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                  Chapter-1 

Introduction 

1.1. Catalysis  

Catalysis is a known phenomenon from very long ago until today. Life would not exist 

without catalysis as it plays an important role in energy demand and production in our 

modern society. Catalysis is ubiquitous in the chemical industry for the synthesis of value-

added products, renewable energy production, and environmental pollution control by 

reducing the emission of hazardous gases from automotive. In the 19th century, the 

development of catalysts was initiated by Kirchhoff, H. Davy, E. Davy, and Faraday. The 

chemical reactions were aided in the presence of other materials, which are not consumed in 

the process. According to the International Union of Pure and Applied Chemistry (IUPAC), a 

catalyst is simply a substance that increases the rate of chemical reactions without modifying 

overall standard Gibbs free energy in the reaction [1]. The term catalyst was first described 

by Swedish chemist J.J. Berzelius in 1836 [2], which was coined from Greek words kata 

meaning down and lyein meaning loosen. Afterwards in 1895, Ostwald initiated and claimed 

in terms of thermodynamics, catalyst is a material that accelerates a chemical reaction 

without changing the equilibrium of the reaction [3]. Currently, more than 90 % of chemicals 

and fuel processes are operated by catalysts for our everyday lives and are play a crucial role 

in the wellbeing of people.  

Typically catalysis was distinguished into homogeneous and heterogeneous catalysis. In 

homogeneous catalysis, reactant and catalyst are present in a single fluid phase. Most of the 

homogeneous processes take place in the liquid phase and are widely used in reactions 

involving organometallic complexes, metal ions, and the synthesis of organic molecules. 

However, a major challenge in the homogeneous process is the recovery of catalysts from 

product/substrate. In heterogeneous catalysis, reactant and catalyst are present in different 

phases. A heterogeneous catalytic process occurs by the adsorption of reactant onto solid 

active surface sites and desorption of products. Heterogeneous catalysis provides several 

advantages over homogeneous methods, such as easy separation of catalyst from product and 

recovery of the catalyst for reuse. This process has been employed in many industrial 

processes for the production of value-added products and fuels. In the early 1800s Ambrogio 

Fusinieri, and Michael Faraday have explored the ability of platinum (Pt) to facilitate 

oxidation reactions [4, 5]. Later, numerous catalytic processes have been started and 
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developed which facilitated isomerization, polymerization, oxidation, hydrogenation and 

dehydrogenation. The above-stated catalytic reactions contribute in the development of the 

industrial rebellion. 

1.2. Selective oxidation 

Selective oxidation transformation is the most prominent process for manufacturing 

aldehydes/ketones, carboxylic acids, and lower olefins; which are important processes in the 

chemical industry for the production of fine and specialty chemicals. Nowadays, there is an 

extensive need for olefins particularly, propylene which is the major chemical building block 

for the production of polypropylene, acrylonitrile, propylene oxide, etc. Also, selective 

conversion of 2-Butanol is a crucial reaction where the product methyl ethyl ketone (MEK), 

is considered the main commodity chemicals in the chemical industry. 5-

hydroxymethylfurfural (HMF) is one of the most significant platform molecules. The 

selective oxidation of HMF to commodity chemical 2,5-furandicarboxylic acid (FDCA) is an 

important process where FDCA serves as a substitution for terephthalic acid in the polymer 

industries for the production of bio-based polymer polyethylene furanoate (PEF), which is 

used in PEF bottles, films, fibers for apparel and furniture. This would contribute to a more 

active, sustainable green process for producing aldehyde/ketones and carboxylic acids. 

1.3. Oxidative dehydrogenation of propane 

Oxidative dehydrogenation of propane (ODHP) seems to be one of the most attractive 

alternatives to dehydrogenation routes for the production of lower olefins [6-8]. In this 

method, an oxidative gas (O2) is co-feed with the alkane. This process has several 

advantages, such as exothermicity (∆H298K = -117 kJ/mol
-1

) that is not thermodynamically 

limited (Eq. 1.1) and can be operated at a much low temperature which minimizes coke 

deposition on the catalyst surface ensuring the long-term stability and catalytic activity of the 

catalyst. However, using molecular oxygen as an oxidant in propane activation suffers from 

over-oxidation due to the high energy required for C-H bond activation in propane compared 

with propene molecule. In addition, flammability limitation of the reaction mixture, 

elimination of reaction heat (hotspots), and reaction lead to thermal runaway. Therefore, to 

develop a selective catalyst for ODHP and to enhance the selectivity/productivity of propene 

to reduce the deep oxidation is a must.  

C3H8 + ½ O2                         C3H6 + H2O         (1.1) 
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1.3.1. Catalytic dehydrogenation of propane  

There is a huge increase in the worldwide demand for lower olefins particularly propylene 

which is the basic feedstocks in the petrochemical industry for the production of a variety of 

polymers [9-11]. Conventionally, lower olefins are produced by steam cracking of naphtha, 

fluid catalytic cracking (FCC) of light diesel, and dehydrogenation of alkanes [12-14]. These 

methods need a huge amount of energy, which is not sufficient to attain the propylene 

demand, which is expected to increase to 130 million metric tons by 2023 [15, 16]. In the 

present scenario, shale gas development would have a significant impact on the world 

economy for at least several decades and possibly as long as a century more for the 

production of propylene. To date, various propane dehydrogenation technologies (ABB 

Lummus-Catofin, UOP Oleflex, Philips STAR, Linde BASF PDH, China university of 

petroleum ADHO, Snamprogetti Yarsintez FBD-4, Dow chemical company FCDh, and KBR 

K-PRO
TM

 ) have been unfold, which are listed in Table 1. However, the most extensively 

used process for propylene production is the dehydrogenation of propane using CrOx/Al2O3 

(Catofin process) and Pt-Sn/Al2O3 (Oleflex process), and these processes are highly 

endothermic (ΔH298= +124.3 kJ mol
-1

) in nature with a limitation over the thermodynamic 

equilibrium [17-21]. 

Table 1.1 Catalytic dehydrogenation process technology [22] 
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1.3.1.1. Catofin Process  

The Catofin process was developed by ABB Lummus Company for the dehydrogenation of 

C3-C5 paraffins. Fig.1.1 shows a typical Catofin propane dehydrogenation unit. An adiabatic 

fixed-bed reactor was designed and developed for the dehydrogenation process with four 

different zones: catalytic reaction of propane dehydrogenation to propylene, reactor on purge, 

regeneration, product compressor, and refining units. Before entering the catalyst bed, the 

hydrocarbon (propane) is preheated with hot air. The chromium oxide (CrOx) supported 

alumina (Al2O3) catalysts were loaded, and the reaction was performed at 650 °C and 0.5 bar. 

The Catofin process achieved >92 mol % propylene selectivity with high propane conversion. 

Nevertheless, this process is highly endothermic with lower efficiency and huge energy 

consumption. Besides this, the plant needs to shut down periodically under high reaction 

temperature conditions, which may damage the hardware and reaction systems. However, in 

addition to this, the high toxicity of Cr-based catalyst causes environmental antagonism, the 

acute side reactions and instigates catalyst deactivation and frequent regeneration of the 

catalyst [23].  

 

Fig.1.1 A schematic representation of Catofin
®
 dehydrogenation process [24]. 

1.3.1.2. Oleflex process 

The UOP Oleflex process technology was developed by Honeywell in 1990. Catalytic 

dehydrogenation of propane to propylene is performed in a moving bed reactor. The reaction 

is carried out using a Pt-Sn based catalyst at a temperature from 525 to 700 ºC and pressure 

between 1 to 3 bar. The Pt-based catalyst exhibits high propane dehydrogenation activity due 
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to the affinity for paraffinic C-H bonds. However, Pt-based catalysts exhibit a high tendency 

to sintering as well as coke formation, which block the active sites and is also not cost-

effective. The UOP Oleflex
TM

 propane dehydrogenation process has three or four different 

segments such as; reactor sector, product recovery, and regeneration sector as shown in Fig. 

1.2. The preheated C3 hydrocarbons feed is initiated into the reactor, and each reactor section 

contains interstage heaters; and a feed-effluent gas-gas exchanger. The last reactor is 

connected to continuous catalyst regeneration (CCR) to regenerate the catalyst. In the product 

recuperation unit, the cooling of reactor effluents is conducted which is compressed and 

finally hydrogen and olefins are separated by cryogenic systems.  

 

Fig.1.2 A schematic representation of UOP Oleflex
TM

 dehydrogenation process [25]. 

1.3.2. Thermodynamics of alkane dehydrogenation 

Dehydrogenation of lower hydrocarbons is highly endothermic (Eq. 1.2) and 

thermodynamically unfavorable. According to Le Chatelier’s principle, activation of alkanes 

at higher reaction temperature and low partial pressure help to achieve higher conversion. 

Fig. 1.3 shows the reaction temperature within the range 570-750 °C is required for propane 

dehydrogenation at atmospheric pressure. Upon increasing the temperature, the rates of both 

C-H cleavage and C-C bond cleavage side reactions will be amplified. Due to this, increased 

cracking products such as methane and ethylene (Eq. 1.3) are formed. Besides, three different 

side reactions can occur: the addition of hydrogen in propane which leads to the formation of 

hydrogenolysis products ethane as well as methane (Eq. 1.4), cracking of propane molecule 
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(Eq. 1.3), and coke formation on metal surfaces (Eq. 1.5). A plausible reaction pathway is 

illustrated below for the dehydrogenation of propane to propylene.  

  C3H8            C3H6 + H2 (∆H298 = 124.3 kJ mol
-1

)                  (1.2) 

     C3H8           CH4 + C2H4 (∆H298 = 98.9 kJ mol
-1

)                  (1.3) 

  C3H8 + H2                   C2H6 + CH4 (∆H298 = 37.7 kJ mol
-1

)         (1.4) 

                    C3H8          3C + 4H2 (∆H298 = 119.5 kJ mol
-1

)                       (1.5) 

 

Fig. 1.3 (a) Equilibrium conversion of C2-C4 alkanes to olefins versus temperature at 1 bar 

(b) pressure dependence of the dehydrogenation of propane versus temperature [26]. 

1.3.3. Oxidants 

Enhancing the selectivity and productivity of the value-added chemicals (aldehydes/ketones, 

dicarboxylic acids, olefins) through selective oxidation using oxidants such as CO2, Air and 

N2O is a great challenge [27, 28]. Using CO2 as a mild oxidant to oxidize propane to propene 

(Eq. 1.6) decreases the over-oxidation and reduces surface can be re-oxidized. Furthermore, 

employing and mitigating CO2 levels in the atmosphere could reduce global warming. 

However, employing CO2 in ODHP is highly endothermic (ΔH298K = +166.6 kJ mol
-1

), and it 

is difficult to activate the thermodynamically stable CO2 molecule. Hence, the introduction of 

O2 along with CO2 will make the reaction exothermic and increase the oxidizing capability of 

CO2. The addition of a small quantity of O2 reduces catalyst deactivation rate; however, the 

selectivity of propene will be declined. Thus, designing an appropriate catalyst, promoters, 

and suitable supports would enhance the oxidizing ability of CO2 and maintain a stable 

selectivity of propene.  

                C3H8 + CO2                               C3H6 + CO + H2O                      (1.6) 
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Other oxidants like N2O has been employed as the oxidant for ODH of lower hydrocarbons 

and exhibited higher catalytic activity when compared to oxygen due to the least catalytic 

combustion.  

1.3.4. Kinetics of ODHP 

The effect of reaction rates on different reactant concentrations (C3H8 & O2) and temperature 

is recognized by chemical kinetics. The kinetic study was initiated by S.L.T Andersson, on 

V/AlPO4 supported catalyst with varying vanadium loading (0.2-15 wt %) at different 

temperatures and partial pressure of propane as well as oxygen [29]. Table 1.2 described 

activation energy and rate constant for lower alkanes. Later, many researchers have studied 

many kinetic models for ODH of light paraffins; such as the Langmuir-Hinshelwood model, 

Eley-Ridel model, Power-law model [30-32], and Mars-van Krevelen (MvK) model. The 

MvK model is the most appropriate method of ODHP [33-37]. Thus, vanadia-supported 

catalysts have been found zero-order with reference to the partial pressure of oxygen and 

first-order with respect to the partial pressure of propane, which propounds that the activation 

of C-H bond in propane is a rate-determining step [38].  

Table 1.2 Bond dissociation energies for lower hydrocarbons [39] 

 

 

 

 

 

 

1.3.5. Alkane activation mechanism 

The most acceptable mechanism for selective oxidation and ODH is Mars-van Krevelen 

(MvK) or redox mechanism [40]. In this mechanism, the activation of C-H bond in propane 

molecule is achieved by homolytic scission [41]. It is well known that the C-H bond in the 

methylene group is weaker than the methyl group (primary carbon) and a recent report 

suggested that C-H bond activation is the rate-determining step. Initially, lattice oxygen 

participates in the C-H bond activation of secondary carbon (methylene group) with the 

formation of propyl radical and O-H bond via paired electron mechanism. In the second step, 

Bond type Energy kJ mol
-1

 

C-C 376 

Primary C-H 420 

Secondary C-H 401 

Tertiary C-H 390 

Allylic C-H 361 

Vinylic C-H 445 
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C-H bond breaks in the methyl group to form propene. Then, the reduced oxide surface can 

be re-oxidized by an external supply of oxygen, and this cycle continues throughout the 

reaction. Two different oxygen species are present on the catalyst surface, namely 

electrophilic and nucleophilic. Scheme. 1.1 shows that the electron-deficient electrophilic 

oxygen species like O2
−
, O2

2−
, and O

-
 are responsible for complete oxidation [42]. The 

saturated surface nucleophilic O
2−

 species are highly selective towards propene. 

CH3CH2CH3 + O
2− 

          CH3CH=CH2 + H2O + 2e
−
      (1.7) 

O2 + e
− 

          O2
− 

                               (1.8) 

    O2
−
 + e

−                
O2

2−
           2O

−   
              (1.9) 

    2O
− 

+ 2e
−                  

2O
2−                          

            (2.0) 

 

 
Fig. 1.4 MvK mechanism. 

 
Scheme. 1.1 XO represents nucleophilic oxygen and XOO represents electrophilic oxygen. 

1.3.6. Catalyst design for ODH of propane: A literature review 

A great number of catalysts have been investigated for ODHP [43-46]. The most prominent 

key properties of an ODH catalyst are oxide supports interaction, oxygen vacancy, acid-base 
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properties, nature of supports, surface oxide reducibility, reactant feed ratio and resistant to 

coke formation. Furthermore, the catalyst should have superior thermal stability and retain 

the structural integrity for long-term reaction. Although many reports deal with ODH of 

propane, vanadium oxide-based catalysts show high catalytic activity and selectivity towards 

the desired products [35, 37, 47-52].  

1.3.6.1. Acid-base properties 

Acid-base property has a dominant role in heterogeneous catalysts, particularly in the ODH 

of lower alkanes [53]. The surface metal oxide catalyst contains metal cations (acidic 

centers), oxygen and hydroxyl groups (basic centers). The addition of an admissible amount 

of additives (K, P, Ca, Ni, Mg, Zn, Nb, and Mo) to vanadium oxide supported catalyst 

modifies the acid-base properties and redox nature [54, 55]. Thus, modification of surface 

properties increases the concentration of acid sites (increase in the electronegativity of 

additive ions) and enhances catalytic activity. A small amount of alkali and alkaline earth 

dopants into the oxide surface can increase the basicity M-O bond energy and increase the 

selectivity of propene. P. Concepcion and co-workers reported that selectivity of propene is 

correlated to the nucleophilicity of surface oxygen species [56].  

1.3.6.2. Role of oxide supports  

Oxidative dehydrogenation of propane has been widely studied using a different catalyst, 

supports, and reaction conditions. Among all, vanadium oxide (VOx) supported catalysts are 

studied effectively for the ODH of propane to propene. The crucial part of VOx is the variable 

oxidation state (+3, +4, and +5), and also vanadium oxide has been examined over numerous 

supports, including Al2O3, SiO2, TiO2, CeO2, MgO, ZrO2, Nb2O5 and zeolites [37, 57]. These 

supports play a crucial role in ODH of propane. Typically, oxide supports (Al2O3, SiO2, 

TiO2) poses high surface area, durability, high thermal stability, and strong metal-support 

interaction (SMSI). The supported VOx catalysts contain isolated monomeric vanadia, and 

this molecularly dispersed species has been investigated by several authors. High surface area 

alumina has been employed for ODH of propane due to its acid properties, high metal 

dispersion, and uniform pore size distribution. Nevertheless, alumina supports are acidic in 

nature, and therefore, alkaline metals are used as promoters to suppress the coke formation on 

the surface and reduce side reactions.  
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1.3.6.3. Supported VOx catalysts 

Highly dispersed oxide-supported catalysts have been extensively studied for the oxidative 

dehydrogenation of propane and used for numerous other industrial catalytic processes [58]. 

The structural complexing and binding strength of lattice oxygen in the surface VOx species 

has a crucial role that presides over the selectivity of propene, and a few reports for ODH of 

propane are listed in Table. 1.3. Different types of VOx species can be found such as 

monomeric (isolated VOx), dimeric, polymeric, and crystalline V2O5 which depends on the 

loading of vanadia, synthesis method, calcination temperature, and the nature of oxide 

supports [37, 59].  

It is reported that three types of oxygen atoms are present in surface VO4 species, such as (i) 

terminal V=O sites, (ii) oxygen atom bridging to vanadia atom (V-O-V), and (iii) oxygen 

atom bridging to vanadia atom and oxide supports sites (V-O-supports) [60]. The selectivity 

of olefins is achieved over a catalyst containing a high density of surface vanadia oxide and 

isolated monovanadate species on the surface. Moreover, theoretical studies have been 

confirmed that terminal and bridging lattice oxygen provide the active sites for C-H 

activation in propane, which is in good accordance with the DFT calculations [61]. 

Table 1.3 Performance of some transition metal oxide catalyst for ODH of propane 

Catalyst Reaction 

Temperature (°C) 

Conversion 

of propane 

(%) 

Selectivity 

of propene 

(%) 

References 

VOx-Al2O3 488 33 38 62 

CeVO4 550 41 69 63 

Nb-CeO2 500 14 25 64 

    CoMgAlO-LDH 600 15 67 71 600 15 67 65 

V-MCM 41 550 11 61 66 

VOx-SBA-15 450 13 57 67 

VOx-KIT-6 600 55 64 68 

CMK-3 450 13 48 69 

VOx-SiO2 520 3 78 70 

 

1.3.6.4. Boron based catalyst for ODH of propane 

Recently hexagonal-boron nitride (h-BN) and boron-containing catalysts are found highly 

active for ODHP, and it has a greater tendency to cleave only the C-C bond of propane than 
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over the vanadium-based catalysts [71]. The h-BN catalyst gave high selectivity of propene 

(71.8 %) with the low conversion of propane (11.3 %) at 560 ºC [72]. However, the catalyst 

was reported to give low selectivity for COx and relatively higher selectivity for C2 products. 

Currently, boron nitride (BN) based catalyst is synthesized with high thermal stability and 

conductivity. Chaturbedy et al, reported that high surface area boron nitride (BN) catalyst is 

achieved 70 % selectivity of propene and 52 % conversion of propane at 525 ºC with high 

O2/C3 ratio. However, the catalyst needs regeneration every five hours to regain the original 

catalytic activity [73]. Hermans and co-workers reported that boron nitride (BN) and boron-

containing materials (NiB, WB, B4C, and TiB2) are highly active for ODH of propane [74]. 

Nevertheless, the stability of the catalyst needs to improve, and the role of nitrogen species 

present in the BN catalyst has yet to confirm from operando techniques. So far, no unusual 

kinetic aspects of the ODH reaction have been discovered, nor has a mechanism been 

uncovered to explain the unprecedented activity. 

1.3.6.5. Carbon based catalytic systems for ODH of propane 

Carbon-based catalysts acquired numerous attention due to their large volume, tunable pore 

size, as well as high surface area, and they have been extensively studied for several catalytic 

applications. Schlogl et al. reported metal-free carbon nanomaterial (nanotube, onion-like 

carbons and carbon nanofilaments) for ODH of ethylbenzene to styrene [75]. In agreement 

with this, oxygen containing functional groups and quinoidic groups are observed active for 

ODH of propane [76]. 

1.3.6.6. Reactor type and operation system 

The selection of a suitable reactor is pivotal to executing the oxidative dehydrogenation 

process. A fixed bed reactor (FBR) has been used for selective catalytic oxidation reactions. 

However, due to the hot spots, catalyst deactivation is a major drawback related to FBR. It is 

difficult to run the reaction under isothermal conditions. The fluidized bed reactor has many 

advantages like; (i) uniform residence time distribution, (ii) mass transfer, and (iii) periodic 

regeneration of the catalyst [77]. Additionally, a twin reactor provides catalyst regeneration 

for ODH reactions, which can be an appealing alternative route for commercial 

implementation [78]. Later, a fluidized (CREC: Chemical Reactor Engineering Centre) riser 

simulator reactor was designed to understand the reaction kinetics and mechanism for ODH 

of propane under oxygen-free conditions [79]. 
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1.4. Selective oxidation of 2-Butanol 

1.4.1. Introduction 

Selective oxidation of alcohols to aldehydes/ketones plays an important role in the chemical 

industry and academia for the production of fine chemicals and fuels [80, 81]. 

Conventionally, aldehydes/ketones were prepared by the oxidation of alcohols using a 

stoichiometric amount of oxidants, such as salts of permanganates [82], chromates 83, 84], 

and bromates [85]. Due to the generation of an enormous quantity of metal wastes, 

conventional methods are replaced by a catalytic method for the production of 

aldehydes/ketones. In the homogeneous catalytic method, high catalytic activity towards the 

desired product was achieved; however, it has a major drawback in the separation and reuse 

of the catalysts. To overcome these difficulties, the heterogeneous catalytic method was used. 

It plays a vital role in the separation and reuse of the catalysts; but the challenging task was 

the synthesis of catalysts with high selectivity towards desired products.  

Lower alcohols such as methanol, ethanol, propanol and butanol are the main raw materials 

for the production of many value-added chemicals using sustainable catalysis [86]. Among 

them, methanol, as well as ethanol, has been established for H2 production through steam 

reforming and partial oxidation. Moreover, methanol is widely studied for formaldehyde 

production too. The 2-Butanol has several advantages over methanol and ethanol due to the 

higher hydrogen content, less hygroscopic nature, and low vapor pressure [87]. 2-Butanol can 

be selectively oxidized to methyl ethyl ketone (MEK) which is a main commodity chemical 

in the industry [88, 90]. The estimated market size of MEK was over 1.4 MMT in 2014, and 

to be expected to 1.9 MMT by 2022, which are depicted in Fig. 1.5. Commercially, MEK is 

produced by the dehydrogenation of 2-Butanol using copper and zinc-based catalyst [91, 92]. 

The mesoporous Cu-Zn-Al2O3 catalyst is active and highly selective for MEK with lower by-

products compared with catalyst prepared by normal co-precipitation method [93]. Keuler et 

al. synthesized copper-based catalyst on different supports such as SiO2 and MgO for 2-

Butanol dehydrogenation. The high surface area SiO2 supported Cu (15 wt %) showed a 

higher yield than MgO supported catalyst [94]. Lambert et al. reported Cu/SiO2 xerogel 

catalysts for the dehydrogenation, and interesting observation was observed. The bigger 

metallic Cu particles located outside silica were more active and responsible for 2-Butanol 

dehydrogenation [95]. The highly dispersed 3 nm Cu nanoparticle showed the least activity 

than bigger (15-30 nm) particles.  
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When compared to conventional process selective catalytic oxidation of 2-Butanol to MEK 

has conceptual advantages like high conversion of 2-Butanol and exothermicity (Eq. 4.1). 

Hence, the process is thermodynamically favorable, which helps to provide a workable 

reaction temperature between 200 and 400 °C. Even though it has numerous advantages over 

traditional processes, tailoring a highly active catalyst is challenging and selective towards 

desired products with sustainability, which is an interesting area of research in heterogeneous 

catalysis. 

(2.1) 

 

Fig.1.5 Commercially important products from Methyl ethyl ketone [96]. 

In the past 2-3 decades, researchers started to investigate noble metal-based catalysts for the 

selective oxidation of 2-Butanol to MEK. Table 1.4 shows the list of catalysts employed for 

the 2-Butanol oxidation. The bimetallic AuPd nanoparticle stabilized by polyvinylpyrrolidone 

(PVP) was utilized for various oxidation reactions of molecules such as benzyl alcohol, 1-

Butanol, and 2-Butanol. The 1:3 Au:Pd nanoparticles displayed high activity than the single 

site Au, Pd, and other bimetallic nanoparticles [97]. Yan and co-workers synthesized Au 

(111) surface, which can boost the selective oxidation of 2-Butanol with 100 % selectivity of 

2-Butanone [98]. Mistry et al. investigated shape-dependent Pt nanoparticle (1 nm) supported 

on γ-Al2O3 and achieved high catalytic activity even at low temperature [99]. This study 

emphasizes the importance of catalysts structure and their catalytic performance. 
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Table 1.4 Oxidation of 2-Butanol to MEK over different catalyst systems 

Catalyst Reaction 

Temperature 

(°C) 

Conversion 

of 2-Butanol 

(%) 

Selectivity 

of MEK 

(%) 

References 

(Zn1−zInz)(O1−xNx) 400 100 75 (Yield) 100 

Cu/SiO2 xerogel 260 50 100 95 

ReOx/SBA-15 105 100 -- 101 

        Au:Pd NPs 600 15 67 71 60 65 100 97 

Au/Pd (100) alloys -- 18 100 102 

 

1.4.2. Proposed mechanism for the selective oxidation of alcohols over noble metal-

based catalysts 

Several mechanisms have been proposed for the selective oxidation of alcohols based on the 

active centers and surface property of the catalysts. There are mainly three important key 

factors of noble metal catalyst for alcohol oxidation.  

 
Scheme. 1.2 Mechanism for the selective oxidation of alcohol to represent aldehyde/ketones 

over noble metal catalysts [103]. 

The first step is the formation of a metal alkoxide and metal hydride through the insertion of 

a metal atom in between the O-H bond of alcohol [103]. The second step is proton abstraction 

by the surface Pd atoms through β-hydride elimination process and finally ends up with 

aldehyde/ketones as the product [104]. Later, Pd active sites can be regenerated by dioxygen 

via oxidation of adsorbed hydrogen. 
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1.4.3. Mechanism for non-noble metal oxide catalysts  

So far, the most acceptable mechanism for the selective oxidation of alcohol using non-noble 

metal oxide catalysts is MvK mechanism [40]. Scheme 1.3 shows the mechanism where 

initially lattice oxygen participates in the oxidation process to form aldehydes/ketones. 

Further, the reduced metal oxide surface of the catalyst is re-oxidized by replenishing with 

molecular oxygen. The cycle continues until the reaction is complete. A similar mechanism is 

followed for the gas phase oxidation reactions [105]. This is felicitous for the liquid phase 

oxidation reactions [106].  

 
Scheme. 1.3 MvK mechanism for selective oxidation of alcohols to aldehydes over non-

noble metal-based catalysts [40]. 

1.5. Selective oxidation of HMF to FDCA 

1.5.1. Introduction 

The majority of energy and fuels are currently produced from non-renewable resources, 

including natural gas, petroleum oil and coal. [107]. However, the global CO2 level is 

increasing drastically with the continuous use of fossil-based feedstocks [108, 109]. This 

causes global climate change and serious environmental pollution. Hence, it is an urgent need 

to solve the ecological problems. Biomass is an alternative option and the fourth largest 

source of energy. The demand for the transformation of biomass into value-added products 

and clean energy fuels is increasing in our day today life due to the sustainability of this 

process [110, 111]. Biomass can be derived from various sources like lignocellulose, starch, 

crops, and lipids. The chemical composition of lignocellulose biomass includes cellulose (40-

50 %), lignin (20-30 %) and hemicellulose (20-40 %) [112]. Hydrolysis of cellulose to 

glucose using metal-based catalysts is extensively studied [113]. The transformation of 

glucose to various value-added products is given in the Scheme. 1.4. 
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Scheme.1.4 Cellulose hydrolysis and glucose derived products. 

In this thesis work, we concentrate on 5-hydroxymethyl furfural (HMF) oxidation, the most 

important platform molecule which undergoes oxidation, hydrogenation, decarbonylation, 

hydration, and etherification to produce monomers, platform chemicals, and fuels. 

 
Scheme. 1.5 Valorization of HMF to various value-added products. 

The oxidation of HMF can produce several value-added products such as 2,5-diformylfuran 

(DFF), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), and furandicarboxylic acid 
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(FDCA). Among them, FDCA has attracted much attention in academic as well as industry. 

FDCA is used as the monomer for the production of polyethylene furanoate (PEF), which is 

used in fiber products, soft drink bottles, and packing materials [114]. FDCA is an alternative 

to the conventional petroleum-based polyethylene terephthalate (PET) [115].  

1.5.2. Homogeneous process  

In the past decades, the homogeneous catalyst containing Co/Mn/Zr/Br was used for HMF 

oxidation using acetic acid as solvent [116]. However, it has several drawbacks, including 

separation of catalyst from the solvent and reusability of the catalyst. The other two major 

drawbacks in homogeneous catalysis are the lower yield of FDCA and the formation of by-

products. 

1.5.3. Heterogeneous process 

Increasing demand for FDCA insists on overcoming the difficulties of a homogeneous 

process. Researchers have been started exploring heterogeneous catalysts using various 

metals (Au, Pt, Pd, and Ru) and oxides (Mn, Ce) on different supports [117]. 

1.5.4. Literature review  

1.5.4.1. Au supported catalytic systems 

Supported noble metal catalysts are highly active and selective for selective oxidation 

reactions. Generally, noble metal catalysts are supported over high surface area supports to 

achieve maximum metal dispersion and more active sites. Recently, supported gold catalyst is 

found more stable and active for HMF oxidation [118]. Au nanoparticles supported on CeO2 

and TiO2 are more active for this reaction under mild reaction conditions (65-130 ºC, and 10 

bar pressure). Interestingly, an increase in Ce
3+

 amount improves catalytic activity. However, 

most of the Au-supported catalysts require alkali (external base) for the oxidation of HMF to 

FDCA, which may cause environmental issues. The base free oxidation of Au-supported 

hydrotalcite (HT) catalyst showed high activity. However, the leaching of Mg
2+

 from HT 

support could effect catalyst recyclability [119]. Table. 1.5 represents some of the previous 

reports available in the literature. 
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Table 1.5 Selective oxidation of HMF to FDCA over Au supported catalysts 

Catalyst Base Reaction 

Temperature 

(ºC) 

Yield of 

FDCA (%) 

References 

Au/CeO2 2 equiv. NaOH 130 96 120 

Au/TiO2 4 equiv. NaOH 130 84 121 

Au/C 2 equiv. NaOH 23 7 122 

Au-Pd/CNT Base free 100 96 123 

 

1.5.4.2. Pt and Pd supported catalysts  

Platinum (Pt) supported catalysts are very active for HMF oxidation than other noble metal 

catalysts [124]. Carbon-supported Pt catalyst showed 81 % FDCA yield at 1 bar oxygen 

[125]. However, Pt supported Al2O3, ZrO2, and CeO2 require a highly concentrated alkaline 

medium while the activity is lower than carbon supported catalysts. Other active catalysts for 

the base-free oxidation of HMF are Pt/PVP and Pt/IP. Palladium (Pd) catalysts are also 

studied for HMF oxidation and demonstrated reasonable activity. Table. 1.6 depicts the 

reported Pt and Pd supported catalysts for HMF oxidation. 

Table 1.6 Selective oxidation of HMF to FDCA over Pt and Pd supported catalysts 

Catalyst Base Reaction 

Temperature (ºC) 

Yield of  

FDCA (%) 

References 

Pt/TiO2 2 equiv. Na2CO3 100 84 126 

Pt/Al2O3 pH = 9 60 99 127 

Pt/PVP Base free 80 94 128 

Pd/C 2 equiv. NaOH 23 71 122 

Pd/Al2O3 1.25 equiv. NaOH 90 78 129 

Pd/HT Base free 100 99 130 

 

1.5.4.3. Ru supported catalysts 

Ruthenium (Ru) based catalysts are also studied for HMF oxidation owing to the similarity in 

properties with Pt and Pd [131]. Presently, Ru supported catalyst are highly active for HMF 

oxidation to FDCA and Table. 1.7 shows some of the reported catalysts. Mishra et al. studied 

the oxidation of HMF using air as the oxidant with Ru nanoparticles supported on MnCo2O4 
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spinel catalyst with tunable acidic sites, which were crucial for the high yield of FDCA [132]. 

Later, ZrO2 support with the high surface area was prepared from silanol-rich SiO2 aerogel 

template and 97 % yield of FDCA was achieved after 16 h of reaction [133]. However, many 

reported systems use high pressure and longer reaction time (16 and 24 h) which are the 

major problems of this method.  

Table 1.7 Selective oxidation of HMF to FDCA over Ru and non-noble metal supported 

catalysts 

Catalyst Base  Reaction 

Temperature (ºC) 

Yield of 

FDCA (%) 

References 

Ru/C 1 equiv. NaOH 120 69 134 

Ru/HAP Base free 120 99.9 135 

MnOx-CeO2 KHCO3 110 88.7 136 

Co-Mn-0.25 NaHCO3 120 95 137 

FexZr1-O2 Base free 160 61 138 

 

1.5.4.4. Non-noble metal catalysts  

Noble-metal supported catalysts are highly active and have good recyclability. However, they 

are not economically viable for large-scale production. Researchers started working to attain 

economic feasibility of the process to carry out the HMF oxidation using non-precious metal 

oxide catalysts with different oxidants shown in Table. 1.7. Commercially available MnO2 

can oxidize HMF to FDCA in the presence of an external base and achieve 91 % FDCA yield 

at 10 bar O2 [139]. The enhanced catalytic activity of the catalyst was attributed to high 

oxygen mobility, and Mn
4+

 is more favorable for HMF oxidation. 

1.6. Scope and objective of the thesis 

The present thesis deals with the rational designing of efficient catalysts and tuning the 

catalytic activity in terms of stability and improving catalytic performance for selective 

oxidation of propane, 2-Butanol, and biomass-derived feedstocks. The developed catalysts 

were characterized for various chemical and physical properties. The structure-activity-

selectivity correlations were examined for tailored catalysts. 
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1.7. Thesis framework 

The thesis is widely split into six chapters. 

Chapter 1: Introduction 

Chapter 1 describes a general introduction to catalysis and briefly explains commercial 

dehydrogenation processes and their thermodynamic limitations. The advantages and 

importance of ODH process over traditional DH methods will be discussed. A brief 

description of existing catalyst systems for ODH of propane is also given. This chapter also 

includes a discussion on the valorization of biomass-derived feedstocks to renewable bio-

based polymers and the literature overview. 

Chapter 2: Synthesis methodology and characterization techniques  

This chapter adopted various catalyst synthesis methodologies and their physicochemical 

properties. The structural activity relationship has been studied by powder XRD, XPS, BET 

surface area, UV-DRS, TPR, TEM, TGA, ICP-OES, and FTIR etc. The details of the 

instrumentation techniques have been represented.  

Chapter 3: New insights into the composition and catalytic performance of VOx-Ga/γ-

Al2O3 for the oxidative dehydrogenation of propane to propene 

In chapter 3 brief introduction of oxidative dehydrogenation of propane and its importance 

are discussed. The designed metal oxide (VOx-Ga) supported γ-Al2O3 catalyst has been 

studied for the reaction. The optimized catalyst was stable up to 24 h of reaction, and spent 

catalysts were analyzed to understand more about the surface.  

Chapter 4: Effective and selective oxidation of 2-Butanol over Mn supported catalyst 

systems 

A brief introduction of selective oxidation of 2-Butanol to methyl ethyl ketone (MEK) is 

explained. Metal oxide (MnxOy) with various supports is used for the oxidation of 2-Butanol. 

The various analysis is done to understand the role of the Mn3O4 phase, oxidation state, and 

metal-support interactions and to improve the selectivity of MEK. 

Chapter 5: Selective oxidation of 5-Hydroxymethyl furfural to 2,5-Furandicarboxylic 

acid 

Chapter 5 describes the detailed introduction of HMF oxidation to FDCA and this chapter is 

divided into two parts. 
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A. A highly efficient and reusable Ru-NaY catalyst for the base free oxidation of 5-

Hydroxymethylfurfural to 2,5-Furandicarboxylic acid 

Ruthenium exchanged NaY catalyst shows superior catalytic activity in the selective 

oxidation of HMF to FDCA using an O2 oxidant. High metal dispersion, smaller Ru 

nanoparticles and high availability of metallic Ru play a vital role in obtaining a high yield of 

FDCA. The influence of surface acidic hydroxyl groups was characterized using different 

techniques. 

B. An enhanced catalytic performance of Ru nanoparticles supported NMC catalyst for 

the oxidation of HMF to FDCA 

Nitrogen-doped mesoporous carbon (NMC) supported catalysts were synthesized using the 

silica-assisted sol-gel process. The nitrogen content contributed to an increase in the 

percentage of Ru
0
 on the catalysts, resulting in an increase in the number of active catalytic 

sites. 

Chapter 6: summary and conclusions 

This chapter discusses and summarizes the many state-of-the-art catalysts that were 

developed and applied for oxidative dehydrogenation of propane as well as selective 

oxidation of biomass-derived components. The conclusions of the present study are also 

associated with some suggestions for future prospects to improve these catalysts and their 

catalytic performance for selective oxidation.  
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                Chapter-2 

Synthesis methodology and characterization techniques 

2.1. Introduction  

This chapter describes the design of various catalysts and characterization techniques for 

better understanding the structure-activity relationship and tailoring the catalysts accordingly 

to improve the desired yield of the products. The suitable catalyst and method of preparation 

play a vital role in attaining high selectivity and stable activity. The Physico-chemical 

properties of materials were extensively studied to understand the nature of the catalysts. The 

structural characterization of all the synthesized catalysts was executed using powder XRD, 

electron microscopy, and N2-sorption. These techniques confer information about 

crystallinity, particle size, structural morphology, and textural properties. The structural 

integrity of the catalysts was carried out using X-ray photoelectron spectroscopy (XPS), 

Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy, UV-visible 

spectroscopy, Inductively coupled plasma-optical emission spectroscopy (ICP-OES), 

Temperature programmed desorption (TPD), Temperature programmed reduction (TPR) and 

Thermogravimetric analysis (TGA). 

2.2. Description of chemicals and gases used for this work 

Table 2.1 List of chemicals used for the synthesis 

Chemicals name Formula Purity and Make 

Ammonium metavanadate NH4VO3 99 %, Sigma Aldrich 

Gallium nitrate  Ga(NO3)3·xH2O 99.9 %, Sigma Aldrich 

Oxalic acid C2H2O4 98 %, Merck 

Aluminum oxide γ-Al2O3 99.9 %, Alfa Aesar 

Manganese nitrate Mn(NO3)2·4H2O 98 %, Alfa Aesar 

Aluminium nitrate  Al(NO3)3·9H2O 95 %, Alfa Aesar 

Cerium nitrate Ce(NO3)3·6H2O 99.9 % , Sigma Aldrich 

Zirconyl nitrate  ZrO(NO3)2·H2O 99.5 %, Loba Chemie 

TEOS Si(OC2H5)2 98 %, Sigma Aldrich 
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Sodium hydroxide NaOH 98 %, Merck 

Ethanol C2H5OH 99.9, CSS 

Hydrochloric acid  HCl 37 %, Merck  

2-Butanol C4H10O 99 %, Alfa Aesar 

NaY Zeolite  CBV-100, Si/Al ratio = 

2.5 

Zeolite international, USA 

Ruthenium chloride RuCl3.xH2O 99.9 %, Sigma Aldrich 

Phenol C6H5OH 99.9 %, Loba Chemie 

Melamine C3H6N6 99.9 %, Loba Chemie 

Formaldehyde CH2O 99.9 %, Loba Chemie 

Sodium Borohydride  NaBH4 99.9 %, Sigma Aldrich 

Ludox AS-40 SiO2 40 wt. % SiO2 in water, 

Sigma Aldrich 

5-hydroxymethylfurfural C6H6O3 99 %, Sigma Aldrich 

2,5-furandicarboxylic acid C6H4O5 97 %, Sigma Aldrich 

2,5-diformylfuran C6H4O3 97 %, Sigma Aldrich 

5-hydroxymethyl-2-furan 

carboxylic acid 

C6H6O4 97 %, Sigma Aldrich 

5-formyl-2-furan carboxylic 

acid  

C6H4O4 97 %, Sigma Aldrich 

Gases and calibration gas mixtures used for selective oxidation reaction and catalyst 

characterization techniques are listed in Table 2.2 
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Table 2.2 List and applications of the gases used 

Gas Purity Application Supplier 

 

Propane 99.9 % Reactant gas USA 

Oxygen 99.5 % Reactant gas Vadilal Chemicals Ltd, India 

Nitrogen (N2), 

Hydrogen (H2), 

Argon (Ar) 

99.9 % 

99.9 % 

99.9 % 

GC 

GC 

GC  

Vadilal Chemicals Ltd, India 

Helium 99.9 % N2-sorption, 

TPR , TPD 

Vadilal Chemicals Ltd, India 

Zero Air 99.9 % GC, TGA Vadilal Chemicals Ltd, India 

Calibration gas 

mixtures 

 

99.9 % 

 

GC 

Chemtron Science Laboratories, India 

10 % CO2/He 99.9 % TPD Vadilal Chemicals Ltd, India 

10 % NH3/He 99.9 % TPD Vadilal Chemicals Ltd, India 

5 % H2/Ar 99.9 % TPR Vadilal Chemicals Ltd, India 

10 % O2/He 99.9 % TPR Vadilal Chemicals Ltd, India 

2.3. Catalyst synthesis  

2.3.1. Synthesis of vanadium and gallium oxide supported on γ-Al2O3 

The catalysts were prepared by an incipient wetness impregnation method. The amount of 

support; commercial γ-Al2O3 was suspended in 30 ml of distilled water, and the solution was 

sonicated for 45 min to get uniform dispersion. To this, the desired amount of ammonium 

metavanadate and gallium nitrate dissolved in an aqueous oxalic acid solution was added 

dropwise. After impregnation, the resulting mixture was stirred at 80 ºC for 3 h. The resulting 

material was dried at 120 °C for overnight followed by calcination at 560 °C for 4 h. A series 

of catalysts were prepared with different ratios of VOx and Ga supported γ-Al2O3 and are 

denoted in Table 2.3. 
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Table 2.3 Catalyst compositions and sample codes 

S.No. Molar ratio Sample code 

1 10 % VOx/γ-Al2O3 VOx/γ-Al2O3 

2 V8Ga2/γ-Al2O3 VGA-1 

3 V7Ga3/γ-Al2O3 VGA-2 

4 V6Ga4/γ-Al2O3 VGA-3 

5 V5Ga5/γ-Al2O3 VGA-4 

6 V3Ga7/γ-Al2O3 VGA-5 

7 10 % Ga/γ-Al2O3 Ga/γ-Al2O3 

2.3.2. Preparation of manganese oxide supported catalysts 

2.3.2.1. Hydrothermal method  

Mn-supported catalysts were synthesized by co-precipitation followed by the hydrothermal 

method [1]. The procedure is as follows: the metal nitrate precursors Mn(NO3)2·4H2O and 

Al(NO3)3·9H2O taken in a 1:1 molar ratio were dissolved in deionized water. The 

precipitating agent (NaOH) was added dropwise at constant pH (9.5 ± 0.2) to a 500 ml 

beaker, which was stirred. The solution was transferred into a Teflon-lined autoclave for 

hydrothermal synthesis and kept at 150 ºC for 12 h. Further, the precipitate was filtered, 

washed with distilled water, and dried at 110 ºC overnight; this catalyst was calcined at 450 

ºC at 2 ºC min
-1

 for 6 h (MnxOy-Al2O3). Similarly, MnxOy-CeO2 and MnxOy-ZrO2 catalysts 

were also prepared by the same procedure. The above-calcined catalysts are denoted as MA 

(MnxOy-Al2O3), MC (MnxOy-CeO2), and MZ (MnxOy-ZrO2). 

2.3.2.2. Sol-gel method  

Mn-supported SiO2 catalyst was synthesized by sol-gel method [2]. Mn(NO3)2·4H2O and 

TEOS (1:1 molar ratio) was diluted using ethanol, and the solution was stirred at room 

temperature to get a clear homogeneous solution. Half of the alcohol was used for this, and 

another half was used to dilute water and acid. The mixed solution of EtOH-H2O-HCl was 

added dropwise to the above Mn-TEOS-EtOH solution with constant stirring. After complete 

incorporation, the solution was stirred at 40 ºC for 12 h. Then the solution was dried at 110 

ºC for overnight and calcined at 450 ºC for 6 h. Finally, the calcined MnxOy-SiO2 catalyst 

was labeled as MS. 
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2.3.3. Synthesis of Ru-NaY nanoparticles by ion-exchange method 

The Synthesis of Ru nanoparticles by the ion-exchange method has been described in 

Scheme 2.1. Briefly, an appropriate amount of NaY zeolite was suspended in 30 ml of 

deionized water. The above solution was sonicated for 0.5 h at room temperature to get well 

dispersion of the NaY zeolite. To this 12 ml of RuCl3 solution was added dropwise (for 3 wt 

% Ru-NaY), and the mixture was stirred at 80 °C for 3 h. Later, the solution was cooled 

down to room temperature, and then an aqueous solution of NaBH4 (Ru/NaBH4, 1:4) was 

added dropwise to the resulting mixture in a closed system with constant stirring to obtain 

metallic Ru. The final mixture was filtered and washed thoroughly with 2-liter deionized 

water. Finally, the filtered sample was dried at 110 °C for 10 h and denoted as 3 wt % Ru-

NaY. A similar synthesis procedure was followed for 1 %, 2 %, and 5 wt % Ru-NaY catalysts 

with a calculated amount of Ru precursor. 

 

Scheme 2.1 Graphical representation of the synthesis technique for Ru exchanged NaY 

zeolite. 

2.3.4. Synthesis of Ru nanoparticles supported on nitrogen-doped mesoporous carbon 

(NMCs) catalyst 

2.3.4.1 Preparation of nitrogen-doped mesoporous carbon (NMC)  

The synthesis procedure is shown in scheme 2.2, 39 mmol of phenol (carbon source) and 107 

mmol of formaldehyde were dissolved in 0.2 M NaOH, and this solution was stirred at 70 °C 

for 45 min [3]. To this, 39 mmol of melamine (nitrogen source) and 107 mmol of 

formaldehyde were added and stirred at 70 °C for 1 h. To this, 37.5 g of Ludox AS-40 (40 % 

SiO2) was added dropwise, and the solution was kept for aging for 1 hour. The final solution 

was transferred to a polypropylene bottle and kept in an oven at 80 °C for 5 days. The 

resulting colloidal mixture was dried at 80 °C for 2 days, ground to fine powders, and 
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carbonized at 800 °C under N2 flow atmosphere for 3 h (heating rate 5 °C/min). The black 

residue was dissolved in 2 M NaOH at 80 °C for 12 h in order to remove silica from the 

polymer framework. The solution was washed with distilled water and dried at 110 °C for 12 

h. The variation in nitrogen content was accomplished by changing the mole proportion of 

melamine to phenol (M/P), as given in Table 5B.1. Accordingly, the silica-free nitrogen-

doped mesoporous carbon was named as NMC-x (x =1 and 2). The nitrogen-free mesoporous 

carbon (MC) was also combined, utilizing a similar procedure without melamine. 

 

Scheme 2.2 Schematic diagram for the synthesis of nitrogen-doped mesoporous carbon. 

2.3.4.2 Synthesis of Ru supported NMCs catalysts 

The Ru-supported carbon catalyst (NMC) was prepared by the incipient wetness 

impregnation method [3]. Initially, an appropriate quantity of NMC was disseminated into 40 

ml of distilled water and sonicated for 45 min. To this, the desired amount of Ru 

(RuCl3·xH2O, 4.6 mg/ml) was added slowly, and the solution was heated at 80 °C with 

continuous stirring for 6 h. Later, it was cooled down to room temperature and reduced by an 

aqueous solution of sodium borohydride (metal/NaBH4 is 1:4). The catalyst was recovered by 

filtration and thoroughly washed with distilled water to remove chloride ions from the 

solution. The obtained resultant was dried at 110 °C for 12 h. Ru metal was loaded in 

different amounts employing the same synthesis procedure. The final catalysts were denoted 

as 3 wt % Ru-NMC-1, 2 wt % Ru-NMC-2, 3 wt % Ru-NMC-2, 4 wt % Ru-NMC-2, and 5 wt 
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% Ru-NMC-2 catalyst, which were used for HMF oxidation. The Ru-supported mesoporous 

carbon (MC) was also synthesized using above mentioned strategy. 

2.4. Catalyst characterization  

Catalyst development plays one of the major roles in heterogeneous catalysis to improve 

catalytic activity. Characterization of the synthesized catalyst is another important factor in 

understanding the active sites, reaction mechanism, and structure-activity-selectivity 

correlation for designing efficient catalysts to enhance activity and durability. A brief 

explanation and operating principle of several characterization techniques used in this present 

work are given below. 

2.4.1. Powder X-ray diffraction (PXRD) 

X-ray diffraction is one of the most significant and widely used techniques for catalyst 

characterization to study crystal structures and atomic spacing. It is based on the interference 

pattern of monochromatic X-rays and the crystalline nature of the sample [4]. This hypothesis 

was developed by W.H. Bragg and W.L. Bragg and was awarded by Nobel Prize in physics 

in 1915. The interaction of incident X-rays with the material produces constructive 

interference when stipulation satisfy Bragg’s law [4, 5]. The mathematical expression of 

Bragg’s law is,  

nλ = 2dsinθ   (2.1) 

Where,  

λ is the wavelength of the rays 

n is the order of diffraction 

d is the interplanar spacing  

θ is the diffraction angle 
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Fig. 2.1 Depiction of X-ray diffraction principle. 

The powder X-ray diffraction furnished the details of lattice constant ionic radius and 

identifies crystalline phases. The average crystallite size can be calculated using the Debye-

Scherrer formula by employing XRD line broadening [6].  

     t = 0.9λ/ βCosθ  (2.2) 

Where, t- is the thickness of the crystallites (Å), λ- is the X-ray wavelength, β- is the 

structural broadening, and θ- is the Bragg angle. Powder X-ray diffraction (XRD) 

measurement of as-synthesized catalysts reported in this thesis was executed using Malvern 

PANalytical X pert pro dual goniometer with Ni as the filter and Cu Kα (λ =1.5418 Å) source 

with step size of 0.008° and a scan rate of 0.5° min
-1 

using a flat holder Bragg-Brentano 

geometry. 

2.4.2. N2 Physisorption  

The N2- physisorption is an important technique to identify the specific surface area and 

porosity of the materials. The multilayer adsorption was developed by Brunauer, Emmet, and 

Teller in 1938, by adsorbing N2 gas on the catalyst surface at 77 K. The surface area was 

calculated by using the BET equation given below [7]. 

  (2.3) 

Where, 

P is the adsorption of equilibrium pressure 
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P0 is the adsorption of saturation pressure 

Vm is the volume of adsorbate required for monolayer coverage 

C is the BET constant, and V is the volume of gas at STP 

BET surface area of the catalyst is operated at constant temperature by the plotting volume of 

the gas adsorbed as a function of partial pressure. A linear relationship between P/V(P0/P) 

and P/P0 is necessary to calculate the Nitrogen gas adsorbed. The limited portion of isotherm 

can be used in the relative pressure range from 0.05 to 0.3. 

The Nitrogen sorption measurement was measured by (Quantachrome Autosorb IQ, USA) at 

-196 °C. The specific surface areas of the catalysts were determined by Brunauer-Emmett- 

Teller (BET) equation.  

2.4.3. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy is a foremost technique that offers unique properties to 

gain more insights into the structure, composition of materials, topology, size, and shape of 

the particles. Fig. 2.2 represents a typical TEM instrument. The working principle is a beam 

of electrons from an electron gun strikes on the materials using an objective lens. The beam 

of electrons is moderately transmitted through the materials depending upon the thickness 

and electron density of the materials. The transmitted electrons beam is viewing and focusing 

an image and recorded in a charge-coupled device (CCD) camera.  

High-resolution transmission electron microscopy (HR-TEM) and high angle annular dark-

field scanning TEM (HAADF-STEM) were collected on an FEI Technai TF-30 instrument 

operating at 300 k V. The powder samples were ultrasonically dispersed using isopropyl 

alcohol and deposited onto a carbon-coated copper grid.  
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Fig. 2.2 Schematic representation of TEM. 

2.4.4. Raman spectroscopy  

Raman spectroscopy is the most powerful vibrational spectroscopy technique for the 

characterization of catalysts at the fundamental and molecular levels [8]. Raman spectroscopy 

is functioning on inelastic scattering of monochromatic light. In the course of the scattering 

process, the incident photons frequency is changed. Raman spectrum is emerging due to the 

inelastic collision between incident monochromatic laser beam and molecules of samples [9]. 

When monochromatic radiation strikes the sample surface, scattering occurs.  

Raman spectra were collected by using Horiba JY LabRAMHR800 Raman spectrometer 

coupled with a microscope in reflectance mode with 635 nm excitation laser sources and a 

spectral resolution of 0.3 cm
−1

. 
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Fig. 2.3 Energy level diagram and schematic representation of Raman spectroscopy. 

2.4.5. X-ray Photoelectron Spectroscopy (XPS)   

X-ray photoelectron spectroscopy is the most important surface technique widely used to 

identify information about the electronic structure, oxidation state, and elemental composition 

on the surface. XPS working principle is based on Einstein’s photoelectric effect: when 

shining monochromatic X-rays strike on a solid surface of the material, electrons are ejected 

and are measured by a detector.  

The kinetic energy (K.E.) of the emitted electrons is manifested as [10]: 

K.E. = hν – B.E. – φ   (2.4) 

Where,  

 hν is the energy of photons 

 B.E. is the binding energy of the photoelectron  

 Φ is the work function of the spectrometer  

X-ray photoelectron spectroscopy (XPS) was performed for the present study on a 

ThermoKalpha+ spectrometer using monochromatic Al Kα radiation with an energy of 

1486.6 eV. The pass energy for the spectral acquisition was kept at 50 eV for individual core 

levels. An electron flood gun was used to provide charge compensation during data 

acquisition. 
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Fig.2.4 XPS Principle and instrument schematic. 

2.4.6. Temperature Programmed Reduction (TPR) 

TPR is the most widely used analysis technique to understand the number of reducible 

species available on the catalyst surface and metal-oxide support interaction. The reduction of 

metal oxides by H2 is represented by the following reduction equation.  

MOx + xH2 → M + xH2O  (2.5) 

TPR analysis was performed for the present study using Micromertics Autochem-2920 

(USA) instrument (Fig.2.5). Before the TPR study, the catalyst was pre-treated at 300 °C for 

60 min using 10 % O2 in the He gas mixture. Subsequently, the reduction was performed 

under 5 % H2 in Ar in the temperature range 50−600 °C at 5 °C min
−1

. H2 consumption was 

measured quantitatively by a thermal conductivity detector (TCD). 

 

Fig. 2.5 Micromertics Autochem-2920 instrument. 
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2.4.7. Temperature Programmed Desorption (TPD) 

Acid-base properties play a vital role in heterogeneous catalysis. The temperature 

programmed desorption (TPD) technique has been evolved to understand the interaction of 

gas with solid surfaces, thereby quantifying the total number of acid-base sites. In a typical 

TPD experiment, ammonia (NH3) is used as a probe molecule to quantify the acid strength of 

the catalyst, and CO2 is used for evaluating the basic sites of the catalyst. 

The acidity of the catalyst was examined by NH3-temperature programmed desorption using 

the Micromertics Autochem-2920 instrument (USA). Around 50 mg of the sample was taken 

and pre-treated under helium atmosphere at 300 °C with a constant flow rate (20 mL.min
−1

) 

for 30 min, which was controlled by a mass flow controller (MFC Brooks). Then, the 

temperature was brought down to 50 °C, and NH3 was adsorbed to the sample surface using 

10 % NH3 in He (20 mL.min
−1

). Pure He (20 mL.min
−1

) was flushed for 30 min at 100 °C to 

remove any physisorbed NH3 from the sample surface. The desorption of NH3 was performed 

in He flow (20 mL.min
−1

) by raising the temperature 100−800 °C at 5 °C min
−1

, and desorbed 

NH3 was monitored by a thermal conductivity detector (TCD). The same procedure was 

followed to quantify basicity using CO2 and helium mixture. 

2.4.8. Fourier Transform Infrared Spectroscopy (FTIR) 

IR spectroscopy is the most vital technique used to get an infrared spectrum of absorption in 

solid, liquid, and gas to recognize the functional groups present. FTIR was collected in the 

range 4000-400 cm
−1

 of mid-IR region wavelength. When Infrared radiation passes through 

the sample, some of the IR radiation is absorbed by the sample, and some are transmitted. 

The transmitted spectra were collected by the detector, representing the material's molecular 

fingerprint.  

The in situ CO- FTIR spectra were collected using an FTIR spectrometer (Nicolet, iS50- 

Thermo Scientific) equipped with an MCT detector (cooled by liquid N2) at a resolution of 8 

cm
-1

 and 200 scans. Firstly, the sample was flushed with N2 50 mL min
−1

 for 20 min
−1

 and 

was reduced at 250 °C for 1 h in 5 % H2/Ar (20 ml/min
−1

). Afterward, the sample was cooled 

to 50 °C, and the background spectrum was collected under N2 atmosphere. Eventually, the 

CO gas mixture (1vol %/CO/N2) was passed through MFC into the reaction chamber, and IR 

spectra were collected from room temperature to 250 °C.  
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Fig. 2.6 Schematic diagram of FTIR. 

The Brønsted and Lewis acidity was measured through a pyridine adsorption experiment. 

Before the analysis, the sample was preheated under N2 atmosphere at 250 °C for 1 h. 

Subsequently, the pre-treated samples were cooled down to room temperature. Finally, 

pyridine vapors were (25 °C–200 °C) introduced into the samples, and FT-IR spectra were 

collected in the absorbance mode after pyridine treatment.  

2.4.9. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) 

ICP-OES is a widely used and one of the most versatile methods to analyze inorganic 

materials. The principle used in the ICP-OES is when the plasma energy is given to the 

analysis sample from outside, the elements are excited. The emission rays are released when 

the excited atoms return to a low energy position and emit the photons [11, 12]. The element 

is determined based on emitted photons intensity. Fig. 2.7 shows a typical ICP-OES 

instrument.  

The powder samples were digested in aqua regia and analyzed by using an ICP-OES (Spectro 

Arcos, FHS-12) instrument with Winlab software (FHS-12). 
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Fig. 2.7 Schematic diagram of ICP-OES instrument. 

2.4.10. Ultra Violet (UV)-Visible Spectroscopy 

Ultraviolet (UV) visible spectroscopy is an important tool, where ultraviolet radiation is 

absorbed in the material, which results in the transition of electrons from the ground state to a 

higher energy state. Commonly, molecules containing bonding and nonbonding electrons are 

excited to anti-bonding molecular orbitals. Fig. 2.8 shows the absorption excitation of 

electrons and UV instrument. The Beer-Lambert law stated the quantitative method to 

determine the concentration of solute. 

    A = Log10 (I0/I) = εcL  (2.6) 

Where, 

A is the absorbance measured 

I0 is the intensity of the incident light 

I is the transmitted intensity 

L is the path length through the sample and C is the concentration of the absorbing 

species 
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Fig. 2.8 Absorption excitation of electrons and UV-visible spectrometer. 

Diffuse reflectance spectra were measured on all powder samples for this study using a 

Shimadzu UV-Vis-NIR spectrophotometer (Model UV-3600 plus), and reflectance data were 

converted to absorbance data using the Kubelka-Munk transformation. BaSO4 powder was 

used as a reflectance reference sample. 

2.4.11. Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a valuable tool for understanding the thermal stability 

of materials. In this method, the mass of substances is observed as a function of time or 

temperature under a controlled gases atmosphere. The change in the mass of the sample is 

quantified as a function of temperature.  

Thermal analysis of all the materials reported in the present thesis was analyzed by using a 

METTLER-TOLEDO TGA/SDTA851e instrument. Weight loss quantification analysis was 

performed under air atmosphere by increasing temperature to 800 °C, and the percentage 

weight loss of the catalysts was calculated. 

2.4.12. Catalytic performances of ODH of propane and 2-Butanol oxidation 

The catalytic activity of ODH propane was performed in a fixed bed reactor (FBR) system. 

The temperature was controlled by two zones furnace fitted with an Inconel HT reactor tube 

of 8 mm ID and 480 mm length. The catalyst bed temperature was measured by a K-type 

thermocouple, and the C3/O2/Ar gas feed was controlled by Brooks make mass flow 

controllers. In a single measurement, the calcined catalyst was pelletized, sieved to 1.2 to 1.7 

mm grain-sized pellets; and 0.5 g of this catalyst was loaded at the center of the tube by using 

quartz wool. The ODHP reaction was carried out from 325-500 ºC with different GHSV and 

catalyst compositions. Gas hourly space velocity (GHSV) is described as the volume of feed 
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as gas per volume of the reactor or its content of the catalyst. The reaction products were 

analyzed by ThermoFisher Trace 1110 gas chromatograph coupled with TCD (Thermal 

conductivity detector) and FID (Flame ionization detector). The hydrocarbons were separated 

by Alumina plot-Q column (50 m length × 0.53 mm i.d. × 10 μm film thickness) and other 

permanent gases were eluted by Porapak-Q (3 m length ×1/8 in. o.d. × 2 mm i.d.) and 

Molecular sieve 5A column (2.7 m ×1/8 in dia.). Argon (99.9 %) was used as the carrier gas 

at a column flow of 20 mL min
-1

. The column oven was held at 50 °C for 5 min, ramped up 

to 250 °C at 5 °C min
−1

, and finally maintained at 250 °C for 10 min. 

The conversion and selectivity of all the products were calculated using the following 

equations [13, 14]. 

  (2.7) 

   (2.8) 

      (X= H2, CO, CO2, CH4, C2H6, C2H4, C3H6, C4H8O, etc) 

   (2.9) 

The catalytic performance for 2-Butanol oxidation was performed in downflow mode over 

the temperature range 200–350 °C at atmospheric pressure. 1 g of the catalyst was loaded at 

the center of an Inconel HT reactor tube (13 mm × 510 mm), packed with ceramic beads on 

either side of the catalyst bed. Temperatures of the catalyst bed were measured by a K-type 

thermocouple. 2-Butanol and oxygen feed flow was monitored by using the isocratic pump 

(Lab Alliance series II) and Brook’s make mass flow controllers (5850 series), respectively. 

A gaseous product was measured by a wet gas flow meter (Ritter Drum-Type Wet Gas 

Meter). The liquid reaction products were condensed and analyzed by Agilent 6890N gas 

chromatography (FID) with HP-5 (5.5 % phenyl methyl siloxane) column (30 m length × 

0.32 mm i.d. × 0.25 µm film thickness). Gaseous products were analyzed by customized 
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Thermo Fisher Trace 1110 GC coupled with (Molecular sieve 5A column 2.7 m ×1/8 in dia.) 

TCD detector. 

 

Fig. 2.9 Fixed bed reactor system used for testing catalyst. 

2.4.13. Catalytic performance of HMF oxidation 

Catalytic activity was evaluated for HMF oxidation using Parr autoclave (USA) 4848 reactor 

controller with 5500 series compact reactor. In a 50 mL reactor vessel, catalyst (50−175 mg), 

water (30 mL), and HMF (0.5 mmol) were added and pressurized using O2 gas. 

Subsequently, the reaction temperature (100−140 °C) was brought to the desired value, and 

the solution was stirred at 650 rpm. To maintain constant pressure (5−15 bar O2 pressure), the 

reactor was connected to the O2 cylinder with proper safety precautionary measurements. The 

sample was collected in 2 h of the time interval during the course of the reaction. The sample 

mixture was filtered using a 0.22 μm nylon filter and was analyzed by Agilent HPLC, 

equipped with RI detector using Rezex-organic acid H
+
column (300 mm × 7.8 mm). A 5 mM 

H2SO4  was used as a mobile phase at 60 ºC with a flow rate of 0.6 mL min
-1

, and analysis 

duration was made in 60 min. The yield of 2,5-furandicarboxylic acid (FDCA) and 

conversion of 5-hydroxymethylfurfural (HMF) was confirmed by HPLC using an external 

standard calibration method. 
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Fig. 2.10 Parr reactor setup.  
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                   Chapter-3 

New Insights into the Composition and Catalytic 

Performance of VOx-Ga/γ-Al2O3 for the Oxidative 

Dehydrogenation of Propane to Propene 

 

Synopsis 

 Vanadium and gallium oxide supported on γ-Al2O3 are synthesized via incipient 

wetness impregnation method 

 

 The catalysts were investigated for structure-activity relationship in ODH of propane 

 

 The catalytic experiments revealed that the catalyst with 7 % vanadium and 3 % 

gallium demonstrated the highest catalytic activity and stability in the ODH of 

propane 

 

 The redox nature of vanadium (V
5+ 

and V
4+

) oxide with higher surface V
5+ 

 in VGA-

2 catalyst is more favorable for C-H activation 

 

 H2-TPR and UV-visible spectra showed the presence of highly dispersed monomeric 

VOx species with tetrahedral coordination geometry, which influence the product 

selectivity 
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3.1. Oxidative dehydrogenation of propane 

The world’s demand for lower olefins is increasing significantly, particularly propylene, a 

primary feedstock in the petrochemical industries for producing polypropylene, propylene 

oxide, cumene, and acrylonitrile shown in Fig. 3.1 [1-3]. A conventional process for 

producing lower olefins involves steam cracking, fluid catalytic cracking (FCC), and 

dehydrogenation of alkanes [4-6]. Steam and fluid cracking processes utilize a large amount 

of energy that is insufficient to attain the propylene demands [7, 8]. At present global 

scenario, it appears that shale gas exploration would have a significant impact on the world 

economy for at least several decades and possibly as long as shale gas is available, which is 

utilized more for the production of propylene in a more beneficial chemical process. As a 

result, researchers are focused on producing propylene via propane dehydrogenation using 

commercial catalysts like CrOx/Al2O3 (Catofin process) and Pt-Sn/Al2O3 (Oleflex process). 

Since these processes are highly endothermic in nature (Eq. 3.1), which results in the 

deactivation of the catalyst due to coke deposition over the active sites of the catalyst surface 

[9-11]. In addition, the search for new alternative catalysts is necessary due to the expensive 

Pt catalysts on the commercial level and environmentally unfriendly Cr-based catalysts. 

(3.1) 

Oxidative dehydrogenation (ODH) of hydrocarbons is an attractive alternative route for the 

production of lower olefins [12-14]. In this scenario, an oxidative gas (O2, CO2, and N2O) 

will be co-feed with alkane. One of the major advantages of this process could be that 

reaction occurs at a much lower temperature due to the exothermic nature (Eq. 3.2). As a 

result, coke deposition is minimized, thereby ensuring the long-term stability of the catalyst. 

The ODH of propane on the transitional metal oxides is believed to follow the Mars–van 

Krevelen (MvK) mechanism [15, 16]. Two types of oxygen species are formed during the 

process, namely electrophilic and nucleophilic species. The electrophilic oxygen species such 

as O2
-
, O2

2-
, and O

-
 are responsible for the total oxidation [17]. Nucleophilic lattice oxygen 

species (O
2-

) are associated with selective oxidation [18, 19]. The ODH of propane has 

several limitations for scaling up for commercialization: (1) Undesirable over-oxidation 

reactions result in a low propene yield, (2) Activation energy of secondary C-H bond (401 kJ 

mol
-1

) is higher than the allylic C-H bond in olefins (361 kJ mol
-1

) [17]; and more COx 
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formation in the products (3) Catalyst deactivation during the reaction due to the hot spots is 

a major drawback related with FBR, and it is difficult to run the reaction under isothermal 

conditions. Therefore, designing an efficient and robust catalyst is of the utmost importance 

in order to increase the yield of propylene to reach the demand. 

 (3.2) 

 
Fig. 3.1 Major propene derivatives. 

3.2. Background of the work 

In the last few decades, metal oxides (V, Cr, Mo, Ga) catalysts have been active for the 

activation of lower alkanes [20-24]. Mainly, vanadium oxide catalysts are widely used for 

DH and ODH of propane due to their unique properties like redox behavior and nature of 

active sites (monomeric, polymeric, and crystalline V2O5) present on the surface of the 

catalyst Fig. 3.2 [20, 25-30]. However, the oxide supports such as Al2O3, SiO2, Zr2O3, TiO2, 

Nb2O5, SBA-15, and nano-porous materials play a crucial role in catalyst stability [31-36]. 

Additionally, the surface area, acid-base properties, and metal support interaction also induce 

catalytic activity. Hoj et al. reported that V/Al2O3 prepared by flame spray pyrolysis method 

could induce the space-time yield of 0.78 gpropene/(gcat.h), which showed a 12 % yield of 

propene at 488 ºC using 2 % of vanadium over alumina [37]. The intrinsic effect of support 

microstructures (B-Al2O3, F-Al2O3, and S-Al2O3) plays a crucial role in the catalytic activity 

of 5V/Al2O3 for ODHP. The bulk morphology of alumina with monolithic particles shows 

that the intraparticle pores are beneficial to avoid the mass transfer disturbances, which in 
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turn increase the activity of ODH process [38]. Al2O3 with different nanostructures are the 

essential supports in catalysis due to their thermal stability and strong metal-support 

interaction [39]. Luo and co-workers developed nanorods assembled CeVO4 hollow spheres 

by simple solution method. The catalyst was annealed at 500 ºC to obtain more Ce
4+ 

species 

on the surface, and the catalyst shows high selectivity (70 %) of propene. However, the 

conversion of propane was low at the optimized reaction conditions [40]. Multivalent 

Ce
4+

/Ce
3+

 have a good reduction potential with the ability to transport oxygen and create 

oxygen vacancies, particularly when nanostructured catalysts are employed. NbOx introduced 

into CeO2 rods, which suppress the surface reducibility and magnify the propene selectivity 

[41]. Chalupka et al. achieved vanadium incorporation into the SiBEA zeolite framework, 

which gave 12 % conversion of propane and 45 % of propene selectivity at 525 ºC [42]. The 

direct hydrothermal synthesis of vanadium incorporated mesoporous V/KIT-6 catalyst 

showed excellent catalytic activity for ODHP. This is due to the higher dispersion of VOx 

species in tetrahedral coordination and 3D interconnected mesostructured systems [43]. 

 
Fig. 3.2 Types of surface VOx structure [44] 

Recently, Ga-based catalysts were found highly active for the dehydrogenation of propane 

over TiO2, Al2O3, and zeolite supports [45-47]. Choi et al. reported gallosilicate MFI zeolites 

synthesized using 3-mercaptopropyl-trimethoxysilane (MPS). With the addition of MPS to 

the zeolite framework, the Lewis acidic strength increased, and Brønsted acidity is reduced. 

The higher amount of strong Lewis acidity is more responsible for achieving high selectivity 

for propane dehydrogenation [48]. Tuning the synthesis method for designing hierarchical 

Ga-MFI zeolite catalysts showed superior activity than bulk Ga-MFI for PDH [49]. However, 

still debate is going on about the nature of active Ga sites and reaction mechanism for PDH. 
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Besides this, gallium is more responsible towards sintering; Lewis acid sites and four-

coordinated Ga
3+

Ox species are active for propane activation [47, 50]. This chapter 

investigated the importance of catalyst designing to obtain a highly stable and selective VOx-

Ga/γ-Al2O3 catalyst for oxidative dehydrogenation of propane. To our best knowledge, VOx 

and Ga2O3 mixed metal oxides supported high surface area γ-Al2O3 catalyst for ODH of 

propane have not been investigated yet. The structure-reactivity-selectivity correlation was 

investigated by various characterization techniques like X-ray photoelectron spectroscopy, 

temperature programmed reduction and UV-visible spectra, and DRIFTS study.  

3.3. Results and discussion 

3.3.1. Catalyst characterization 

3.3.1.1. Structural analysis 

In order to investigate the structural analysis of pure alumina and V, Ga metal oxide loaded 

catalysts, powder X-ray diffraction (PXRD) was performed (Fig. 3.3). All catalysts show the 

peaks around 37º, 46º, and 67º, which correspond to the 311, 400, and 440 planes of the γ-

Al2O3 support. After metal loadings into support, it is observed that the overall structure 

remains intact. However, no characteristic peaks were observed for V2O5 and Ga2O3 

crystalline phases, even at 10 wt % of vanadium loaded catalyst [51], which could be due to 

the high dispersion of VOx and GaOx on the amorphous alumina support. However, in Raman 

spectroscopy, V2O5 nanoparticles can be observed at 945 cm
-1

 (Fig. 3.6).  

 

Fig. 3.3 PXRD patterns of as synthesized catalyst (a) γ-Al2O3, (b) VOx/γ-Al2O3, (c) Ga/γ-

Al2O3, (d) VGA-1, (e) VGA-2, (f) VGA-3, (g) VGA-4 and (h) VGA-5. 

3.3.1.2. N2- sorption analysis 
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Fig. 3.4 N2- sorption isotherms of the synthesized catalysts.   

N2-adsorption desorption isotherm of pure γ-Al2O3 and V, Ga metal oxide-loaded supported 

catalysts were recorded. Fig. 3.4 represents all the calcined catalysts, which have a type IV 

isotherm and an H1 hysteresis loop, confirming the mesoporous nature of the materials. The 

surface area of the catalysts was calculated from the BET equation and shown in Table 3.1. 

The pure γ-Al2O3, which has a surface area of 268.33 m
2
/g, and the surface area gradually 

decreases with the increase loading of vanadium and gallium. This implies that pores are 

partially blocked by vanadium and gallium oxide species. The surface acidity of all the 

calcined catalysts is depicted in Table 3.1. 

Table 3.1 Physicochemical properties of pure alumina and V, Ga metal oxide loaded 

catalysts 

(a) Data obtained from BET analysis.  

Molar ratio Catalyst 

Code 

BET 

Surface 

area 
a
 

(m
2
/g) 

Acidity 

(mmol/

g)
 b

 

H2 

consumption 
c
 

(mmol g
-1

)  

Tmax 
d
 

(°C)
 

 

Coke 

deposition 

(%) 
e
  

 

γ-Al2O3 γ-Al2O3 268 1.87 - - - 

10 % VOx/γ-Al2O3 VOx/γ-Al2O3 245 1.65 21 454 9 

V8Ga2/γ-Al2O3 VGA-1 241 1.62 13 430 10 

V7Ga3/γ-Al2O3 VGA-2 237 1.60 12 421 7 

V6Ga4/γ-Al2O3 VGA-3 231 1.56 12 417 11 

V5Ga5/γ-Al2O3 VGA-4 225 1.52 8.6 410 12 

V3Ga7/γ-Al2O3 VGA-5 218.71 1.50 4.6 398 20 

10 % Ga/γ-Al2O3 Ga/γ-Al2O3 221.71 1.67 - - 15 
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(b) Acidity calculated from NH3-TPD.  

(c) Quantified from TPR data.  

(d) The temperature of maxima in TPR analysis.  

(e) Calculated from TG/DTA analysis. 

3.3.1.3. H2-Temperature programmed reduction and UV visible DRS spectroscopy  

H2-TPR was carried out to understand the structural aspect of the catalysts and their 

reducibility under TPR conditions. Fig. 3.5a show that only one reduction peak is appeared 

for all the catalyst at around 375-450 ºC, which can be ascribed to the reduction of V
5+

 and 

V
3+

 [52]. However, increasing the vanadium content from 3 to 10 wt %, the reduction peaks 

slowly shifted to higher temperature (400 to 450 ºC), and the intensity of peaks increased 

noticeably. On the other hand, 10 wt % VOx/γ-Al2O3 shows a small shoulder peak around 

547 ºC which is ascribed to the reduction of polymeric V2O5 like VOx species [18, 43]. Table 

3.1 clearly shows that the hydrogen consumption gradually increases with the vanadium 

loading, and maximum consumption of 21 mmol g
-1

 is observed for VOx/γ-Al2O3 catalyst. As 

per the recent report [38, 52] the shift in the reduction peak with an increase in the V content 

is mainly due to the presence of different types of VOx species (monomeric, dimeric, and 

polymeric) present on the surface of the supported catalysts. Moreover, our result indicates 

that the VOx species are started to reduce at low temperature (400 ºC), which hinted at the 

presence of highly dispersed monomeric vanadia with tetrahedral coordination geometries 

[43]. In contrast no reduction peaks pertaining to gallium oxide was appeared, inferring the 

difficulty to reduced gallium oxide in this temperature range. 

Interestingly, the optimized reaction temperature and the observed reduction temperature are 

similar for 7 wt % vanadium loaded sample (VGA-2) and show higher catalytic activity 

around 400 ºC. Moreover, it is expected that at higher vanadium loading, the catalyst tends to 

form more polymeric VOx species with octahedral coordination [53, 54], which would 

decrease the redox behaviour of V
5+

 as the redox behaviour of V in the catalyst is expected to 

promote good catalytic activity. UV-vis spectra of all synthesized catalysts were recorded to 

distinguish the degree of polymerization of VOx species. The broad absorption bands have 

appeared for all the vanadium catalysts with respect to O→V charge transfer (CT) bands 

[55]. The absorption bands at 235 nm and 279 nm are allocated to tetrahedrally coordinated 

monomeric and oligomeric VOx species [51]. Furthermore, no absorption bands were 

observed in the 400-500 nm range, which is ascribed to bulk-like vanadium species [56]. 
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Fig. 3.5 (a) H2-TPR profiles of the synthesized catalysts and (b) UV-visible DRS spectra of 

the catalysts. 

3.3.1.4. Raman spectroscopy 

Raman spectroscopy was carried out to understand various types of surface VOx species in 

the catalyst. Typically, two peaks were observed for all vanadium-supported catalysts are 

shown in Fig. 3.6. The peak at 945 cm
-1 

(vanadyl V=O bonds) corresponds to crystalline 

V2O5 nanoparticles. The remaining bands, emerging at 300-400 cm
-1 

assigned to bulk V2O5 

crystals [18]. A similar observation was observed in recent reports [20, 51, 57]. However, 

gallium oxide and bare alumina did not show any characteristic peak in Raman Spectroscopy.  

 

Fig. 3.6 Raman spectra of the synthesized catalysts. 

3.3.2. Catalytic performance for ODH of propane  

3.3.2.1. Effect of the catalyst composition  

The catalytic activity of all the calcined catalysts was performed using a fixed bed continuous 

flow reactor, and the reaction products were evaluated by online gas chromatography (refer to 
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section 2.4.12). The catalyst composition is an important parameter to affect the catalytic 

activity in oxidative dehydrogenation of propane, and the results are displayed in Fig. 3.7. 

The VOx-supported γ-Al2O3 catalyst gave reasonable propene selectivity 39 % with 30 % 

propane conversion at 400 ºC. This indicates that VOx is one of the best candidates for C-H 

activation at lower loadings of vanadia and the monolayer coverage of surface vanadium 

densities [30]. Kim et al. have examined that the catalysts exhibit a monolayer range of 

surface VOx coverage which are highly active than bulk VOx surfaces for selective oxidation 

reactions [44]. Interestingly, when Ga was added in combination with V, the catalytic 

performance of the catalysts was improved. Among all the catalysts, VGA-2 (V7.0Ga3.0/γ-

Al2O3) showed relatively better catalytic performance with 19 % propane conversion and 66 

% propene selectivity. The high activity is due to the monolayer coverage of vanadium, 

appropriate surface acidity, and oxygen mobility. Moreover, the presence of (confirmed from 

XPS) Ga
3+

 species in the catalyst may synergistically promote C-H activation. However, the 

selectivity and conversion decreased simultaneously on further increasing Ga content. This 

implies that the lower VOx and higher Ga loading lead to the formation of cracked products. 

The bare Ga2O3 supported catalyst shows reasonable activity, but the conversion and 

selectivity are lower as compared to bare vanadium oxide. This emphasizes that the catalysts 

with optimum Ga and V content are essential to achieve an excellent catalytic performance. 

Therefore VGA-2 catalyst is found to be the optimized ratio for further study. 

 

Fig. 3.7 Effect of catalyst composition for ODHP. 

Reaction conditions: 0.5 g catalyst, total reactants flow (C3H8:O2:Ar) GHSV 6000 h
-1

, atm. 

pressure, 400 ºC. 

3.3.2.2. Effect of reaction temperature over VGA-2  
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Fig. 3.8 illustrated the catalytic performance and product distribution of V7.0Ga3.0/γ-Al2O3 

(VGA-2) supported catalyst. ODHP was carried out within the 325-500 ºC temperature range. 

As VGA-2 showed the best catalytic performance among all the catalysts, it was further 

tested for different temperature studies to determine the optimum reaction conditions. 

Initially, the catalyst showed 60 % propene selectivity at 325 ºC with a lower conversion of 

propane (10 %). However, on increasing the reaction temperature, the conversion of propane 

increased gradually, and at 400 ºC, maximum propene selectivity (66 %) was achieved with 

19 % conversion of propane. With a further increase in the temperature, the selectivity of 

propene dropped down, and the conversion of propane increased drastically. This implies that 

higher temperature C-C bond cracking is more favorable, which leads to more cracked 

products. This can be distinctly seen from Fig 3.8b, which causes lower propene yield due to 

the loss of some surface-active species and coke deposition over the active sites of the 

catalysts. Hence it may be inferred that V
5+

 is more active for ODHP owing to the redox 

nature and readily exchanging oxidation state under the reaction conditions from V
4+

 to V
5+

 

[20]. Moreover, it is assumed that coordinatively unsaturated gallium oxide [47], acidity, and 

strong metal-support interaction (SMSI) play a vital role in achieving high selectivity of 

propene. Therefore, 400 ºC is the optimized temperature for further studies. The product 

distribution of VGA-2 catalyst is shown in Fig. 3.8b. At lower temperature, 40 % CO2 is 

formed, and while increasing the reaction temperature H2 and C2 products are formed along 

with CO2.  

 

Fig. 3.8 (a) Effect of temperature over VGA-2 catalyst and (b) product distribution of VGA-2 

catalyst. Reaction conditions: 0.5 g catalyst, total reactants flow (C3H8:O2:Ar) GHSV 6000 

h
-1

, atm. pressure, temperature 325-500 ºC. 
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3.3.2.3. Effect of C3H8 to O2 ratio over VGA-2 catalyst  

Gas hourly space velocity (GHSV) is one of the main parameters affecting catalytic activity. 

As per the previous reports, ODHP follows Mars van Krevelen mechanism [58, 59], where 

lattice oxygen (bridged oxygen) participates in the activation of the C-H bond of the 

methylene group, and the reduced surface can be re-oxidized by molecular oxygen. When the 

reaction was performed over VGA-2 catalyst with 1:1 ratio with respect to C3H8:O2 at 400 

ºC, 46 % conversion of propane and 28 % selectivity of propene was observed, which is also 

given in Fig. 3.9. On further increasing the oxygen flow rate, the conversion of propane 

increased drastically to 73 % with less selectivity of propene (10 %). As per the previous 

reports, molecular oxygen contains more electrophilic oxygen (O2
-
, O

- 
and O2

2-
), which is 

responsible for the total oxidation of propane. However, to attain high activity and enhance 

the surface-active species, we reduced the C3H8:O2 to a 2:1 ratio. Surprisingly, the catalytic 

activity increased, and 66 % selectivity of propene and 19 % conversion of propane was 

achieved.  

 

Fig. 3.9 Effect of C3 to O2 ratio over VGA-2. 

Reaction conditions: 0.5 g catalyst, total reactants flow (C3H8:O2:Ar) GHSV 6000 h
-1

, atm. 

pressure, 400 ºC. 

3.3.2.4. Transmission electron microscopy 

The surface morphology of the VGA-2 catalyst and the distribution of the supported metal 

oxides were confirmed by transmission electron microscopy. Fig. 3.10 represents sheet-like 

morphology with small crystals of the metal oxides which are formed over the supported 
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mesoporous alumina. Further, STEM images revealed that vanadium and gallium are 

homogeneously distributed on the surface of the catalysts. However, lattice fringes of V and 

Ga oxides are not visible due to the amorphous nature of the alumina support. 

 

Fig. 3.10 (a-b) HR-TEM and elemental mapping images of fresh VGA-2 catalyst. 

3.3.2.5. X-ray photoelectron spectroscopy 

To investigate the oxidation state and surface composition of metal oxides, XPS analysis was 

carried out for VGA-2 catalyst, V 2p, Ga 3d, Ga 2p, Al 2p, and O 1s core levels as shown in 

Fig. 3.11. XPS spectrum of V2p shows two peaks at binding energy values of 516.2 and 

517.4 eV, which corresponds to V
4+ 

and V
5+

 respectively [51, 57]. In addition to this, the 

peak area of V
4+ 

is 32.58, and V
5+

 is 67.42 %, respectively. Recent literature reports 

suggested that vanadium-based catalysts with higher V5+ species effectively affect C-H 

activation in propane. Therefore, the higher surface V
5+

 in the case of VGA-2 catalyst is 

expected to promote C-H activation in propane which in turn better catalytic activity in the 

catalyst. O 1s spectrum of VGA-2 catalyst was deconvoluted into two peaks as shown in Fig. 



Chapter 3: Oxidative dehydrogenation of propane to propene over VOx-Ga/γ-Al2O3 

 

PhD Thesis, 2021 Prabu K, CSIR-NCL   61 
 

3.11f. The peaks at 531.2 and 533 eV correspond to lattice oxygen and surface hydroxyl 

species, respectively [14, 60]. The presence of lattice oxygen plays an important role in the 

initial activation of propane, and it will minimize the coke deposition during ODHP reaction.  

Fig. 3.11c represents XPS spectrum of Ga 3d core level of VGA-2 catalyst. The binding 

energy at 20.5 eV is assigned to Ga 3d band corresponds to Ga
3+,

 and no peak was pertained 

for metallic Ga was observed [47, 61]. Moreover, it is anticipated that coordinatively 

unsaturated Ga
3+ 

species are also active for ODH of propane [47]. Hence, the better catalytic 

activity in the case of VGA-2 catalysts may be due to the presence of Ga
3+

 species in the 

catalyst. The binding energy values at 23 and 25.8 eV are attributed to different oxygen 

species on the surface. Fig. 3.11d shows Ga 2p XPS spectra of VGA-2 catalyst. The spin-

split peaks of the Ga 2p core-level spectrum were deconvoluted using XPS peak41 software 

into two peaks at around 1117.6 and 1144.5 eV. The binding energy value at 1117.4 and 

1144.5 eV were assigned to Ga 2p3/2 and Ga 2p1/2, respectively [62, 63]. Fig. 3.11e shows the 

deconvolution of the Al 2p core-level spectra, and binding energy values appear around 74.5 

eV corresponds to the Al2O3. This is in good accordance with the BE reported for Al 2p in 

literature reports [64, 65]. 

 

Fig. 3.11 XPS spectra of fresh VGA-2 catalyst (a) Full scan XPS, (b) V 2p, (c) Ga 3d, (d) Ga 

2p, (e) Al 2p and (f) O 1s core level spectra. 

3.3.2.6. In-situ DRIFTS study 
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In-situ DRIFTS studies were performed for all the catalysts to gain more insights into the 

ODHP reaction mechanism. Fig. 3.12a depicts DRIFT spectra of propane chemisorbed at 

ambient temperature and at 50 ºC for VGA-2 catalyst. The absorption bands at 1387 and 

2800-3061 cm
-1

 were assigned to C-H stretching bands (likely CH3 ads and CH2 ads species) of 

physisorbed propane [38, 66-68]. Besides these peaks, the band at 1463 cm
-1

 is assigned to 

propoxide species, with the evolution of σ-bonds between most active hydrogen atoms in 

propane and surface lattice oxygen in the catalyst [69]. The above result clearly suggested 

that the surface lattice oxygen takes part in the adsorption process even at ambient 

temperature. This confirms that lattice oxygen has a predominant role in ODHP. The reaction 

follows the redox (MvK) mechanism. Further, the spectra were recorded at 325 ºC in 

C3H8:O2:Ar atmosphere, which is depicted in Fig. 3.12b. The IR bands appeared at 2845-

2920 and 2961 cm
-1

 attributed to stretching vibration of -C-H and =C-H bonds in propylene 

molecule [38]. Surprisingly, the new bond was observed at 1573 cm
-1

 corresponds to the 

vibration of C=C bond [57, 70]. However, at an elevated temperature (325 ºC), the peak 

intensity of 1463 cm
-1 

decreases due to the transformation of propoxide species. Upon, 

increasing the temperature to 350 ºC, no detectable absorption changes and no new bands 

were observed for all the catalysts.  

 

Fig. 3.12 In-situ DRIFT spectra (a) VGA-2 catalyst recorded for the propane chemisorbed at 

ambient temperature and 50 °C, (b) 325 ºC and (c) 350 ºC. 

3.3.2.7. On stream study  

Catalyst stability is the major problem in heterogeneous catalysis, especially in ODH 

reactions. Fig. 3.13 illustrates that the optimized VGA-2 catalyst is used for TOS study at 400 

ºC with 6000 h
-1 

GHSV with respect to C3H8:O2:Ar. The catalyst initially showed 21 % 

propane conversion and after the fourth hour selectivity and conversion remains constant for 
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24 h of the reaction. This affirms that V
5+

 and V
4+

 are necessary species for ODHP. 

Moreover, a small quantity of Ga oxide on the support could enhance the selectivity of 

propene and impart stability to the catalyst. Therefore, 7 % V and 3 % Ga (VGA-2) supported 

on high surface area γ-Al2O3 is an active and stable catalyst for ODH of propane.  

 

Fig. 3.13 Time on stream study over VGA-2 for 24 h. 

Reaction conditions: 0.5 g catalyst, total reactants flow (C3H8:O2:Ar) GHSV 6000 h
-1

, atm. 

pressure,400 ºC. 

3.3.2.8. Spent catalyst analysis 

Further, the spent catalyst was analyzed by various characterization techniques to understand 

the structural and morphological aspects. Fig. 3.14 represents TEM and XPS spectra of spent 

VGA-2 catalyst which analyzed after 24 h of reaction. Fig. 3.14a-b clearly shows the 

agglomeration of metal particles (VOx and GaOx) on the catalyst surface after 24 h of ODH of 

propane reaction conditions, thereby decreasing the VOx and GaOx dispersion on the γ-Al2O3 

support. However, due to the amorphous nature of the supported catalyst, the metal particles 

are not visible. Fig. 3.14c-h represents the XPS spectra of the spent VGA-2 catalyst. The V2p 

core level spectra were deconvoluted into two peaks assigned to V in +5, and +4 oxidation 

states The relative percentage of V4+ (47 %) is higher on the surface compared to the fresh 

catalyst. This result indicated that the peak intensity of V
4+

 is increased at the end of reaction 

due to the reducibility of V
5+

 or by the formation of polymerized VOx species on the surface. 

No apparent changes are observed in Ga 3d, Ga 2p, and Al 2p core-level spectra. The O 1s 

core-level spectrum of spent vanadium catalyst exhibited two peaks at (1) 530.2 eV assigned 

to lattice oxygen and (2) 531.5 eV assigned to surface hydroxyl species. 
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Fig. 3.14 TEM and XPS spectra of spent VGA-2 catalyst (a-b) HRTEM images; (c) Full scan 

XPS, (d) V 2p, (e) Ga 3d, (f) Ga 2p, (g) Al 2p and (h) O 1s core level spectra. 

3.3.2.9. Thermogravimetric analysis 

Coke deposition is the major drawback in catalysis, which can block the active sites of the 

catalyst surface. Thermogravimetric analysis was used to investigate the coke deposition after 

the reaction and values tabulated in Table 3.1. Fig. 3.15 represents thermograms of the spent 

catalyst. The weight loss is quantified for all the spent catalysts at around 400 ºC. The Ga-

supported catalyst showed the highest coke deposition due to high C-C bond cracking. 

However, vanadium-supported Al2O3 shows less coke deposition (9 %) than the Ga-

supported catalyst, which implies that vanadium is a better candidate for C-H bond activation 

in comparison to Ga. Interestingly, the optimized VGA-2 catalyst shows the least coke 

deposition compared to all other compositions, which confirms the catalyst uniqueness and 

intriguing feature aid in driving the catalytic activity for a long time on stream study. This is 

well matched with spent TEM and XPS analysis. Moreover, the higher gallium loaded VGA-

5 catalyst shows 20 % coke deposition due to higher C-C cracking reactions, and high 

gallium content leads to the formation of COx. Hence, the stable catalytic activity of VGA-2 

can be attributed to the lower coke deposition during the reaction.  
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Fig. 3.15 Thermal stability of VOx and Ga oxide supported spent catalysts. 

3.4. Conclusions 

In summary, a set of vanadium-gallium oxide-supported γ-Al2O3 catalysts has been 

synthesized by incipient wetness impregnation. The V7.0Ga3.0/γ-Al2O3 (VGA-2) catalyst 

showed excellent catalytic activity for the ODH of propane using O2 as the oxidant. The 

highly dispersed isolated monomeric vanadia and unsaturated Ga
3+

 species are selective for 

propane activation. Textural and structural properties of the materials were analyzed by 

various techniques such as N2-sorption, XRD, TEM, NH3-TPD, TGA, and Raman analysis to 

gain more insights into the composite and catalytic performance. The increased catalytic 

activity of the VGA-2 catalyst was ascribed to the more nucleophilic lattice oxygen and 

higher VOx density. Moreover, the in-situ DRIFTS study distinctly showed that the lattice 

oxygen plays a predominant role in alkane activation, and reaction follows the MvK 

mechanism. 
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                 Chapter-4 

Effective and Selective Oxidation of 2-Butanol over Mn 

Supported Catalyst Systems 

 

 

Synopsis 

 A series of MnxOy-Al2O3 (MA), MnxOy-CeO2 (MC), MnxOy-ZrO2 (MZ), and MnxOy-

SiO2 (MS) catalysts were prepared by co-precipitation followed by the hydrothermal 

method  

 

 Selective oxidation of 2-Butanol to MEK over Mn supported on different metal oxide 

supports was studied  

 

 The presence of Mn3O4 species in MA catalysts is responsible for maximum catalytic 

activity towards 2-Butanol oxidation  

 

 MA catalyst conferred a maximum 2-Butanol conversion of 51 % and selectivity of 

88 % towards MEK 
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4.1. Background of the work 

The nature of catalyst and support play a major role in oxidation catalysis. In oxidation 

reactions, two types of catalysts have been established, which are based on metal oxide (V, 

Cr, Fe, Co, and Mn), a redox and non-redox type catalyst like noble metals (Au, Pt, and Pd).  

There are only a few reports on the production of MEK using different oxidants. Mistry et al. 

reported that the catalytic activity of 2-Butanol oxidation depends upon the morphology of Pt 

nanoparticles supported on γ-Al2O3 [1]. Maitri et al. employed a solid solution of ZnO and 

InN for selective oxidation of 2-Butanol to MEK at higher temperatures between 350 and 450
 

º
C [2]. The low coverage of Au (111) surface facets are highly active for 2-Butanol oxidation 

to 2-Butanone, and higher oxygen coverage leads to both partial and total oxidation [3]. 

Later, Li et al. observed similar results, where the formation of 2-Butanone on oxygen-

coverage of Pd (100) surfaces [4]. Hou and co-workers reported that liquid-phase oxidation 

of 2-Butanol using oxygen as an oxidant over Au:Pd bimetallic nanoparticles shows 100 % 

selectivity towards 2-Butanone at 60 °C [5]. Wang et al. have reported that the smaller Pt 

NPs (1.5-4.9 nm) showed the highest catalytic activity for aqueous phase oxidation [6]. Li et 

al. have studied the adsorption of 2-Butanol on both clean and oxygen covered Au/Pd (100) 

alloy surfaces; when alloy with gold coverage is less than ~ 0.4 mL, 2-Butanone is produced 

with activation energy of ~ 65 kJ /mol, and the yield of 2-Butanone increases linearly with 

palladium coverage in the alloy [7]. Sun et al. have utilized H2O2 as a green oxidant for 2-

Butanol oxidation to MEK with tungsten-based polyoxometalate catalyst, and two different 

calorimetric techniques were used to identify thermal hazards associated with the 2-Butanol 

oxidation reaction system [8]. Several d-block metals like Pt, Ru, Rh, Au, Co, Ni, Ag, and Ir 

[6, 9] were tested as catalysts for oxidation of alcohols in liquid [6] as well as in the gas phase 

[9] reactions. 

The present study demonstrates that selective oxidation of 2-Butanol over manganese oxide 

with various supported catalysts systems was studied for the first time. Over the few decades, 

manganese oxide catalysts have generated much interest due to their unique potentials, such 

as redox properties and a specific ratio of co-existence of different oxidation states (Mn
2+

, 

Mn
3+

, Mn
4+

, Mn
5+

, and Mn
7+

), which enables the electron transfer to occur quickly [10-13]. 

Moreover, manganese oxides in the form of Mn3O4, MnO2, and Mn2O3 are well-known for 

selective oxidation of VOCs [11, 14-17]. However, controlling an active oxidation state in 

Mn-based materials is challenging in heterogeneous catalysis. In this work, manganese oxide 

and supports like Al2O3, CeO2, ZrO2, and SiO2 were prepared by traditional co-precipitation 
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and sol-gel methods (only SiO2). Typically, two different manganese oxide structures (Mn3O4 

and Mn2O3) were found by changing supports. Catalysts with a specific ratio of Mn
+2

, Mn
+3

, 

and Mn
+4

 show better catalytic activity towards the oxidation of 2-Butanol. This reaction was 

performed in a fixed bed reactor (FBR) continuous flow system, and the catalysts were 

subjected to several characterization techniques. 

4.2. Results and discussion 

4.2.1. Catalyst characterization 

4.2.1.1. Powder X-ray diffraction 

PXRD is one of the primary bulk techniques which offer detailed information about the 

nature and structural aspect of the catalysts. Fig.4.1 shows the powder X-ray diffraction 

patterns of pristine supports and Mn with different oxide supported catalysts MnxOy-Al2O3, 

MnxOy-ZrO2, MnxOy-CeO2, and MnxOy-SiO2. It is clearly seen from Fig. 4.1b MnxOy-SiO2 

mixed oxide catalyst showed a broad diffraction peak at 2θ value 21° which is attributed to 

silica and the diffraction peaks observed at 2θ value 28°, 37°, 56° are assigned to Mn2O3 

phase. This result is well-matched with JCPDS No.78-0390. In the case of MnxOy-ZrO2 

mixed oxide catalyst, the diffraction peaks at 18°, 28°, 32°, 36°, 38°, 50°, and 60° correspond 

to Mn3O4 (JCPDS No.24-0734). In MnxOy-CeO2 mixed oxide catalyst, a high-intensity peak 

at around 28° (2θ) corresponds to ceria (JCPDS No. 75-0151) and the other peaks correspond 

to Mn2O3 phase (JCPDS No.78-0390). 

The diffraction peaks for MnxOy-Al2O3 catalysts at 2θ value 18°, 29°, 30°, 32°, 36°, 38°, 44°, 

58°, 60°, and 64° are assigned to the Mn3O4 phase (JCPDS No. 24-0734). No additional peak 

pertaining to aluminum oxides was observed, suggesting the smaller crystallite size of 

alumina in the catalyst, or it may form a homogeneous solid solution with the Mn3O4 matrix. 

 
Fig.4.1 XRD profiles of (a) pure supports and (b) Mn supported catalysts. 
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4.2.1.2. N2 physisorption  

Table 4.1 provides the details about the textural properties of all the calcined catalysts. The 

surface area of catalysts increased in the order, (MA) MnxOy-Al2O3˂ (MC) MnxOy-CeO2˂ 

(MZ) MnxOy-ZrO2˂ (MS) MnxOy-SiO2, respectively. Amongst all, MnxOy-Al2O3 (MA) 

mixed oxide catalyst demonstrated the lowest surface area (84 m
2
/g) compared to other 

catalysts due to the larger crystallite size [18]. In contrast, despite the larger crystallite size of 

MnxOy-SiO2 (MS), the catalyst offers the highest surface area (339 m
2
/g) compared to the rest 

of the catalysts. This is due to the presence of porous silica in the catalyst. The MnxOy-CeO2 

(MC) and MnxOy-ZrO2 (MZ) catalysts showed relatively higher surface area 89 and 103 

m
2
/g, respectively. Both the catalysts showed near 5±1.0 nm crystallite size, respectively.  

Table 4.1 Textural properties of the catalysts calcined at 450 °C 

S.No. Catalysts Catalyst 

Code 

BET Surface 

area 
a
 (m

2
/g) 

Total pore 

volume 
a
 

(cm
3
/g) 

Crystallite 

size 
b
 (nm) 

1 MnxOy- Al2O3 MA 84 0.32 24.7 ± 1.0 

2 MnxOy- CeO2 MC 89 0.18 5.5 ± 1.0 

3 MnxOy- ZrO2 MZ 103 1.20 4.6 ± 1.0 

4 MnxOy- SiO2 MS 339 1.25 19.8 ± 1.0 

(a) Calculated from BET surface area analysis. 

(b) Average crystallite size calculated from the Scherer formula (t = 0.9λ/ βCosθ) using the 

(112) plane of Mn in MA, (400) plane of Mn in MC, (112) plane of Mn in MZ and (400) 

plane of Mn in MS in PXRD. 

4.2.1.3. X-ray photoelectron spectroscopy 

To understand the surface compositions and chemical state of various species present on the 

surface of the catalysts, the catalysts were subjected to XPS analysis. Fig.4.2 shows the Mn 

2p core-level XPS spectra of manganese oxide alone, freshly synthesized and spent (MnxOy-

Al2O3) MA catalysts. The XPS spectra were deconvoluted by peak fitting method with 

Shirley background removal in Mn 2p core-level spectrum, binding energy (BE) values at 

around 640.4, 641.7, and 643.3 eV were assigned to Mn
2+

, Mn
3+

 and Mn
4+

 state respectively, 

which are in good accordance with the reported literature [19, 20]. In addition to this a broad 

peak (Satellite) was noticeable on the B.E. 645.5 eV of Mn 2p3/2 core-level in the XPS 

spectrum which is originated from the charge transfer from oxygen ligand to unfilled 3d 

orbital of Mn during the final state of the photoelectron emission process [21]. Fig.4.2 b and 
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c shows the Mn 2p core-level spectra for fresh and spent MA catalysts; three peaks were 

observed at B.E. value 640.4, 641.7, and 643.3 eV, which can be assigned to Mn in +2, +3, 

and +4 oxidation state respectively [19]. Infact, there is no significant change in the binding 

energy value of the spent MA catalyst proving that the catalyst poses a stable oxidation state 

even after 12 h of reaction under optimum reaction conditions.  

 

Fig.4.2 XPS spectra of Mn 2p core levels for (a) Manganese oxide (b) Fresh-MnxOy-Al2O3 

and (c) Spent-MnxOy-Al2O3. 

 

Fig. 4.3 XPS spectra of O 1s (a) Fresh-MnxOy-Al2O3 and (b) Spent-MnxOy-Al2O3. 

The O1s spectra were deconvoluted into two peaks and shown in Fig 4.3. Both fresh and 

spent MA catalysts showed XPS peaks at around 530 and 531.5 eV, attributed to lattice 

oxygen and a surface hydroxyl group [22, 23]. Therefore, the superior catalytic activity of 
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MnxOy-Al2O3 catalyst may be due to the presence of surface oxygen species that favors the 

selective oxidation of 2-Butanol. However, it should be worth mentioning that the peak 

intensity of lattice oxygen 530 eV was reduced after the reaction suggesting the participation 

of surface lattice oxygen in this oxidation reaction. After the regeneration in the presence of 

air, the catalyst shows the same performance. 

4.2.1.4. Raman spectroscopy 

Raman spectroscopy provides detailed information about the vibration modes of different 

metal oxide bonds in the catalysts. Fig. 4.4 shows the Raman spectral data of MnxOy-Al2O3, 

MnxOy-CeO2, MnxOy-ZrO2, and MnxOy-SiO2 catalysts. The spectra were measured between 

200-1500 cm
-1

. Except for the MnxOy-SiO2 catalyst, all the catalysts showed three distinct 

peaks at around 660, 317, and 372 cm
-1 

which are attributed to Mn3O4, Mn(III)-O, and 

Mn(IV)-O bond, respectively [24]. The typical Raman band at 630 and 680 cm
-1

 corresponds 

to Mn2O3 was not detectable due to the higher intensity of the Mn3O4 phase.
 
In contrast, 

MnxOy-CeO2 catalyst showed an additional high-intensity peak at 457 cm
-1 

which can be 

assigned to the vibration mode (F2g) of the cubic fluorite structure of the CeO2 lattice [25, 

26]. The result obtained from the Raman spectra is corroborated with the PXRD pattern of 

the catalysts.  

 

Fig. 4.4 (a) Raman spectra of all as-synthesized catalysts calcined at 450 °C (b) fresh and 

spent MA catalysts. 

Further, the spent MnxOy-Al2O3 catalyst was analyzed to elucidate any structural changes and 

the possible coke formation on the catalyst surface. Fig. 4.4b represents the Raman spectra of 

both fresh and spent catalysts. Raman spectra of the spent catalyst show hardly any structural 

change, pointing that the tailored catalyst is highly stable under the optimum reaction 



Chapter 4: Effective and selective oxidation of 2-Butanol over Mn supported catalyst systems 

 

PhD Thesis, 2021 Prabu K, CSIR-NCL  76 
 

conditions. Moreover, no peaks corresponding to D and G bands [27] were detected, 

suggesting no coke formation even after the reaction. 

4.2.1.5. Temperature programmed desorption  

Acidity is one of the key parameters which play an important role in the catalytic activity of 

2-Butanol oxidation. To find the acidity of the catalysts, NH3-TPD was carried out for all 

calcined catalysts, and the results are given in Fig. 4.5. MnxOy-CeO2 and MnxOy-ZrO2 

catalysts showed no peaks, which confirmed that both the catalysts have no acidic sites. In 

MnxOy-SiO2 catalyst, the peak at 650 °C corresponds to strong acidic centers, and the broad 

peak in the temperature range between 200-300 °C was originated from the weak acidic site 

of the catalyst. Whereas, MnxOy-Al2O3 catalyst showed two major peaks in which the peak 

observed at a lower temperature (∼200 °C) and higher temperature (∼650 °C) is due to weak 

and strong acidic sites, respectively. Thus, the NH3-TPD results clearly suggest that MA 

catalyst exhibited the highest acidic site density, which helps enhance the catalytic activity of 

the catalyst and shows stable catalytic activity over 30 h. 

 

Fig. 4.5 NH3-Temperature programmed desorption profile of calcined catalysts at 450 °C. 

4.2.1.6. Transmission electron microscopy 

Fig. 4.6 shows the TEM images of fresh and spent MA catalyst. TEM images reveal 

information about the morphology and lattice of the catalysts. Fig. 4.6a–c displays TEM 

images of fresh MnxOy-Al2O3 catalyst in low and high resolutions. Fig. 4.6(a) and (b) TEM 

images clearly confirmed the uniform dispersion of manganese oxide on Al2O3. Indeed, the 

TEM results have directly demonstrated a nice decoration of alumina by nano MnxOy. The d-

spacing value of the MnxOy-Al2O3 catalyst is 3.0 Å which is in agreement with the value 

obtained from PXRD results. TEM image of the spent MnxOy-Al2O3 catalyst given in Fig. 
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4.6d shows no change in the morphology of the catalyst. This observation is in line with the 

Raman spectra of the spent MA catalyst. 

 

Fig. 4.6 TEM images of (a–c) fresh MnxOy-Al2O3 and (d) spent MnxOy-Al2O3. 

4.2.2. Catalytic performance in selective oxidation of 2-Butanol 

All the above-synthesized catalysts were evaluated for selective oxidation of 2-Butanol to 

methyl ethyl ketone (MEK) using a continuous flow fixed bed reactor as represented in 

Section 2.4.12. The developed catalysts were subjected to various reaction parameters like 

temperature, GHSV, and 2-Butanol flow to find optimum reaction conditions and unveil the 

best catalyst for the reaction. We found that these catalysts demonstrated admirable catalytic 

activity and stability under the optimum reaction conditions elaborated in the subsequent 

section. 

4.2.2.1 Effect of supports 

Support of a catalyst has an important role in any catalytic activity of a reaction. Choosing 

suitable support is a critical part of heterogeneous catalysis. To study the influence of the 

support for 2-Butanol to MEK reaction, manganese oxide catalyst was loaded on four 

different supports. Manganese oxide on Al2O3, CeO2, ZrO2, and SiO2 catalysts were subjected 

to oxidation of 2-Butanol at 300 °C. The reaction was performed over 1 g catalyst with 

LHSV 1.8 h
-1

 with respect to 2-Butanol and GHSV 1200 h
-1

 of oxygen flow. The optimized 

reaction parameters and the results are depicted in Fig. 4.7 and Table 4.2. MC catalyst shows 

maximum 2-Butanol conversion and MEK selectivity of 41 and 81 %, respectively. MS 
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catalyst shows better conversion (54 %), but selectivity towards MEK (33 %) was very low 

due to the complete oxidation of 2-Butanol to undesired products. MA and MZ catalysts 

show about 50 % conversion and 88 % selectivity towards MEK. MA and MZ catalysts show 

similar reaction trends on stream up to a certain time. However, after 12 h time on stream, 

MA catalyst shows slight increase in catalytic activity, but in MZ the catalyst activity 

decreases at the end of 12 h. This decrease in catalytic activity may be due to catalytic 

deactivation. Thus, MA catalysts show better activity than other tested catalysts. 

Further, the reaction was performed with bare alumina support, and no conversion of 2-

Butanol to MEK was observed, which confirms the dominating catalysis of manganese oxide 

in 2-Butanol oxidation. However, among all the catalysts MA catalyst demonstrated the 

highest 2-Butanol conversion (51 %) with maximum MEK yield (45 %), which may be due 

to the better synergistic effect between manganese oxide and alumina support. The enhanced 

catalytic activity of this catalyst can also be due to the presence of surface lattice oxygen 

which might help in the oxidation reaction. Hence, MA catalyst shows better catalytic 

activity of 2-Butanol and selectivity of MEK, which is further carried out to optimize the 

different reaction parameters. 

 

Fig.4.7 Conversion of 2-Butanol and selectivity of MEK over different Mn supported 

catalysts. 

Reaction conditions: 300 °C, LHSV 1.8 h
-1

 with respect to 2-Butanol and GHSV 1200 h
-1

 

with respect to oxygen at atm. pressure. 
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Table 4.2 Catalytic activity of MnxOy loaded on different supports  

S. No. Catalysts 
Conversion 

of 2-Butanol 

(mol %)
a

 

Selectivity (%) Yield 

of 

MEK 
(%) 

MEK Acetone CH
3
OH CO

x

b

 

1 MnxOy-CeO2 

(MC) 
41 81 12 02 05 35 

2 
MnxOy-ZrO

2 

(MZ) 
51 84 08 07 01 42 

3 MnxOy-Al2O3 

(MA) 
51 88 05 05 02 45 

4 MnxOy-SiO2 

(MS) 
55 33 17 14 36 18 

Reaction conditions: 300 °C, LHSV 1.8 h
-1

 with respect to 2-Butanol and GHSV 1200 h
-1

 

with respect to oxygen at atmosphere pressure.  

(a) Conversion at steady state. 

(b) CO and CO2 

4.2.2.2. Effect of temperature        

Temperature is one of the main factors which influence the catalytic activity. To examine the 

effect of temperature, oxidation of 2-Butanol was carried out at a temperature range between 

250-350 °C with MA catalyst, and the results are shown in Fig. 4.8. Oxidation of 2-Butanol 

was carried out at the contact time of 1.8 h
-1

 with respect to 2-Butanol, and GHSV 1200 h
-1

 

with respect to oxygen at atmospheric pressure. At low temperature (250 °C), conversion 

towards 2-Butanol and selectivity of MEK were observed to be 30 and 80 %, respectively. 

Further increase in temperature to 300 °C, conversion and selectivity increased to 51 and 88 

% respectively and remains constant for 30 h of time on stream. At higher temperature (325 

and 350 °C), the initial conversion was increased, and after 7 h the conversion slowly 

decreased; this could be due to the deactivation at higher temperatures. Hence, 300 ºC is 

selected as the optimized temperature to achieve maximum conversion and selectivity of 

MEK. 
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Fig. 4.8 Conversion of 2-Butanol and selectivity of MEK at various reaction temperatures 

over MA. 

Reaction conditions: LHSV 1.8 h
-1

 with respect to 2-Butanol and GHSV 1200 h
-1

 with respect 

to oxygen at atm. pressure. 

4.2.2.3 Effect of space velocity of 2-Butanol  

In order to study the effect of contact time between reactants and catalytic active centres, a 

reaction was performed at different flow rates of 2-Butanol and the results are shown in Fig. 

4.9. Oxidation was carried out at three different 2-Butanol flows (LHSV 1.8, 3.6 and 5.4 h
-1

), 

at 300 °C, GHSV 1200 h
-1

 with respect to oxygen at atmospheric pressure. At LHSV 1.8 h
-1

, 

a 51 % conversion of 2-Butanol was observed with maximum selectivity (88 %) of MEK. At 

this flow, 2-Butanol has optimum contact time to react with adsorbed oxygen on the surface 

of the catalyst. While increasing the 2-Butanol flow to LHSV 3.6 h
-1

, conversion of 2-

Butanol was decreased to 26 % but the selectivity of MEK was increased to 90 %. At LHSV 

5.4 h
-1 

the conversion and selectivity decreased to 20 and 89 %, respectively. Due to the 

decreasing contact time between reactants and active centers, a trend in a decrease in 

conversion was observed at higher LHSV of 2-Butanol (3.6 and 5.4 h
-1

). Therefore, LHSV 

1.8 h
-1

 was the optimized flow rate of 2-Butanol for further studies.  
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Fig. 4.9 Conversion of 2-Butanol and selectivity of MEK at various 2-Butanol flow rates over 

MA.  

Reaction conditions: 300 °C, GHSV 1200 h
-1

 with respect to oxygen at atm. pressure. 

4.2.2.4. Effect of oxygen flow 

In an oxidation reaction, the change in catalytic activity typically depends upon the flow of 

oxidants. To examine the effect of oxidant on the catalytic activity, the reaction was 

performed at three different molecular oxygen flows (GHSV 600, 1200 and 1800 h
-1

) and the 

results are depicted in Fig. 4.10. The reaction was executed at GHSV 600 h
-1 

the maximum 

conversion of 2-Butanol was 35 %. Further increase in oxidant flow to GHSV 1200 h
-1

 

conversion attained the maximum (51 %) and selectivity (88 %), favoring the partial 

oxidation of 2-Butanol to MEK. Upon increasing GHSV to 1800 h
-1

, relatively low 

conversion and selectivity were obtained due to the complete oxidation of 2-Butanol to COx 

and undesired side products. Based on the above results, GHSV 1200 h
-1

 was optimized 

oxygen flow rate to attain maximum selectivity of MEK. 
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Fig. 4.10 Conversion of 2-Butanol and selectivity of MEK at different oxygen flow rates over 

MA.  

Reaction conditions: 300 °C, LHSV 1.8 h
-1

 with respect to 2-Butanol at atm. pressure. 

4.2.2.5. Long term stability test  

The stability of the optimized MA catalyst was determined for a long period of time on 

stream (TOS) with optimized reaction parameters: 300 ºC, GHSV 1.8 h
-1

 for 2-Butanol, and 

GHSV 1200 h
-1

 for molecular oxygen. The initial conversion of 2-Butanol was 27 % and the 

selectivity of MEK was 88 %. As reaction time increases, conversion of 2-Butanol increases 

gradually; after the fifth hour, the conversion and selectivity of MEK remain constant for 30 

h. Catalytic performance of 51 % conversion of 2-Butanol and 88 % selectivity of MEK is 

observed under optimized reaction conditions.  

 

Fig. 4.11 Long term stability test of MA catalyst for oxidation of 2-Butanol over 30 h 

Reaction conditions: 300 °C, LHSV 1.8 h
-1

 with respect to 2-Butanol and GHSV 1200 h
-1

 

with respect to oxygen at atm. pressure. 
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4.3. Conclusions 

In this study, manganese oxides with different supported catalysts were prepared by the 

simple co-precipitation and sol-gel method. Their physicochemical characterization 

techniques like PXRD and Raman spectroscopy revealed Mn in Mn3O4 and Mn2O3 phases. 

Among all the catalysts, MA showed superior catalytic performance of 2-Butanol oxidation. 

The XPS study was evident that Mn in +2, +3, and +4 oxidation states is beneficial to 

enhance the activity in MA catalyst. In addition, surface acidity, Mn3O4 species, and 

synergetic effect play an essential role in achieving maximum selectivity of MEK. The 

optimization experiments proved that MA catalyst was highly active and stable activity up to 

30 h of time on stream without any considerable loss in its catalytic activity; this emphasizes 

the durability of the catalyst. In summary, these results demonstrate a better activity than the 

other catalytic systems reported for oxidation of 2-Butanol to MEK. 
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                      Chapter-5 

Selective Oxidation of 5-Hydroxymethylfurfural to  

2,5-Furandicarboxylic acid 

5.1. Introduction  

Identifying renewable energy resources for clean energy fuels and chemicals is one of the 

major challenges that humankind is confronting [1]. Today, 90 % of the energy and 

chemicals are obtained from petroleum derived feedstocks (natural gas, coal, and crude oil). 

However, the burning of fossil fuels is neither secure nor sustainable in the long run; it 

produces 30 billion tonnes of CO2 per year there by increasing global warming which is one 

of the serious environmental issues humanity is witnessing [2-4]. These environmental issues 

triggered the use of renewable resources to produce chemicals and fuels [5].  

5.1.1. Synthesis of HMF from biomass  

Lignocellulosic biomass resources (LCB) are quite abundant plant based renewable and 

sustainable carbon resources. LCB is first foremost composed of cellulose (40-50 %), 

hemicelluloses (20-30) and lignin (10-25 %) [6]. Among the aforementioned, cellulose is a 

biopolymer obtained from β-1,4 glycosidic bonds of anhydrous glucose units [7]. Further 

cellulose hydrolysis to glucose, followed by dehydration which is, converted to HMF or 

through in situ isomerization of glucose to cellulose, finally cellulose undergoes dehydration 

to form the desired end product HMF (Scheme 5.1) [8, 9]. HMF is one of the foremost 

biomass-based platform chemicals draws significant attention these days owing to its wide 

applications in industries for various value-added chemicals and fuels. HMF can undergo a 

variety of chemical transformations such as hydrogenation, oxidation, and esterification, etc. 

which is shown in section 1.5.1. 
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Scheme. 5.1 Upgradation of cellulose into value-added products. 

5.1.2. FDCA as a polymer building block 

The catalytic oxidation of HMF can produce key intermediates and value-added chemicals 

such as DFF, HMFCA, and FDCA. Among the oxidation products, the most important 

commodity chemical is FDCA which is substituted for petroleum-based terephthalic acid, as 

given in Scheme 5.2. In addition, it is used as a monomer in the production of plant-based 

polyethylene furanoate (PEF) [10] and could replace the conventional fossil-based 

polyethylene terephthalate (PET) [11-13]. Besides this, FDCA is also used as a monomer to 

produce polyesters, polyamides, and plasticizers [14, 15].  

 

Scheme. 5.2 Comparison of PET and PEF production processes. 

Additionally, FDCA also has prospective uses in medicine. The diethyl ester of FDCA has 

anaesthetic properties similar to cocaine [16]. Dicalcium 2,5-furandicarboxylate inhibits the 

growth of Bacillus megatorium [17, 18]. FDCA itself is a strong complexing agent, chelating 

with ions Ca
2+

, Cu
2+

 and Pb
2+

 reportedly efficient of removing kidney stones [18, 19]. In 

2011, Avantium was announced the first pilot-scale for FDCA production with a capacity of 
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40 tons per year [20]. Fig. 5.1 shows the vast scope of market potential of FDCA.

 

Fig. 5.1 Products of commercial importance derived from FDCA [21]. 

5.1.3. Background of the work 

The selective oxidation of HMF to FDCA has been widely studied using different metal-

supported heterogeneous noble metals such as Au, Pt, Pd, and Ru based catalysts for the 

higher and excellent catalytic activity of the reaction [22-26]. Very importantly, in most of 

the cases, the catalyst stability remains a significant issue because of excess usage of external 

bases like NaOH and Na2CO3 in the reaction medium. There is an interesting observation for 

the base free oxidation of HMF to FDCA using Au supported hydrotalcite catalyst using O2 

as oxidant, where the yield of FDCA was 92 %. However, this value was not stable [27]. 

Recently, Gao et al. reported the bimetallic Au-Pd nanoparticles over La doped LDH catalyst 

which gave 100 % yield of FDCA within 6 h of reaction time [28]. Haian et al. reported that 

reconstructed hydrotalcite supported Pd-Au bimetallic catalyst achieved a high yield of 

FDCA (90 %) at 60 °C over 6 h [29]. However, the commercial implementation of HMF 

conversion to FDCA will require a new catalytic material and novel approaches which 

minimize precious metal content in the catalyst. Therefore, from the commercial and 

economic viewpoint, using noble metals (Au, Pt, and Pd) based catalysts is not a cost-

effective process. Also, this catalyst needs an external base, which is not environmentally 

benign.  

Presently, Ru based catalyst is found to be highly active for HMF oxidation into FDCA 

without using any base. Guangshun et al. reported Ru/C catalyst under base free conditions 

with 88 % yield of FDCA which may be further improved. [30]. Mishra and co-workers 
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developed an efficient Ru supported on MnCO2O4 spinel catalyst with tunable Brønsted and 

Lewis acidic sites which plays an important role in the production of FDCA. The yield 

achieved was 99.1 % at 24 bar pressure [31]. However, the catalyst demonstrated the activity 

at high pressure, and the role of acidic sites was not explained thoroughly. Pichler et al. have 

reported 97 % selectivity of FDCA with smaller Ru nanoparticles supported on high surface 

area ZrO2 [32]. Liu et al. studied CoOx nanoparticles distributed mesoporous carbon giving 

98 % conversion of HMF in 30 h [33]. It has been recently demonstrated that nitrogen-doped 

mesoporous carbon materials have attracted much interest and are more efficient for biomass 

conversion due to their excellent chemical stability, high porosity, high specific surface area, 

tunable pore size, and chemical inertness [34-40]. On the other hand, doping nitrogen into 

mesoporous carbon which can be chemically functionalized with metallic nanoparticles to 

confer or enhance catalytic activity [41, 42]. Zhu and co-workers employed nitrogen-doped 

carbon spheres with war wrinkled cages for HMF to FFCA using tert-butyl hydroperoxide 

(TBHP) as an oxidant [43]. Yang et al. studied the HMF oxidation to FDCA using Pt 

dispersed on nitrogen-doped porous carbon using an external base NaHCO3 and showed 85 

% yield of FDCA [44]. Guan et al. have reported 96.7 % yield of FDCA with hierarchical 

porous nitrogen-doped carbon supported bimetallic AuPd catalyst [45]. A view of the above 

reported work for the production of FDCA which can impose technical limitations like lack 

of recyclability, product recovery, metal leaching, and cost of production. To alleviate the 

above problems, we have developed a highly efficient, cost-effective, and reusable Ru based 

catalyst for oxidation of HMF to FDCA. Herein, we are reporting Ru nanoparticles supported 

on NaY zeolites and nitrogen doped mesoporous carbon (NMC) catalyst for the first time for 

base free oxidation of HMF to FDCA. A simple ion exchange method was adopted for the 

synthesis of Ru/NaY catalysts, and incipient wetness impregnation method used to 

incorporate of Ru nanoparticles into the NMC support. These materials were extensively 

characterized by various notable physicochemical characterization techniques to get more 

insights into the catalytic activity. 

This chapter is divided into two parts depending on the catalyst system involved in this 

reaction. 

A. A highly efficient and reusable Ru-NaY catalyst for the base free oxidation of 5-

Hydroxymethylfurfural to 2,5-Furandicarboxylic acid  

B. An enhanced catalytic performance of Ru nanoparticles supported NMC catalyst for 

the oxidation of HMF to FDCA 
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          Chapter-5A 

A Highly Efficient and Reusable Ru-NaY Catalyst for the 

base free Oxidation of 5-Hydroxymethylfurfural to 2,5-

Furandicarboxylic acid 

 

Synopsis 

 A series of Ru exchanged NaY catalysts were synthesized by the ion-exchange 

method and applied for base free oxidation of HMF to FDCA 

 

 3 wt % Ru-NaY catalyst demonstrated 94 % of FDCA yield with complete 

conversion of HMF in a short span of time 

 

 Small size Ru nanoparticles with desired acidic sites in the catalysts were 

responsible for the HMF oxidation 

 

 A higher amount of metallic Ru plays a vital role in catalytic activity and 

productivity 

 

 The catalyst was highly reusable for HMF oxidation 
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5A.1. Results and discussion 

5A.1.1. Catalyst characterization  

5A.1.1.1. Powder X-ray diffraction 

To understand the structural features of the materials, PXRD analysis was conducted, and 

Fig. 5A.1 shows the diffraction patterns of bare NaY cationic clay compared with different 

ruthenium metal loaded NaY zeolite. The PXRD pattern of pure NaY zeolite exhibits a 

highly crystalline nature of the zeolite framework (JCPDS No.43-0168) whose intensities 

did not change even after Ru exchange. No peak pertaining to metallic Ru or its oxides were 

observed, pointing to the homogeneous distribution of Ru nanoparticle on the zeolite 

support. The absence of any peak corresponds to Ru may also be due to the higher 

intensities of NaY zeolite support [1, 2]. 

 
Fig. 5A.1 Powder XRD pattern of pristine NaY and Ru supported NaY catalysts. 

5A.1.1.2. N2 Physisorption and H2 Chemisorption analysis 

The textural properties of all the synthesized materials were studied by N2 adsorption-

desorption study. Table 5A.1 shows BET surface area of NaY zeolite as 866 m
2
/g, and the 

pore volume is 0.37 cm
3
/g. However, with increasing the metal loading, surface area and 

pore volume of the catalyst are decreasing gradually. This decrease in the surface area was 

due to pore blockage by Ru nanoparticles in the cavities of zeolite. Most of the Ru particles 

were well dispersed on the surface of NaY support, which was confirmed by H2 

chemisorption study. It was noticed that at higher Ru loading, the crystallite size of Ru was 

large, leading to the lower dispersion of those nanoparticles on the support. At the lowest 

metal loading, the catalyst demonstrated the highest dispersion. Ru metal surface area was 

also calculated from the H2-chemisorption study, and it was observed that 5 % Ru loaded 
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catalyst has least active surface area reflecting in the lowest activity of the catalyst. The 

actual Ru content was determined by ICP-OES analysis. 

Table 5A.1 Textural properties of Ru-NaY catalysts 

Samples BET 

Surface 

area
a
 

(m
2
/g) 

Total 

pore 

volume
a
 

(cm
3
/g) 

BJH 

pore 

size (Å) 

 

Ru 

content
b
 

(wt %) 

Ru metal 

dispersion
c
 

(%) 

Ru 

metal 

surface 

area
c
 

(m
2
/g) 

Average 

Ru 

crystallite 

size
c
 (nm) 

NaY 866 0.37 19.0 - - - - 

1 wt % Ru-NaY 842 0.36 18.7 0.91 53.2 4.7 1.8 

2 wt % Ru-NaY 833 0.36 18.4 1.82 32.4 3.4 3.2 

3 wt % Ru-NaY 820 0.34 18.1 2.91 22.6 3.2 3.4 

5 wt % Ru-NaY 786 0.31 17.6 4.70 12.3 2.4 6.4 

    (a) Calculated from BET  

    (b) Amount of Ru calculated from ICP-OES  

    (c) Obtained by H2-Chemisorption 

5A.1.1.3 Field emission scanning electron microscopy  

The surface morphology of the catalyst was examined by FE-SEM. Fig. 5A.2(a) shows pure 

NaY zeolite having a porous structure and crystalline nature. SEM micrograph clearly 

reveals that the morphology of the catalysts did not change after exchanging Ru in the 

zeolite framework. These results are in good agreement with the XRD results of the 

catalysts.  

 

Fig. 5A.2 FE-SEM images of (a) NaY, (b) 2 wt % Ru-NaY and (c, d) 3 wt % Ru-NaY. 
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5A.1.1.4. Fourier transform infrared spectroscopy  

Fig. 5A.3 shows the FTIR spectra of bare NaY and Ru supported NaY. A broad peak at 

3428 cm
-1

 is attributed to the stretching vibration of hydroxyl group T-OH from the surface 

of NaY zeolites or in supercages, which was confirmed for all the samples [3]. The IR band 

appears at 1021 cm
-1

 is related to asymmetric stretching of (Si/Al-O)4, and the bending 

vibration of water molecule appears at 1638 cm
-1 

[4, 5]. Therefore, proton abstraction is 

considered the first step for the conversion of HMF to FDCA. The acidic OH groups in 

sodalite cage and high frequency acidic OH groups located at supercage play an important 

role in the HMF conversion. However, internal hydroxyl groups within the supercage are 

Brønsted acids, and these can be detected by in situ pyridine FTIR. 

 

Fig. 5A.3 FTIR spectra of Ru supported NaY catalysts. 

5A.1.1.5. Temperature programmed reduction  

The reducibility of Ru supported NaY samples was investigated by H2-TPR as shown in 

Fig. 5A.4. The main peak at 70 to 150 °C temperature region can be ascribed to the 

reduction of RuOx species. However, with increasing metal loading from 1 % to 5 % the 

intensity of TPR peak is gradually increased [6] implying that hydrogen consumption is 

increased with the increase in Ru content of the catalysts. 
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Fig. 5A.4 H2-TPR profiles of the Ru supported NaY Catalysts. 

5A.1.1.6. NH3-temperature programmed desorption 

The synthesized catalysts were subjected to NH3-TPD to find out the exact quantity of the 

acidic sites in the catalysts. The results are shown in Fig. 5A.5. NH3-TPD profiles clearly 

indicated that a single peak was observed for ammonia desorption around 240-300 °C 

corresponding to moderate acidity of the surface [7]. On increasing ruthenium loading, the 

acidity of the materials was also increased (5 wt % Ru-NaY: 1.43 mmol/g). However, the 

activity of the catalysts was not proportional to the acid strength. In fact, 5 wt % Ru-NaY 

demonstrated lowest yield of FDCA among all the catalysts. This abnormal catalytic activity 

trend may be due to the formation of intermediate FFCA products. 3 wt % Ru-NaY shows 

the highest yield of FDCA. The role of Brønsted and Lewis acidity on the catalytic activity 

will be discussed in in-situ pyridine FTIR. 

 

Fig. 5A.5 NH3-TPD profiles of Ru supported NaY catalysts. 
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5A.1.1.7. in situ- Pyridine FTIR 

To study the function of Brønsted, and Lewis acidity for NaY zeolite, metal ion-exchanged 

zeolites were subjected to in situ- FTIR spectroscopy of adsorbed pyridine. Fig. 5A.6 shows 

absorption bands at 1507 cm
-1

 and 1540 cm
-1

, which corresponds to pyridine adsorbed at 

Brønsted acidic sites [8]. The bands at 1455 and 1558 cm
-1

 specify the existence of 

coordinatively bonded pyridine from Lewis acid sites [9]. The peak at 1489 cm
-1

 is 

attributed to both Brønsted and Lewis acidity. The band at 1575 cm
-1

 could also be 

considered as quantification for Lewis acidic sites, but these bands are typically less intense 

than 1558 cm
-1

 band and have some degree of overlap. The pyridine FTIR spectra indicated 

that NaY and metal loaded NaY have both Lewis and Brønsted acidic sites while pure NaY 

shows less intense peaks than the metal loaded samples. It implies that Ru also plays an 

important role in improving the acidic strength of the samples, which could perform an 

important role in the oxidation of HMF to attain the maximum yield of FDCA. Table 5A.2 

depicted the L/B ratios for each catalyst calculated by peak deconvolution to get the amount 

of pyridine adsorbed on each type of sites [9]. 

 

Fig. 5A.6 In situ pyridine FT-IR spectra of (a) NaY zeolite (b) 1 wt % Ru-NaY (c) 2 wt % 

Ru-NaY (d) 3 wt % Ru-NaY and (e) 5 wt % Ru-NaY. 

5A.1.1.8. Transmission electron microscopy  

The dispersion of Ru and their particle size in 3 wt % Ru-NaY catalyst were further 

confirmed by HRTEM analysis. It was observed that Ru metal nanoparticles were uniformly 

distributed over the surface of the NaY zeolites with a broad distribution of Ru particles 
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ranging from 1-12 nm. The diffraction pattern shows the uniform interplanar spacing of 0.2 

nm corresponding to 101 plane of Ru nanoparticles, and interplanar spacing of 0.23 nm 

matches well with 100 plane. Ru particle size distribution was derived by TEM analysis, 

which is represented in Fig. 5A.7. The average particle size of Ru nanoparticles was 4 nm 

which is in accordance with the H2 chemisorption results. However, Ru particle size (4 nm) 

is bigger than the pore size of NaY zeolite, therefore the majority of Ru particles are present 

on the external surface of the NaY zeolite. Fig. 5A.8 shows HAADF-STEM and elemental 

mapping of 3 wt % Ru-NaY catalyst, which confirmed that Ru nanoparticles are 

homogeneously distributed over the NaY support. 

 

Fig. 5A.7 HRTEM images and Ru particle size distribution of 3 wt % Ru-NaY. 
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Fig. 5A.8 HAADF-STEM elemental mapping of 3 wt % Ru-NaY. 

5A.1.1.9. X-ray photoelectron spectroscopy 

To explore the chemical states and surface properties of active Ru species on the NaY 

supports, XPS analysis was performed. Fig. 5A.9 depicts the Ru 3d core-level spectra of 3 

wt % Ru-NaY which was deconvoluted by peak fitting method into three major peaks (Ru 

3d5/2, Ru 3d3/2, and C 1s). The peak at 284.7 eV corresponds to carbon contamination on the 

surface. The electronic structure of 3 wt % Ru-NaY catalyst confirms that Ru exists in two 

different oxidation states. The metallic ruthenium was observed at 280.6 and 284.5 eV 

which were allocated to Ru
0
 3d5/2 and Ru

0
 3d3/2 peaks, and the peaks at 281.7 and 286.6 eV 

were assigned to +4 oxidation state of Ru in RuO2 [10]. According to XPS data, the surface 

composition of metallic ruthenium and ruthenium oxide was 70 % and 30 %, respectively. 

 

Fig. 5A.9 XPS spectra of 3 wt % Ru-NaY catalyst. 
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5A.1.2.10. Insitu CO-FTIR 

Insitu CO-FTIR was carried out to understand the possible oxidation state of Ru in the 

synthesized catalysts. The spectra were collected at 120 °C and given in Fig. 5A.10. It was 

observed that IR bands appear in the range 2000-2500 cm
-1

 for all catalysts which can be 

attributed to the vibrational stretching mode of CO bound to different types of Ru present on 

the support. The bands emerging at 2117 and 2175 cm
-1

 region assigned to two different 

multicarbonyl species adsorbed on partially oxidized Ru species (Ru
+n

) (CO)x, x >1) [11]. 

However, still debates are going on about the precise oxidation of Ru (n) and the number of 

carbonyl groups adsorbed on Ru species. Whereas, IR band observed at 2053 cm
-1

 region 

can be correlated with the linearly bound CO with the metallic Ru species. Interestingly the 

intensity of this peak was more among all, which implies the higher abundancy of metallic 

Ru in the catalysts. The CO-FTIR results are in good agreement with the XPS results. 

 

Fig. 5A.10 CO-FTIR spectra of Ru exchanged NaY catalysts. 

5A.1.2. Catalytic performance of 5-HMF oxidation 

5A.1.2.1. Base free oxidation of HMF to FDCA 

Fig. 5A.11 represents the catalytic tests of HMF to FDCA over 3 wt % Ru-NaY catalyst. 

The reaction was performed at 120 ºC, and 10 bar initial oxygen pressure under base-free 

conditions [12, 13]. The catalyst demonstrated complete HMF conversion in 2 h with a yield 

of 58 % towards FDCA. Interestingly, the yield of FDCA increased gradually with the 

increase of the reaction time, and at the end of 8
th

 h the yield of FDCA and FFCA was 94 % 
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and 6 %, respectively. Further studies on the relationship of the catalytic activity with Ru 

particle size and amount of acidic –OH groups inside the supercage have proved that they 

possess a crucial role in achieving the high yield of FDCA [14, 15].  

 

Fig. 5A.11 HMF conversion and the yield of FDCA with time over 3 wt % Ru-NaY.  

Reaction Conditions: 150 mg catalyst, HMF 0.5 mmol, Water 30 ml, O2 10 bar, 120 ºC. 

Scheme 5A.1 exhibits a general reaction pathway for the selective oxidation of HMF to 

FDCA. Initially, HMF may be oxidized to DFF or HMFCA, important intermediates of this 

reaction while using molecular oxygen as an oxidant. These two intermediates further could 

be oxidized to FFCA. Finally, FFCA will be oxidized to FDCA. 

 

Scheme. 5A.1 Possible reaction pathway for selective oxidation of HMF to FDCA. 

5A.1.2.2. Product distribution of HMF oxidation over Ru-NaY catalysts 

To determine the optimal catalyst composition for the production of FDCA from HMF a 

series of Ru exchanged NaY catalysts with different metal loading were prepared by the ion-
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exchange method, and their activity are shown in Fig. 5A.12. The catalytic performance of 3 

wt % Ru-NaY catalyst was already discussed in the above section. Although a complete 

HMF conversion was observed for 3 wt % Ru-NaY catalysts within 2 h, the maximum yield 

of FDCA was achieved after 8 h. Therefore, reaction time also hold a crucial role for this 

reaction. The higher catalytic activity of this catalyst could be assigned to the optimum 

metal loading, better metal dispersion, higher availability of catalytic active sites, and 

desired acidic sites of the catalyst. Despite the higher metal dispersion, 1 wt % Ru-NaY 

shows only 31.04 % yield of FDCA after 8 h. This could be due to the lower metal loading 

and less acidic sites (1.01 mmol /g) of this material as confirmed by NH3-TPD analysis. 

Recently Mishra et al. reported Brønsted and Lewis acidic sites have a major role in 

achieving higher yield of FDCA [13]. Upon increasing the metal loading up to 2 wt %, the 

yield of FDCA was further increased to 75.66 %. However, the catalytic activity was still 

inferior to 3 wt % Ru-NaY. On the other hand, 5 wt % Ru-NaY catalyst showed a decrease 

in FDCA yield (32.8 %) with the simultaneous increase in FFCA yield (67.2 %). This may 

be due to the larger crystallite size of Ru (6.4 nm) which reduces metal dispersion on the 

NaY support as confirmed from H2-chemisorption results. A similar reaction was also 

performed over metal free NaY zeolite support under the optimized reaction conditions 

which showed 26 % of HMF conversion with DFF yield of 5.3 %. No FDCA formation was 

noticed during the reaction, proving the dominating catalysis of Ru nanoparticles over NaY 

support. The above results confirmed the superior catalytic activity of 3 wt % Ru on NaY 

support as a whole catalyst. 

 

Fig. 5A.12 Effect of Ru loading on HMF conversion and FDCA yield with time. 

Reaction conditions: 150 mg catalyst, HMF 0.5 mmol, Water 30 ml, O2 10 bar, 120 ºC. 
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Table 5A.2 Catalytic tests of HMF oxidation over various Ru supported catalysts 

S.

No

. 

Catalysts HMF 

Conversion 

(%) 

Yield 

of 

FFCA 
(%) 

Yield 

of DFF 
(%) 

Yield of       

FDCA 
(%) 

TOF
 a  

(h
-1

) 
L/B 

b

 

ratio 

1 1 wt % Ru-NaY 100 68.8 0 31.14 4.1 × 10
-2
 0.93 

2 2 wt % Ru-NaY 100 24.34 0 75.66 5.8 × 10
-2
 1.06 

3 3 wt % Ru-NaY 100 6.0 0 94.0 7.6 × 10
-2
 1.04 

4 5 wt % Ru-NaY 100 67.2 0 32.8 4.3 × 10
-2
 0.98 

5 NaY 26 0 5.3 0 0 0.76 

(a) TOF= Turnover frequency (moles of HMF converted per mole of metal per hour). 

(b) L/B= Lewis and Brønsted acid sites (L/B) ratio was calculated from pyridine FT-IR. 

Reaction conditions: 150 mg catalyst, HMF 0.5 mmol, Water 30 ml, O2 10 bar, 120 ºC, 8 h. 

5A.1.2.3. Effect of reaction temperature over 3 wt % Ru-NaY 

Since 3 wt % Ru-NaY catalyst was found to be the best catalyst among all, this catalyst was 

further subjected to various temperatures for the best catalytic activity results. Temperature 

is a vital parameter, which can influence catalytic activity of 3 wt % Ru-NaY catalyst. Fig. 

5A.13 represents the catalytic activity of 3 wt % Ru-NaY at different temperatures. Table 

5A.2 shows the product distribution, and no HMFCA was observed under these reaction 

conditions. The oxidation of HMF mainly produced DFF, FFCA, and FDCA. Initially, the 

reaction was performed at 100 ºC where the conversion of HMF was 100 % with the yield 

of FDCA approximately equal to 47 %. Further, with increasing temperature up to 120 ºC; 

94 % yield of FDCA was obtained with complete HMF conversion at 8 h. When the 

reaction was executed at 140 °C, initially the yield of FDCA was higher than the reaction 

performed at 120 ºC. However, an increase in the reaction time, activity was decreased 

gradually to 70 % at 8 h. This might be owing to the degradation of HMF at high 

temperatures [16]. Thus, 120 ºC is observed as the optimized temperature for HMF 

oxidation to FDCA. 
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Fig. 5A.13 Effect of reaction temperature on FDCA yield over 3 wt % Ru-NaY. 

Reaction conditions: 150 mg catalyst, HMF 0.5 mmol, Water 30 ml, O2 10 bar. 

5A.1.2.4. Effects of pressure and catalyst loading 

The effect of oxygen pressure was examined over 3 wt % Ru-NaY catalyst for HMF 

oxidation. The oxygen pressure was varied from 5-15 bar at a stable reaction temperature 

viz. 120 ºC. The results are shown in Fig. 5A.14a wherein 5 bar oxygen leads to increasing 

FDCA yield with the reaction time and the maximum yield achieved was 83 % with 

complete conversion of HMF at 8 h. On further increasing the pressure up to 8 bar, the yield 

of FDCA was gradually increased as reaction time prolonged. However, these pressures are 

still needed to be increased to achieve maximum yield. Further increasing the oxygen 

pressure to 10 bar, higher yield of FDCA (94 %) was achieved with 100 % conversion of 

HMF whereas high pressure did not fetch appreciable increase in the yield. 
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Fig. 5A.14 (a) Effect of reaction pressure and (b) catalysts amount on FDCA yield over 3 wt 

% Ru-NaY catalyst.  

Reaction conditions: 120 ºC, HMF 0.5 mmol, Water 30 ml. 

Later, we have investigated the influence of catalyst amount on the selective oxidation of 

HMF to FDCA. Fig. 5A.14b shows the yield of FDCA at varying catalyst quantities. The 

study was started using 50 mg of 3 wt % Ru-NaY at optimized pressure and temperature. 

The yield of furandicarboxylic acid increases as reaction time prolonged to 8 h and a low 

yield of FDCA was observed as 59 %. It confirms that the number of Ru active sites is not 

sufficient for the oxidation of HMF to FDCA. We attempted to enhance the catalytic 

activity by using 100 mg and 150 mg of the catalyst and the yield of FDCA obtained was 86 

% and 94 % respectively. Furthermore, increasing catalyst amount up to 175 mg, a decrease 

in the yield of FDCA (75.8%) was observed which may be due to the formation of other 

side products [17]. Finally, we optimized the catalyst amount as 150 mg which gave 

superior catalytic performance of converting HMF to FDCA.   

5A.1.2.5. Reaction pathway for the base free oxidation of HMF to FDCA 

The base free oxidation of HMF using 3 wt % Ru-NaY catalyst shows higher catalytic 

activity and productivity of FDCA. Based on the above results on HMF oxidation, the 

reaction mechanism follows an aldehyde group through DFF and FFCA by identifying the 

reaction profile of the products. A 100 % HMF conversion was attained in a shorter reaction 

time (2 h). Especially, complete conversion of DFF was observed at 2 h, for the yield of 

FFCA (45.3 %) and FDCA (54.7 %). When the reaction was prolonged to 8 h, 94 % yield of 
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FDCA was achieved while FFCA yield was 6 %. According to the catalyst characterizations 

and experimental part for HMF oxidation, acidic sites can favor the adsorption of an 

aldehyde group on the catalyst surface [18]. In addition, a high concentration of basic sites 

produces HMFCA via hemiacetal intermediates [19, 20].  

5A.1.2.6. Recyclability test 

Catalysts recyclability is one of the essential factors in industrial and economic viewpoints. 

As 3 wt % Ru-NaY was found to be the best catalyst. Hence it was further tested for 

recyclability study to understand the true performance of the catalyst. Initially 3 wt % Ru-

NaY catalyst was filtered, washed several times with distilled water, and finally washed 

with ethanol, dried at 110 ºC for 10 h. The resulting catalyst was reused for HMF oxidation, 

and it was observed that 3 wt % Ru-NaY catalyst was truly recyclable even after 5
th

 cycle 

with a minor drop in the FDCA yield, and the results are depicted in Fig. 5A.15. This drop 

in the product yield may be due to the loss of some of the active catalytic sites during the 

reaction or post-reaction process. 

 

Fig. 5A.15 Recyclability of 3 wt % Ru-NaY catalyst.  

Reaction conditions: 150 mg catalyst, HMF 0.5 mmol, Water 30 ml, O2 10 bar, 120 ºC, 8 h. 

5A.1.2.7. Spent catalyst analysis 

Fig. 5A.16 represents XRD pattern of spent 3 wt % Ru-NaY catalyst which is clearly 

indicating that the morphology of the catalyst did not get changed even after oxidation 

reaction. The absence of any Ru peak or its oxides points that these metal nanoparticles are 

well dispersed on the NaY support. Morphology of the catalyst was determined by TEM 
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Fig. 5A.17a where it is undoubtedly indicating that some of the Ru nanoparticles were 

agglomerated under the reaction conditions, and the XPS spectra of spent 3 wt % Ru-NaY 

catalyst Fig. 5A.17b specified that some active metallic ruthenium was oxidized into Ru 

oxide under the reaction conditions. Hence the slight drop in the FDCA yield may be due to 

the loss of catalytic active sites and agglomeration of Ru nanoparticles after the reaction. 

 

Fig. 5A.16 XRD pattern of Spent 3 wt % Ru-NaY catalyst. 

 

Fig. 5A.17 (a) HRTEM images and (b) XPS spectra of spent 3 wt % Ru-NaY catalyst. 
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5A.2. Conclusions 

The oxidation of HMF to FDCA over Ru exchanged NaY catalysts was found to be an 

exciting reaction. The present study demonstrates the simple and straightforward synthesis 

method for the oxidation of HMF to FDCA. The extensive characterization techniques were 

employed at different stages, and the reaction results at different reaction conditions allow 

us to draw following conclusions. 

1. All Ru supported NaY catalysts showed reasonably better HMF conversion and 

FDCA yield under the optimized reaction conditions. Among all, the 3 wt % Ru-

NaY demonstrated excellent catalytic performance with complete HMF conversion 

and 94 % yield of FDCA, which is superior to many states of art catalysts. 

2. The optimized 3 wt % Ru-NaY catalyst was highly recyclable even after the fourth 

cycle with a minor drop in the activity, pointing to the true potential of the catalyst 

for industrial applications. 

3. The enhanced catalytic activity of 3 wt % Ru-NaY was attributed to the optimum 

metal loading, better metal dispersion, and appropriate acidic sites on the catalyst. 

Additionally, acidic -OH groups of the supercage and higher availability of metallic 

Ru (70 %) were found to play an important role in the HMF oxidation. 
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              Chapter-5B 

An enhanced Catalytic Performance of Ru Nanoparticles 

supported NMC Catalyst for the Oxidation of HMF to 

FDCA 

 

Synopsis 

 Nitrogen-doped mesoporous carbons (NMCs) with varying N content were 

synthesized by silica assisted sol-gel process and incipient wetness impregnation 

method was adopted to incorporate Ru nanoparticles on the NMC support 

 

 3 wt % Ru-NMC-2 catalyst showed reasonably good yield of FDCA (83 %) under 

base free conditions 

 

 The synergistic interactions between the nitrogen and smaller Ru nanoparticles play a 

crucial role in the overall catalytic performance of the catalysts 

 

 Nitrogen content contributed to an increase in the percentage of Ru
0
 in the catalysts, 

which increased the number of active catalytic sites in the catalysts for HMF 

conversion 
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5B.1. Results and discussion 

5B.1.1. Catalyst characterization 

5B.1.1.1. Powder X-ray diffraction 

Powder X-day diffraction was performed to examine the crystal planes of pristine 

mesoporous carbon (MC), nitrogen-doped mesoporous carbon (NMCs) and Ru supported 

catalysts. The results are shown in Fig. 5B.1. Typically, two broad diffraction peaks were 

observed for all the catalysts at around 24.2° and 43.5° corresponds to the (002) and (100) 

planes of graphitic structure [1, 2]. The diffraction peak positions did not change even after 

Ru loading in the nitrogen-doped carbon framework. No additional peaks were observed for 

Ru oxides and metallic Ru in the samples, suggesting the uniform distribution of Ru 

nanoparticles on MC and NMCs supports.  

 

Fig. 5B.1 XRD pattern of NMCs and Ru supported NMC catalysts. 

5B.1.1.2. Physicochemical properties 

Surface textural properties and porous structure of the catalyst were analyzed by N2- 

adsorption-desorption analysis. BET surface area and pore volume of the catalysts are given 

in Table 5B.1. The results showed that the surface area of MC, NMCs supports and catalysts 

falls in the range of 600-900 m
2
/g. The surface area of pristine NMC-2 is 884 m

2
/g, upon 

metal loading both surface area and pore volume of the catalysts decreased slightly. This 

decrease in surface area is due to the surface coverage and the partial blockage of the pore 

mouth by the Ru nanoparticles. The amount of Ru present in the catalysts was calculated 

from ICP-OES. The basicity of nitrogen-doped mesoporous carbon (NMCs) and Ru 

supported catalyst were estimated by CO2–TPD. The doping of nitrogen into the carbon 
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framework imparts basicity to the catalyst, which is expected to play a key role in its 

conversion of HMF. 

Table 5B.1 Physicochemical properties of the catalysts 

Catalysts 

 

BET 

Surface 

area 

(m
2

/g) 

Total 

pore 

volume
a

 

(cm
3

/g) 

Micropore 

volume
b

 

(cm
3

/g) 

Elemental analysis  

(wt %) 

Ru 

Content
c

 

(wt %) 

CO2 

desorbed 
d
 

(mmol g
-1

) 

C N H N/C 

MC 652 0.75 0.12 85.34 0 1.32 - - - 

3 wt % Ru-MC 630 0.63 0.10 - - - - 2.83 - 

NMC-1 (M/P = 1) 831 1.04 0.09 80.44 5.8 0.64 0.07 - 0.18 

3 wt % Ru-NMC-1 813 1.0 0.06 - - - - 2.87 0.14 

NMC-2 (M/P = 2) 884 1.18 0.08 75.62 7.9 0.82 0.10 - 0.32 

2 wt % Ru-NMC-2 851 1.16 0.07 - - - -  1.86 0.27 

3 wt % Ru-NMC-2 832 1.10 0.07 - - - -  2.92 0.24 

4 wt % Ru-NMC-2 809 0.81 0.06 - - - -  3.91 0.21 

5 wt % Ru-NMC-2 776 0.64 0.05 - - - -  4.68 0.20 

(a) Total pore volume at P/P0 = 0.99. 

(b) Micropore volume calculated by t-plot method.  

(c) Amount of Ru calculated from ICP-OES. 

(d) Basicity obtained from CO2-TPD. 

M/P = Melamine-to-phenol ratio. 

5B.1.1.3. Fourier transform infrared spectroscopy 

The FTIR spectrum of NMCs and Ru supported catalysts were analyzed in the absorption 

band spanning from 500-3500 cm
-1

 region and are depicted in Fig. 5B.2. The band emerging 

at 1129 cm
-1

 could be due to C-N stretching vibrations [3]. The strong band that appeared at 

1404 cm
-1

 is related to C=C backbone stretching vibration of the aromatic group [4]. The 

absorption band appearing at 1650 cm
-1

 is attributed to the vibration of phenylene conjugated 

C=C bonds [4]. The broad bands at 2997-3332 cm
-1

 can be assigned to N-H and O-H 

stretching vibrations [5].  
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Fig. 5B.2 FTIR spectra of (a) NMC-1, (b) 3 wt % Ru-NMC-1, (c) NMC-2, (d) 2 wt % Ru-

NMC-2, (e) 3 wt % Ru-NMC-2, (f) 4 wt % Ru-NMC-2 and (g) 5 wt % Ru-NMC-2. 

5B.1.1.4. Raman spectroscopy 

Further Raman spectroscopy was employed to understand the structural defects in the 

catalysts. As shown in Fig. 5B.3, the bands at 1330 and 1595 cm
-1

 are assigned to D-band 

(defect induced) and G-band (graphitic) bands of sp
2
 hybridized carbon atoms in the NMC 

framework [2, 6-7]. No detectable change in the band shifts was observed upon increasing the 

metal loading which suggest that the framework structure of NMC remains intact after Ru 

loading. The intensity ratios of D-band to G-band (ID/IG) are 1.49, 1.71 and 2.12, for MC, 

NMC-1 and NMC-2, respectively. Notably, the peak intensity is increased upon increasing N 

content. A similar pattern was also observed for metal supported catalysts. This result implies 

that the doping nitrogen in the carbon framework induces more disorderliness in the catalysts. 

Fig. 5B.3 Raman spectra of (a) NMCs and (b) Ru supported NMCs catalysts. 
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5B.1.1.5. Transmission electron microscopy 

Further to ascertain the structural morphology and distribution of Ru nanoparticles on the 

NMC supports, HRTEM of all the catalysts were carried out and depicted in Fig.5B.4. The 

TEM micrographs clearly show that the Ru nanoparticles are homogeneously distributed on 

the nitrogen doped mesoporous carbon support. The average particles size of Ru supported 

NMCs catalysts were 3.3, 2.4, 2.0, 3.0 and 3.8 nm for 3 wt % Ru-NMC-1, 2 wt % Ru-NMC-

2, 3 wt % Ru-NMC-2, 4 wt % Ru-NMC-2, and 5 wt % Ru-NMC-2, respectively. A broad 

distribution of Ru nanoparticles size ranging from 1 to 5 nm was evident in the case of N-free 

counterpart (3 wt % Ru-MC) with an average nanoparticles size of 4.2 ± 1 nm, which is 

relatively larger among all the catalysts. This result explicitly proves that the N in the carbon 

matrix plays a vital role in stabilizing the small Ru nanoparticles in the catalysts. Notably, 

higher nitrogen content (7.9 wt %) in case NMC-2 promotes the better stabilization of Ru 

nanoparticles and helps to maintain a small size of Ru nanoparticles in the catalyst. 

Accordingly 3 wt % Ru-NMC-2 catalyst showed average Ru nanoparticle size of 2 nm and 

afforded highest Ru dispersion (66 %) among all the catalysts. Interestingly, 3 wt % Ru-

NMC-2 exhibited higher yield of FDCA among all which might be due to the above 

attributes. Thus it is reasonable to believe that N content in the catalysts not only amplifies 

the metal dispersion and simultaneously boosts the catalytic performance of the catalysts.  

The Ru metal dispersion for all the catalysts was calculated from HRTEM analysis, by 

assuming the spherical nature of Ru nanoparticles and using the following formula [8, 9]. 

Dispersion (%) = (600.MRu) / (ρ.dnm. aRu.Na) 

Where, 

M- Atomic weight of the metal  

ρ- Density of metal 

dnm- Particle size in nm obtained from TEM 

a - Atomic surface area 

N - Avogadro’s number 
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Fig.5B.4 HRTEM images of fresh catalysts (a) 3 wt % Ru-MC, (b) 3 wt % Ru-NMC-1, (c) 2 

wt % Ru-NMC-2, (d) 3 wt % Ru-NMC-2, (e) 4 wt % Ru-NMC-2, and (f) 5 wt % Ru-NMC-2. 

Table 5B.2 Ru particle size, dispersion and turnover frequency of the catalyst 

Catalysts Average Ru 

particle size 
a
 

(nm) 

Ru metal 

dispersion 
b 

(%) 

TOF 
c
(min

-1
) 

3 wt % Ru-MC 4.2 ± 0.15 31 2.8× 10
-2

 

3 wt % Ru-NMC-1 3.3 ± 0.12 40 4.3× 10
-2

 

2 wt % Ru-NMC-2 2.4 ± 0.07 51 6.0× 10
-2

 

3 wt % Ru-NMC-2 2.0 ± 0.05 66 7.2× 10
-2

 

4 wt % Ru-NMC-2 3.0 ± 0.08 43 5.1× 10
-2

 

5 wt % Ru-NMC-2 3.8 ± 0.12 34 4.0× 10
-2

 

Spent 3 wt % Ru-MC 5.3 ± 0.11 22 - 

Spent 3 wt % Ru-NMC-2 3.3 ± 0.16 44 - 

       (a) Calculated from TEM analysis.  

(b) Estimated basis of the average Ru particle size using TEM analysis and using the 

equation described by Isaifan et al. in refs. [8, 9]. 

(c) TOF = Turnover frequency (moles of HMF converted per mole of active metal 

sites per hour) 
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5B.1.1.6. X-ray photoelectron spectroscopy 

The XPS analysis was executed for NMCs and Ru-supported samples to study the elemental 

composition, nature of N species, and possible oxidation state of Ru nanoparticles. Fig. 5B.5a 

shows the XPS survey spectra of NMCs support. Three distinct peaks were observed at 

284.7, 400.2, and 532.2 eV, which are related to C1s, N1s, and O1s core levels. The binding 

energy value at 284.7 eV corresponds to carbon 1s spectra, which is associated with graphitic 

carbon. These results indicated that most of the carbon atoms present in the samples were 

assembled on a conjugated honeycomb lattice [1, 10]. Fig. 5B.5b shows the N1s spectra 

which are deconvoluted into three different N species in the NMC support. The peaks located 

at 398.4, 400.5 and 401.7 eV are assigned to pyridinic N (N1), pyrrolic N (N2), and graphitic 

N (N3). It is worth mentioning that as the catalysts have been prepared through similar 

synthesis protocols, the percentage distribution of N for all the catalysts remains the same. 

The distribution confirms that most of the nitrogen atoms present at the edges of the carbon 

framework (N1, N2) and a minor fraction of N were incorporated into the sp
2
 hybridized 

carbon atom [2, 11]. Research investigation suggests that the N present in the sp
2
 hybridized 

carbon framework is not directly acting as an anchoring site for the Ru nanoparticles. The 

existence of pyridinic N and pyrrolic N in the carbon framework serves as acting sites for Ru 

nanoparticles and maximizes the disordered graphitic carbon structure, thus reflecting peak 

broadening in the Raman spectra. Let us note that since the distribution of N throughout all 

the catalysts remain the same, therefore N content in the catalyst may influence the catalytic 

activity. 

The XPS spectra of Ru supported MC and NMCs catalyst in the Ru 3p region are shown in 

Fig. 5B.5d-e where 3p core-level spectra is deconvoluted into three different peaks [12]. The 

peak at 462.6 eV can be assigned to metallic Ru and the peak observed at 464.4 eV 

corresponds to anhydrous RuO2 (Ru
+4

) [2, 13]. In addition, a small peak at 466.7 eV is 

attributed to hydrous RuO2, which is well matched with the previous report [14]. Among all 3 

wt % Ru-NMC-2 catalyst manifested higher availability of metallic Ru
0
 (57 %) in the 

catalyst, which have major role to attain high yield of FDCA. Whereas, nitrogen free catalyst 

3 wt % Ru-MC exhibits the least metallic Ru
0
 (31 %) due to which the catalyst displayed 

lowest catalytic performance among all. The above results clearly established the dominating 

catalysis of Ru nanoparticles in the reaction. Nonetheless, the N content in the carbon 

framework which is act as an anchoring site for the Ru nanoparticles also facilitates the 
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reduction of Ru nanoparticles in the catalysts. This is in good agreement with the H2-TPR 

results of the catalysts, discussed in subsequent section.  

 

Fig. 5B.5 (a) XPS survey, (b) N1s spectra of NMCs, (c) The distribution of different N 

species in the NMCs support (d-e) Ru 3p core level spectra. 

5B.1.1.7. Temperature programmed reduction 

H2-TPR analysis was performed to investigate the reducibility of Ru supported MC and 

NMCs catalysts and the interactions of Ru nanoparticles with the supports. The TPR 

reduction profiles are depicted in Fig.5B.6 and it can be seen that all of the Ru supported MC 

and NMCs catalysts exhibit a single reduction peak in the range 70-180 °C temperature, 

which can be attributed mainly to the reduction of RuOx species [15, 10]. Interestingly, the 

reduction peak for Ru nanoparticles was shifted to lower temperature in case of N doped 

mesoporous carbons as compared to N free counterparts. As reported previously [2], N on 

carbon framework imparts basicity to the catalysts which donate its electrons to the vacant d-

orbitals of the Ru nanoparticles and facilitate reduction of Ru nanoparticles in the catalysts. 

Therefore, the shift in the reduction peaks lower temperatures is due to the N-promoted 

reduction of Ru nanoparticles in the catalysts. Thus, the TPR results clearly evident that the 

strong synergistic interaction between N and Ru nanoparticles in the catalysts.  
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Fig. 5B.6 TPR profiles of Ru supported catalysts. 

5B.1.2. Catalytic performance of HMF oxidation 

5B.1.2.1. Aerobic oxidation of HMF to FDCA 

The above synthesized catalysts were tested for the selective oxidation of HMF to FDCA 

using Parr autoclave reactor (refer Section 2.4.13.). The reaction was executed under the mild 

conditions: at 110 °C, 150 mg catalyst and 10 bar oxygen pressure. Fig. 5B.7 shows the yield 

of FDCA with function of reaction time. It was observed that the catalytic performance of 

nitrogen free 3 wt % Ru-MC catalyst showed 22 % yield of FDCA after 10 h of reaction. 

Whereas, the nitrogen containing 3 wt % Ru-NMC-1 and 3 wt % Ru-NMC-2 catalysts 

demonstrated relatively better catalytic performance in terms of FDCA yield. Importantly, the 

3 wt % Ru-NMC-2 catalyst poses higher N content (7.9 wt %) offered a complete HMF 

conversion and highest FDCA yield amongst all. Let us note that, the 3 wt % Ru-NMC-2 

catalyst demonstrated a complete HMF conversion within 2 h of reaction time and further 

prolonging a maximum 83 % FDCA yield was achieved after 10 h of reaction time. This 

result implies that the nitrogen content in the NMC support plays a vital role in the reaction to 

achieve better yield of FDCA. Nitrogen on the carbon framework has dual role in the 

catalytic performance of the catalysts. It imparts basicity to the catalysts and simultaneously 

acts as anchoring sites for Ru nanoparticles in the catalysts which in turn helps to maintain 

better Ru dispersion in the catalysts. The superior catalytic performance in case of 3 wt % 

Ru-NMC-2 catalyst can be attributed to the higher availability of metallic Ru (57 %), small 

size Ru nanoparticles (2 nm), and strong synergistic interaction owing to the electronic 
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migration between nitrogen and vacant d-orbitals of Ru nanoparticles. Therefore, NMC-2 

support was further investigated for the influence of Ru content on the catalyst.  

 
Fig. 5B.7 Oxidation of HMF over 3 wt % Ru supported MC, NMC-1 and NMC-2.  

Reaction conditions: HMF (0.5 mmol); Catalyst (150 mg); 30 mL H2O; 10 bar O2; 110 °C. 

Scheme 5B.1 Represents the tandem reaction pathways for HMF oxidation. In the first step 

HMF oxidized to DFF or HMFCA in the presence of oxygen. Further, both intermediates 

may be oxidized to FFCA. Finally, FFCA oxidized to value-added products FDCA. 

 
Scheme 5B.1 Typical reaction pathways for aerobic oxidation of HMF to FDCA. 

5B.1.2.2. Influence of catalyst composition  

In order to find the optimum Ru loading in the catalysts the reaction was carried out with 

catalysts having different Ru content. Fig. 5B.8 depicted the catalytic performance of 

different Ru supported NMC catalysts for HMF oxidation to FDCA, under the similar 
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reaction conditions. A 2 wt % Ru-NMC-2 catalyst exhibited complete HMF conversion in 4 h 

of reaction. Meanwhile, the yield of FDCA increased progressively with the course of 

reaction time. However, only 53 % FDCA yield was achieved at the 10 h of the reaction. This 

observation indicates that the active sites available in 2 wt % Ru-NMC-2 are not sufficient to 

attain the high yield of FDCA as confirmed from the XPS result of the catalysts.  

Further, Ru metal loading was increased to 4 and 5 wt % in NMC-2 support for HMF 

oxidation. Interestingly, both the catalysts showed a comparable yield of FDCA in the initial 

hours of reaction. Upon increasing the reaction time, the yield of FDCA decreased slowly. 

This could be due to the larger particle size of Ru nanoparticles (mean size of 4% Ru = 3 nm 

and 5% Ru = 3.8 nm), thereby decreasing Ru metal dispersion on the NMC support and 

relative percentage of metallic Ru present in the catalyst. Table 5B.3 shows the catalytic 

behaviour of different catalysts in the selective oxidation of HMF to FDCA. Interestingly, 

optimized 3 wt % Ru-NMC-2 catalyst with N content (7.9 %) and average Ru nanoparticle 

size in the range of 2.0±0.05 nm showed comparably higher activity than nitrogen free MC 

and NMC-1 supports. This result firmly indicates that nitrogen content is essential part of the 

catalyst for HMF oxidation. The catalytic results also depict the size dependent catalytic 

activity of the synthesized catalysts. Moreover, nitrogen contributes to stabilizing the active 

Ru species and helps to achieve smaller particle size in the catalysts. Thus, nitrogen controls 

the Ru aggregation over the catalyst surface. 

 
Fig. 5B.8 Effect of Ru loading on HMF oxidation.  

Reaction conditions: HMF (0.5 mmol); catalyst (150 mg); 30 mL H2O; 10 bar O2; 110 °C. 
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Table 5B.3 Catalytic performance for base-free oxidation of HMF to FDCA over different 

catalysts 

Entry Catalysts HMF 

Conversion 

(%) 

Yield of 

DFF  

(%) 

Yield of 

FFCA 

(%) 

Yield of 

FDCA 

(%) 

1 MC 7 4 0 0 

2 3 wt % Ru-MC 33 57 8 22 

3 NMC-1 15 14 0 0 

4 3 wt % Ru-NMC-1 67 23 30 47 

5 NMC-2 28 20 5 0 

6 2 wt % Ru-NMC-2 100 11 36 53 

7 3 wt % Ru-NMC-2 100 0 17 83 

8 4 wt % Ru-NMC-2 100 5 57 38 

9 5 wt % Ru-NMC-2 100 16 53 31 

Reaction conditions: HMF (0.5 mmol); catalyst (150 mg); 30 mL H2O; 10 bar O2; 110 °C. 

Fig. 5B.9 represents a clear relationship between the nitrogen content of the supports with 

catalytic activity results and Ru particle size. These results indicate that nitrogen content in 

the catalyst plays a significant role in anchoring smaller Ru nanoparticles, thereby increasing 

the turnover frequency (TOF) of the catalysts. 

 

Fig. 5B.9 Correlation between the N content of the catalysts with turnover frequency (TOF) 

and Ru particle size.  

5B.1.2.3. Effect of reaction temperature and pressure 

To gain more insights into the catalytic performance of HMF oxidation, the influence of 

reaction temperature and pressure were studied on 3 wt % Ru-NMC-2 catalyst, and are 

depicted in Fig. 5B.10. The catalytic result clearly shows the activation of HMF at lower 

reaction temperature, while the FDCA yield was enhanced as the reaction prolonged to 10 h. 

However, at both 80 and 100 °C, the yield of FDCA was 38 and 68 % respectively. Upon 
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increasing the temperature to 110 °C; 83 % FDCA yield was achieved at 10 h. With further 

increase in the reaction temperature to 130 °C, the yield of FDCA decreased rapidly to 29 % 

at end of the reaction. At high temperature HMF was not stable and it degraded into humins 

[16, 17].  

 

Fig. 5B.10 Effect of (a) Reaction temperature at 10 bar O2 and (b) Pressure at 110 °C over 3 

wt % Ru-NMC-2. 

Reaction conditions: HMF (0.5 mmol); catalyst (150 mg); 30 mL H2O. 

The optimized 3 wt % Ru-NMC-2 catalyst for HMF oxidation was further studied for the 

influence of oxygen pressures and the results are depicted in Fig.5B.10b. Initially the reaction 

was performed at 5 and 8 bar O2 pressure, which gave appreciable yield of FDCA. Upon 

increasing the pressure to 10 bar, complete HMF conversion was observed with 83 % yield of 

FDCA. With further increase in O2 pressure to 13 and 15 bar gave a low yield of FDCA, 

which confirms that high oxygen pressure reduces HMF oxidation [16]. These observations 

matches well with reported literature suggesting that high pressure is not necessary to 

increase yield of FDCA [18-20]. 

5B.1.2.4. Catalytic recyclability test for 3 wt % Ru- NMC-2 catalyst  

The stability and recyclability of the 3 wt % Ru-NMC-2 catalyst were investigated with the 

above optimal reaction conditions. After each reaction cycle, the catalyst was filtered and 

washed several times with distilled water and ethanol. Afterwards, the final residue was dried 

in an oven at 100 °C for overnight. The catalyst was reused for five consecutive runs and the 

results shown in Fig.5B.11 clearly demonstrate the excellent recyclability and stability of the 

synthesized catalysts. A minor drop in the yield of FDCA was observed after the third cycle 
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which could be attributed to the aggregation of Ru nanoparticles or loss of active metallic Ru 

sites under the oxygen atmosphere. 

 

Fig. 5B.11 Recycling experiments for HMF oxidation over 3 wt % Ru-NMC-2.  

Reaction conditions: HMF (0.5 mmol); catalyst (150 mg); 30 mL H2O; 10 bar O2; 110 °C. 

Table 5B.4 shows various metal supported catalysts that have been investigated for 

conversion of HMF to FDCA. Whereas, our reaction conditions and the catalytic activity 

results are much more comparable to the reported catalyst for HMF oxidation.  

Table 5B.4 Oxidation of HMF to FDCA over different catalysts reported in the literature 

Catalyst Base Oxidant 

(bar) 

Time 

(h) 

Temp. 

(°C) 

FDCA 

Yield 

(%) 

HMF 

Con. 

(%) 

Ref. 

O2 Air 

Pt/C 2 equiv. 

Na2CO3 
-- 40 6 100 69 99 21 

Pt/TiO2 2 equiv. 

Na2CO3 
-- 40 6 100 84 90 22 

Pt/CNT base free 30  -- 12 100 97 100 23 

Pt-NP5 base free 1  -- 6 80 60 100 24 

Pd/CNF 2 equiv. 

K2CO3 

5  -- 5 160 70 100 25 

Pd/CNT 2 equiv. 

K2CO3 

5  -- 5 160 60 100 23 

Pd/C 2 equiv. 

NaOH 

5  -- 4 70 71 100 26 

Au/C 2 equiv. 

NaOH 

6.9  -- 6 23 7 100 26 

Au/CeO2 5 equiv. 

NaOH 

0.3  -- 6 60 73 99 27 

Au–Pd/CNT base free 5  -- 12 100 94 100 28 
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Ru(OH)x/La2

O3 

base free 30  -- 5 100 48 98 29 

Ru/C p
H
 = 13 10  -- 4 50 6.4 98 30 

Ru/C 1 equiv. 

NaOH 

2  -- 5 120 69 100 19 

Ru/AC 4 equiv. 

NaHCO3 
-- 40 2 100 75 100 31 

Ru/MnCo2O4 base free -- 24 10 120 99 100 32 

Ru/ZrO2 base free 10   16 120 71 100 33 

3 wt % Ru-

NMC-2 

base free 10  -- 10 110 83 100 This 

work 

 

5B.1.2.5. Spent catalyst analysis 

Fig. 5B.12a represents the powder X-ray diffraction pattern of the spent 3 wt % Ru-NMC-2 

catalyst after 5 catalytic cycles. The spent catalyst revealed no phase transformation; pointing 

out that the sp
2
 hybridized graphitic structure remains intact even after 5

th
 cycle. The 

elemental composition of the spent 3 wt % Ru-NMC-2 catalyst was investigated by XPS and 

the results are depicted in Fig. 5B.12b. No change in the binding energies of Ru was 

observed in the XPS spectrum. However, the relative percentage of active metallic Ru was 

decreased (38 %) after the 5
th

 cycle, owing to the oxidation of metallic Ru under the reaction 

conditions. These results prove that smaller metallic Ru nanoparticles in the NMC support 

play major role to achieve high yield of FDCA and similar observation was observed in our 

previous study. 

 
Fig. 5B.12 (a) PXRD and (b) Ru 3p core level XPS spectrum of spent 3 wt % Ru-NMC-2 

catalyst. 



Chapter 5B: An enhanced catalytic performance of Ru nanoparticles supported NMC 

catalyst for the oxidation of HMF to FDCA 

 

PhD Thesis, 2021 Prabu K, CSIR-NCL  127 

 

The above catalytic activity results demonstrated that Ru particle size plays a vital role in the 

conversion of HMF to FDCA. Fig.5B.13 depicts TEM images of spent 3 wt % Ru-MC and 3 

wt % Ru-NMC-2 catalysts; it can be clearly evident that Ru nanoparticles were aggregated 

for both the catalysts after five consecutive runs under HMF oxidation reaction conditions. 

The particle size distribution of spent 3 wt % Ru-MC catalyst indicates the presence of larger 

Ru particle size 5.3 nm, hence decreasing Ru metal dispersion (22 %) on the MC support. 

Whereas, histogram of spent 3 wt % Ru-NMC-2 catalysts represents the less aggregation of 

Ru metal nanoparticles (mean size = 3.3 nm) than the nitrogen free catalyst. Therefore, a 

minor drop in the FDCA yield could be due to the aggregation of Ru metal nanoparticles and 

oxidation of some active catalytic sites in the catalyst.  

 

Fig.5B.13 HRTEM micrograph of spent catalysts (a) 3 wt % Ru-MC and 3 wt % Ru-NMC-2. 

5B.2. Conclusions 

Nitrogen-doped mesoporous carbon was synthesized via sol-gel process using Ludox-AS40 

as silica source. The incorporated nitrogen in the highly porous mesoporous carbon supports 

contributes towards the stabilization of active Ru nanoparticles and consequently helps to 

maintain smaller particle size, surface basicity and high metal dispersion of the catalysts. The 

physio-chemical properties were characterized by XRD, FTIR, Raman spectroscopy, TEM, 
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CO2-TPD, N2- adsorption studies. XPS spectra of 3 wt % Ru-NMC-2 show higher metallic 

Ru on the catalyst, which leads to an increase in the yield (83 %) of FDCA. Furthermore, 

strong synergistic effect between N, Ru and metal supports enhanced the overall catalytic 

performance of the catalysts towards the HMF oxidation. The present study provides a new 

strategies to tailor Ru supported nitrogen doped mesoporous carbon for base free oxidation of 

HMF to FDCA.  
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   Chapter-6 

Summary and Conclusions 

 

This chapter emphasizes the recent advances and importance of selective oxidation catalysis 

present in this dissertation. On the other hand, existing industrial technology processes and 

their significant drawbacks have been briefly explained. Various characterization studies 

were performed to understand the physicochemical properties of the tailored catalysts. This 

thesis deals with three different oxidation reactions: selective oxidation of propane, 2-

Butanol, and 5-HMF oxidation to specialty chemicals. The summarization of the current 

process and catalyst development is briefly discussed.  

Chapter 1: Introduction  

This chapter addresses a brief introduction to catalysis and heterogeneous catalysis. The 

importance of selective oxidation catalysis and their advantages over the traditional process 

for the production of propene, MEK, and FDCA. A literature background for the ODH of 

propane and biomass utilization was extensively discussed.  
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Chapter 2: Synthesis methodology and characterization techniques  

This chapter furnished the catalyst design and characterization technique used to appraise 

their surface properties. The synthesized catalysts are (VOx-Ga) supported γ-Al2O3, MnxOy 

with different oxide supports (ZrO2, Al2O3, CeO2 and SiO2) Ru-NaY and Ru-NMC are 

widely described in this chapter. The designed catalysts were characterized by using powder 

X-ray diffraction. BET analysis, FTIR, TEM, XPS, TPR, etc. The instrument, theory, and 

configuration description are briefly discussed.   

Chapter 3: New insights into the composition and catalytic performance of VOx-Ga/γ- 

Al2O3 for the oxidative dehydrogenation of propane to propene 

In the present work, ODH of propane to propene was studied over vanadium, and gallium 

oxide supported on γ-Al2O3 and optimized the catalyst composition. The VGA-2 catalyst 

showed excellent catalytic activity, and the catalyst was exhibited for long-term stability (24 

h of reaction) with stable activity. TPR and UV-visible spectra showed highly dispersed 

monomeric VOx species with tetrahedral coordination geometries influencing the product 

selectivity. The redox nature of vanadium (V
5+

and V
4+

) oxide and higher V
5+ 

surface in 

VGA-2 catalyst is more favorable for C-H activation. In addition, Lewis acid sites and four 

coordinated Ga
3+

Ox species are highly active for ODHP. The spent catalysts were analyzed 

by thermogravimetric analysis, where the optimized catalyst showed the least coke 

deposition.  

Chapter 4: Effective and selective oxidation of 2-Butanol over Mn supported catalyst 

systems 

Oxidation of 2-Butanol to MEK is an important reaction due to its wide range of applications. 

Various catalysts were synthesized via co-precipitation, and the sol-gel method and structure-

selectivity-surface properties were characterized by different physicochemical properties. It 

was found that the presence of Mn3O4 species in MnxOy-Al2O3 (MA) catalysts is responsible 

for maximum catalytic activity towards 2-Butanol oxidation. MA catalyst conferred a 

maximum 2-Butanol conversion of 51 % and 88 % selectivity towards MEK. XPS analysis 

revealed that Mn in MA catalyst exists in +2, +3, and +4 oxidation states and is responsible 

for 2-Butanol oxidation. Moreover, it was found that the acidity of the catalyst also plays an 

important role in catalytic activity. Synergetic effect of appropriate acidity along with active 

Mn species is responsible for this reaction, and MA catalyst was demonstrated for long-term 

stability for 30 h of continuous reaction under optimized reaction conditions.  
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Chapter 5: Selective oxidation of 5-Hydroxymethylfurfural to 2,5-Furandicarboxylic 

acid 

This chapter provides a brief introduction to a synthesis of HMF, a background of the work, 

and an important reaction for the production of recyclable bio-based polymers. This chapter 

is divided into two parts. 

A. A highly efficient and reusable Ru-NaY catalyst for the base free oxidation of 5-

Hydroxymethylfurfural to 2,5-Furandicarboxylic acid 

Selective oxidation of HMF to FDCA is an important reaction for the production of 

recyclable bio-based polymers. Herein, reported series of Ru nanoparticles supported on NaY 

zeolites catalysts for the oxidation of HMF to FDCA. The catalysts were prepared by the ion-

exchanged method. Among all the compositions prepared, the optimized 3 wt % Ru-NaY 

catalyst showed fairly excellent catalytic activity under base-free conditions with a shorter 

period of reaction time. The complete conversion of HMF with 94 % FDCA yield was 

achieved. The catalyst was reused for four cycles, with an insignificant decrease in the yield 

of FDCA. Furthermore, the acidic hydroxyl groups of the supercage, as well as a higher 

amount of metallic Ru
0
, are also responsible for the high yield of FDCA.  

B. An enhanced catalytic performance of Ru nanoparticles supported NMC catalyst for 

the oxidation of HMF to FDCA 

In this chapter, we investigated the effect of nitrogen content, Ru particle size, and Ru
0
 on 

their catalytic performance. Nitrogen-doped mesoporous carbon (NMCs) and mesoporous 

carbon (MC) were synthesized via the silica-assisted sol-gel method. The catalyst was 

demonstrated for base-free oxidation of HMF to FDCA. The catalyst with 3 wt % Ru-NMC-2 

exhibits an admirable yield to FDCA (83 %), compared to all other Ru compositions 

impregnated on NMC-2. Higher nitrogen content NMC-2 (7.9 wt %) support facilitates the 

high metal dispersion, higher abundance of metallic Ru, and stabilization of Ru nanoparticles. 

In addition, surface basicity and strong synergistic effect between the N and Ru are 

responsible for the higher yield of FDCA. The turnover frequency (TOF) for 3 wt % Ru-

NMC-2 catalyst was 7.2×10
-2

 min
-1

, which is found to be reasonably better than the other 

catalysts.  
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Summary and future perspective 

Selective oxidation catalysis plays a crucial role in the petrochemical industry to produce 

platform chemicals and intermediates. The conventional and existing industrial processes are 

direct dehydrogenation, steam cracking, and homogeneous catalytic methods for propene and 

methyl ethyl ketone production. However, these processes have several disadvantages to 

overcome this ODH/selective oxidation, which is a promising alternative to conventional 

technology. The reaction takes place at a lower reaction temperature in the presence of 

oxygen as an oxidant.  

Despite, employing oxygen as an oxidant in propane and 2-Butanol activation at high 

temperature leads to undesirable deep-oxidation. A substantial effort has been steadfast to 

designing an efficient catalyst, and reactor engineering is key elements for future 

implementation in large-scale production. In contrast, using CO2 as a mild oxidant to avoid 

the hot spots and deep-oxidation. In addition, employing a CO2 oxidant is relevant to utilizing 

greenhouse gas to reduce net CO2 emissions. Numerous catalysts have been reported for 

FDCA monomer for the production of renewable polymer polyethylene furanoate (PEF), 

which is a substitute for conventional fossil-based polyethylene terephthalate (PET). 

However, this process has not yet been implemented for market scale, owing to the high cost 

of the noble metals, instability, using external base, and degradation of HMF at high 

temperature. Therefore, strategies for the rational design of catalysts and develop stability 

remain a key challenge. 
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Heterogeneous catalysis plays a key role in the petrochemical industry, oil refining, 

polymeric materials and environmental remediation. Selective oxidation technology is the 

most important process for manufacturing of propene, methyl ethyl ketone and 2,5-

furandicarboxylic acids; which are prominent processes in the chemical industry for the 

production of fine and specialty chemicals. Traditionally, olefins are produced through steam 

cracking, fluid catalytic cracking (FCC) and catalytic dehydrogenation (DH) of alkanes. 

However, steam, FCC and dehydrogenation process need more energy and have many other 

drawbacks. Conventionally, methyl ethyl ketone and 2,5-furandicarboxylic acids are 

produced by homogeneous catalytic methods using oxidizing agents such as permanganates, 

chromates and bromates. However, these stoichiometric oxidants are more expensive and 

toxic, due to the huge metal wastes that cause severe environmental impacts. In this aspect, 

selective oxidation/oxidative dehydrogenation is considered to be a more viable alternative 

method of producing ketones, carboxylic acids and lower olefins. This is highly exothermic 

in nature and the reaction runs at a lower temperature, which minimizes the formation of coke 

deposits on the catalyst surface, ensuring the catalyst's robustness. This study systematically 

investigates designing a catalyst to obtain highly stable and selective catalyst VOx-Ga/γ-

Al2O3 for the oxidative dehydrogenation of propane. The optimized catalyst was stable even 

after 24 h of reaction through 19 % conversion achieved at 400 ºC with 66 % selectivity. 

Selective oxidation of 2-Butanol to methyl ethyl ketone (MEK) is an important reaction due 

to its wide range of applications. The present work explores the selective oxidation of 2-

Butanol to MEK over Mn supported on different oxide supports. The oxidation of 5-

hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid (FDCA) plays an important role 

in the production of recyclable green polymers. The present work reported a series of Ru 

nanoparticles supported on NaY zeolites and nitrogen-doped mesoporous carbon (NMC) 

catalysts showed superior catalytic activity under base free oxidation of HMF to FDCA.  
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a  b s  t r  a  c t

Oxidation  of  alcohols  to their  corresponding  aldehydes/ketones  is  an important  reaction in  industries
as  well  as in  academic  perspective.  Selective  oxidation  (Selox)  of alcohols like methanol,  ethanol  and
propanol  are  well  studied  in literature;  however,  alcohols  like  butanol, pentanol,  octanol  is  a challenging
task.  Selective  oxidation  of 2-butanol  to methyl ethyl  ketone  (MEK)  is  an important  reaction  due  to  its  wide
range  of  applications.  Herein,  we demonstrated  the  selective  oxidation  of 2-butanol  to MEK over  Mn  sup-
ported  on different oxide supports.  A  series of  MnxOy-Al2O3 (MA),  MnxOy-CeO2 (MC),  MnxOy-ZrO2 (MZ)
and  MnxOy-SiO2 (MS)  catalysts  were  prepared  by  co-precipitation  followed  by  hydrothermal  method.
-Butanol
ethyl ethyl ketone
n  based catalysts

As  synthesised  catalysts  were  characterised  by various  physico-chemical  characterisation  techniques.
It  was  found  that the  presence  of  Mn3O4 species  in MA and MZ catalysts is responsible  for maximum
catalytic  activity  towards 2-butanol  oxidation.  MA  catalyst  conferred  a maximum  2-butanol  conversion
of  51% and  88% selectivity  towards  MEK. XPS  analysis  revealed  that Mn  in MA  catalyst  exists  in +2  and +3
oxidation  states and  responsible  for 2-butanol  oxidation.  Moreover  it was  found  that  the  acidity  of  the
catalyst  also  plays an important  role  in  catalytic  activity.
. Introduction

Oxidation of alcohols to their corresponding aldehydes/ketones
s one of the important processes in chemical industries, as well
s in academia, for the production of value added chemicals. Con-
entionally, aldehydes/ketones were prepared by the oxidation of
lcohols using stoichiometric amount of oxidants, such as salts of
ermanganates [1], chromates [2,3] and bromates [4].  Due to the
eneration of enormous quantity of metal wastes, conventional
ethods are replaced by catalytic method for the production of

ldehydes/ketones. In homogeneous catalytic method, high cat-
lytic activity towards desired product was achieved; however, it

as a major drawback in separation and reuse of the catalysts. To
vercome these difficulties, heterogeneous catalytic method was
sed. It plays a  vital role in separation and reuse of the catalysts;
ut the challenging task was the synthesis of catalysts with high

∗ Corresponding author at: Catalysis Division, CSIR-National Chemical Laboratory,
r. Homi Bhabha Road, Pune- 411 008, Maharashtra, India.

∗∗ Corresponding author.
E-mail addresses: t.raja@ncl.res.in, traja58@gmail.com (T.  Raja).

ttp://dx.doi.org/10.1016/j.apcata.2016.08.005
926-860X/© 2016 Published by Elsevier B.V.
© 2016  Published  by Elsevier B.V.

selectivity towards desired products. Preparing high active cata-
lysts and selective towards desired products with sustainability is
an interesting area of research in heterogeneous catalysis. Hence, it
provides further details about the physical and chemical properties
of the catalysts.

Alcohols such as methanol, ethanol, propanol and butanol are
the raw materials for the production of renewable and sustain-
able energy sources [5]. Compared to lower carbon chain alcohols
such as methanol, ethanol and propanol, butanol shows less hygro-
scopic, high energy density, low vapor pressure, and low affinity to
water [6–9]. n-Butanol is one of the promising biofuels, which has
received much attention due to its renewability over other biofuels
[5].  Methyl ethyl ketone (2-butanone) (MEK) is one of the important
products, which has wide spectrum of applications in industries.
Commercially, MEK  is produced by dehydrogenation of 2-butanol
using copper, zinc catalysts but it requires harsh reaction conditions
[10,11]. There are some other processes examined for the produc-
tion of MEK  such as oxidation of 2-butene [12] and oxidation of

isobutyl benzene [13]; however, these processes are not commer-
cialized. Owing to its less impact to environment and mild reaction
conditions, oxidation of 2-butanol using an oxidant is an alternative
method for production of MEK. In such a process alternative oxi-
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ant gases are like air, CO2, O2 and N2O is co-fed to oxidize butanol
o 2-butanone. There are seldom a few reports for the production of

EK using above said oxidants. Mistry et al. reported that catalytic
ctivity of 2-butanol oxidation depends upon the morphology of

Pt’ nanoparticles supported on �-Al2O3 [13]. Mapa et al. employed
 solid solution of ZnO and InN for selective oxidation of 2-butanol
o MEK, but at high temperatures between 350 and 450 ◦C [14]. Hou
t al. reported that liquid phase oxidation of 2-butanol using oxygen
s oxidant over Au:Pd bimetallic nanoparticles shows higher selec-
ivity towards 2-butanone at 60 ◦C [15]. Several d-block metals like
t, Ru, Rh, Au, Co, Ni, Ag and Ir [16,17] were tested as catalysts
or oxidation of alcohols in liquid [17] as well as in gas phase [16]
eactions.

In many oxidation reactions metals like V, Cr, and Mn  were
sed due to their redox properties, oxygen storage capacity, etc.
18–20]. Apart from redox properties, certain ratio of different oxi-
ation states in such metals can alter the catalytic activity. Mn
upported catalysts were used in many field of research due to
ts redox properties. Controlling an active oxidation state in Mn-
ased materials is a challenging task in heterogeneous catalysis. In
his paper we stabilized and maintained the oxidation states of Mn
uring the selective oxidation of 2-butanol. In eletrocatalytic [21].
nd photocatalytic [22] reactions, Mn-based mixed oxide catalysts
howed better catalytic activity with suitable supports in many
eactions. In this work, manganese oxide on Al2O3, CeO2, ZrO2 and
iO2 mixed oxide catalysts were prepared by co-precipitation and
ol-gel methods. Catalysts which has certain ratio of Mn+2/Mn+3

hows better catalytic activity towards oxidation of 2-butanol.
his reaction was performed in fixed bed reactor (FBR) system
nd characterized by several techniques. Powder X-ray diffraction
PXRD), Raman spectroscopy, N2 adsorption desorption, temper-
ture programmed desorption (NH3-TPD), transmission electron
icroscopy (TEM) confirmed the structural and textural proper-

ies. Presence of different oxidation states in the active catalyst was
onfirmed by X-ray photoelectron spectroscopy (XPS). Maximum

onversion of 51% and 88% selectivity towards MEK  was achieved by
nxOy-Al2O3 catalyst over 12 h. By using surface characterization

echniques, surface species on the catalysts were confirmed.

Fig. 1. Powder X-ray diffraction pattern of as-calcined Mn containing mixed oxide cat
General 525 (2016) 237–246

2. Experimental

2.1. Catalyst synthesis

All the chemicals used to synthesize catalyst were of
reagent grade. Manganese (II) nitrate (Mn(NO3)2·4H2O, 98%), alu-
minium (III) nitrate (Al(NO3)3·9H2O, ≥95%), cerium (III) nitrate
(Ce(NO3)3·6H2O, 99.5%), zirconyl (IV) nitrate (ZrO(NO3)2·H2O),
TEOS (Si(OC2H5)2, 98%), sodium hydroxide (NaOH, 98%), ethanol
(C2H5OH) and hydrochloric acid (HCl) were used as precursors
for catalyst synthesis. All the chemicals were purchased from Alfa
Aesar and Merck.

2.2. Hydrothermal method

Mn  supported catalysts were synthesized by co-precipitation
followed by hydrothermal method [23].The procedure is as follows:
Metal nitrates precursors (Mn2+, Al3+, Ce3+, Zr4+) were dissolved in
water and precipitating agent (NaOH) were added simultaneously
drop wise at constant pH (9.5 ± 0.2). The solution was transferred
into a teflon lined autoclave for hydrothermal synthesis kept at
150 ◦C for 12 h. Then the solid was filtered, washed and dried at
110 ◦C for overnight followed by calcination at 450 ◦C for 6 h in
air. As-synthesized MnxOy-Al2O3, MnxOy-CeO2 and MnxOy-ZrO2
catalyst were labelled as MA,  MC  and MZ,  respectively.

2.3. Sol-gel method

Mn  supported SiO2 catalyst was synthesized by sol-gel method
[24]. Mn  (NO3)2·4H2O and TEOS was diluted using ethanol and the
solution was  stirred at room temperature to get homogeneous clear
solution. Half of the alcohol was used for this and another half was
used to dilute the water and acid. The mixed solution of EtOH-H2O-

HCl was  added drop wise to the above Mn-TEOS-EtOH solution with
constant stirring. After complete addition, the solution was stirred
at 40 ◦C for 12 h. Then the solution was dried at 110 ◦C for overnight
and calcined at 450 ◦C for 6 h in presence of air. Finally, MnxOy-SiO2
catalyst was labelled as MS.

alysts (a) MnxOy-SiO2, (b) MnxOy-ZrO2, (c) MnxOy-CeO2, and (d) MnxOy-Al2O3.
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Fig. 2. XPS spectra of Mn  2p core levels for (a) manganese oxide, (b) fresh-MnxOy-Al2O3 and (c) used-MnxOy-Al2O3.

Table 1
Textural properties of as-synthesised catalysts calcined in air at 450 ◦C.

S.No Catalysts Surface area
(m2/g)a

Total pore
volume (cc/g)b

Crystallite size
(nm)c

1 MnxOy-Al2O3 84 0.32 24.7 ± 1.0
2  MnxOy-CeO2 89 0.18 5.5 ± 1.0
3  MnxOy-ZrO2 103 0.20 4.6 ± 1.0
4  Mn O -SiO 339 0.25 19.8 ± 1.0
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a Calculated from BET surface area analysis.
b Obtain from BJH analysis.
c Calculated from PXRD by using Scherer formula.

.4. Characterization

PXRD pattern of synthesized catalysts were collected by
ANanalyticalX’pert Pro dual goniometer diffractometer at a
tep size of 0.008◦ and a scan rate of 0.5◦ min−1. X-ray was
enerated by using Cu K� (1.5418 Å) with Ni filter and the
at holder in Bragg–Brentango geometry used for data col-

ection. Autosorb 1C Quantachrome USA was  used to collect
itrogen adsorption/desorption isotherms for the catalysts. The

urface area from the adsorption branch was calculated by using
runauer–Emmett–Teller (BET) equation. High resolution trans-
ission electron microscopy (HRTEM) of all catalysts was recorded

y FEI TECNAI F30 electron microscope operating at 300 kV. Sam-
les were prepared by dispersion powder catalysts in isopropanol
efore depositing onto a holey carbon grid. Raman spectra were
ecorded on a Horiba JY LabRAMHR800 Raman spectrometer cou-
led with microscope in reflectance mode with 514 nm excitation

aser sources and a spectral resolution of 0.3 cm−1. Oxidation states
f manganese and aluminium was studied by ambient pressure
hotoelectron spectrometer (APPES) [25]. X-ray was produced by
sing Mg  K� with the energy of 1253.6 eV.

.5. Catalytic activity
The activity of the catalyst was performed in fixed bed con-
inuous down flow reactor (FBR) over a temperature range of
00–350 ◦C atmospheric pressure. 1 ml  catalyst was  loaded at the
entre of Inconel reactor (13 mm × 510 mm),  packed with ceramic
beads on either sides of the catalyst bed. Temperatures of the cat-
alyst bed were measured by k-type thermocouple. 2-Butanol and
oxygen feed flow were monitored by using isocratic pump (Lab
Alliance series II) and Brook’s Mass flow controllers (5850 series)
respectively. The volume of the gaseous products was  measured by
a wet gas flow meter (Ritter Drum-Type Gas Meter). The reaction
liquid products were condensed and analysed by Agilent 6890N
gas chromatography (FID) with HP-5 (5.5% phenyl methyl silox-
ane) column and gaseous products were analysed by customised
Thermo Fisher 1110 GC with (Molecular Sieve) TCD detectors.

3. Results and discussion

3.1. Powder x-ray diffraction

PXRD is one of the primary techniques which offer the detailed
information about catalyst nature and structure. Fig. 1 shows the
PXRD pattern of as-calcined MA,  MZ,  MC  and MS  catalysts. It is
clearly seen from Fig. 1(a), MS  mixed oxide catalyst shows the
presence of SiO2 phase at 21◦ and manganese oxide in the form
of Mn2O3 phase which matches with JCPDS No.78-0390. MZ mixed
oxide catalyst shows peaks at 18◦, 28◦, 32◦, 36◦, 38◦, 50◦ and 60◦ cor-
respond to Mn3O4 (JCPDS No.24-0734). In MC  mixed oxide catalyst,

a high intensity peak at around 28◦ corresponds to ceria (JCPDS No.
75-0151) and the other peaks correspond to Mn2O3 phase (JCPDS
No.78-0390) which reveals that manganese is well dispersed in
ceria. Fig. 1(d) shows MA mixed oxide catalyst, which offer infor-
mation about presence of Mn3O4 phase. The presence of active
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Fig. 3. XPS spectra of O 1s (a) fresh-MnxOy-Al2O3 and (b) used-MnxOy-Al2O3.
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Fig. 4. Raman spectrum of all as-syn

ites in MA  mixed oxide catalyst reveals that dispersion of man-
anese oxide in alumina is very well than other catalysts. Presence
f Mn3O4 phase was further confirmed by JCPDS data -24-0734.

.2. Surface area

Catalytic activity of the reaction depends upon different param-
ters, one of important parameter is BET surface area. All the
s-synthesized catalysts were analysed by N2-adsorption des-
rption isotherms. Table 1. provides the details about textural
roperties of as-synthesized catalysts. Surface area of man-

anese containing mixed oxide catalysts increased in the order,
nxOy-Al2O3 < MnxOy-CeO2 < MnxOy-ZrO2 < MnxOy-SiO2 respec-

ively. MnxOy-Al2O3 mixed oxide catalyst shows the lowest surface
rea (84 m2/g) compared to other catalysts due to be bigger crystal-
ite size [26]. MnxOy-SiO2 mixed oxide catalyst exhibit the highest
ed catalysts calcined in air at 450 ◦C.

surface area in comparison with other catalysts (339 m2/g). High
surface area of MnxOy-SiO2 catalyst is due to SiO2 support, where
SiO2 support shows 369 m2/g surface area which decreases to
339 m2/g after Mn  was  incorporated.

MnxOy-CeO2 and MnxOy-ZrO2 catalysts showed 89 and
103 m2/g surface area respectively. Both catalysts showed near
5 ± 1.0 nm crystallite size. Compared to other catalysts, MnxOy-
Al2O3 showed high pore volume (0.32 cc/g) and this may  be the
one of the reasons for the maximum catalytic activity of 2-butanol.

3.3. X-ray photoelectron spectroscopy (XPS)
To explore the chemical composition of the catalyst surface and
the oxidation state of the elements, XPS was used. Fig. 2 shows XPS
spectra of Mn  2p core level of pure manganese oxide, fresh and
used MnxOy-Al2O3 catalysts. XPS spectra of Mn  containing mixed
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Fig. 5. Raman spectrum of fresh and used MnxOy-Al2O3 catalysts.
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Fig. 6. NH3-temperature programmed desorption p

xide and pure manganese oxide catalysts reveal the information
bout active species on the surface and oxidation states of man-
anese oxide. XPS was recorded to know about surface chemical
omposition of manganese oxide in Mn  containing mixed oxide
atalysts. Multiple peaks corresponding to Mn+2, Mn+3 and Mn+4

ere observed which was deconvoluted by peak fitting method
ith Shirley background removal in Mn  2p core level spectrum. Mn

p3/2 deconvolution shows three peaks at 640.4, 641.7 and 643.3 eV

inding energy which corresponds to Mn(II), Mn(III) and Mn(IV)
espectively [27]. It clearly shows that manganese in pure man-
anese oxide has multiple oxidation states. Fig. 2(b) shows the XPS
pectra of Mn  2p3/2 core level for fresh MnxOy-Al2O3 catalyst at
41.7 eV [27,28]. The peaks at 640.4 and 641.7 eV clearly indicate
of as-synthesised catalysts calcined in air at 450 ◦C.

the presence of Mn  in Mn+2 and Mn+3oxidation states. This satel-
lite structure, noticeable on the higher binding energy of Mn  2p3/2
core-level in the XPS spectrum of the manganese compounds orig-
inates from the charge transfer from oxygen ligand to unfilled 3d
orbital of Mn  during the final state of photoelectron emission pro-
cess [29]. It is further confirmed that fresh MnxOy-Al2O3 catalyst
shows both Mn+2 and Mn+3oxidation states. The catalytic activity of
MxOy-Al2O3 catalyst was evaluated for 2-butanol oxidation, and it

shows maximum conversion (51%) and selectivity (88%) than other
tested catalysts. To study the surface chemical composition of the
catalyst, the spent MnxOy-Al2O3 catalyst was  analysed by XPS mea-
surement. Spent catalyst analysis reveals the presence of peaks at
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Fig. 7. TEM images of MnxOy-Al2O3 fresh and spent catalyst
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band at 630 and 680 cm−1 is not seen which confirms that there is
ig. 8. Conversion of 2-butanol and selectivity of MEK  at different Mn  supported
atalysts reaction conditions: 300 ◦C, LHSV 1.8 h−1 with respect to 2-butanol and
HSV 1200 h−1 with respect to oxygen at atmosphere pressure.
40.4 and 641.7 eV proving that there is no significant change in
he catalyst after reaction. It is also confirmed that the catalyst pos-
ess stable oxidation state even after 12 h on time on stream under
ptimum reaction conditions (Fig. 3).
 (a–c) fresh MnxOy-Al2O3 and (d) spent MnxOy-Al2O3.

O 1s spectra of all fresh and used MA catalyst were recorded.
Fresh MnxOy-Al2O3 catalyst showed peaks around 530, and
531.5 eV corresponds to lattice oxygen, surface hydroxyl species
[30,31]. On the surface of spent catalyst, presence of lattice oxy-
gen and surface hydroxyl species was  confirmed by peaks at 530
and 531.5 eV respectively. Catalytic activity of MnxOy-Al2O3 cata-
lyst showed maximum yield due to surface oxygen species which
favours selective oxidation of 2-butanol. In spent catalyst O 1s spec-
trum, it is clear that the intensity of surface oxygen species is more
which confirms the role of these species.

3.4. Raman spectroscopy

Fig. 4 shows the Raman spectral data of MnxOy-Al2O3, MnxOy-
CeO2, MnxOy-ZrO2 and MnxOy-SiO2 catalysts. Raman spectroscopy
provides detailed information about vibration modes of cata-
lysts/materials. Characteristic peaks for MnxOy-ZrO2 catalyst is in
the range of 300–700 cm−1. High intensity peak is at 660 cm−1

and two small intensity peaks at 317 and 372 cm−1corresponds
to Mn3O4. These characteristic Raman bands support the results
obtained in PXRD. In MnxOy-Al2O3 catalyst presence of broad peak
at 645 cm−1 corresponds to Mn3O4 [32].The characteristic Raman
no formation of Mn2O3. There was  no characteristic peaks observed
for MnxOy-SiO2 catalyst. MnxOy-CeO2 catalyst showed four char-
acteristic peaks in the range of 300–700 cm−1. The high intensity
peak at 457 cm−1 corresponds to vibration mode of cubic fluorite
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Fig. 9. Conversion of 2-butanol and selectivity of MEK  at various reaction temperatures over MA.  Reaction conditions: LHSV 1.8 h−1 with respect to 2-butanol and GHSV
1200  h−1 with respect to oxygen at atmosphere pressure.
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ig. 10. Conversion of 2-butanol and selectivity of MEK  at various 2-butanol flow
tmosphere pressure.

F2g) CeO2 lattice [33,34] and other peaks corresponds to Mn(III)-O
nd Mn(IV)-O bonds (Fig. 5).

Used MnxOy-Al2O3 was analysed to observe the nature of cat-
lyst after reaction and to see what type of coke is formed during
eaction. The Raman characteristic peaks of used-MnxOy-Al2O3 cat-
lyst was compared with fresh MnxOy-Al2O3 catalyst, noticeably
trong vibration band at 650 cm−1which corresponds to Mn3O4 and
maller band at 313 and 367 cm−1 corresponds to high surface area
anganese oxide were observed [35]. No peaks corresponding to

 and G bands [36] were observed which suggests that there is no
raphitic coke formation after long time on stream (12 and 30 h)
eaction conditions.
.5. Temperature programmed desorption (NH3-TPD)

Acidity is one of the parameter which plays an important role in
he catalytic activity of 2-butanol oxidation. To find the acidity of
 over MA.  Reaction conditions: 300 ◦C, GHSV 1200 h−1 with respect to oxygen at

the catalysts, NH3-temperature programmed desorption was  car-
ried out for all calcined catalysts and the results are given in Fig. 6.
MnxOy-CeO2 and MnxOy-ZrO2 catalysts showed no peaks which
confirmed that both the catalysts has no acidity. In MnxOy-SiO2
catalyst the peak at 650 ◦C corresponds to strong acidic centres and
very little amount of weak acid sites (200–300 ◦C) from the SiO2
were also observed. MnxOy-Al2O3 catalyst showed two  major peaks
in which the peak observed at lower temperature (∼200 ◦C) is due
to weak acidic centres present in the catalyst and peak observed at a
higher temperature (∼650 ◦C) is due to strong acid site. MA exhibits
more number of weak as well as strong acid sites in comparison to
MS emphasizes that the former possess more acidic centres. This

important feature associated with MA  helps in enhancing the cat-
alytic activity of MA  catalyst, which showed maximum and stable
catalytic activity over a period of 30 h.
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Fig. 11. Conversion of 2-butanol and selectivity of MEK  at different oxygen flow rates over MA.  Reaction conditions: 300 ◦C, LHSV 1.8 h−1 with respect to 2-butanol at
atmosphere pressure.

Fig. 12. 30 h TOS study using MA  catalyst. Reaction conditions: 300 ◦C, LHSV 1.8 h−1 with respect to 2-butanol and GHSV 1200 h−1 with respect to oxygen at atmosphere
pressure.

Table 2
Catalytic activity of MnxOy loaded on different supports.

S. No. Catalysts Conversion of 2-butanol (mol%)a Selectivity (mol%) Yield of MEK (mol%)

MEK  Acetone CH3OH COx
b

1 MnxOy/CeO2 41 81 12 02 05 35
2  MnxOy/ZrO2 51 84 08 07 01 42
3  Mn O /Al O 51 88 05 05 02 45

33 

ct to 

3

c

x y 2 3

4  MnxOy/SiO2 55 

a Conversion at steady state. Reaction conditions: 300 ◦C, LHSV 1.8 h−1 with respe
b CO and CO2.
.6. Transmission electron microscopy (TEM)

Fig. 7. shows the TEM images of fresh and used MnxOy-Al2O3
atalyst. TEM images reveal the information about the morphol-
17 14 36 18

2-butanol and GHSV 1200 h−1 with respect to oxygen at atmosphere pressure.
ogy and lattice of the catalysts. Fig. 7(a)–(c) displays TEM images
of fresh MnxOy-Al2O3 catalyst in low and high resolutions, respec-
tively. Fig. 7(a) and (b) TEM images clearly confirmed the dispersion
of manganese oxide on Al2O3. Indeed, a nice decoration of alu-
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ig. 13. Conversion of 2-butanol and selectivity of MEK  for (i) MA  (ii) CeO2. React
espect to oxygen at atmosphere pressure.

ina by nano MnxOy has been directly demonstrated from the TEM
esults. The d-spacing value of MnxOy-Al2O3 catalyst is 3.0 Å which
s in agreement with the value obtained from PXRD results. Used

nxOy-Al2O3 catalysts TEM image (Fig. 7(d)) shows a thin layer
f coke deposited on the surface of the catalyst and there was  no
ther changes in the morphology of the catalyst. Highly dispersed
anganese oxide on Al2O3 showed maximum yield on 2-butanol

xidation using molecular oxygen.

.7. Effect of supports

Support has an important role in any catalytic activity of a reac-
ion. Choosing a suitable support is a critical part in heterogeneous
atalysis. To study the influence of the support for 2-butanol to MEK
eaction, manganese oxide catalyst was loaded on four different
upports. Manganese oxide on Al2O3, CeO2, ZrO2 and SiO2 mixed
xide catalysts were subjected to oxidation of 2-butanol at opti-
ized reaction conditions and the results are given in Fig. 8 and

able 2. MC catalyst shows maximum 2-butanol conversion and
EK  selectivity of 41 and 81%, respectively. MS  catalyst shows bet-

er conversion (54%), but selectivity towards MEK is very low due to
omplete oxidation of 2-butanol to undesired products. Minimum
electivity (33%) towards MEK  was observed with MS catalyst. MA
nd MZ  catalysts shows about 50% conversion and 88% selectiv-
ty towards MEK. MA  and MZ  catalysts show similar pattern up
o certain time on stream. However after certain time on stream,

A  catalyst shows slight increase in catalytic activity but in MZ
he catalyst activity decreases at the end of 12 h. This decrease in
atalytic activity may  be due to coke formation which might block
he catalytic active centres. MA  catalysts shows better activity than
ther tested catalysts. There is no conversion of 2-butanol to MEK
as observed over alumina, which confirms that bare alumina is

ot active for 2-butanol oxidation. 2-butanol conversion on MA
ncreases dramatically to 51%. MA  shows high conversion as well as
ield of MEK, which is attributed to synergistic effect of manganese
nd alumina. Conversion of 2-butanol and yield towards MEK  is sta-
le up to 30 h. Catalytic activity of 2-butanol is further carried out
sing MA  catalyst for optimization of different parameters.
.8. Effect of temperature

Temperature is one of the main important factors which affect
he catalytic activity. To examine the influence of temperature, oxi-
nditions: 300 ◦C, LHSV 1.8 h−1 with respect to 2-butanol and GHSV 1200 h−1 with

dation of 2-butanol was carried out at three different temperatures
ranging from 250, 300–350 ◦C in FBR and the results are shown in
Fig. 9. Oxidation of 2-butanol was carried out at LHSV = 1.8 h−1 with
respect to 2-butanol, and GHSV = 1200 h−1 with respect to oxygen
at atmospheric pressure. At low temperature (250 ◦C), conversion
towards 2-butanol and selectivity towards MEK  was observed to be
30 and 80%, respectively. Further increase in temperature to 300 ◦C,
conversion and selectivity increased to 51 and 88% respectively
and remains constant for 30 h time on stream. At the high tem-
perature (350 ◦C), very less conversion but high selectivity (90%)
towards MEK  was  observed, which is higher than other two  tem-
peratures. Decrease in conversion and yield may  be due to complete
oxidation of 2-butanol to undesired products like COx, methanol,
acetone and water at higher temperature. An appropriate and suit-
able reaction condition was always required for partial oxidation.
At 300 ◦C maximum conversion and selectivity was observed due
to appropriate temperature and active centres to activate the reac-
tants. Maximum catalytic activity was observed at 300 ◦C and it is
optimised for oxidation of 2-butanol.

3.9. Effect of 2-butanol flow

To study the effect of contact time between reactants and cat-
alytic active centres, reaction was  performed at different 2-butanol
flow and the results are shown in Fig. 10. Oxidation was carried out
at three different 2-butanol flow (LHSV 1.8, 3.6 and 5.4 h−1 with
respect to 2-butanol), at 300 ◦C, GHSV = 1200 h−1 respect to oxy-
gen at atmospheric pressure. At LHSV 1.8 h−1, 51% conversion of
2-butanol was  observed with maximum selectivity (88%) of MEK.
At this flow, 2-butanol has optimum contact time to react with
adsorbed oxygen on the surface of the catalyst. While increasing
the 2-butanol flow to LHSV 3.6 h−1 conversion of 2-butanol was
decreased to 26% but the selectivity of MEK  was increased to 90%. At
LHSV 5.4 h−1 conversion as well as selectivity decreased to 20 and
89%, respectively. Due to decreasing contact time between reac-

tants and active centres a decrease in yield was  observed at higher
LHSV of 2-butanol viz. 3.6 and 5.4 h−1. The maximum conversion of
2-butanol (51%) and selectivity towards MEK  (88%) was obtained
at appropriate flow rate (LHSV 1.8 h−1), which favours selective
oxidation.
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.10. Effect of oxygen flow

To understand the effect of oxidant on catalytic activity, this
eaction was carried out at three different molecular oxygen flows
nd the results are shown in Fig. 11. In any oxidation reaction, the
hange in catalytic activity depends upon the flow of oxidants. In
his work, reaction was carried with three different oxygen flow
ates (GHSV 600, 1200 and 1800 h−1). At GHSV = 600 h−1 the con-
ersion towards 2-butanol was 35%, and 70% MEK  selectivity was
bserved. Further increase in oxidant flow to GHSV = 1200 h−1 con-
ersion attained the maximum (51%) and selectivity (88%) which
avours the partial oxidation of 2-butanol to MEK. Further increase
n GHSV to 1800 h−1 relatively low conversion and selectivity was
btained which may  be due to complete oxidation of 2-butanol to
Ox and undesired side products. Based on the above results GHSV
200 h−1 (O2) was optimized for oxidation of 2-butanol.

.11. Catalyst stability and reaction sustainability

To understand the stability and durability of the MA  catalyst,
he optimization study was carried out with long time on stream
TOS) with optimised reaction parameters. The reaction conditions
re GHSV 1.8 h−1 with respect to 2-butanol and GHSV 1200 h−1

ith respect to molecular oxygen at 300 ◦C .The activity of the cat-
lyst remains same for longer duration (30 h) the result shown in
ig. 12.Gradual increase in catalyst activity in the first few hours
nder wide variety of reaction conditions demonstrated a change in
he nature of the catalyst under reaction conditions towards higher
ctive form for this particular selective oxidation. Both conversion
nd selectivity linearly increases, till the reaction reaches a steady
tate. When comparing the oxidation ability of CeO2 alone as cat-
lyst for this reaction, it gives very less conversion and selectivity
Fig. 13).

. Conclusion

MA,  MC,  and MZ  catalysts were prepared by co-precipitation
ollowed by hydrothermal method; however, MS  was  prepared
y sol-gel method. All the catalysts were characterized by vari-
us analytical techniques like Raman spectroscopy, N2-adsorption,
PS, TEM and NH3-TPD. Presence of Mn3O4 and Mn2O3 phases was

evealed by PXRD. Presence of different oxidation states were con-
rmed by XPS spectra which shows that MA  catalyst has Mn+2

nd Mn+3oxidation states. All the catalysts were subjected to 2-
utanol oxidation using molecular oxygen in continuous flow fixed
ed reactor. MA  catalyst shows maximum catalytic activity of 51%
onversion of 2-butanol and 88% selectivity towards MEK. Active
entres in the catalysts were confirmed by XPS and Raman spec-
roscopy. Raman spectroscopy shows the presence of Mn3O4 which

as correlated with PXRD. Nature of acidity was confirmed by NH3-

PD. When CeO2 alone is used as catalyst for this reaction it is less
ctive and deactivates fast. Synergetic effect of appropriate acid-
ty along with active Mn  species is responsible for this reaction.
sing oxidants like air in oxidation reaction leads to environmen-

[

[

General 525 (2016) 237–246

tal friendly and green reaction. More work is in progress with CO2
as oxidant for this reaction.
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