radiation source (Trieste, Italy). MSB, placed at the left end of the bending magnet 

6.1, is equipped with a plane grating monochromator that provides light in the energy range of 

21−1000 eV. The UHV end station, with a base pressure of 2 × 10−10 mbar, is equipped with a 
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SPECS PHOIBOS 150 hemispherical electron analyzer, low-energy electron diffraction optics, a 

dual-anode Mg/Al X-ray source, an ion gun, and a sample manipulator with a K-type 

thermocouple attached to the rear side of the sample. Photoelectrons emitted by C 1s, O 1s, Pd 3d 

and Ce 3d core levels were detected at normal emission geometry using photon energy of 630 eV 

impinging at 60°. Energy resolution of binding energies (BE) are reported after correction for 

charging using the aliphatic C 1s as a reference (BE 285.0 eV) [146]. Core level spectra were fitted 

with a Shirley background and Gaussian peak functions [147]. 

XPS measurements of PdOx/CeO2-NR used in BnOH oxidation, was performed measuring 

the core level spectra, using a VG Escalab MKII, equipped with a twin anode Al/Mg X-ray source 

(IPSE Laboratory of DTE, ENEA Casaccia, Rome, Italy). The XPS chamber is equipped with oil-

free pumps to avoid carbon contaminations and the measurement were performed in a base 

vacuum of 3.0x10-9 mBar. The powder samples were pressed into pellets for the measurements 

and, a reference gold wire was placed on the pellet to account for possible sample charging. The 

used catalyst was previously tested in BnOH oxidation for 5 hours (conditions: 0.16 mmol 

substrate, 32 mg catalyst, 20 mL min-1 air flow, using EtOH as solvent at boiling point, i.e., 78 °C, 

under reflux). After the reaction, the catalyst was separated by centrifuge (10000 rpm, 20 min), 

washed 3 times with EtOH, and dried at room temperature. The fresh PdOx/CeO2-NR was also 

studied using abovementioned XPS facility. In addition, the XPS measurements of Pd/silica 

samples were carried out with the present XPS facility. 

XPS measurements of PdOx/CeO2-NR-AA5.2 and PdOx/CeO2-NR-SA2 were carried out in an 

X-ray photoelectron spectrometer (home-made instrumentation Roma Tre University, 

Department of Science, Prof. Chiara Battocchio) with a dual-anode Mg/Al X-ray source, at Mg K-
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alpha Photon Energy. Photoelectrons emitted by C1s, O1s, Pd3d and Ce3d core levels were 

detected. BEs are reported after correction for charging using the aliphatic C 1s as a reference (BE 

285.0 eV) [146]. Core level spectra were fitted with a Shirley background and Gaussian peak 

functions [147]. 

 Contribution of author in experimental sections 

All of Pd/ceria catalysts are prepared by the author. In addition, the whole catalytic testing 

part (oxidation reactions, GC-MS analyses and related calculations), H2-TPR reduction of 

PdOx/CeO2-NR, and nitrogen adsorption-desorption analysis of CeO2-NR, PdOx/CeO2-NR and 

PdOx/CeO2-NR-Red are performed by the author. 

Furthermore, the author participated in synthesizing of Pd/silica catalysts, as well as 

interpretation of the data from XRD, TPR, TEM, nitrogen adsorption-desorption analysis and XPS 

analysis of Pd/ceria samples, as: calculating ceria crystallite size and cell size, measuring the 

dimensions of CeO2-NR, calculating the BET surface area, total pore volume and average pore 

diameter, of Pd/ceria samples, and finally, assigning the peaks observed in Pd/ceria samples’ XPS 

spectra.



 

Chapter 3. 
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 Aerobic Oxidation of Benzyl Alcohol over 

PdOx/CeO2-NR and PdOx/CeO2-NR-Red 

Ceria nanorod (CeO2-NR) was prepared according to method described in Section 2.2.1.1. 

CeO2-NR supported palladium oxide (PdOx/CeO2-NR) was prepared by wet impregnation 

method (Section 2.2.1.2) using palladium(II) nitrate dehydrate. This catalyst was tested in benzyl 

alcohol (BnOH) oxidation. Furthermore, PdOx/CeO2-NR was reduced with H2 using 

Temperature-programmed reduction (H2-TPR) equipment as explained in Section 2.2.1.3, and the 

reduced product (PdOx/CeO2-NR-Red) was also tested in BnOH oxidation. 

3.1.1. Catalysts Characterization 

3.1.1.1. XRD 

The synthesized samples were studied by X-ray diffraction (XRD) and their patterns are 

shown in Figure 3.1. The CeO2-NR showed the main reflections of pure cubic fluorite structure of 

CeO2 (Joint Committee on Powder Diffraction Standards (JCPDS) card 81-0792) [148], with the 

average crystallite size of 23.3 nm and cubic cell size of 0.5419 nm (Table 3.1). The XRD pattern of 

the PdOx/CeO2-NR sample showed peaks assigned to CeO2 having almost the same position, 

intensity, and full width at half maximum (FWHM) of CeO2-NR, indicating no effect of Pd-

loading on the particle size and on the crystal structure of CeO2 (Table 3.1). No peaks of PdO phase 

were observed, suggesting that PdO is highly dispersed or that the PdO loading was below the 

detection limit of XRD. In addition, the most intense peak of PdO, expected to be very close to the 
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(200) reflection of CeO2, may be hardly distinguishable. The XRD pattern of the PdOx/CeO2-NR-

Red, reduced by H2 up to 500 °C, was very similar to that of CeO2, with no remarkable changes 

in crystal structure or particle size (Table 3.1), indicating that ceria was unaffected by the reduction 

process. No peaks of metallic palladium (Pd0) were observed, suggesting that it was well 

dispersed or not detectable.[125,149]. 

 

Figure 3.1. XRD patterns of: (a) CeO2-NR, (b) PdOx/CeO2-NR, and (c) PdOx/CeO2-NR-Red. 

Table 3.1. Textural properties and CeO2 cell size of the samples. 

Sample 

Surface 

Area 

(m2 g−1) 

Total Pore 

Volume 

(cm3 g−1) 

Average 

Pore Diameter 

(nm) 

CeO2 

Crystallite Size 1 

(nm) 

CeO2 

Cell Size, a 1 

(Å) 

CeO2-NR 116 0.40 19 23.3 5.419 

PdOx/CeO2-NR 88 0.30 16 21.8 5.419 

PdOx/CeO2-NR-Red 93 0.32 12 22.4 5.414 
1 By XRD analysis. 

3.1.1.2. H2-TPR 
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A H2-TPR experiment was performed to analyze the reducibility and the oxygen storing 

capacity of PdOx/CeO2-NR. The reduction was conducted up to 500 °C and maintained at the final 

temperature for 1 h, to avoid any sintering of ceria and of Pd at higher temperatures. H2-TPR 

profiles of CeO2-NR and PdOx/CeO2-NR are reported in Figure 3.2. The profile of the pure CeO2-

NR shows a broad reduction feature with onset at about 300 °C, increasing up to 500 °C, assigned 

to Ce4+ →  Ce3+ reduction on the surface of ceria [150,151] 

 

Figure 3.2. Temperature-programmed reduction (H2-TPR) profiles of the samples: CeO2-NR and 

PdOx/CeO2-NR. 

TPR profile of PdOx/CeO2-NR showed several peaks: A negative peak at 90 °C, a broad peak 

in range 100–250 °C, with two maxima at 147 and 190 °C and a peak in temperature range 250–

475 °C with a maximum at 360 °C. The negative peak at 90 °C is assigned to the hydrogen released 

by the decomposition of Pd hydride phase formed by the reduction of some palladium oxide at 

the early stage of the TPR measurement [115,152,153]; a similar negative peak was observed in 

previous works [152,154] and its position depended on preparation method and on the amount 
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of Pd supported on ceria [155]. The broad peak in the range 100–250 °C is assigned to reduction 

of palladium oxide to Pd0 and is in agreement with the reduction temperature range (70–170 °C), 

observed on the TPR profile of a catalyst with similar Pd content [156]. The maximum at 190 °C 

might be due to reduction of less reducible PdOx species in solid solution with CeO2 lattice. The 

reduction peak at 360 °C is due to surface reduction of ceria that occurs at significantly lower 

temperature in comparison with the surface reduction observed at around 500 °C in TPR profile 

of pure CeO2-NR. This shift to lower temperatures (roughly 140 °C) can be explained by the 

promoting effect of Pd on the surface reduction of ceria through the hydrogen spill-over [150]. 

The hydrogen spill-over phenomenon did not permit a correct quantitative evaluation of the 

extent of Pd and CeO2 reduction from the TPR peak integration. The produced PdOx/CeO2-NR-

Red from TPR was tested in BnOH oxidation reaction as well. 

3.1.1.3. TEM 

CeO2-NR and PdOx/CeO2-NR were investigated by transmission electron microscope (TEM) 

and the images are shown in Figure 3.3. The CeO2-NR sample showed a uniform well-developed 

structural anisotropy characteristic of the rod-like morphology with the average length of 110 nm 

and the average width of 9 nm (Figure 3.3a). In addition, 0.31 nm fringe distances assessed in 

CeO2-NR and PdOx/CeO2-NR (Figure 3.3b, d) were in good agreement with d value of the ceria 

(111) plane and were the only crystalline planes observed. In some published researches, (100) 

and (110) exposed planes are reported for CeO2-NR [120,125,157]. However, palladium supported 

on the (111) plane of CeO2 seems to have a particular synergy with the support, showing higher 

activity and selectivity in methane combustion, CO oxidation, and BnOH oxidation [120,121,127]. 
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As shown in Figure 3.3c, after palladium deposition, the average length of nanorod decreased up 

to 55 nm. The lack of evidence of palladium particles in the high-resolution transmission electron 

microscopy (HRTEM) images of PdOx/CeO2-NR, might be attributable to the high dispersion of 

palladium oxide species on the surface of the support, in agreement with XRD analysis. 

  

  

Figure 3.3. TEM and HRTEM images of: (a) and (b) CeO2-NR; (c) and (d) PdOx/CeO2-NR. 

3.1.1.4. Nitrogen Adsorption-desorption Analysis 
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Nitrogen adsorption-desorption measurements was utilized to estimate the Brunauer–

Emmett–Teller (BET) surface areas of pure support CeO2-NR, PdOx/CeO2-NR, and PdOx/CeO2-

NR-Red catalysts (Figure 3.4 and Table 3.1). The BET surface area of pure ceria nanorod was 116 

m2g−1, comparable to the 106 m2g−1 reported by Wang et al. [125] for ceria nanorod prepared by 

the same method. The surface area of PdOx/CeO2-NR was 88 m2g−1, in agreement with analogous 

Pd/CeO2 system [128]. As expected, the palladium deposition caused a decrease of support 

surface area. The BET surface area of PdOx/CeO2-NR-Red was 93 m2g−1, slightly higher than the 

surface area of PdOx/CeO2-NR. This might be attributable to the decrease of the amount of 

palladium on the surface or to the change of Pd particle size. 

Pure CeO2-NR and PdOx/CeO2-NR catalysts showed N2 adsorption–desorption curves V-

Type, with H1-Type hysteresis loop for ceria-NR and H2-Type hysteresis loop for PdOx/CeO2-NR 

catalyst (International Union of Pure and Applied Chemistry (IUPAC) classification). All these 

features are characteristic of well-developed and uniform mesoporous morphology (Figure 3.4a) 

but denote that the palladium oxide addition changed the sample porosimetry. Barrett–Joyner–

Halenda (BJH) pore-size distribution profiles (PSD), reported on Figure 3.4b, showed a pore 

distribution in the range 0–100 nm, centered at 40 nm for pure ceria, and narrower PSD profiles 

centered at about 15–20 nm for PdOx/CeO2-NR, due to mesopores with very uniform dimension. 

The average pore dimension was 19 nm for pure CeO2-NR and 16 nm for the PdOx/CeO2-NR 

sample (Table 3.1), suggesting that the addition of palladium caused a decrease of both pore 

volume and pore size of the support. The hysteresis of the PdOx/CeO2-NR-Red sample is at a 

lower relative pressure P/P0. After the reduction of the catalyst, a further pore size decrease was 

observed. 
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Figure 3.4. Nitrogen adsorption-desorption analysis: (a) Nitrogen adsorption and desorption 

isotherms as a function of P/P°; (b) pore-size distributions (PSD). 

3.1.1.5. XPS  

To have a deeper insight of the electronic and chemical properties at the surface of the Pd/Ce-

based catalysts, X-ray photoelectron spectroscopy (XPS) studies have been performed (Elettra 

synchrotron radiation source Trieste, Italy). Ce 3d spectra of CeO2-NR, PdOx/CeO2-NR, and 

PdOx/CeO2-NR-Red are reported in Figure 3.5. By following a peak-fitting procedure, five spin 

orbit pairs related to Ce 3d were individuated, and the resulting components were associated 

with Ce3+ and Ce4+ ions by comparison with literature data [158,159]. The amount of oxygen 

vacancy of ceria is correlated to the amount of Ce3+ [120]. From the peak areas, Ce3+/Ce4+ ratios 

were calculated, and the results are reported in Table 3.2. The Ce3+/Ce4+ ratio for PdOx/CeO2-NR is 
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0.24, equal to that of CeO2-NR, and in good agreement with the literature data about calcined 

CeO2-NR [122], indicating no effect of Pd loading on the surface Ce3+ concentration. Unexpectedly, 

the Ce3+/Ce4+ ratio of the reduced catalyst was 0.22, slightly lower than those of pure ceria and 

PdOx/CeO2-NR, but in agreement with literature related to reduced CeO2-NR catalysts [19]. 

Photoelectron profiles of PdOx/CeO2-NR and PdOx/CeO2-NR-Red are shown in Figure 3.6, 

and the detailed atomic percent values of observed Pd species are reported in Table 3.2. The most 

intense signal in Pd 3d spectrum of PdOx/CeO2-NR has the Pd 3d5/2 component at 337.76 eV BE, a 

binding energy value indicative for oxidized palladium (PdOx, x > 1); the less intense component 

at lower BE values (Pd 3d5/2 BE = 335.58 eV) is associated with 10% of PdO [159]. 

 

Figure 3.5. XPS spectra of Ce 3d region for the samples: (a) CeO2-NR, (b) PdOx/CeO2-NR, and (c) 

PdOx/CeO2-NR-Red. All Ce 3d5/2 spin-orbit components, as well as the Ce 3d3/2 peaks at higher BE 

values (diagnostic for the presence of Ce4+ ions), appear as bold lines in the spectra. 
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In PdOx/CeO2-NR-Red XPS spectra, a Pd 3d component at low BE (Pd 3d5/2 BE = 334.67 eV) is 

indicative of metallic palladium (Pd0) [159], whereas the signal around 337.76 eV BE is still 

observed. According to Table 3.2, 63.5% of Pd in the reduced catalyst contributes to this 

component. This large amount of oxidized palladium can be interpreted as the result of re-

oxidation of surface Pd when exposed to air after H2-TPR. An alternative interpretation of the 

high-BE Pd 3d signal is the formation of a Pd – O − Ce structure, similar to the PdxCe1−xO2−δ solid-

solution phase [160,161]; in this structure, Pd would act as an electron-donor toward CeO2. 

Furthermore, it is observed in Table 3.2 that the atomic percentage of Pd decreased from 0.13% 

to 0.06% after reduction. This might be due to Pd diffusion into the bulk of the ceria support or 

to Pd sintering during the reduction process. This result is also in agreement with the higher BET 

surface area of PdOx/CeO2-NR-Red in comparison with the PdOx/CeO2-NR. 

Table 3.2. Atomic percent values of palladium species in PdOx/CeO2-NR and PdOx/CeO2-NR-Red, 

collected from XPS study. 

Catalyst Pd0 % PdO % PdOx (x > 1) % Pd %/(Pd + Ce) Ce3+/Ce4+ 

CeO2-NR - - - - 0.24 

PdOx/CeO2-NR 0 10 90 0.13 0.24 

PdOx/CeO2-NR-Red 36.5 0 63.5 0.06 0.22 
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Figure 3.6. XPS spectra of Pd 3d region for (a) PdOx/CeO2-NR and (b) PdOx/CeO2-NR-Red. 

3.1.2. Catalytic Activity 

The catalytic activity in BnOH oxidation was investigated using either PdOx/CeO2-NR or 

PdOx/CeO2-NR-Red catalyst. Oxidation of BnOH was performed using a round-bottom three-

neck flask equipped with reflux condenser, gas inlet, and thermometer. Table 3.3 shows the 

reaction conditions of BnOH oxidation as well as the BnOH conversions and PhCHO selectivities 

measured by gas chromatography-mass spectrometry (GC-MS) using cyclooctanone as internal 

standard. Air or oxygen was used as oxidant. 



Chapter 3: Results 

76 

Table 3.3. Aerobic oxidation of BnOH to PhCHO: reaction parameters and results. 

Exp. Catalyst Catalyst 

Mass (mg) 

Solvent T (°C) BnOH 

Conversion (%) 
1 

PhCHO 

Selectivity 

(%) 1 

1 CeO2-NR 32 toluene 111 0 - 

2 CeO2-NR 32 EtOH 78 0 - 

3 PdOx/CeO2-NR 32 toluene 50 9 100 

4 PdOx/CeO2-NR 32 toluene 65 15 100 

5 PdOx/CeO2-NR 32 toluene 100 29 100 

6 PdOx/CeO2-NR 32 toluene 111 35 100 

7 PdOx/CeO2-NR 32 AcCN 65 6 100 

8 PdOx/CeO2-NR 32 AcCN 82 14 100 

9 PdOx/CeO2-NR 32 EtOH 65 50 >97 

10 PdOx/CeO2-NR 32 EtOH 78 93 96 

10(II) 2 PdOx/CeO2-NR 32 EtOH 78 73 96 

10(III) 3 PdOx/CeO2-NR 32 EtOH 78 54 97 

11 PdOx/CeO2-NR 32 MeOH 65 41 >97 

12 PdOx/CeO2-NR 32 THF 66 <3 - 

13 PdOx/CeO2-NR-Red 32 toluene 111 25 100 

14 PdOx/CeO2-NR-Red 32 EtOH 78 13 100 

15 4 PdOx/CeO2-NR 16 EtOH 78 28 >97 
1 Measured by GC-MS after 5 h of oxidation with 20 mL min−1 air flow; 2 second round of recyclability test; 3 

third round of recyclability test; 4 leaching test: The catalyst was removed after 45 min. 

In preliminary catalytic tests using oxygen as oxidant, the BnOH conversions were similar to 

those obtained using air. Therefore, all the subsequent reactions were performed in air. The effects 

of temperature, solvent nature, and Pd oxidation state were studied. CeO2-NR showed no 

catalytic activity for BnOH oxidation when either toluene or ethanol (EtOH) were utilized as 

solvent (Table 3.3, experiments 1 and 2, respectively), proving that the ceria support was not 

active, similar to the observation by Xin et al., for the aerobic BnOH oxidation catalyzed by pure 

ceria [127]. In all experiments, PhCHO was the only major product and the selectivity of PhCHO 

was 96% or more. 
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3.1.2.1. Effect of Temperature and Solvent 

The BnOH oxidation was first performed using PdOx/CeO2-NR in toluene at 50 °C and air at 

a flow of 20 mL/min. The conversion was very low, reaching 9.4% after five hours of reaction, 

even with a reaction selectivity of 100%. To obtain better conversions, the reaction was tested at 

higher temperatures (65 and 100 °C) and up to the boiling point of toluene (111 °C). As expected, 

the conversion increased up to 35% (Table 3.3, experiment 6), maintaining 100% selectivity. 

Due to the low BnOH conversion in toluene (9%–35%), other solvents were utilized, namely 

acetonitrile (AcCN), EtOH, methanol (MeOH), and tetrahydrofuran (THF). The oxidation of 

BnOH, using different solvents at nearly 65 °C after 5 h, is presented in Table 3.3. The highest 

conversions were achieved using EtOH and MeOH as solvents (50% and 41%, respectively). In 

the same conditions, the BnOH conversions using either toluene or AcCN were 14% and 6%, 

respectively. 

The best result in BnOH oxidation by PdOx/CeO2-NR was achieved utilizing the protic EtOH 

at boiling point (78 °C). In this condition, 93% conversion and 96% selectivity were achieved (Table 

3.3, experiment 10). This was significantly larger than the results achieved using toluene at 111 

°C (35%) or AcCN at 82 °C (14%) (Table 3.3, experiments 6 and 8, respectively). In the experiments 

with EtOH, benzyl ester is detected as a secondary product, probably derived from benzoic acid 

due to the presence of alcoholic solvent. 

The 93% BnOH conversion and 96% PhCHO selectivity achieved by utilizing PdOx/CeO2-NR 

(with (111) exposed plane of CeO2-NR) in EtOH are slightly higher than those acquired by Wang 

et al. (84.6% BnOH conversion, 92.8% PhCHO selectivity) [121], in the reaction catalyzed by 
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palladium oxide supported on truncated octahedral ceria with (111) and (100) exposed plane, at 

almost the same temperature and higher catalyst/substrate ratio. Wang et al. also prepared and 

used cubic CeO2 with (100) exposed plane as support for palladium oxide, which led to significantly 

lower BnOH conversion (34.0%), suggesting the important role of the ceria morphology and the 

synergy between palladium and the CeO2 (111) plane in the catalytic activity. On the other hand, 

the result achieved by PdOx/CeO2-NR-Red (Table 3.3, experiment 13) is almost similar to that 

obtained by Xin et al. (26.60% BnOH conversion) using reduced palladium supported on CeO2-NR 

[127]. 

Looking at the proticity, polarity, and boiling point of the utilized solvents (Table 3.4), the 

collected data might suggest that the polarity of the solvent has a negative effect on the catalytic 

performance of PdOx/CeO2-NR for BnOH oxidation, given the different conversions obtained 

using toluene, a non-polar solvent, and AcCN, a polar one. This hypothesis can be strengthened 

by the observation that substrate conversion using EtOH is higher than the more polar MeOH 

solvent, in the same conditions. 

Table 3.4. Properties of solvents used in BnOH oxidation reactions. 

Solvent Proticity Dielectric Constant Boiling Point (°C) 

toluene aprotic 2.4 111 

THF aprotic 7.52 66 

AcCN aprotic 37.5 82 

EtOH protic 24.5 78 

MeOH protic 32.7 65 

On the other hand, it seems that the proticity of the solvent plays an important role in 

increasing the BnOH conversion, since the best results at 65 °C were achieved by using the protic 

and polar EtOH and MeOH solvents. Thus, it can be hypothesized that solvent properties may 



Chapter 3: Results 

79 

have an influence on the reaction mechanism and, if the solvent is both polar and protic, the effect 

of proticity is dominating. In similar experiments of BnOH oxidation, when Al-Saeedi et al. used 

Cu oxide nanoparticles as catalyst [100], the more polar dimethyl sulfoxide (DMSO) solvent gave 

the better conversion. However, only aprotic solvents (acetone, AcCN, dimethylformamide 

(DMF), and DMSO) were utilized in that research work. 

3.1.2.2.  Effect of Pd Oxidation State 

To study the effect of the oxidation state of Pd on the aerobic BnOH oxidation, the catalyst 

reduced by H2-TPR was utilized, with toluene or EtOH as solvent at their boiling points (Table 

3.3, experiments 13 and 14, respectively). To compare the catalytic activity of PdOx/CeO2-NR and 

PdOx/CeO2-NR-Red, in toluene and EtOH, the conversions of BnOH are reported in Figure 3.7. 

When toluene solvent was used, the catalytic activity of PdOx/CeO2-NR-Red was lower than that 

of PdOx/CeO2-NR (25% versus 35%). This result might be attributable to a decrease of Pd amount 

on the surface after reduction process, in agreement with XPS results. On the other hand, when 

EtOH solvent was used, the PdOx/CeO2-NR-Red showed a BnOH conversion of 13%, 

considerably less than that of the PdOx/CeO2-NR (93%). Consequently, using reduced palladium, 

the polarity and/or proticity of the solvent look detrimental to the catalytic activity. This is in line 

with literature data, in which these kinds of reactions are generally performed with aprotic apolar 

solvents such as toluene or xylene [101]. 



Chapter 3: Results 

80 

 

Figure 3.7. BnOH conversion using PdOx/CeO2-NR or PdOx/CeO2-NR-Red catalysts, as a function of 

time. Reaction conditions: BnOH 0.16 mmol, catalyst mass 32 mg, reaction temperature 78 °C for 

ethanol and 111 °C for toluene. 

3.1.3.  Mechanistic Aspects of BnOH Aerobic Oxidation, 

Catalyzed with PdOx/CeO2-NR 

The mechanism of the alcohols oxidation over Pd0 has been extensively studied [3,99-101] 

(reported in Section 1.3.1 and depicted in Scheme 1.10). It foresees oxygen chemisorption on 

palladium surface, assisted homolytic cleavage of the O ― H bond of BnOH, and formation of an 

alkoxide-palladium bond. The subsequent hydrogen abstraction by a near Pd0 [3] (Scheme 1.10), 

permits the release of the PhCHO and of a molecule of water. 

The different behavior of PdOx/CeO2-NR, when used in toluene or EtOH, strengthens the 

hypothesis that the mechanism of BnOH oxidation with this catalyst, might be different from that 

described by Chan-Thaw et al.[3]. A model is proposed for BnOH oxidation by PdOx/CeO2-NR, 
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in protic solvents (Scheme 3.1). XPS data stated that no Pd0 is present on the surface (Table 3.2 and 

Figure 3.6); thus, it cannot catalyze the displacement of the hydrogen from the alkoxide 

intermediate. Furthermore, after the oxidation reaction, XPS analysis of used PdOx/CeO2-NR 

showed a change in the PdO/PdOx ratio in favor of the less oxidized species (Table 3.5 and Figure 

3.8; performed at IPSE Laboratory of DTE, ENEA Casaccia, Rome, Italy). All these evidences, 

together with the high BnOH conversion obtained with the polar protic EtOH as solvent (Table 

3.3 experiment 10), may be explained with an heterolytic mechanism in which PdOx/CeO2-NR 

participates in a redox cycle [162]. Since the reaction in the highly polar AcCN gave low 

conversion (Table 3.3, experiment 8), the protonation of PdOx by a protic solvent seems kinetically 

crucial (Scheme 3.1). The more electrophilic protonated metal oxide (II in Scheme 3.1) may react 

with BnOH, producing the addition product III which, after proton release, should give the 

alkoxide–palladium IV. The reaction may then proceed by a proton abstraction assisted either by 

another PdOx, or by the ceria surface oxygen [127], and finally, the elimination of water and 

PhCHO by redox participation of the metal catalyst. The reduced catalyst V is then re-oxidized 

by molecular oxygen. Further study should be done to confirm this hypothesis. 

Table 3.5. Binding Energy, Full Width Half Maximum and atomic percent values of Pd3d5/2 

components for the fresh and used PdOx/CeO2-NR samples. 

Sample BE (eV) FWHM (eV) Assignment Atomic % 

PdOx/CeO2-NR 335.79 2.51 PdO 20.1 

 337.76 2.51 PdOx (x>1) 79.9 

Used PdOx/CeO2-NR 335.82 2.57 PdO 42.7 

 337.77 2.57 PdOx(x>1) 57.3 
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Figure 3.8. XPS spectra of Pd 3d region for (a) fresh PdOx/CeO2-NR, and (b) used PdOx/CeO2-NR. 

BnOH oxidation conditions: 0.16 mmol BnOH, 32 mg catalyst, 20 mL/min air flow, using EtOH as 

solvent at boiling point, under reflux. 

 

Scheme 3.1. Suggested mechanism of BnOH oxidation catalyzed by PdOx supported on CeO2-NR in 

EtOH solvent. The thick lines represent the CeO2-NR support. 
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3.1.4.  Recyclability Tests 

The recyclability of PdOx/CeO2-NR was studied by recovering and reusing the catalyst used 

in experiment 10 of Table 3.3, for two more rounds of reaction, without any pre-treatment. BnOH 

conversion decreased in the second and third round to 73% and 54%, respectively, but the 

selectivity of PhCHO remained almost constant (Figure 3.9 and Table 3.3 experiments 10(II) and 

10(III) respectively). Calcining the catalyst after each catalytic round in EtOH might fully recover 

the catalytic performances. 

3.1.5. Leaching Test 

To assess any possible leaching of palladium from the CeO2-NR support during the BnOH 

oxidation, a leaching test was conducted (Table 3.3, experiment 15). The catalyst was removed 

after 45 min by centrifugation and the reaction was carried on with the remaining ethanolic 

solution. After the catalyst was removed, no progress was observed in oxidation reaction because 

the BnOH conversion and PhCHO selectivity values remained constant afterward. Thus, no 

considerable palladium leaching occurred during the reaction. 

 

Figure 3.9. Recyclability test of PdOx/CeO2-NR. BnOH oxidation conditions: 0.16 mmol BnOH, 32 mg 

catalyst, 20 mL/min air flow, using EtOH as solvent at boiling point, under reflux 
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 BnOH oxidation with Pd/CeO2-NR-Me-Red 

The catalytic oxidation of BnOH in toluene or EtOH was performed using Pd/CeO2-NR-Me-

Red. The reaction conditions and results are reported in Table 3.6. XPS analysis of Pd/CeO2-NR-

Me-Red showed the presence of Pd0, PdO and PdOx on the catalyst surface (Figure 3.10 and Table 

3.7). According to the results of XPS, the Pd reduction with TPR was more efficient than Pd 

reduction with MeOH during palladium wet impregnation, given that 36.5% Pd0 is present in 

Pd/CeO2-NR-Red (Table 3.5), while only 4.6% Pd0 in Pd/CeO2-NR-Me-Red. The results of BnOH 

oxidation with Pd/CeO2-NR-Me-Red showed that this catalyst, similar to Pd/CeO2-NR-Red, 

works better in toluene than in EtOH, suggesting that reaction mechanism with Pd/CeO2-NR-Me-

Red is similar to that with Pd/CeO2-NR-Red. Considering that the conversion of BnOH to PhCHO 

grows in parallel with the presence of PdOx, the higher conversion in comparison with Pd/CeO2-

NR-Red might suppose that here PdOx could be important in enhancing the yield of the reaction 

while the presence of the Pd0, even in low concentration, directs the mechanism of the oxidation. 

It is noteworthy that according to XPS spectra, there were probably calcium compounds 

impurity in the Pd/CeO2-NR-Me-Red sample. This was unexpected since the catalyst was washed 

with plenty of water after the preparation. The source of this impurity is unknown to the author. 

Table 3.6. BnOH oxidation catalyzed by Pd/CeO2-NR-Me-Red; conditions: 32 mg catalyst, 0.16 mmol 

BnOH, 20 mL min-1 O2.  

solvent Temperature Conversion Selectivity 

Toluene 111 43% ~100% 

EtOH 78 3% ~100% 
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Table 3.7. Atomic percentage values of palladium species on Pd/CeO2-NR-Me-Red, collected from 

XPS data. 

BE Assignment Atomic Percentage 

334.01 Pd0 4.6 

335.78 PdO 21.5 

337.82 PdOx 73.9 

 

Figure 3.10. XPS spectra of Pd 3d region for Pd/CeO2-NR-Me-Red.

 BnOH Oxidation with Pd/CeO2-NR-Hz-Red 

Palladium/ceria catalysts prepared by reducing the palladium with hydrazine after wet 

impregnation was tested for BnOH oxidation in toluene, since we observed that the reduced 

samples’ activity in EtOH was poor. The reaction conditions and results are summarized in Table 

3.8. Increasing the weight of catalyst from 16 mg to 32 mg and 48 mg resulted in higher BnOH 

conversion, maintaining ~100% selectivity towards PhCHO. Among all reduced Pd/ceria 

catalysts, Pd/CeO2-NR-Hz-Red offered the highest BnOH conversion. Further investigation is 
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required to justify the reason of the superior catalytic activity of Pd/CeO2-NR-Hz-Red compared 

to Pd/CeO2-NR-Red and Pd/CeO2-NR-Me-Red. 

Table 3.8. Oxidation of BnOH catalyzed by Pd/CeO2-NR-Hz-Red; conditions: 0.16 mmol BnOH in 

toluene (10 mL), at 111 °C, 20 mL min-1 air 

Catalyst Amount Conversion Selectivity 

16 mg 30 ~100% 

32 mg 78 ~100% 

48 mg 86 ~100% 

 BnOH oxidation catalyzed by Palladium Oxide 

Supported on CeO2-NR by Palladium Nitrate 

Commercial Solution 

Utilizing palladium nitrate commercial solutions from Alfa Aesar (AA) or Sigma Aldrich 

(SA), four catalysts were prepared (Table 2.1) and tested in BnOH aerobic selective oxidation. 

Table 3.9 shows the results of the oxidation reactions. Unexpectedly, these samples showed low 

activity in EtOH, and good activity in toluene. These outcomes were opposite to the results 

achieved by PdOx/CeO2-NR (Table 3.3), showing that the mechanism hypothesized for BnOH 

oxidation in EtOH by PdOx/CeO2-NR, cannot be entitled to the reactions catalyzed by the samples 

prepared with commercial palladium nitrate solutions. To better understand the reason of this 

contradiction, two of the samples were subjected to XPS analysis and the results are shown in Figure 

3.11. The XPS analysis of PdOx/CeO2-NR-AA5.2 and PdOx/CeO2-NR-SA2 showed that there was 

only one Pd species on the surface of ceria, with Pd 3d5/2 component at almost 338 eV BE, similar 
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to the PdOx component observed in PdOx/CeO2-NR (Figure 3.6). Unlike PdOx/CeO2-NR, no PdO 

was detected in the samples prepared by commercial palladium nitrate solutions. This might 

suggest that the presence of PdO is necessary for the mechanism described in Scheme 3.1 for BnOH 

oxidation in EtOH by PdOx/CeO2-NR. The XPS of PdOx/CeO2-NR-AA5.2 and PdOx/CeO2-NR-SA2 

showed also the presence of Na or Ca impurities in both samples (not reported in the Figure 3.11). 

These impurities might affect the catalyst preparation and the final oxidation state of the palladium. 

Among the samples prepared by commercial solutions, the best result was achieved using 

PdOx/CeO2-NR-SA2 in toluene (95% BnOH conversion with almost 100% PhCHO selectivity). This 

was also the best result acquired in toluene among all the prepared catalysts in this study. 

Table 3.9. BnOH oxidation by palladium oxide supported on CeO2-NR, prepared with palladium 

nitrate commercial solution; conditions: 0.16 mmol BnOH, 32 mg catalyst, 20 mL min-1 air. 

Catalysts Solvent 
Temperature 

°C 

BnOH 

Conversion 

PhCHO 

Selectivity 

PdOx/CeO2-NR-AA2 

MeOH 64 7 ~100 

EtOH 78 8 ~100 

toluene 111 46 ~100 

PdOx/CeO2-NR-AA4 

EtOH 78 37 92 

toluene 111 96 60 

PdOx/CeO2-NR-AA5.2 toluene 111 67 80 

PdOx/CeO2-NR-SA2 

EtOH 78 6 81 

toluene 111 95 ~100 
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Figure 3.11. XPS spectra of PdOx/CeO2-NR-AA5.2 (a), and PdOx/CeO2-NR-SA2 (b).

 Solvent-Free Aerobic Oxidation of Benzylic 

alcohols 

Omitting the usage of solvent can be an attractive idea due to cost and toxicity of many 

solvents. Aerobic solvent free oxidation of BnOH and substituted benzylic alcohols has been the 

subject of many research works. For instance, as discussed in Section 1.3.2.5, Xin et al., observed 

that in similar conditions, benzylic alcohols with electron-donating groups (EDG) on the aromatic 

ring were oxidized less than BnOH as well as the benzylic alcohol with electron-withdrawing 

groups (EWG) substituted on the aromatic ring (Table 1.7) [127]. Specifically speaking, 

substitution of methyl (Me) and methoxy (MeO) on BnOH led to less conversion (18.63% for 4-

MeBnOH, 11.12% for 4-MeOBnOH, and 26.60% for BnOH), but addition of nitro NO2 group 

resulted in slightly higher conversion, (27.13% of 4-NO2BnOH was oxidized). This result was 
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contradictory to that observed in the work of Xu et al., for the oxidation of similar substrates 

catalyzed by Pd supported on mesoporous carbon, using toluene as solvent [90] (see Section 

3.1.3.2). Xu et al., observed that addition of EWG (nitro group) decreased the alcohol conversion, 

while EDG resulted in higher conversion of alcohol compared to BnOH (Table 1.3). These opposite 

results in the literature were a further motive to study the oxidation of substituted benzylic 

alcohols by the Pd/ceria system prepared by the author. 

Oxidation of BnOH and four of its derivatives was performed in solvent-free condition, 

catalyzed by PdOx/CeO2-NR-SA2. Results are reported in Table 3.10. BnOH conversion after 5 h 

was 33% with 99% PhCHO as product. Presence of EDG on BnOH resulted in a general increase 

in the conversion of the substrates, but decreased the selectivity towards the aldehyde products. 

In case of 4-MeBnOH and 4-MeOBnOH, the conversion raised to 52% and 54% respectively, with 

88% and 83% selectivity towards the corresponding aldehyde, i.e., 4-methylbenzaldehyde and 4-

methoxybenzaldehyde respectively. On the contrary, in the oxidation of 4-PhOBnOH a decrease 

to 13% conversion and 99% selectivity towards 4-phenoxybenzaldehyde, was obtained. This last 

result could be attributable to the presence of a second PhO- group that could interfere with the 

interaction of the benzylic alcohol with the catalyst. Testing the BnOH derivatives with EWG 

placed on benzylic ring led to no conversion of substrates, as observed for 4-NO2BnOH and 4-

MeOCOBnOH compared to BnOH. These results were in-line with the reports of Xu et al., [90], 

but opposite to the results of Xin et al., [127] research work. This can be explained by the reaction 

mechanism. 

In the mechanism proposed by Xin et al., after the cleavage of O ― H bond, the cleavage of 

C ― H bond occurs, passing through a transition state in which, H atom of C ― H bond will 
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migrate to O atom of C ― O bond [127]. In this step, which is the rate-determining step, there will 

be a partial negative charge on the benzylic carbon that can be stabilized if the benzylic ring 

contains an EWG. In contrast, EDG destabilize the aforementioned partially charged transition 

state. This can explain the lower conversion of EDG-containing substrates compared to BnOH 

and the EWG-containing substrate, achieved by Xin et al., [127]. On the other hand, Xu et al., 

suggest another mechanism in which, first the alcohol is activated on Pd, leading to formation of 

an alkoxide, and then the dehydrogenation of alkoxide occurs through a carbocation-type 

transition state (the rate-determining step), following by transformation to aldehyde [90]. Xu et 

al. explained the high conversion of EDG-containing substrates stating that EDG facilitate the 

formation of the carbocation in the rate determining transition state; whereas, they attributed the 

lower conversion of 4-NO2BnOH to the hindering effect of EWG [90]. 

Table 3.10. Solvent-free oxidation of BnOH derivatives by PdOx/CeO2-NR-SA2; conditions: 10 mmol 

substrate, 10 mg catalyst, at 100 °C, 10 mL min-1 air.  

Substrate Conversion Aldehyde Selectivity Aldehyde Yield 

BnOH 33% ~100% 34% 

4-MeBnOH 52% 88% 46% 

4-MeOBnOH 54% 83% 45% 

4-PhOBnOH 13% ~100 13% 

4-NO2BnOH 0 N/A N/A 

4-COOMeBnOH 0 N/A N/A 
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Considering the opposite behavior of catalysts prepared by Xin et al., [127], and Xu et al., 

[90], and the similar behavior of PdOx/CeO2-NR-SA2 to the catalyst of Xu et al., a mechanism is 

proposed (Scheme 3.2.) for the solvent-free oxidation of BnOH catalyzed by PdOx/CeO2-NR-SA2, 

including a primary cleavage of O ― H bond on the metal followed by the cleavage of C ― H 

bond through the carbocation-type transition state which can be boosted if the aromatic ring of 

the alcohol substrate is substituted by EDG. 

 

Scheme 3.2. Proposed mechanism for BnOH solvent-free oxidation catalyzed by PdOx/CeO2-NR-SA2 

using air as oxidant. # represents the transition state. 
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 BnOH Oxidation with Pd/Silica catalysts 

Palladium was deposited on commercial mesoporous silica functionalized by adding amine 

groups (NH2-SiO2), and tested for BnOH oxidation in organic solvents. Either palladium metal 

or Pd-P alloy supported on NH2-SiO2 were utilized in oxidation tests. The reaction conditions and 

results are reported in Table 3.11. 

Pd0 supported on NH2-SiO2 was not active for BnOH oxidation neither in EtOH nor in 

toluene. On the other hand, Pd-P alloy supported on NH2-SiO2 showed catalytic activity in 

toluene and AcCN, but it was barely active in EtOH (Figure 3.12). Since the best results was 

achieved in toluene, the rest of the reactions with Pd/silica catalysts were performed using toluene 

solvent. Figure 3.13 shows the results of BnOH oxidation in toluene, corresponding to reactions 

6, 7, 8 and 9 of Table 3.11. Increasing the reaction temperature from 50 to 80 and further to 111 °C 

improved the BnOH conversion considerably (Figure 3.13a). However, the selectivity towards 

PhCHO decreased when the reaction temperature was increased from 80 to 111 °C (Figure 3.13b). 

Decrease in PhCHO selectivity at temperatures above 100 °C is in line with the heterolytic 

mechanism model suggested by Chan-Thaw et.al [3] for metallic palladium catalyst. The XPS 

analysis of Pd-P/ NH2-SiO2 (Figure 3.14) showed there was only one Pd species on the surface of 

silica, with Pd 3d5/2 component at 335.46 eV assigned to Pd0 [159]. This may strengthen the 

possibility that the reaction mechanism is similar to that explained by Chan-Thaw [3]. 

Furthermore, when air was replaced by O2, BnOH conversion increased significantly for the 

reactions performed at 111 °C (Figure 3.13c). The best yield of PhCHO was achieved at 111 °C, 

using 20 mL min-1 O2, at the second hour of the reaction (Figure 3.13d). 
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Table 3.11. Oxidation of BnOH catalyzed by Pd/silica catalysts. 

Entry Catalyst Solvent 
Temperature 

(°C) 

BnOH 

Concentration 

(M) 

Catalyst/BnOH 

Pd 

Molar ratio 

Oxidant 

20 

(mLmin-1) 

1 Pd0/NH2SiO2 Toluene 111 0.016 1:26.7 Air 

2 Pd0/NH2SiO2 EtOH 78 0.016 1:26.7 Air 

3 Pd-P/ NH2SiO2 Toluene 111 0.016 1:26.7 Air 

4 Pd-P/ NH2SiO2 EtOH 78 0.016 1:26.7 Air 

5 Pd-P/ NH2SiO2 AcCN 80 0.016 1:26.7 Air 

6 Pd-P/ NH2SiO2 Toluene 50 0.1 1:100 Air 

7 Pd-P/ NH2SiO2 Toluene 80 0.1 1:100 Air 

8 Pd-P/ NH2SiO2 Toluene 111 0.1 1:100 Air 

9 Pd-P/ NH2SiO2 Toluene 111 0.1 1:100 O2 

 

Figure 3.12. BnOH to PhCHO aerobic oxidation catalyzed by Pd-P/NH2-SiO2; conditions: 20 mL min-

1 air, 32 mg catalyst, 0.16 mmol BnOH, reaction temperature of 78 °C for EtOH and AcCN, and 111 

°C for toluene solvents. 
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(a) (b) 

 
 

(c) (d) 

Figure 3.13. Results of BnOH oxidation in toluene, catalyzed by Pd-P/NH2-SiO2, using 20 mL min-1 

air or O2. Reaction conditions: BnOH 1 mmol, catalyst mass 53.2 mg. 

According to XPS analysis of the Pd-P/NH2-SiO2 catalyst, a P 2p component at 129.74 eV is 

observed, assigned to elemental state of phosphorus P0. This peak was negatively shifted from 

that of pure phosphorous (130.4 eV), which might be due to acceptance of electron by P from 

metal elements, suggesting the formation of Pd-P NPs [126,159]. Positive effect of incorporation 
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of P into supported Pd catalysts are reported for hydrogenation of alkylanthraquinones catalyzed 

by Pd-P supported on carbon [163], oxidation of formic acid catalyzed by Pd-P supported on 

carbon nanotubes [164], and oxidation of BnOH catalyzed by Pd-P supported on porous carbon 

frame [126]. Guo et al., claims that P can enhance the hydrophobicity of the catalyst support which 

may facilitate the adsorption of the BnOH reactant and the subsequent desorption of the 

produced PhCHO [126]. 

  

Figure 3.14. Pd 3d and P 2p XPS spectra of Pd-P/NH2-SiO2 sample. 

 Oxidation of 4-Benzyloxyphenol 

All of catalysts prepared during the project (Table 2.1), and other catalysts reported in Section 

2.5, were tested in oxidation of 4-benzyloxyphenol as a lignin model compound containing ― 

O ― 4. In neither of the chromatograms of the reactions, any product peak was observed, nor any 

change in peak of the substrate. Compared to  ― O ― 4 and β ― O ― 4 bonds, the benzylic C 
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― H and C ― OH bonds in lignin model compounds are easier to attack and oxidized, therefore; 

in many research works aiming at oxidative breakage of C ― O bond in lignin and lignin model 

compounds, high temperature and pressure, expensive and toxic stoichiometric oxidant, and 

basic or acidic conditions were applied [8,165]. For instance, Elkurtehi et al., reported that while 

vanadium compounds supported by tetradentate amino‐bis(phenolate) ligands were successful 

as homogeneous catalyst for aerobic oxidation of 4‐methoxybenzyl alcohol and 1,2‐diphenyl‐2‐

methoxyethanol, the same system showed limited reactivity in oxidation of diphenyl ether and 

benzyl phenyl ether by H2O2 [166]. In another example, Gao et al., testing nitrogen-containing 

graphene materials as catalyst for breakage of  ― O ― 4 bond of lignin model compounds, 

observed that using H2O2 as oxidant and mild temperature led to poor results (very low amount 

of  ― O ― 4 breakage products), but replacing the hydrogen peroxide with tert-butyl 

hydroperoxide (TBHP) and increasing the temperature significantly boosted the breakage of  

― O ― 4 bond [167]. 

Regarding the economic and environmental aspects of utilizing oxidants such as TBHP, and 

acids or bases, increasing the pressure might be the first suggestion aiming at a successful 

breakage of C ― O in the lignin model compounds by the Pd/ceria and Pd/silica catalytic systems 

tested in this project. 
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 Pd/Ceria Catalysts 

Ceria has been used as support for designing catalytic systems mainly because of its 

enhanced surface area and high amount of surface-active sites (oxygen vacancies) in comparison 

with other common supports. In this study, several Pd/ceria catalysts were prepared and tested 

for environmentally friendly aerobic and selective oxidation of benzyl alcohol (BnOH) to 

benzaldehyde (PhCHO). Palladium oxide supported on ceria nanorod was prepared by wet 

impregnation deposition on the hydrothermally synthesized CeO2-NR, and a final calcination at 

500 °C. XPS data showed that after final calcination, there was 90% PdOx, (x > 1) and 10% PdO on 

the surface of the support. The activity of this catalyst was higher in protic solvents. The best 

result was achieved using boiling ethanol (EtOH) as a green solvent, leading to 93% BnOH 

conversion and 96% PhCHO selectivity. On the contrary, the reduced sample worked better in 

aprotic toluene (25% conversion) than in protic EtOH (13% conversion). The different behavior of 

calcined and reduced catalysts suggests the possibility of dissimilar reaction mechanisms. With 

calcined catalyst, a heterolytic and/or solvent proton donation mechanism might explain the higher 

conversion in protic solvent. 

Changing the method of reduction led to change in palladium species on the support, and 

subsequently different catalytic activity. For the Pd/ceria catalyst reduced by hydrazine following 

the palladium deposition, a high activity in toluene solvent was observed (86% substrate 

conversion and ~100% PhCHO selectivity. While reducing the palladium with methanol (MeOH) 

during the wet impregnation process led to a catalyst that was inactive in EtOH and mildly active 

in toluene (43% conversion, ~100% selectivity). These all show the critical role of electronic 
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properties of Pd in determination of the reaction mechanism, and the catalytic activity of Pd/ceria 

system. 

Preparing palladium oxide supported on ceria nanorod using palladium(II) nitrate 

commercial solutions led to production of a catalyst with the activity different than that observed 

for the similar catalyst prepared by palladium(II) nitrate dehydrate precursor. Similar to reduced 

catalysts, the catalysts prepared from commercial solutions worked better in toluene, indicating 

that the reaction mechanism with this catalyst is different than the catalyst prepared by solid 

palladium precursor. The reason might be the absence of PdO on the surface of ceria in the 

samples prepared by commercial palladium nitrate solution, as observed in the XPS spectra of 

the samples. The results for the reactions in toluene were not always reproducible, and the 

catalytic activity of some samples changed over the time, probably due to change in Pd oxidation 

state resulted from presence of cerium(III) on the ceria support. 

Solvent-free oxidation of BnOH derivatives by palladium oxide supported on ceria nanorod 

showed the crucial effect of substituted groups on the catalytic activity. The conversion of 

substrate increased considerably by substituting electron-donating groups (EDG) such as methyl 

or methoxy on BnOH; whereas, electron-withdrawing groups (EWG) such as nitro, completely 

diminished the catalytic activity. Selectivity of the corresponding aldehyde was decreased when 

the conversion increased due to electron releasing groups, but never less than 83% of aldehyde 

selectivity was achieved. These observations might be indicative of an ionic reaction mechanism, 

including a carbocation-type rate-determining transition state that can be boosted by EDG 

substituents, and hindered by EWG ones. 
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 Pd/Silica catalysts 

Silica has been extensively utilized as support for designation of catalytic systems, especially 

because of high surface area of silica compared to many other oxides, including ceria. Our 

preliminary results showed that palladium was not absorbed on non-functionalized silica. But 

when the commercial mesoporous silica was functionalized with amine groups, both Pd0 and Pd-

P alloy was deposited on the surface of the support. The catalytic testing showed that Pd0/NH2-

SiO2 was not active for BnOH oxidation neither in toluene nor in EtOH. However, Pd-P/ NH2-

SiO2 showed activity in toluene and AcCN, but not in EtOH. The results in toluene was 

comparable with the results achieved by some of Pd/ceria catalysts, however, since the surface 

area of silica was almost 5 times more than ceria, important role of ceria support can be 

understood. For Pd/silica catalyst, changing the oxidant from air to O2 led to higher reaction 

efficiency. This was in contrary with Pd/ceria catalysts for which, same results were achieved 

using air or oxygen. In addition, increasing the temperature to boiling point of toluene led to 

decrease in selectivity of PhCHO. This phenomenon, although has been observed in previous 

studies, was contradictory to the results achieved by prepared Pd/ceria systems, suggesting 

different reaction mechanism when utilizing these two catalytic systems. This observation along 

with the XPS analysis of the Pd-P/silica sample (Pd0 was the only palladium species on the surface 

of silica) might suggest that the reaction mechanism with this catalyst is similar to the mechanism 

described in Section 1.3.1, which is not boosted by proton-donating ability of the protic solvents. 

 Future perspectives 
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During this project, several questions have been raised that can be a motivation for further 

continuing this research line. Deeper studies on oxidation states of palladium in calcined or 

reduced samples can improve the insight into the reaction mechanism, considering the 

significantly different reaction efficiencies achieved by the catalysts that were reduced by 

different methods, as well as the response of catalysts to organic solvents of different natures 

regarding the polarity and proticity. Studying the micro-kinetics of the reactions with regard to 

different secondary products especially in solvent-free reactions, can be another research line that 

might shed more light on the reaction mechanism. In addition, regarding the economic aspects 

of utilizing noble metals as catalyst, optimizing the metal loading to achieve the best efficiency 

can be of utmost importance. 

Finally, since neither of the tested catalysts were successful in oxidizing 4-benzyloxyphenol 

at atmospheric pressure, testing the reaction at higher pressure might lead to breakage of C ― O 

linkage. If performed successfully, further testing the catalysts for depolymerization of lignin can 

open up a way through a wide field of improving and optimizing the lignin valorization. 
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