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ABSTRACT OF THESIS 

Development of heterogeneous catalysts for liquid phase hydroxyalkylation and 

oxidation of phenolic compounds 

Introduction 

Development of tailor made solid catalysts for industrially important reactions is an 

active area of research in heterogeneous catalysis. In this PhD work two such reactions 

chosen were hydroxyalkylation of phenolic compounds with aldehyde or ketone for the 

production of drugs, polymers and food additives and liquid phase oxidations of side 

chain alkyl groups of phenols [1]. The major objective of the present thesis work was to 

develop variety of solid acid catalysts involving phosphotungstic acid (PTA) impregnated 

on different supports like MCM-41 and montmorillonite for hydroxyalkylation of phenol 

with phthalic anhydride to give phenolphthalein [2]. Further, sulfonic acid grafted 

magnetically separable solid acid catalyst was developed for hydroxyalkylation of 

guaiacol to give selectively vanillin alcohol. metal cations exchanged montmorillonite 

clay as a solid acid catalyst was also developed for p-cresol hydroxyalkylation to give 2, 

2’-methylenebis (4-methylphenol) [DAM]. For oxidation of vanillyl alcohol various 

supported and unsupported spinel oxide like Co3O4, Mn3O4 CoMn2O4 as catalysts were 

developed. These spinel oxides catalysts were also tested for oxidation of p-cresol into 

corresponding aldehyde products which is extensively used in flavour/fragrance, food, 

pharmaceuticals and polymer additives. The major emphasis of the thesis is on 

interpretation of the observed activity results based on the characterization data obtained 

by using various techniques such as BET, NH3-TPD, FTIR, pyridine IR, XRD, XPS, 

EDX, SEM, and by cyclic voltammetry.  Optimization of reaction conditions was also 

carried out for the best catalysts for all the reactions studied in this work.  

The thesis has been divided into two sections: Section A deals with the hydroxyalkylation 

and Section B deals with oxidation of phenolic compounds. Chapter 1 of section A 



 xix 

provides a brief introduction to catalysis and the role of catalysts to develop industrially 

benign processes. It also includes general introduction to the hydroxyalkylation reactions, 

types of solid acid catalysts used for hydroxyalkylation of phenol and phenolic derivative 

compounds, summary of literature on hydroxyalkylation of phenolic compounds.  At the 

end of this chapter, scope and objectives of sections A and B are given. Chapter 2 

includes detailed experimental procedures used for preparation of various solid acid and 

metal oxide catalysts, their characterization and activity testing protocol for 

hydroxyalkylation and oxidation of phenolic compounds. Chapter 3 discusses the results 

of activity of different solid acid catalysts viz. PTA supported on MCM-41 for phenol 

hydroxyalkylation with phthalic anhydride to give phenolphthalein. Guaiacol 

hydroxyalkylation was studied over the propyl sulfonic acid grafted on silica coated 

magnetite catalyst. It has been found that the catalyst was more selective for vanillyl 

alcohol synthesis (57%) than PTA supported on silica and montmorillonite catalysts. The 

highest selectivity of the catalyst was due to the presence of bulkier acid group over the 

catalyst surface, which did not allows the further reaction of hydroxyalkylated product to 

the starting materials to give other byproduct. Hydroxyalkylation of p-cresol was studied 

over metal cation exchanged montmorillonite catalysts. It was found that the activity of 

these catalysts was in accordance with the increase in acidity of parent montmorillonite 

after the exchange of cations in the order of Zn
2+

, Fe
3+

 and Al
3+

. Among these metal 

cations exchanged catalysts, Al-montmorillonite showed 51 % conversion of p-cresol 

with 98% selectivity to the DAM [3]. 

In section B, Chapter 1 provides a general introduction to the oxidation reactions and 

their importance to develop industrially valuable products and types of solid catalysts 

used for the oxidation of side chain of phenolic compounds. A summary of literature on 

oxidation of phenol substituted derivatives using homogeneous and heterogeneous 

catalysts is also given. Chapter 2 includes detailed experimental results and discussion 

of vanillyl alcohol, veratryl alcohol and p-cresol oxidation carried out by using different 

supported and unsupported metal oxide catalysts. Spinel Co3O4 nanoparticles prepared by 

solvothermal method having the particle size in the range of 12-20 nm exhibited excellent 

activity for the liquid phase aerobic oxidation of vanillyl alcohol with 80% conversion 
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and 98% selectivity to vanillin [4]. Further, we developed Mn doped Co3O4 catalyst and 

tested for aerobic oxidation of vanillyl alcohol in the absence of NaOH. The catalyst 

showed excellent activity and gave 63% conversion of vanillyl alcohol with 83% 

selectivity to vanillin in 2 h. Catalyst characterization results showed that prepared 

catalyst having teragonal phase of CoMn2O4 which was found to be more active and 

selective for vanillin alcohol oxidation than Co3O4 and Mn3O4 spinel [5]. As we observed 

mixed oxides catalysts has higher activity than the single metal Co3O4 and Mn3O4 oxide, 

further we developed mixed metal oxide catalyst supported on the reduced graphene 

oxide for vanillyl alcohol oxidation in the absence of a base. The same catalyst was found 

to catalyze efficiently p-cresol oxidation in the presence of a base with >72% product 

yield and 96% selectivity to the corresponding aldehyde. The detailed characterization 

results on morphology, size and structure of the prepared graphene oxide supported 

MnCo nanoparticles obtained by XRD, FT–IR, H2–TPR, HR–TEM and cyclic 

voltammetry technique were used to understand the role of Mn and Co species in 

directing the selectivity towards p–hydroxybenzaldehyde. 

Chapter 3 summarizes the work presented in sections A and B and general conclusions 

arrived from the discussed results. 
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This thesis is divided into two sections: Section A, deals with the hydroxyalkylation and 

Section B, deals with oxidation of phenolic compounds. This Chapter presents the 

general introduction to the subject area of catalysis and is particular to the 

hydroxyalkylation reaction of phenols and solid acid catalysts. Introduction to the 

catalytic liquid phase oxidation is given under Section B. However, the objective and 

scope of the work of both the sections is included at the end of this Chapter. 

1.1. CATALYSIS 

A substance which changes the kinetics of the reaction, but does not change the 

thermodynamics is called as catalyst and the whole process is known as catalysis. The 

term “catalysis” was first introduced by Berzelius in 1835 [1]. Catalysis is principally 

divided in two branches: (i) homogeneous catalysis, when the catalyst is in the same 

phase as of the reactant, and (ii) heterogeneous catalysis, when the catalyst is in a phase 

different from that of the reactant (typically solid/liquid, solid/gas or solid/liquid/gas). 

Table 1.1 summarizes a comparison between the main features of homogeneous and 

heterogeneous catalysis. 

Table 1.1. Comparison between homogeneous and heterogeneous catalysis 

Feature 
Homogeneous 

Catalyst 
Heterogeneous Catalyst 

Form metal complex solid, often metal or metal complex 

Activity high variable 

Selectivity high variable 

Reaction conditions mild drastic 

Average time-life variable long 

Sensitivity to poison low high 

Problems of diffusion none possible 

Recycling difficult (and expansive) easy 

Separation from products difficult easy 

Variation of steric and electronic feature possible difficult 

Intelligibility of the mechanism possible difficult 

One of the main advantages of homogeneous molecular catalysts is that their active sites 

are spatially well separated from one another, just as they are in enzymes. Because of 

such spatial separation and the self-similarity of the structures of the sites, there is a 

constant energetic interaction between each active site and the substrate. 
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Heterogeneous catalysis has a major role in the development of sustainable industrial 

processes, as it potentially possesses the ability to achieve the objectives of industrial 

catalysis, while paying attention to the principles of sustainable and green chemistry [2]. 

Easy separation, easy recovery, no problems in solubility and miscibility are the strengths 

of a heterogeneous system in order to reduce the cost of production and to set up 

environmentally benign processes. Heterogeneous catalysis is quite prevalent in the 

chemical industry, and affects our everyday life in many ways. Over 90% of all chemical 

manufacturing is based or relies heavily on catalytic processes and by some estimates, 

catalysis contributes to approximately 35% of the world’s gross domestic product (GDP) 

[3]. Earlier, the main focus of the industry was to enhance the kinetics of the reactions. 

However in recent years, the trends get changed and there is a practice not only to 

promote a given desired conversion but also to avoid any undesirable side reactions. This 

is required to improve reaction yields, to simplify the overall manufacturing process, to 

eliminate expensive product separation steps and to minimize the generation of 

potentially polluting byproducts [4, 5]. Many kinds of organic reactions such as 

hydroxyalkylation, oxidation, hydrogenation, alkylation, etherification, cracking, 

dehydration, condensation, hydration, oligomerisation, esterification, isomerisation and 

disproportionation play a vital role for making industrially important products. For my 

PhD work, I studied heterogeneously catalyzed hydroxyalkylation and oxidation 

reactions of side chain of phenolic compounds.  

1.2. HYDROXYALKYLATION  

Hydroxyalkylation reaction belongs to the class of Friedel Craft reaction, which involves 

the condensation of aldehyde or ketones with aromatic compounds in the presence of an 

acid catalyst. The reaction is aimed at the introduction of one hydroxyalkyl group on the 

aromatic ring. The favorable condition for the reaction is that aromatic ring should have 

electron donating groups like –OCH3 or –OH while, carbonyl compounds should possess 

electron attracting groups like –NO2 or –CN. The general scheme for the 

hydroxyalkylation of aromatic compounds in presence of acidic catalysts/reagents is 

presented in Scheme 1.1. 



 Section A: Chapter 1                                                         Introduction 

 

Ph.D Thesis, University of Pune Page 3 
 

 

 

 

  Scheme 1.1. Hydroxyalkylation of activated arene 

In the hydroxyalkylation reaction, aldehyde or ketone reacts with an aromatic compound 

to form an intermediate, hydroxybenzyl alcohol. The reaction usually does not stop at this 

stage and hydroxybenzyl alcohol which is formed initially, reacts further with another 

molecule of aromatic compound to give diarylmethane. (Scheme 1.2) 

 

 

  Scheme 1.2. Hydroxyalkylation of intermediate of scheme 1.1 

Products obtained from hydroxyalkylation reaction are of great commercial importance 

and widely used as chemical intermediates in drugs, polymer, pharmaceutical and food 

industries. Saligenol, an intermediate in the synthesis of a variety of products, and 

particularly a key intermediate in the preparation of coumarin [6], an important perfume 

base (scheme 1.3), is the best example of the industrial application of hydroxyalkylation 

reaction. 

 

    

   Scheme 1.3. Hydroxyalkylation of phenol 

The hydroxyalkylation reaction is difficult to perform with high activity and selectivity. 

Firstly, because the ketone or aldehyde is a mild electrophile and aromatic ring must be 
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activated. Secondly, substitution generally leads to a variety of substituted sites 

(particularly, ortho, para-selectivity for activated aromatic compounds), and last but not 

the least, consecutive reactions are often observed. However, by using specially designed 

heterogeneous catalysts, it is possible to favor desired reaction over the others. 

 Phenolphthalein is a hydroxyalkylation product obtained by condensation of 

phenol and phthalic anhydride, having wide ranging applications in polymer industry to 

make polycarbonates, polyester, and poly (arylene ether) [7]. An additional advantage of 

phenolphthalein as a polymer backbone is that the heterocyclic pendant lactone provides 

chemically reactive sites for further derivatization or grafting suitable reactive moieties 

for making functional polymeric materials. Currently, multiblock poly (arylene ether 

sulfone) copolymers based on phenolphthalein are used in proton exchange membranes 

in fuel cell technology [8].  

 

 

 

Polycarbonate sheets                    Polyester                Proton-exchange membrane 

  Fig.1.1. Applications of phenolphthalein in polymer industry 

As reported in 1997, only one company produced phenolphthalein in the United States, 

with an annual production of 250 tons. In 2009, phenolphthalein was produced by eight 

manufacturers worldwide, including one each in the United States and China and six in 

India (SRI 2009), and was available from 57 suppliers, including 34 U.S. suppliers 

(ChemSources 2009) [9]. The available processes for phenolphthalein synthesis based on 

the use of liquid mineral acids are energy intensive due to tedious separation and 

recovery steps for pure products from the reaction medium [10]. Due to immense 

commercial importance of phenolphthalein, developing cheaper and eco-friendly routes 

for its synthesis are of great practical importance. For my PhD work, I have prepared 
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phosphotungustic acid supported on MCM−41 as a solid acid catalyst and used it for 

phenolphthalein synthesis. The details of catalyst preparation and activity results are 

described in chapters 2 and 3 of Section A.  

Another industrially important chemical compound synthesized by the hydroxyalkylation 

of guaiacol with formaldehyde is vanillyl alcohol, which on oxidation produced vanillin, 

widely used as a flavoring and fragrance agent in pharmaceutical and food industries.  

   

   

     Fig. 1.2. Applications of vanillin in fragrance, flavor and drugs  

Among various flavoring and fragrance agents, p-vanillin, p-hydroxybenzaldehyde 

(PHBAld) and benzophenone derivatives are well known and commonly used in 

consumer products. Due to the high production cost (Table 1.2) from natural resources, 

these compounds are generally prepared by chemical processes e.g. the cost of vanillin 

extracted from vanilla pods has increased up to $1200 per kilo in 2001, in contrast to the 

price of synthetic vanillin, stable at < $15 per kilo [11, 12]. Global demand for synthetic 

vanillin is 16000 tons/year. Out of this huge demand of vanillin, only 0.2% is obtained 

from natural resources, 15% from delignification process and the major demand is full-

filled by the synthetic route (85%). At the industrial level, guaiacol hydroxyalkylation 

reactions are catalyzed by Lewis-type acids, such as AlCl3, and by mineral Brönsted 

acids, as well as by bases. Some papers have appeared in recent years, where zeolitic 

materials are described as catalysts for this reaction [13-15]. However, major problem 

associated with these catalysts is their deactivation due to deposition of bulky and higher 

molecular weight condensation products formed during the progress of the reaction.  
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Another important class of chemical compounds synthesized by the hydroxyalkylation of 

phenols with formaldehyde, is bisphenols also known as dihydroxydiarylmethane (DAM) 

which are widely used as antioxidants and chemical intermediates for the preparation of 

epoxide resins and polycarbonate in polymer industries [16-18]. Bisphenols are mainly 

produced in Japan, and its production (e.g. bisphenol F) is estimated to be about 3000 

metric tons per year [19]. The most important bisphenols other than bisphenol F are 

bisphenol A and bisphenol Z which are produced by condensation of phenol with acetone 

and cyclohexanone, respectively. World capacity of bisphenol A is 2.67 million metric 

tons (2001) and four main global producers are, General Electric (25% of world installed 

capacity), Bayer (16% of world installed capacity), Shell (12% of world installed 

capacity) and Dow Chemical Corp. (10% of world installed capacity) [20]. The 

worldwide production of bisphenol Z is about 1360 metric tons per year [21] which is 

widely used for production of polycarbonate film. [22] 

 

   

 

                              Polycarbonate sheets                Epoxy-resin adhesive      

                Fig. 1.3. Applications of bisphenol in polymer industry 

1.2.1. Conventional routes for hydroxyalkylation reaction 

Hydroxyalkylation processes are conventionally carried out using strong mineral acids 

(HCl, HF, H2SO4, H3PO4 etc.) as well as bases (e.g. teramethylammonium hydroxide). 

Some of the industrially important products derived from the hydroxyalkylation of 

phenol using conventional reagents are summarized in Table 1.2. 
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Table 1.2. Industrially important products derived from hydroxyalkylation of phenol 

Although, these reagent based processes give acceptable yields of the desired product, 

still they suffer from some serious drawbacks like:  

i. Use of the reagents in stoichiometric or even excess quantities creating serious 

environmental problems. 

ii. Difficulties in the separation and recovery of pure product from the reaction 

crude. 

iii. The product in reagent-based process is isolated by hydrolysis of the complex; 

hence recyclability of the reagent is impossible. 

iv. Formation of large amounts of corrosive waste streams due to hydrolysis of the 

complex.  

v. Difficulties of handling of reagents due to their corrosive nature and toxicity. 

The major challenges in this area are the development of cost-effective, highly active, 

selective and stable solid acid replacements. Presently, several conventional processes 

based on stoichiometric use of reagents are being replaced by solid acid catalysts in order 

to overcome the above mentioned drawbacks and in particular to improve the process 

Aromatic Aldehyde/ 

Ketone 

Product (s) Reagents Industry 

Phenol 

 

 

Guaiacol 

 

Formaldehyde 

Hydroxybenzyl 

alcohol 

 

Vanillyl alcohol 

Quarternary  

ammonium salt 

 

NaOH 

The Dow Chemical 

Company, USA [23]; 

Mitsubishi 

Petrochemical 

Company Ltd., Japan 

[24] 

Phenol Formaldehyde Bisphenol F 
HCl, H2SO4 or 

Oxalic acid 

Dainippon Ink & 

Chemicals, Japan [25] 

Phenol 

 
Acetone Bisphenol A HCl 

Mitsui Toatsu 

Chemicals, Inc., Japan 

[26] 

Phenol 

 

Cyclohexa- 

none 
Bisphenol Z HCl or H2SO4 

Maruzen Oil Co., Ltd., 

Japan [27] 
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economics [28-30]. In total, there are 103 known industrial processes that use solid acid 

catalysts [31]. The types of catalysts used include zeolites, oxides, ion exchange resins, 

phosphates, clays, complex oxides, heteropolyacids, and sulfated zirconia.                                           

1.3. SOLID ACID CATALYSTS  

Solid acid catalysts are the materials which exhibit the Brönsted and/or Lewis acidity and 

can be used as an alternative to or as a replacement for homogeneous (liquid) acid 

catalysts and have the following advantages over conventional acid reagents: 

1)  Required in catalytic amount unlike mineral acids which are used in           

           stoichiometric equivalent or in excess quantity 

2)  Easy separation and recovery from the reaction mixture 

3)  Reusability and lower toxicity  

4)  Higher selectivity to the desired product 

5)  Avoid formation of inorganic waste  

In homogeneous media of hydroxyalkylation reaction, the final product is usually the bis-

arylmethane (dimer), which corresponds to the reaction of the initially formed benzylic 

alcohol with another molecule of starting aromatic material. Heterogeneous catalysis 

offers the interesting possibility of avoiding these consecutive reactions. Mild acidic 

catalyst can be used, and tuning of the adsorption affinities of different moieties in the 

medium enables preferential adsorption of the starting material over the product, thus 

limiting consecutive reactions. The catalytic activity of solid acid catalysts mainly 

depends upon their acidic strength, type of acidity, acid site density which in turn 

depends upon the distribution of acidic sites over the surface of solid acid catalysts. In 

this work, three different solid acid catalysts were synthesized for hydroxyalkylation 

reaction of three different phenolic compounds viz. MCM-41 supported phosphotungstic 

acid [32], metal cations exchanged montmorillonite clay [33] and SO3H–acid grafted 

silica bound magnetite catalysts. The important structural details of these catalysts are 

described below. 
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1.3.1. MCM-41 supported phosphotungstic acid  

 Phosphotungstic acid belongs to the class of heteropolyacids (HPAs) having Keggin 

structure. HPAs are mixed oxides composed of a central ion or ‘heteroatom’ generally P, 

As, Si, or Ge, bonded in a tetrahedral arrangement of oxygen atoms and surrounded by 12 

MO6 octahedra (M = Mo, W, V) arranged in four groups of three edge-sharing M3O13 

units.  

 

 

 

 

 

   Fig. 1.4. The Keggin structure of heteropoly acid 

There are four types of oxygen atoms found in the Keggin unit, the central oxygen atoms, 

two types of bridging oxygen atoms and terminal oxygen atoms. HPAs are much stronger 

acids than mineral acids (H2SO4, HBr, HCl, HNO3, and HClO4). Hence, they are also 

known as superacids. The super acidic nature of HPAs can be explained as follow: after 

losing one H
+
, HPAs form heteropolyanions. Since in heteropolyanions, the negative 

charge is delocalized over much larger anions than those formed from mineral acids, the 

electrostatic interaction between proton and anion is much less for HPAs which facilitates 

the easy removal of protons and responsible for their super acidic nature. As for the acid 

strengths of heteropolyacids, the following order has been reported for the compounds in 

acetone: H3PW12O40 > H4S12O40 ≈ H3PMo12O40 > H4PMo11VO40 > H4SiMo12O40. HPAs, 

specifically phosphotungstic acid (PTA) catalyzed various industrially important organic 

reactions. Solid HPAs are pure Brönsted acids and stronger than many conventional solid 

acid catalysts such as mixed oxides and zeolites [34]. One important advantage of HPAs 
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is that they can be utilized both homogeneously and heterogeneously. The homogeneous 

reactions occur in polar media at ∼100 
o
C; on the other hand, when using nonpolar 

solvents, the reactions proceed heterogeneously. The major problems associated with 

HPAs in the bulk form are (i) their low catalytic efficiency due to lower surface area 

(approximately 5m
2
/g) having most of the acidic protons are in the interior of the solid, 

which are inaccessible for catalysis, (ii) rapid deactivation, and (iii) relatively poor 

stability in polar solvents such as water and ethanol. Attempts to improve the efficiency 

and stability of HPAs were made by using various supports including carbon [35], 

alumina [36], mesoporous aluminosilicates, [37] zirconia, [38] and mesoporous silica, 

[39]. Because of their basic nature, alumina and zirconia tend to decompose HPAs, 

resulting in deformation of the parent Keggin structure, thereby reducing the overall 

acidity. Supporting of HPAs on solid supports changes the acid strength and the structure 

of the aggregates. For the present study, MCM-41 was chosen as a support for PTA, since 

it is a mesoporous silica possessing very high surface area (>1000 m
2
/g) and uniform 

large pore size (2−8 nm), which would allow the PTA acid cluster having ∼1.2 nm 

diameter to be introduced inside the pores giving an excellent dispersion [40]. Formation 

of crystal phase was not seen even at PTA loadings as high as 40 wt% on MCM-41, 

which enables to develop catalysts with a wide range of PTA loadings necessary for 

excellent activity and shape selectivity in industrial applications e.g. liquid-phase phenol 

alkylation  (Scheme 1.4) [41].  

 

 

   Scheme 1.4. Hydroxyalkylation of phenol 

MCM-41 belongs to the class of M41S mesoporous molecular sieves, possesses a 

hexagonal array of uniform mesopores. These materials were developed originally by 

scientists at Mobil corporation, US. The general acid strength of these materials is 

speculated to be lower than some of the zeolitic materials. MCM-41 has been synthesized 

OH

CH3CH2CH2OH
HPAs

OH

-H2O
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with uniform channels varying from approximately 1.5 nm to >10 nm in size. The larger 

pore materials typically have surface areas >1000 m
2
/g. A liquid crystal templating 

mechanism (LCT) in which surfactant liquid crystal structures serve as organic templates, 

has been also proposed for the formation of these materials. Like in zeolites, the 

framework of MCM-41 is based on an extensive three-dimensional network of oxygen 

ions that occupied tetrahedral cation sites, and in addition to the Si
4+

, other cations can 

also occupy these sites. MCM-41 with bigger pore size can provide better mass transport 

than zeolites.  

 

 

 

   

 

   Fig. 1.5. Schematic presentation of MCM−41 synthesis 

1.3.2. Metal cations exchanged montmorillonite clay 

Clay minerals represent a convenient source to prepare potential solid acid catalysts 

because of their environmental compatibility, low cost and easy availability. Pillared and 

metal cation-exchanged clays with modified porosity, acidity and thermal stability have 

been explored for the wide range of acid catalyzed reactions [42- 44]. Montmorillonite is 

a member of the smectite clay family [45] and has 2:1 structure i.e. octahedral layer of Al 

or Mg is sandwiched between two tetrahedral layers of silicon coordinated with oxygen 

(TOT) [46] (Fig. 1.6). Montmorillonite clay could be dioctahedral or trioctahedral, based 

on the number of octahedral sites per unit cell occupied, which in turn depends 

essentially on the cations present (for example, Al
3+

 or Mg
2+

) in the octahedral sheets. 

Replacing Si with Al, lead to a net negative charge over the layer of aluminosilicate, 
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which is balanced by hydrated cations (Na
+
, K

+
 or Ca

2+
) in the interlayer spaces of 

montmorillonite clay [47]. 

 

 

 

 

 

 

 

   

  Fig. 1.6. Schematic presentation of montmorillonite clay structure  

The most interesting features of the smectite clay are their intercalation, swelling and 

cation-exchange capacity which can improve the catalytic properties of smectite clay. 

Immersion in water results in a swelling of the clay and exposure of the intercalated 

cations making them accessible for cation-exchange. When smectite clay is immersed 

into the solution of metal cations, the suspended clay can freely exchange its interlayer 

cations for other metal cations in solution. The interlamellar cations are largely 

responsible for the clay’s Brönsted and/or Lewis acidity [48]. Amount and strength of 

Brönsted and Lewis acidity can be enhanced by cation exchange or treatment with a 

mineral acid, e.g. H2SO4. Natural montmorillonite clay has limited activity. These clays 

are often acid activated by treatment with acids such as sulfuric acid. This results in a 

change in the textural properties of the clay such as surface area, porosity and the type 

and concentrations of the ions in the exchange sites. The acidity is due to either the free 

acid, e.g. in acid-treated clays, or the dissociation of water molecules in the interlayer. 

Acid treated clay like Mont K10 or KSF (from Sud-Chemie or Fluka, respectively) have 

been widely used as acid catalysts for Friedel−Crafts alkylation reaction (Scheme 1.5). 
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[49] Montmorillonite is also reported as an effective support for Lewis acids such as 

ZnCl2 or FeCl3 [50]. The substitution of exchangeable cations, by highly polarizing 

species of small radius such as aluminum, zinc or iron, results in the alteration of 

Brönsted and Lewis acid sites as well as clay architecture. For example, Al
3+

-exchanged 

montmorillonite, is as active as concentrated sulfuric acid in promoting acid−catalyzed 

reactions (Scheme 1.5). 

 

 

 

 

       Scheme1.5. Friedel−Crafts reactions 

1.3.3. SO3H–acid grafted silica bound magnetite  

Recovery and reuse of expensive catalysts after catalytic reactions are important factors 

for sustainable process development. Compared with conventional solid acids, magnetic 

solid acids can be separated more easily in presence of an external magnetic field, 

particularly in viscous or solid reaction mixtures. The most common method used for 

synthesis of magnetic solid acid catalysts is sulfonation of a mesoporous structure with a 

magnetic core, generally Fe3O4 [51]. Recently, magnetically separable materials have 

generated a significant research interest due to their potential technological applications 

in diverse fields such as electronics, life sciences as well as new generation catalysts 

mainly exploiting their inherent magnetic property for efficient recycling [52, 53]. This 

approach may prevent the agglomeration of the catalyst particles during recovery and can 

increase the durability of the catalysts. We have designed magnetically separable solid 

acid catalyst comprising organo sulfonic acid (−CH2CH2CH2SO3H) grafted on to the pore 

walls of mesoporous silica bound iron oxides (Fe3O4@MCM 41). The activity of the 

sulfonic acid functionalized catalyst was evaluated for guaiacol hydroxyalkylation 

OHR

K-10 montmorillonite

80oC

R

OH

2

H H

O Al3+- montmorillonite

OH OH

80oC
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reaction. Iron oxides are themselves well known as catalysts. It is necessary to build up a 

strong barrier between the iron oxides and the molecular catalysts to circumvent 

unwanted interactions with molecular catalysts bound to the surface of the iron oxides. 

Coating of iron oxides with silica prevents particle aggregation. Furthermore, the 

presence of surface silanol groups allows surface functionalization with a variety of 

functional groups such as amino propyl, mercapto propyl, cyanopropyl, etc.  

 Guaiacol hydroxyalkylation has been carried out in the presence of formaldehyde 

(Scheme 1.6). When formaldehyde is one of the reactants, the main problem is the 

presence of water, since water leads to the deactivation of the acid sites and in fact, most 

solid acids lose their catalytic activity in aqueous solutions. The development of new 

water-tolerant solid acids is expected to minimize this problem.  

 

 

 

 

       

   Scheme 1.6. Hydroxyalkylation of guaiacol 

We have overcome this difficulty by designing solid acid catalysts comprising organo 

sulfonic acid (−CH2CH2CH2SO3H) grafted on to the pore walls of mesoporous silica 

bound magnetite. The as prepared catalyst was hydrophobic as well as acidic in nature. 

We found that the acidic proton in the hydrophobic environment of organo modified 

mesoporous silica was active for hydroxyalkylation of guaiacol. Since the catalyst 

possesses magnetic property, it could be quantitatively recovered by simply applying a 

strong magnetic field using a bar magnet (Fig. 1.7).  

 Two methods are commonly employed for grafting active molecules: i) covalent 

binding and, ii) simple adsorption of the active molecules. Covalent binding is preferred 

because it is generally sufficiently robust to survive the harsh reaction conditions, 

minimizes catalyst leaching and allows the catalyst to be reused several times.  

OH

OCH3

H H

O

OH

OCH3

HO

H+
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  Fig. 1.7. Catalyst separation by magnetic field   

1.4. LITERATURE SURVEY ON HYDROXYALKYLATION OF PHENOLIC 

COMPOUNDS 

Several solid acid catalysts as well as reagents have been reported in the literature (Table 

1.2) for the hydroxyalkylation reaction. In the past, mainly three mineral acids like HCl, 

H2SO4, H3PO4 have been reported for the hydroxyalkylation of phenolic compounds to 

give the corresponding products [54-57]. However, these reagents based processes suffer 

from serious drawbacks like strong corrosiveness, difficulties in separation from 

homogeneous reaction mixtures, toxicity and formation of huge amount of inorganic 

wastes as mentioned in section 1.2.1. Alternatively, solid acids including solid Brönsted 

acids (e.g., SO3H functionalized carbon and polymers) in addition to solid Lewis acids 

(transition-metal (W, Zr, Nb) oxides) are easily separated from the reaction mixture and 

can be reused. Thus, solid acids have been used as catalysts to replace liquid mineral 

acids in several reactions. Furthermore, they can be designed to give higher activity, 

selectivity, and longer catalyst life. The first work on heterogeneous hydroxyalkylation 

was conducted by Venuto and Landis. [58] They worked on the hydroxyalkylation of the 

phenol with formaldehyde, benzaldehyde and acetone using HY zeolite at 180 
o
C. The 

major product was always the bis-arylmethane. In the eighties, Corma and then Van 

Backum [59] studied hydroxyalkylation of phenol, toluene and anisole with 

formaldehyde [60], acetaldehyde [61], benzaldehyde and acetophenone [62] at high 
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temperature (160 
o
C) using a variety of solid acid catalysts. The major product was 

always the bis-arylmethane adduct. At the end of the eighties, Mitsui Toatsu [63] claimed 

synthesis of para-hydroxymethyl phenol from phenol and trioxane using the H
+
 type Y 

zeolite at 160 
o
C for 3 h to give 65% conversion of trioxane and 88% para-

hydroxymethylphenol selectivity. Among these catalysts, ion exchange resins play an 

important role for the hydroxyalkylation of phenol. Inaba et al. reported Lewatit SC-102 

ion exchange resin which showed 96% conversion of acetone with 85% selectivity to 

bisphenol A [64] while sulfonated styrene ion exchange resin was reported by Faler and 

Loucks which showed 66% conversion of acetone with 99% selectivity to bisphenol A 

[65]. Several other ion exchange resin catalysts were also reported for hydroxyalkylation 

of phenols such as sulfonic acid-type cation exchange resin (Diaion SK104) along with 3-

pyridinemethanethiol which showed higher activity giving 93% conversion of acetone 

with 95% selectivity to bisphenol A [66]. Polysiloxane catalyst having –SO3H group 

showed 88% conversion of acetone with 96% selectivity to bisphenol A for the 

hydroxyalkylation of phenol with acetone [67]. Although these ion exchange resin 

catalysts showed better activity, they suffer from major disadvantages like thermal 

instability and reusability.  Another important class of catalysts, i.e. zeolites were also 

used for hydroxyalkylation of various phenolic compounds. Alvaro et al. reported USY-

zeolite which gave 47% yield of diphenylmethane [68] while protonic zeolites like MOR, 

MFI and BEA were reported by Barthel et al. which showed 46% total product yield with 

57% selectivity to diarylmethane [69]. ZSM-5 catalyst showed 40% total product yield 

with 90% selectivity to bisphenol F [70] for the hydroxyalkylation of phenol to give 

bisphenol F. β-type zeolite for hydroxyalkylation of phenol gave selectivity to bisphenol 

F as high as  99% with 95% conversion of formaldehyde in hydroxyalkylation of phenol 

[71]. Perego and De Angelis reported HSH-320 HUA zeolite with modified acidity by 

varying Si/Al ratio which showed 90% conversion of acetone and 60% selectivity to 

bisphenol A [72]. For bisphenol A formation, the same group of Perego et al. reported 

amorphous aluminosilcate which gave 72% conversion of acetone with 62% selectivity to 

bisphenol A [73].  Various other zeolites like Al:MCM-41 and H-β have been reported by 

Jana et al. for bisphenol F with 91% selectivity and 34 and 68% product yield 
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respectively [74, 75]. Cavani et al. studied another industrially important 

hydroxyalkylation reaction of guaiacol to vanillyl alcohol (VAlc), by varying Si/Al ratio 

in H-mordenite catalysts [76, 77]. They found that the highest selectivity of 60-70% to 

vanillyl alcohol could be achieved for an optimum Si/Al ratio of 23. Corma et al. 

reported layered zeolite ITQ-2 catalyst comprising balanced combination of acidity and 

strength as the highly active and selective catalyst (100% conversion of 

paraformaldehyde with 91% selectivity to diarylmethane) for the hydroxyalkylation of 

bis-1, 1′-(2-methoxy-naphthyl) methane with paraformaldehyde to give diarylmethane 

[78]. 

 In case of heteropolyacid supported catalysts, Udayakumar et al. reported 30% 

HPA/MCM-41 catalyst for hydroxyalkylation of phenol which gave 34% yield of 

dihydroxy-diarylmethane [79]. Yadav and Kirthivasan have reported HPA-K10 catalysts 

for hydroxyalkylation of phenol to give bisphenol A with 23% conversion of phenol and 

60% selectivity to bisphenol A [80]. Garade et al. studied HPA loading in the range of 

10-40% on various supports like fumed silica, Mont K10, Mont KSF/O and bentonite 

clay and tested catalytic activity for p-cresol hydroxyalkylation. Among these, 20% HPA 

supported on bentonite gave 95% product yield with 94% selectivity to 2, 2′-

methylenebis (4-methylphenol), DAM [81-85]. 

Since, heteropolyacid based solid catalysts are not much explored for the 

hydroxyalkylation of phenol due to their low surface area (5-8 m
2
/g) and high solubility 

in polar solvent, the present work is undertaken to improve activity and reusability of 

heteropolyacids by impregnating them on appropriate supports. In this thesis, three 

different solid acid catalysts were prepared with tuned acidity and strength suitable for 

hydroxyalkylation of phenol and its derivatives under mild reaction conditions.   
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Table 1.3. Summary of the literature for the hydroxyalkylation of phenols  

Sr. 

No 

Catalyst/ 

Reagent 

Reactant Product Reaction 

Conditions 

Yield/ 

Conv. 

(%) 

Product 

Sel. (%) 

Ref. 

 

1 

 

HCl 

 

Phenol,  

Acetone, 

15% 

MeSNa 

solution 

 

Bisphenol 

A 

 

323 K 

 

11 (DY) 

 

- 

 

54 

 

2 

 

Conc. HCl 

 

Phenol, 

Acetone 

 

Bisphenol 

A 

 

318 K; 

2 h 

 

9 (TPY) 

 

98 

 

55 

 

3 

 

H2SO4, HCl 

 

Phenol, 

Acetone 

 

Bisphenol 

A 

 

333 K;     10 

min 

 

87 (AC) 

 

92 

 

56 

 

4 

 

Phosphoric 

acid 

 

Phenol, 

Formald-

ehyde 

 

Bisphenol 

F 

 

323-353 K; 

P to F mole 

ratio, 6-50 

 

91 (DY) 

 

91 

 

57 

 

5 

 

Acidic ion 

exchange 

resin 

(Lewatit 

SC-102) 

 

Phenol, 

Acetone 

 

Bisphenol 

A 

 

358 K; 8 h 

 

96 (AC) 

 

85 

 

64 

 

6 

 

Sulfonated 

styrene ion 

exchange 

resin 

 

Phenol, 

Acetone 

 

Bisphenol 

A 

 

348 K; 

1 h 

 

66 (AC) 

 

99 

 

65 

 

7 

 

Sulfonic 

acid-type 

cation 

exchange 

resin 

(Diaion 

SK104) 

along with 

3-

Pyridinemet

h-anethiol 

 

Phenol, 

Acetone 

 

Bisphenol 

A 

 

358 K; 

1h 

 

 

93 (AC) 

 

95 

 

66 
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8 Polysiloxan

e catalyst 

having –

SO3H group 

Phenol, 

Acetone 

Bisphenol 

A 

348 K; 

24 h 

88 (AC) 96 67 

 

9 USY zeolite 

(Si/Al= 

17.5) 

Benzene/ 

Anisole/

N,N-

Dimethyl

aniline, 

Benzalde

-hyde 

Diphenyl 

methane 

383-423 K; 

8 h 

47  (DY) - 68 

10 Protonic 

Zeolites (Y-

FAU, MOR, 

MFI & 

BEA) 

Anisole, 

Chloral 

Diaryl 

methane 

323 K; 

8 h 

46 

(TPY) 

57 69 

 

11 

 

ZSM-5 

 

Phenol 

(85),40% 

Formald-

ehyde 

 

Bisphenol 

F 

 

393 K; 

4 h 

 

40 (TPY) 

 

90 

 

70 

 

 

 

12 

 

β-type 

zeolite 

 

Phenol, 

Formald-

ehyde 

 

Bisphenol 

F 

 

393 K; 

4 h 

 

95 (FC) 

 

99 

 

71 

13 Zeolite 

(Toyosoda 

HSH-320 

HUA) 

 

Phenol 

(100), 

Acetone 

(20) 

 

Bisphenol 

A 

 

453 K;P to 

A mole 

ratio, 5; 12 

h 

 

90 (AC) 

 

60 

 

72 

 

14 

 

Amorphous 

aluminosili- 

cate 

 

Phenol, 

Acetone 

 

Bisphenol 

A 

 

423 K; 

P to A mole 

ratio, 5; 6 h 

 

72 (AC) 

 

62 

 

73 

 

15 

 

H-β-zeolite 

(Si/Al=75) 

 

Phenol, 

Formald-

ehyde 

 

Bisphenol 

F 

 

363 K; 

P to F mole 

ratio, 30; 15 

min 

 

68 (TPY) 

 

91 

 

74 

 

16 

 

Al:MCM-

41 

(Si/Al=70) 

 

Phenol, 

Formald-

ehyde 

 

Bisphenol 

F 

 

363 K; 

P to F mole 

ratio, 30; 15 

min 

 

34 (TPY) 

 

91 

 

75 
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17 

 

H-

mordenite 

(Si/Al=23) 

 

Guaiacol, 

Formald-

hyde 

 

VAlc 

 

353 K; 2 h 

 

41 (GC) 

 

70 

 

76 

 

18 

 

H-

mordenite 

(Si/Al=23) 

 

Guaiacol, 

Formald-

ehyde 

 

VAlc 

 

 

338 K; 

2 h 

 

41 (GC) 

 

70 

 

77 

 

19 

 

ITQ-2 

 

Bis-1,1’-

(2-

methoxy-

naphthyl)

methane 

(5), 

Paraform

-aldehyde  

 

Diaryl 

methane 

 

323 K; 

24 h 

 

100 

(PFC) 

 

91 

 

78 

 

20 

 

HPA/Si-

MCM-41 

 

Phenol, 

Benzald-

ehyde 

 

DAM 

 

393 K; PH/ 

ALD mole 

ratio, 3; 3h 

 

34 (DY) 

 

- 

 

79 

 

 

21 

 

DTP-K10 

 

Phenol, 

Acetone 

 

Bisphenol 

A 

 

408 K; 

P to A mole 

ratio, 5; 4 h 

 

23 (AC) 

 

60 

 

80 

 

22 

 

Mont 

KSF/O 

 

p-cresol, 

Formald-

ehyde 

 

2,2’-

methyleneb

is-(4-

methylphen

ol) 

 

343 K; 

PC to F 

mole 

ratio,5;flow 

rate, 3 mL/h 

 

26 (PCC) 

 

91 

 

81 

 

23 

 

20% 

DTP/SiO2 

 

Phenol, 

Formald-

ehyde 

 

Bisphenol 

F 

 

353 K; P to 

F mole 

ratio, 5; 1 h 

 

34 (TPY) 

 

90 

 

82 

 

24 

 

20% 

DTP/Mont 

K10 

 

Phenol, 

Formald-

ehyde 

 

Bisphenol 

F 

 

353 K; P to 

F mole 

ratio, 5; 1 h 

 

28 (PC) 

 

90 

 

83 

 

25 

 

20% 

DTP/Bento-

nite 

 

p-cresol, 

Formald-

ehyde 

 

2,2’-

Methylene

bis-(4-

methylp-

henol) 

 

353 K; 

PC to F 

mole 

ratio,5; 1 h 

 

95 (TPY) 

 

94 

 

84 
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26 

 

Sn/Si-

MCM-41 

 

p-cresol, 

Formald-

ehyde 

 

2,2’-

Methylene

bis-(4-

methylp-

henol) 

 

363 K; 

PC to F 

mole 

ratio,5; 2 h 

 

70 (TPY) 

 

88 

 

85 

Note:  AC = Acetone Conversion; FC = Formaldehyde conversion; DY = Diarylmethane 

Yield; TPY = Total Product Yield; GC = Guaiacol Yield; PFC = Paraformaldehyde 

Conversion; PCC = p-cresol Conversion; PC = Phenol Conversion. 

1.5. SCOPE AND OBJECTIVES OF PRESENT INVESTIGATION 

As mentioned earlier, this thesis presents the study on catalyst development for two 

industrially important reactions viz. (1) hydroxyalkylation and (2) oxidation. In order to 

give a proper perspective of each of these studies, the thesis is divided into two sections 

A and B. However, the scope and objectives of both the parts are given together below to 

facilitate the reader to understand overall scientific content of the thesis. 

 Hydroxyalkylation is an industrially important reaction nevertheless, traditionally it has 

been practiced using inorganic reagents in stoichiometric quantities. Hence, there is a 

scope to develop active, selective and reusable solid acid catalysts for the 

hydroxyalkylation of phenolic compounds by tuning the acid strength, acid density and 

particle size of the catalysts. Similarly liquid phase oxidation is also a core unit process 

practiced industrially for the manufacture of variety of value-added products. Like 

hydroxyalkylation process, classical liquid phase oxidation process also involved reagent 

based chemistry. Although catalytic oxidation have become common, but this research 

area remains active for the further development of new generation non-noble metal based 

heterogeneous catalysts for the existing as well as for new liquid phase oxidations. The 

overall objective of this thesis is to design and develop highly active and selective solid 

catalysts for hydroxyalkylation of phenol derivatives and for liquid phase oxidation. For 

both these reactions, the specific objectives are:  
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 Development of new, sophisticated catalyst systems such as PTA supported on 

MCM−41, metal cation exchanged montmorillonite and magnetically separable 

solid acid catalysts for hydroxyalkylation of p-cresol, phenol and guaiacol. 

 Development of new heterogeneous catalysts based on non-noble transition metal 

for liquid phase oxidation of vanillyl alcohol, veratryl alcohol and p-cresol. 

 Preparation of catalysts by different methods and their comparative catalytic 

activity study for oxidation reactions. 

 Study the role of support in the oxidation reactions. 

 Detail characterization of the prepared catalysts using various techniques such as 

BET, NH3-TPD, FTIR, pyridine IR, cyclic voltammetry, chemisorption study, 

XRD, XPS, and by HR-TEM. 

 Mechanistic understanding of the functioning of these catalysts based on the 

characterization data.   

 Optimization of reaction conditions for the best catalysts.  
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2.1. INTRODUCTION 

The design and preparation of catalysts is a crucial issue in heterogeneous catalysis, 

which dramatically influence their surface area, morphology,  nature of acidity, acid site 

density, redox properties etc. All of these structural and electronic properties are the 

function of preparation and pretreatment protocols. Hence, the present chapter describes 

details of preparation and activity testing procedures, characterization of various 

catalysts, and the analytical methods used for liquid product identification in both  

hydroxyalkylation (section A) and oxidation reactions (section B) studied in this work. 

2.2. MATERIALS 

Fumed silica (SiO2), montmorillonite K10, p-vanillyl alcohol, (99%), bentonite (99%), 

cetyltrimethylammonium bromide (CTAB), veratryl alcohol, veratraldehyde, cobalt 

acetate tetrahydrate, manganese acetate terahydrate and tetraethylorthosilicate (TEOS) 

were purchased from Sigma-Aldrich, Bangalore, India. Montmorillonite KSF/O, 

montmorillonite K10 and Amberlyst-15 were purchased from Fluka, Germany. Phenol 

(98%), p-cresol (98%), formalin solution (37% formaldehyde, 10-13% methanol, 50-55% 

water), toluene (98%), ferric chloride (98%), aluminium nitrate (98%), and 

phosphotungstic acid, PTA (98%) were purchased from Loba chemie, Mumbai, India. 

Guaiacol, Anhydrous sodium carbonate (Na2CO3), 30% aqueous ammonia, phthalic 

anhydride and phenolphthalein were purchased from Thomas Baker, India.  

2.3. CATALYST PREPARATION 

2.3.1. Solid acid catalysts 

2.3.1.1. MCM-41 supported phosphotungstic acid (PTA) 

First, MCM-41 support was prepared by a hydrothermal synthesis method as described 

earlier [1, 2]. In a typical synthesis, 2.46 g of NaOH was dissolved in 146 mL of 

deionized water and stirred for 5 min. To this solution, 5.96 g of CTAB was added, and 

the mixture was stirred for 15 min. 14 g portion of TEOS was added drop wise, and the 



Section A: Chapter 2                Experimental and Physico-chemical……..  

 

Ph.D Thesis, University of Pune Page 28 
 

pH of the solution was maintained in a range of 9−10 by adding dilute H2SO4. The 

resulting reaction mixture was stirred for 5 h at room temperature. Thereafter, the entire 

reaction mixture along with the mother liquor was transferred into the teflon-lined 

autoclave and heated under static conditions at 100 
o
C for 48 h. The resulting solid 

product was recovered by filtration, washed several times with deionized water, dried at 

80 
o
C overnight, and calcined at 540 

o
C for 6 h to remove the template from MCM-41.  

 A series of PTA (10−30 wt %) impregnated on MCM-41 catalysts were prepared 

by a wet impregnation method. In a typical procedure, the calculated quantity of PTA 

was dissolved in 40 mL of methanol, which was stirred for 5 min, followed by the slow 

addition of MCM-41 to the solution. The resulting mixture was kept for 6 h at room 

temperature under stirring conditions. The solvent was evaporated on a rotavap and then 

the catalysts were calcined at 300 
o
C for 3 h. A schematic presentation of catalyst 

preparation is shown in Fig.2.1. 

 

 

                              

  Fig. 2.1. Preparation of PTA/MCM-41 catalyst 

PTA impregnated on various other supports such as montmorillonite K10, Mont KSF etc. 

were also prepared in a similar way, as follows; 4 g of mont K10 was added to the 

solution of 1 g of PTA in 100 mL methanol with constant stirring over a period of 20 

min. The dispersion was stirred for 6 h at room temperature and the solvent was 

evaporated under vacuum. The catalyst was dried at 100 
o
C for 2 h and then calcined at 

300 
o
C for 6 h [3]. 

2.3.1.2. Preparation of SO3H-Fe3O4@MCM-41 

SO3H-Fe3O4@MCM-41catalyst was prepared in two steps. The first step involves the 

synthesis of silica bound magnetite particles (SMPs) while, the second step involves the 

PTA 
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grafting of mercaptopropyltrimetoxysilane (MPTMS) over the SMPs followed by 

oxidation. Silica bound magnetite particles were prepared by in situ condensation of 

magnetite particles with silica. The schematic presentation of synthesis of SMPs is shown 

in Scheme 2.1. In a typical synthesis procedure, 3 g (0.0082 mol) 

cetyltrimethylammonium bromide (CTAB) was dissolved in 400 mL of distilled water, 

followed by drop wise addition of 1 M NaOH solution to maintain the pH at 10−11. The 

resulting solution was stirred for 30 min at room temperature followed by sonication with 

0.2 g of magnetite (size < 1 μm) for 30 min. In the resultant mixture, 13.95 g of  

 

  Scheme 2.1. Preparation of SO3H-Fe3O4@MCM-41 

teraethylorthosilicate (TEOS) was added drop wise, and this solution was stirred 

(700−800 rpm) at room temperature for 4 h. The resultant SMPs designated as 

Fe3O4@MCM-41, was filtered, washed with 1.5 L of distilled water, dried in vacuum 

oven at 100 
o
C for 12 h, and calcined at 540 

o
C for 6 h to remove the template from the 

SMPs. Second step involved the functionalization with MPTMS, in which 5 mL of 

MPTMS was added drop wise into the suspension of SMPs (0.4g) in toluene, and reflux 

it for 24 h. After filtration and thorough washing with dry toluene, the grafted product 

was dried overnight under vacuum. The as obtained material was afterwards oxidized 

with 30 wt.% aqueous hydrogen peroxide (15 mL per 0.3 g of catalyst) at room 

temperature for 24 h under inert atmosphere, filtered off and washed several times with 

water and ethanol. The wet material was finally suspended in 1 M sulfuric acid for 2 h, 

collected by filtration, washed with water and ethanol and dried at 60 °C under vacuum 

for several hours to obtain the final product SO3H-Fe3O4@MCM-41. 
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2.3.1.3. Preparation of metal cation-exchanged montmorillonite clay 

The catalysts prepared by cation-exchange process were according to the method 

reported in the literature [4]. In a typical preparation, 5 g of montmorillonite clay was 

slowly added to 80 mL of 0.3 M concentration of respective metal nitrate aqueous 

solution. The resulting mixture was stirred for 4 h at room temperature. The final product 

was filtered, washed 2 times with 80 mL of distilled water and then dried in vacuum oven 

at 100 
o
C for 2 h. As prepared catalysts were powdered and then calcined in a furnace at 

300 
o
C for 3 h. Schematic presentation of catalyst synthesis is shown in Fig. 2.2. For p-

cresol hydroxyalkylation we developed Al, Zn and Fe exchanged montmorillonite 

catalysts.  

 

 

 

 

 

                                 

 

 Fig. 2.2. Preparation of metal cation-exchanged montmorillonite clay 

2.3.2. Metal oxide catalysts for oxidation reactions 

2.3.2.1. Co3O4 nanoparticles 

Co3O4 nanoparticles were prepared by solution-phase method as described earlier. [5] In 

a typical synthesis, 4.98 g of cobalt acetate tetrahydrate was dissolved in 60 mL of 

0.3 M MNO
3
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ethylene glycol and the solution was gradually heated to 160 
o
C. To this, 200 mL of 

aqueous 0.2 M Na2CO3 solution was added drop wise and the slurry was further aged for 

1 h under nitrogen atmosphere. The resulting solid was filtered, thoroughly washed with 

distilled water until neutralization, and dried overnight at 100 
o
C, then calcined at 450 

o
C 

for 4 h in a horizontal furnace. 

2.3.2.2. Manganese oxide (MnOx) 

MnOx catalyst was prepared by solvothermal method. In a typical synthesis, 4.98 g of 

manganese acetate tetrahydrate was dissolved in 60 mL of ethylene glycol and the 

solution was gradually heated from room temperature to 160
 o

C. To this, 200 mL of 

aqueous 0.2 M Na2CO3 solution was added drop wise and the slurry was further aged for 

1 h under nitrogen atmosphere. The resulting solid was filtered, thoroughly washed with 

distilled water until neutralization, and dried overnight at 100 
o
C, then calcined at 450 

o
C 

for 4 h.  

2.3.2.3. Synthesis of mixed CoMn-oxide 

Manganese-doped cobalt oxide catalyst was also prepared by a solvothermal method 

keeping the molar ratio of Co/Mn = 2. In a typical synthesis, manganese acetate 

tetrahydrate (2.45 g) and cobalt acetate tetrahydrate (4.98 g) were dissolved in ethylene 

glycol (60 mL), the solution was heated gradually from room temperature to 160 
o
C, and 

then 0.3M aqueous Na2CO3 solution (200 mL) was added drop wise. The resulting slurry 

was further aged for 1 h under a nitrogen atmosphere. The product was isolated by 

filtration, washed thoroughly with distilled water until neutralization, dried at 100 
o
C for 

12 h, and then calcined at 450 
o
C for 4 h. The obtained catalyst was labeled as MnCo-

MO. The experimental set up of the catalyst preparation is shown in Fig. 2.3. 
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  Fig. 2.3. Synthesis of mixed Co-Mn oxide 

2.3.2.4. Reduced graphene-MnCo composite oxide 

2.3.2.4.1. Graphene oxide (GO) 

A modified ‘Hummers’ method was used to synthesize graphite oxide in which 1g of 

graphite powder was put into the already prepared NaNO3 (0.5g) solution in concentrated 

H2SO4 (30ml) and cooled to 0
o
C. To this, 3 g KMnO4 was added, during which 

temperature of the mixture was kept below 20ºC. Successively, the mixture was stirred at 

35 ºC for 1 h, and then diluted with 46 ml deionized water by keeping the temperature 

under 85 ºC and then increased to 100 ºC for 30 min. 140 ml deionized warm water was 

then added to the mixture, followed by 15 ml 50% H2O2 drop by drop and the solution 

was left for 30 min. under stirring. The mixture was then centrifuged and washed with 

5% aqueous HCl solution (1 L) to remove metal ions followed by 2 L of deionized water 

to remove the acid. The resulting solid was dried in air for 12 h at 60ºC. 
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2.3.2.4.2. r-GO-MnCo nanocoposite 

r-GO-MnCo nanocomposite was synthesized by solvothermal method. In a typical 

synthesis, GO was dispersed into 60 mL of ethylene-glycol and sonicated for 1 h, 

followed by subsequent addition of 1.6 mL aqueous NH3 and stirred again for 1 h. To 

this, manganese and cobalt acetates were added in 1:1 ratio and the solution was 

gradually heated to 160 
o
C. After the temperature reached 160 

o
C, 200 mL of aqueous 0.3 

M Na2CO3 solution was added drop wise and the slurry was further aged for 2 h under 

nitrogen atmosphere. The resulting product was filtered, thoroughly washed with distilled 

water until neutralization, and dried overnight at 100 
o
C, then calcined at 350 

o
C for 4 h. 

The schematic presentation of catalyst synthesis is shown in Fig. 2.4. 

   

 

 

 

 

 

 

 

 

 Fig. 2.4. Schematic presentation of synthesis of r-GO-MnCo nanocoposite 
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2.4. CHARACTERIZATION METHODS FOR SOLID ACID CATALYSTS 

2.4.1. X-ray diffraction 

X-ray diffraction (XRD) is a non-destructive technique for the qualitative and 

quantitative analysis of the crystalline materials, in form of powder or solid. It helps in 

determining the crystallinity, phase purity, crystal structure and crystallite size of catalyst 

materials [6].The XRD method  involves interaction between the incident 

monochromatized X-rays (like Cu Kα or Mo Kα) with the atoms of a periodic lattice 

(Fig. 2.5). X-rays scattered by the atoms in an ordered lattice interfere constructively as 

described by Bragg’s law: nλ = 2d sinθ, where, λ is the wavelength of the X-rays, d is the 

distance between two lattice planes, θ is the angle between the incoming X-rays and the 

normal to the reflecting lattice plane and n is an integer known as the order of reflection 

[6, 7]. 

  

 

 

 

 

  Fig. 2.5. X-ray diffraction from crystal planes 

The mesoporous materials were characterized using an X’Pert Pro (Philips) 

diffractometer with Cu-Kα radiation (λ = 0.15406 nm) and a proportional counter as a 

detector. A divergent slit of 1/32◦ on the primary optics and an anti-scatter slit of 1/16◦ on 

the secondary optics were used to measure the data in the low-angle region. The rest of 

the catalysts were analyzed using a Rigaku Geigerflex X-ray diffractometer with Ni-

filtered Cu-Kα radiation (40 kV, 30 mA). The XRD patterns were measured in the 2θ 

range of 0.5–10º in the case of mesoporous (PTA/MCM 41 and SO3H-Fe3O4@MCM-41) 

materials and 5 – 80° in the case of metal cation-exchanged montmorillonite clay catalyst 
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at a scan rate of 5.3º min
−1

, respectively. Crystallite size of the materials was determined 

using the Scherrer equation: L = Kλ/βcosθ, where θ and λ are the Bragg’s angle and 

wavelength of incident X-ray radiation, respectively. K is a constant approximately taken 

as 0.9; β is the line width on the 2θ scale in radians. Qualitative phase analysis of the 

catalysts was done based on the comparison of the line positions and intensity 

distributions of a set of reflections of the catalyst sample with a data base (JCPDS).  

 In case of mixed oxides, XRD is the best technique to study the effect of dopant 

on the host oxide. It can measure the newly form crystalline phase due to the dopant 

present in the mixed oxide. Peak widths are fitted to the Debye−Scherrer equation to 

determine crystallite size. Shifts due to the substitutional doping are often interpreted 

using Vegard’s rule, which states that there is a linear relationship between the 

concentration of a substitutional dopant and the change in the lattice parameter. As an 

added complication, the lattice parameters of small nanocrystals depend on crystallite 

size, and it is not sure whether the observed lattice parameters shift is due to doping or to 

the small size of the crystallites. 

2.4.2. Nitrogen Physisorption–Textural Characterization 

Physisorption is the most common type of adsorption. Physisorbed molecules are fairly 

free to move around the surface of the sample. As more gas molecules are introduced into 

the system, the adsorbate molecules tend to form a thin layer that covers the entire 

adsorbent surface. Based on the well-known Brunauer, Emmett and Teller (BET) theory, 

one can estimate the number of molecules required to cover the adsorbent surface with a 

monolayer of adsorbed molecules, Nm. Multiplying Nm by the crosssectional area of an 

adsorbate molecule yields the sample’s surface area. The BET equation can be 

represented as:  

P/V (Po-P) = 1/VmC + [(C-1)/VmC] (P/Po) …… (2.1)   

Where, P is the adsorption equilibrium pressure (Pa),  

Po
 
is the saturation vapor pressure of the adsorbate at the experimental temperature (Ta),  
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V is the volume of gas adsorbed at pressure P (cm
3
),  

Vm
 
is the volume of adsorbate required for monolayer coverage (cm

3
), and  

C is constant related to the heat of adsorption and liquefaction [8].   

A plot of P/V (Po-P) vs. (P/Po) yields a straight line usually in the range 0.05 ≤ P/Po
 
≤ 

0.35. The monolayer volume Vm
 
is given by 1/(S+I), where S is the slope, which is equal 

to (C-1)/VmC and I is the intercept, which is equal to 1/VmC. The surface area of the 

catalyst (SBET) is related to Vm by the equation:  

SBET
 
= (Vm/22414) Na

 
σ ……. (2.4)  

Where, Na is the Avogadro number and σ is mean cross sectional area covered by one 

adsorbate molecule. The σ value generally used for N2 is 0.162 nm
2
. Surface area and 

porosity are important properties in the field of heterogeneous catalysis. Total surface 

area is a crucial criterion for solid catalysts since it determines accessibility of active sites 

and is thus often related to catalytic activity. The pore architecture of a heterogeneous 

catalyst controls transport phenomena and governs selectivity in catalyzed reactions. 

Properties, such as pore volume and pore-size distribution, are therefore essential 

parameters especially in shape selective catalysis. The first important information about 

surface and porosity obtained from a physisorption experiment is the isotherm. It can 

reveal the kind of porosity present in unknown samples. The IUPAC recommended the 

following six types of the adsorption isotherms, as shown in Fig. 2.6. The type I isotherm 

represents presence of micropores where molecules are adsorbed by micropore filling. 

The type II isotherm is indicative of the multilayer adsorption process, suggesting the 

presence of nonporous or macroporous surfaces. The type III isotherm arises from 

nonporous or macroporous surfaces which interact very weakly with the adsorbent 

molecules. The type IV isotherm gives useful information on the mesopore structure 

through its hysteresis loop that is, non-overlapping of the adsorption and desorption 

branches. The type V isotherm is close to the type IV isotherm instead of very weak 

adsorbent-adsorbate interaction. The type VI isotherm is the stepped adsorption isotherm 
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which comes from phase transition of the adsorbed molecular layer or adsorption on the 

different faces of crystalline solids. Several computational procedures are available for 

the derivation of pore size distribution of mesoporous samples from physisorption 

isotherms. Most popular among them is the Barrett-Joyner-Halenda (BJH) model, which 

allows the computation of pore sizes from equilibrium gas pressures. One can therefore 

generate experimental curves (or isotherms) linking adsorbed gas volumes with relative 

 

 

 

 

    

   Fig. 2.6. IUPAC classification of isotherms 

saturation pressures at equilibrium, and convert them to cumulative or differential pore 

size distributions [9]. As the equilibrium adsorbate pressures approach saturation, the 

pores become completely filled with adsorbate. Knowing the density of the adsorbate, 

one can calculate the volume it occupies and consequently, the total pore volume of the 

sample. Since adsorption and desorption mechanisms differ, adsorption and desorption 

isotherms rarely overlay each other. The resulting hysteresis leads to isotherm shapes that 

can be mechanistically related to those expected from particular pore shapes. Adsorption 

of nitrogen measured by Brunauer-Emmett-Teller (BET) equation at low pressure (10-4 

Torr) and liquification temperature of N2 (77 K) is the standard method for determination 

of surface area, pore volumes and pore size distribution of molecular sieves. All these 

measurements were conducted on Autosorb 1, Quantachrome instrument (Fig. 2.7).  
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   Fig. 2.7. Autosorb 1, Quantachrome instrument  

2.4.3. Temperature programmed desorption of ammonia (NH3-TPD)  

In contrast to physisorption, chemical adsorption (chemisorption) involves the formation 

of strong chemical bonds between adsorbate molecules and specific surface locations 

known as chemically active sites. Chemisorption is thus used primarily to count the 

number of surface active sites which are likely to promote chemical and catalytic 

reactions. NH3-TPD technique is one of the examples of chemisorption, generally used to 

determine the acidity and acid strength of the solid catalysts and involves monitoring 

surface or bulk interaction between the solid catalyst and its gaseous environment via 

continuous analysis of the gas phase composition as the temperature is raised linearly 

with time [10]. Instrument used for ammonia-TPD study consists of a sample holder 

charged with the catalyst in a furnace that can be temperature programmed and a thermal 

conductivity detector (TCD) to measure the amount of desorbed NH3 gas in the carrier 

gas mixture. 

       NH3-TPD measurements of all the catalysts were done on a Micromeritics 2720 by 

(i) pre-treating the sample at 473 K in a flow of helium for removing surface 
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contaminants, (ii) adsorption of ammonia at 50 
o
C temperature, and (iii) desorption of 

adsorbed ammonia with a heating rate 10 K min
–1

 starting from the adsorption 

temperature to 700 
o
C. The (%) distribution of acidic sites was calculated by measuring 

the area of desorption peaks in a low and high temperature regions using Origin 6.1 

software. 

2.4.4. Pyridine FT-IR technique 

Pyridine FT-IR is the most widely used technique for determining the nature of acidic 

sites i.e. Brönsted and/or Lewis present on the catalyst surface [11]. The infrared 

spectrum in the 1400 to 1700 cm
-1

 region has been determined for pyridine adsorbed on 

acidic solids. The spectrum of pyridine coordinately bonded to the surface is markedly 

different from that of the pyridinium ion. This permits the differentiation of acid type on 

the surface of acidic solids. Since NH3 is a strong base (pKb ~ 5), it can react with 

extremely weak acid sites, though pyridine is also a relatively strong base, it is 

significantly weaker than ammonia (pKb pyridine ~ 9), and thus will not react with some 

of the weaker sites that would react with ammonia. Therefore, pyridine is used for 

distinguishing type of acid sites. The pyridinium ion gives a band at approximately 1540 

cm
-1

 which is not present in either pyridine or coordinately bonded pyridine (Py→BH3). 

Both coordinately bonded pyridine and hydrogen-bonded pyridine have a band in the 

1440-1465 cm
-1

 region. The catalyst having Brönsted acidity shows a peak at 1540 cm
-1

, 

while peak at 1450 cm
-1

 can be assigned to Lewis acidity [12]. In this thesis, the Brönsted 

and Lewis acid sites were determined by ex-situ FTIR spectroscopy with chemisorbed 

pyridine. For this purpose, catalyst samples were dried at 110 
o
C for 1 h and then 

saturated with pyridine vapors in a desiccator containing pyridine for 8 h. Physically 

adsorbed pyridine was removed by heating the samples at 120 
o
C for 2 h in a continuous 

flow of nitrogen. FTIR spectra of the samples were recorded on a Shimadzu (Model-820 

PC) spectrophotometer under DRIFT (diffuse reflectance infrared Fourier transform) 

mode. 
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2.4.5. Thermal analysis  

Thermal analysis is a group of techniques that study the changes in the properties of a 

sample occurring while the sample is subjected to a controlled temperature program. The 

thermal techniques most commonly used to investigate the acid – base or redox character 

of solid surfaces are: differential thermal analysis (DTA), thermogravimetric (TG) and 

differential thermogravimetric (DTG), differential scanning calorimetry (DSC) and 

calorimetry. Techniques such as DTA, TG or DSC study the thermal behavior of a 

catalyst as it undergoes heating at a constant rate. For example, DTA relies on the 

measurement as function of time i.e. of the difference between the temperature of the 

sample (Ts) and that of a reference material (Tr), upon heating both materials in a 

furnace.  Δ T = Ts − Tr is related to the heat evolved (or absorbed) by the sample at a 

time when the sample undergoes an endothermic or exothermic reaction, which includes 

phase transitions, dehydration, decomposition, redox, or solid state reactions. The area 

under a DTA peak can be proportional to the enthalpy change and is not affected by the 

heat capacity of the sample [13]. In the TG and DTG methods, the variation of the sample 

mass with time (dm or dm /dt) is measured as a function of temperature while the sample 

is heated at a constant rate [14]. In this work, thermal analysis (TGA/DTA) was 

performed on Perkin-Elmer TGA-7 analyzer at a 10 
o
C/min scan rate in nitrogen 

atmosphere. 

2.4.6. Transmission Electron Microscopy 

In the 1940s, it was realized that interaction between electrons and atoms might change 

the phase of an electron wave and make possible the observation of single atoms using 

phase contrast. This is the theoretical foundation of high–resolution transmission electron 

microscopy (HRTEM). It was also established by O. Scherzer [15]. TEM is typically 

used for high resolution imaging of thin films of a solid sample for micro structural and 

compositional analysis. The principles of TEM and HRTEM can be understood in brief 

as follow: A TEM column can be described using a ray diagram as shown in Fig. 2.8, 

which is very similar to that for an optical microscope. The most important components 
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in an electron microscope are the electron source (normally called the electron gun) and a 

group of electromagnetic lenses. 

 

 

 

 

 

 

 

       Fig. 2.8. Ray diagram of TEM set-up 

Electrons are emitted from the electron gun and accelerated by a potential difference (a 

typical value for HRTEM is 200 to 300 kV). These electrons are focused by the 

condenser lenses to form a parallel beam. The electron beam strikes a specimen, creating 

different forms of energy. The transmitted and scattered electrons are then recombined 

and focused by the objective lens to form a diffraction pattern and an intermediate image 

at different stages. The beams then diverge and are focused by the projective lenses to 

form the final image. Typical operating conditions of TEM instruments are 100-200 KeV 

electrons, 10-6 mbar vacuum, 0.5 nm resolutions and a magnification of about 105. The 

topographic information obtained by TEM in the vicinity of atomic resolution can be 

utilized for structural characterization and identification of various phases of mesoporous 

materials, viz., hexagonal, cubic or lamellar [16]. TEM also provides real space image on 

the atomic distribution in the bulk and surface of a nano-crystal. TEM of the samples 

were recorded using a JEOL-model 1200 EX instrument operating at 100 KV. Details of 

characterization results of different catalysts are reported in the respective chapters. 
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2.4.7. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES), also referred to as 

inductively coupled plasma optical emission spectrometry (ICP-OES), is an analytical 

technique used for the detection of trace metals. It is a type of emission spectroscopy that 

uses the inductively coupled plasma to produce excited atoms and ions that emit 

electromagnetic radiation at wavelengths characteristic of a particular element. [17, 18] 

The intensity of this emission is indicative of the concentration of the element within the 

sample.  

 The W content in PTA/MCM-41 catalyst was determined from inductive coupled 

plasma (ICP) analysis with a Spectro 165 high resolution ICP-OES Spectrometer (model 

no. ARCOSFHS 12). 25 mg of catalyst was treated with aqua regia (HNO3–HCl = 1 : 3) 

with few drops of HF at 60 °C on a sand bath for 2 h and the obtained solid was dissolved 

in 10 mL distilled water.  

2.4.8. X-ray Photoelectron Spectroscopy (XPS) 

XPS is based on the observation of the photoelectric effect and also known as electron 

spectroscopy for chemical analysis (ESCA), in which a photon reaching a sample can 

liberate an electron, which subsequently escapes into the vacuum (Fig. 2.9). XPS detects 

only those electrons that have actually escaped into the vacuum of the instrument. This 

technique biased towards the top few atomic layers (∼1−10 nm) of the solid. [19] XPS is 

a quantitative spectroscopic technique that measures the elemental composition, 

empirical formula, chemical state and electronic state of the elements that present at the 

surface in concentration greater than approximately 1 atomic percent. Furthermore, XPS 

can provide information regarding the elemental stoichiometry of the near-surface region, 

which is often different from the bulk composition. The catalytic function is 

acknowledged to be essentially dependent on the surface composition and electronic 

properties, which make XPS a popular surface analytical tool. The intensity of an XPS 

peak (IA) is a strong function of (i) the incoming photon flux, (ii) the concentration of the 
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given element, (iii) its photoionization cross-section (which is excitation-energy 

dependent), (iv) the mean free path of the emitted photoelectron, and  

 

  

  

 

 

 

 

   Fig. 2.9. Schematic presentation of XPS 

(v) further instrumental parameters (such as photoelectron collection and detection 

efficiency). By defining atomic sensitivity factors (S, as an overall factor summing up the 

effects of iii – v), the atom fraction of any element in a sample can be calculated as:   

   

     (2.1)  

XPS data of different catalysts were collected on a VG Scientific ESCA-3000 

spectrometer using a non-monochromatised Mg Kα radiation (1253.6 eV) at a pressure of 

about 1 x 10
−9

 Torr (pass energy of 50 eV, electron take off angle 55) and overall 

resolution 0.7 eV determined from the full width at half maximum of the 4f7/2 core level 

of the gold surface. The error in the binding energy values were within 0.1 eV. The 

binding energy values were charge-corrected to the C1s signal (284.6 eV). 
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2.4.9. Fourier transforms infrared spectroscopy (FT-IR) 

IR spectroscopy techniques are widely used for chemical analysis. It gives only partial 

information on the vibrational structure of most polyatomic species. In fact, selection 

rules apply to IR light absorption phenomena, so that only vibrational modes that are 

associated with changes of the molecular dipolar moment can be directly excited. The 

application of IR spectroscopy to catalysis and surface chemistry was reported in 1937 by 

Buswell and coworkers [20]. Most metal oxides only absorb radiation in the low - energy 

IR region (below 1000 cm
−1

) while most gaseous or volatile molecules absorb strongly in 

the higher energy IR region (4000–1000 cm
−1

). The formation of metal oxide was 

determined using FTIR spectroscopy. The spectra were recorded on a Shimadzu FTIR-

8201 PC spectrophotometer in the wave number range of 400 – 4000 cm
-1

. The samples 

were made into KBr pellets (1 wt. %) or as such in DRIFT mode. In general, neat KBr 

was used as a reference material. 

2.4.10. Temperature programmed reduction (TPR) and oxidation (TPO) 

The technique temperature programmed oxidation and reduction typically involves 

monitoring surface (or bulk) processes between the solid catalysts and its gaseous 

environment via continuous analysis of the gas phase composition as the temperature is 

raised. TPR is a widely used tool for the characterization of metal oxides, mixed metal 

oxides, and metal oxides dispersed on a support. A thermal conductivity detector (TCD) 

is used to measure changes in the thermal conductivity of the gas stream. TPR is a 

method in which a reducing gas mixture (5% H2 in argon) flows over the sample while 

the tempereture is increased linearly. The experiments permits the determination of the 

total amount of hydrogen consumed, from which the degree of reduction and, thus the 

average oxidation state of the solid material after reduction can be calculated. However, 

reduction of metal oxide is strongly dependent on the morphology and particle size [21]. 

Similarly in TPO experiment, pre-reduced sample was subjected to oxygen flow (10% O2 

in He, 25 ml/min.) with linear heating. The amount of oxygen consumption gives the 
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reduced species in a catalyst material. In the present work both the TPR/TPO experiment 

was carried on Micromeritics 2720 chemisorb instrument, Fig. 2.10.  

 

 

 

 

 

          Fig. 2.10. Micromeritics 2720, instrument 

2.4.11. Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is the most widely employed tool for obtaining qualitative 

information about electrochemical reactions [22]. It gives information about the redox 

potentials of the electrochemically active species. CV is a simple type of potentio-

dynamic electrochemical measurement. In a cyclic voltammetry experiment, the potential 

of working electrode is ramped linearly vs. time. CV takes the experiment a step further 

than linear sweep voltammetry which ends when it reaches a set potential. The current at 

the working electrode is plotted versus the applied voltage to give the cyclic 

voltammogram trace. Actually in this case the voltage is swept between two values (V1 

and V2) at a fixed scan rate (mV/sec). When the voltage reaches V2 the scan is reversed 

and the voltage is swept back to V1. A typical cyclic voltammograms recorded for study 

redox behavior of lab synthesized Co3O4 nanoparticles at a scan rate of 50 mV s
-1

 over 

the potential range of 0–0.6 V in 0.1M KOH solution by using a quasi reference 

electrode. When the scan is reversed we simply move back through the equilibrium 

positions gradually converting the adsorption state of cations and anions into free state 

(cations and anions back transferred in electrolyte from electrode interface). 
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2.5. CATALYST ACTIVITY MEASUREMENT 

2.5.1 Hydroxyalkylation reaction 

2.5.1.1. Phenolphthalein synthesis from hydroxyalkylation of phenol with phthalic 

anhydride  

Phenolphthalein synthesis was carried out by condensation of phenol with phthalic 

anhydride using a catalyst in a magnetically stirred glass reactor (capacity 50 mL), fitted 

with a reflux condenser and an arrangement for temperature control. In a typical 

experiment, phenol (34 mmol), phthalic anhydride (16 mmol), and 20% PTA/MCM-41 

catalyst (0.1 g/cm
3
) were added to the reactor, which was then heated to 150 

o
C for 3 h. 

Conversion of phthalic anhydride and products selectivity were determined by a Hewlett-

Packard model 1050 chromatograph equipped with an ultraviolet detector (λmax = 254 

nm) on a 25 cm RP-18 column.  

2.5.1.2. Hydroxyalkylation of guaiacol to p-vanillyl alcohol  

The hydroxyalkylation of guaiacol with formaldehyde was carried out in a magnetically 

stirred glass reactor (capacity 50 mL) fitted with a reflux condenser and an arrangement 

for temperature control. In a typical experiment, 1:7 molar ratio of guaiacol to 

formaldehyde and SO3H-Fe3O4@MCM-41 catalyst (0.11 g/mL) were added to the reactor 

which was then heated to 70 
o
C for 3 h. The guaiacol conversion and product selectivity 

were determined by liquid sample analysis using a Hewlett-Packard model high pressure 

liquid 1050 chromatograph equipped with an ultraviolet detector (λmax = 278) on a 25 cm 

RP-18 column. 

2.5.1.3. Hydroxyalkylation of p-cresol with formaldehyde to give bisphenol 

The hydroxyalkylation reaction of p-cresol was carried out in a round bottom glass 

reactor (50 mL capacity) fitted with a reflux condenser and an arrangement for 

temperature controller as shown in Fig. 2.11. In a typical procedure, calculated quantities 
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of p-cresol, formaldehyde, toluene as a solvent and Al-montmorillonite catalyst were 

added and the reaction mixture was stirred at 80 
o
C temperatures for 2 h. The p-cresol 

conversion and selectivity of the products were determined by using a gas chromatograph 

(HP 6890) equipped with flame ionization detector (FID) and an HP-5 capillary column 

(0.25 μm cross-linked methyl silicone gum, 0.32 mm×30 m). 

 

 

 

 

 

 

 

 

       Fig. 2.11. Atmospheric experimental set-ups for hydroxyalkylation reactions 

2.5.2. Oxidation reactions 

2.5.2.1. Vanillyl alcohol to vanillin  

In a typical experiment, 0.5 g of NaOH and 70 mL of isopropanol were heated in a flask 

with a reflux condenser until the NaOH dissolved completely. This NaOH solution was 

charged with 0.5 g of vanillyl alcohol and 0.1 g catalyst into a 300 mL Parr autoclave. 

The reaction mixture was heated to 80 
o
C. After the desired temperature was attained, the 

reactor was pressurized with 6.8 bar air. Then the reaction was started by agitating the 

contents at 1000 rpm and was continued for 6 h. After 6 h, the reactor was cooled to room 
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temperature and the unabsorbed air was vented out. Then the contents of the reactor were 

discharged and the final volume was recorded. 

2.5.2.2. Vanillyl alcohol to vanillin under base free condition 

In a typical experiment, vanillyl alcohol (0.5 g), catalyst (0.1 g) and acetonitrile (70 mL) 

were charged into a 300 mL Parr autoclave. The reaction mixture was heated to 140 
o
C. 

After the desired temperature was attained, the reactor was pressurized with 21 bar air 

pressure. Then the reaction was started by agitating at 1000 rpm. The reaction was 

continued for up to 2 h, then the reactor was cooled to room temperature and the 

unabsorbed air was vented out. The content of the reactor was discharged and the final 

volume was noted. 

2.5.2.3. p-cresol to p-hydroxybenzaldehyde  

In a typical experiment, 6.0 g p-cresol, 6.2 g NaOH and 50 ml methanol were heated in a 

round bottom flask with a reflux condenser until the NaOH dissolved completely. This 

reaction mixture was charged to a 300 mL par autoclave. Then 0.2 g catalyst was added, 

and the reaction mixture was heated to 373 K. After the desired temperature was attained, 

the reactor was pressurized with 2.7 bar oxygen. Then the reaction was started by 

agitating at 1000 rpm. When the pressure decreased, the reactor was again filled by 

oxygen. This was continued up to 1 h. The progress of the reaction was monitored by 

observing the pressure drop in the reservoir vessel as a function of time. After 1 h the 

reactor was cooled to room temperature and the unabsorbed oxygen gas was vented out. 

Then the content of the reactor was discharged and the final volume was noted down. The 

final samples were analyzed by HPLC. 

2.5.2.4. Veratryl alcohol to veratraldehyde 

In a typical experiment, 0.5 g veratryl alcohol, 0.1 g catalyst and 60 ml acetonitrile were 

charged into a 300 ml Parr autoclave. The reaction mixture was heated to 120 
o
C. After 

the desired temperature was attained, the reactor was pressurized with 21 bar air pressure. 
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Then the reaction was started by agitating at 1000 rpm. The reaction was continued up to 

90 min. After 90 min. the reactor was cooled to room temperature and the unabsorbed air 

was vented out. Then the content of the reactor was discharged and the final volume was 

noted down. 

2.6. ANALYTICAL METHODS 

Analysis of phenol and vanillyl alcohol and their hydroxyalkylation products was done 

using Hewlett-Packard model 1050 liquid chromatograph equipped with an ultraviolet 

detector. HPLC analysis was performed on a 25 cm RP-18 column supplied by Hewlett-

Packard. The products and reactants were detected using a UV detector at λmax, 254 nm 

using 35% acetonitrile-water as mobile phase at a column temperature of 35 
o
C and the 

flow rate of 0.8 mL/min. Samples of 10 μL were injected into the column using an auto 

sampler. The p-cresol conversion and product yield (sum of DAM and trimer based on 

formaldehyde) and selectivity were determined with an HP 6890 series GC System 

(Hewlett Packard) coupled with FID detector and capillary column (HP-1 capillary 

column, 30 m length x 0.32 mm i.d.). The injector and detector temperatures were kept at 

250 
o
C. The oven temperature was programmed as follows: 80 

o
C (3 min), then 110 

o
C (2 

min, with ramp rate of 10 
o
C min

-1
) and finally 300 

o
C with ramp rate of 10 

o
C min

-1
. 

Helium gas was used as a carrier gas with the flow rate of 20 mL min
-1

. Authentic 

samples were used for calibration and quantifying the data.  

Analysis of the substrate and product of the oxidation reactions was carried out by using 

Thermo Scientific HPLC, model AS3000, liquid chromatograph equipped with an 

ultraviolet detector.  All the analysis was performed on 25 cm RP-18 column supplied by 

Hewlett-Packard. The products and reactant were detected using a UV detector at λmax = 

254 nm. Aqueous methanol (50%) was used as a mobile phase at a column temperature 

of 35 
o
C and a flow rate of 0.7 mL min

-1
. Samples of 20 μL were injected into the column 

using an auto sampler. 
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3.1. INTRODUCTION 

Hydroxyalkylation reactions are of great interest in fine chemistry, because they enable 

functionalization of aromatic compounds and offer a wide range of possibilities for the 

preparation of high value-added compounds that find applications in areas including 

medicine and pharmacy, agriculture, dye industry, and many others as discussed in 

chapter 1of Section A (section 1.2). In this chapter, study on detailed catalyst 

characterization, activity evaluation and acidity–activity relationship of solid acid 

catalysts for the industrially important hydroxyalkylation reactions is discussed. Three 

different solid acid catalysts developed were: 

a)  MCM-41 supported phosphotungstic acid (PTA/MCM-41) for the 

hydroxyalkylation of phenol to phenolphthalein. 

b)  SO3H-MCM-41@Fe3O4 catalyst for the hydroxyalkylation of guaiacol to vanillyl 

alcohol. 

c)  Metal cation-exchanged montmorillonite clay catalysts for the hydroxyalkylation 

of p-cresol to 2, 2′-methylenebis (4-methyl phenol). 

The reasons for the selection of these three catalysts were:  

(a) HPA is known to have excellent acidic properties. However, in a polar medium HPA 

gets dissolved hence MCM-41 was used as a matrix to hetrogenize HPA in a polar 

medium also and this approach gave very good results. 

(b) MCM-41 itself was then functionalized with SO3H and Fe3O4 was also incorporated 

to make the catalyst separation more easy, merely by applying the magnetic field.  

(c) Montmorillonite clay possesses some acid sites however, the strength may not 

sufficient for catalyzing the hydroxyalkylation reaction, which generally needs Brönsted 

acidity. Hence, the montmorillonite clay was modified by incorporating suitable metal 

cations.  
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Each of the three catalysts was evaluated for three different industrially important 

hydroxyalkylation reactions, the discussion of which is presented below.  

3.2. MCM-41 SUPPORTED PHOSPHOTUNGSTIC ACID FOR THE 

HYDROXYALKYLATION OF PHENOL TO PHENOLPHTHALEIN 

Condensation of phenol with phthalic anhydride in the presence of acid catalyst give 

phenolphthalein (Scheme 3.1), which has wide ranging applications in polymer industry 

as already discussed in Section A (section 1.2) of chapter1.The available processes for 

phenolphthalein synthesis utilizing mineral or Lewis acids are time-consuming (15−20 h) 

and energy intensive due to tedious separation and recovery steps for pure products from 

homogeneous reaction crude. The most commonly used Lewis acid for phenolphthalein 

manufacture is ZnCl2 required in relatively large amounts (0.6 moles for per mole of 

phthalic anhydride), [1] which increases the viscosity with the progress of the reaction. 

Hence, it was desirable to develop a suitable heterogeneous catalyst.  

OH

2 O

O

O

O

O

HO

OH

20% PWA/MCM-41

-H2O

Fluoran

Isophenolphthalein

2-(4-hydroxybenzoyl)
benzoic acid

Phenol Phthalicanhydride

Phenolphthalein  

Scheme 3.1. Synthesis of phenolphthalein from phenol and phthalic anhydride 

Phosphotungstic acid (PTA) is one of the best solid materials having strong acidity for 

catalyzing various organic reactions of practical interest. Two major drawbacks of PTA, 

namely, (i) very low surface area and (ii) their instability in polar solvents, limit their 

applicability on a wide scale. In our work, MCM-41 was chosen as a matrix to 

impregnate the PTA, in order to enhance catalyst stability in polar media as well as 

higher dispersion for better exposure of the acid sites [2]. This approach was found to be 

successful giving an active and selective solid acid catalyst for condensation of phenol 

and phthalic anhydride to form phenolphthalein. The activity of PTA/MCM-41 has been 
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also compared with those of different other solid acid catalysts like PTA/Mont K10, and 

Mont KSF/O. The versatility of our catalyst system was also proven by its activity for 

hydroxyalkylation of phenol and p-cresol to the corresponding dihydroxydiarylmethane 

(DAM) compounds. 

3.2.1. Experimental  

PTA with different loadings (10−30%) dispersed on MCM-41 were prepared by wet 

impregnation method and the detail experimental procedure of their preparation has been 

described in chapter 2 of Section A (section 2.3.1.1). The catalysts were characterized by 

XRD, N2 adsorption-desorption isotherm, NH3-TPD, and pyridine-FTIR techniques 

according to the procedure described in chapter 2 of Section A (sections 2.4.1, 2.4.2, 

2.4.3 and 2.4.4). The activity testing of prepared catalysts was carried out in a 

magnetically stirred glass reactor (capacity 50 mL), fitted with a reflux condenser for the 

hydroxyalkylation of phenol to phenolphthalein following the experimental procedure 

described in chapter 2 of Section A (sections 2.5.1.1). Liquid samples were analyzed by a 

Hewlett-Packard model 1050 chromatograph equipped with an ultraviolet detector (λmax 

= 254 nm) on a 25 cm RP-18 column.  

3.2.2. Results and discussion  

3.2.2.1. Catalyst characterization  

Low angle XRD diffractograms of pure MCM-41 and PTA/MCM-41 samples are shown 

in Fig. 3.1. The pure MCM-41 sample (Fig. 3.1. a) showed three (100), (110), and (200) 

diffraction peaks below 10° (2θ), which indicate the formation of an ordered hexagonal 

mesoporous structure [3, 4]. Interestingly, 10%, 20%, and 30% PTA/MCM-41 samples 

also showed XRD peaks (Fig. 3.1. b-d) similar to that of parent MCM-41; however, the 

intensity of (100) reflection peak of the MCM-41 diminished with an increase in PTA 

loading from 10 to 30% (Fig. 3.1). This decrease in the intensity of (100) peaks could be 

due to the beginning of disorder in the hexagonal structure of MCM-41 support with the 

increase in PTA loading [5]. 
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Fig. 3.1. Low angle XRD patterns of calcined materials: (a) MCM-41, (b) 10% 

PTA/MCM-41, (c) 20% PTA/MCM-41, and (d) 30% PTA/MCM-41 

 Wide angle X-ray diffraction patterns of MCM-41, PTA/MCM-41, and bulk PTA 

are shown in Fig. 3.2. The parent MCM-41 shows a broad band in the range of 2θ = 

15−40°, which is a characteristic of siliceous material [6]. All PTA/MCM-41 samples 

(10−30% PTA loading on MCM-41) showed XRD patterns (Fig. 3.2b −d) similar to that 

of parent MCM-41. No separate crystal phase characteristic of bulk PTA exists in the 

10%, 20%, and 30% PTA/MCM-41 samples due to the larger surface area of MCM-41. 

This also confirms the high dispersion of PTA on MCM-41 support. 

 

 

 

 

Fig. 3.2. Wide angle XRD patterns of (a) MCM-41, (b) 10% PTA/MCM-41, (c) 20% 

PTA/MCM-41, (d) 30% PTA/MCM-41, and (e) bulk PTA 
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The acidic properties of the samples with PTA loading ranging from 10 to 30% were 

investigated by FT-IR spectroscopy of adsorbed pyridine and NH3-TPD measurements. 

FT-IR spectra of chemisorbed pyridine showed both Bro  nsted as well as Lewis acid sites 

in these samples (Fig. 3.3). The band at 1545 cm
−1

 (pyridinium ion) was assigned to 

Bro  nsted acid sites, whereas bands at 1610 and 1450 cm
−1

 (pyridine coordinated to Lewis 

acid sites) were assigned to Lewis acid sites. The band at 1490 cm
−1

 (hydrogen bonded 

pyridine) is common to both types of acidic sites [7, 8]. The surface of MCM-41 

contained only Lewis acid sites, but as PTA was dispersed on MCM-41, both Bro  nsted as 

well as Lewis acid sites were observed. The acidity increased gradually with increasing 

PTA loading, as revealed by the acidity measurement (NH3-TPD) shown in Fig. 3.4. 

Parent MCM-41showed (Fig. 3.4a) a very small hump indicating low acidity which was 

in accordance with the results of pyridine IR (Fig. 3.3) while PTA/MCM-41 samples with 

various PTA loadings, showed broad desorption peaks near 573 K (Fig. 3. 4b−d). 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3. FT-IR pyridine spectra of MCM-41 and 10−30% PTA/MCM-41catalysts 

30% PTA/MCM-41 

20% PTA/MCM-41 

10% PTA/MCM-41 
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Fig. 3.4. NH3-TPD profiles of (a) MCM-41, (b) 10% PTA/MCM-41, (c) 20% 

PTA/MCM-41, and (d) 30% PTA/MCM-41 catalysts 

The concentration of acid sites (in terms of NH3 desorbed) of parent MCM-41 increased 

from 0 to 0.9 μmol S
−1 

with an increase in PTA loading from 0 to 30% (Table 3.1). 

Table 3.1. Textural properties of the catalysts 

Catalysts Surface 

area (m
2
/g) 

Pore size 

BJHdes(nm) 

Pore volume 

BJHdes (cc/g) 

NH3 desorbed 

(μmol/S) 

MCM-41 1250 3.98 1.28 Nil 

10%PTA/MCM-41 1050 3.84 0.98 0.2 

20%PTA/MCM-41 1036 3.72 0.96 0.4 

30%PTA/MCM-41 619 3.57 0.55 0.9 

Bulk PTA 8.3 - - 93.6 

20%PTA/Mont K10 130 - - 4.8 

Montmorillonite 

KSF/O 

128.4 - - 6 

Nitrogen adsorption–desorption measurements were used to study the textural properties 

of the prepared catalysts. A typical isotherm of the MCM-41 and 20% PTA/MCM-41 

samples are shown in Fig. 3.5 curves a and b, respectively. Isotherms of MCM-41 and 



Section A:Chapter 3   Solid acid Catalysts for Hydroxyalkylation React.... 

 

Ph.D Thesis, University of Pune Page 58 
 

20% PTA/MCM-41 showed a type IV isotherm having a hysteresis loop at p/po = 

0.3−0.4, which is a characteristic of mesoporous materials [9]. With increasing PTA 

loading, the hysteresis loop became gradually shorter corresponding to a reduction in the 

pore volume. A bend in the adsorption−condensation region, at p/po = 0.3−0.4 for the 

20% PTA/MCM-41 sample could be due to dispersion of PTA over the walls of MCM-

41 [10]. Table 3.1 shows values of BET surface area, pore size, and pore volume for 

MCM-41 and supported PTA catalysts. It was observed that parent MCM-41 had the 

highest surface area and pore volume among the prepared catalysts, [11] while an 

increase in PTA loading caused a reduction in the pore volume and notable compression 

of the pore size distribution, which seems logical as the impregnated PTA was dispersed 

and deposited on the support surface, decreasing the pore diameter and thus diminishing 

the surface area [12]. 

 

 

 

 

 

 

 

Fig. 3.5. Adsorption isotherms of (a) MCM-41 and (b) 20% PTA/MCM-41 catalysts 

These observations were also consistent with the low angle XRD results, which showed a 

decrease in intensity of the (100) diffraction peak due to diminishing hexagonal order 

structure with PTA loading. However, the average pore size distribution of the prepared 

catalysts was centered at about 24.5 Å, the same as that of parent MCM-41 (Fig. 3.6). 
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Fig. 3.6. Pore size distribution of MCM-41 and 20% PTA impregnated MCM-41 

catalysts 

3.2.2.2. Catalytic activity of 20% PTA/MCM-41 

Phenolphthalein synthesis is an acid-catalyzed condensation reaction of phenol and 

phthalic anhydride, for which various solid acid catalysts were screened (Fig. 3.7). 

Among these, 20% PTA/MCM-41 catalyst showed better activity and selectivity to 

phenolphthalein. Almost negligible activity of MCM-41 (not shown in the figure) was 

due to its extremely low concentration of acidic sites (Figs. 3.3 and 3.4) which was a 

more predominant factor than its surface area (Table 3.1). On the other hand, bulk PTA 

showed lowest activity as compared to the supported PTA catalysts despite its strong 

Bro  nsted acidity. The very low surface area (<10 m
2
/g) of bulk PTA causes limited 

availability of acidic sites on the surface, [8] hence lower activity for acid catalyzed 

hydroxyalkylation of phenol and phthalic anhydride. When bulk PTA was dispersed on 

MCM-41, a number of active sites on the surface increased considerably leading to 

higher activity of supported PTA catalysts as compared to bulk PTA.  
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Fig. 3.7. Catalyst screening for the synthesis of phenolphthalein. Reaction conditions: 

phenol, 34.0 mmol; phthalic anhydride, 16.2 mmol; catalyst concentration, 0.1 g/cm
3
; 

temperature, 423 K; time, 3 h; mole ratio of phenol to phthalic anhydride, 2:1 

In case of 20% PTA/Mont K10 and Mont KSF/O catalysts, conversion of phthalic 

anhydride was less than that of PTA supported catalysts but higher than bulk PTA. This 

result could be due to the lower surface areas of 20% PTA/Mont K10 and Mont KSF/O 

catalysts as compared to the PTA/MCM-41catalysts but higher than bulk PTA. The 

catalyst performance of 20% PTA/MCM-41 was also evaluated for the hydroxyalkylation 

of phenol and p-cresol with formaldehyde (Schemes 3.2 and 3.3, respectively) to give 

corresponding DAM. For the hydroxyalkylation of phenol, 20% PTA/MCM-41 showed 

31% conversion of phenol with 94 and 6% selectivity to bisphenol F and trimers, 

respectively. While for the p-cresol hydroxyalkylation reaction, it gave 34% conversion 

with 97 and 3% selectivity to DAM and trimer, respectively. The catalyst activity and 

reusability results of 20% PTA/MCM-41 for the hydroxyalkylation of phenol and p-

cresol are discussed in the later section (Fig. 3.13. a,b). 

 

Scheme 3.2. Hydroxyalkylation of phenol with formaldehyde 

OH

H H

O
HO OH

Bisphenol F / DAM

OHHO
OH

TrimerPhenol
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OH

H H

O

OH OH

2, 2'-methylenebis (4-methylphenol)

OH OH OH

Trimer
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Scheme 3.3. Hydroxyalkylation of p-cresol with formaldehyde 

 The effect of the mole ratio of phthalic anhydride to phenol on conversion and 

phenolphthalein selectivity were studied in the range of 1:1 to 1:3 for 20% PTA/MCM-41 

catalyst by varying the concentration of phenol at a constant phthalic anhydride 

concentration, and the results are presented in Fig. 3.8.  

 

 

 

 

 

 

 

Fig. 3.8. Influence of mole ratio of phenol to phthalic anhydride on the conversion of 

phthalic anhydride catalyzed by 20% PWA/MCM-41.Reaction conditions: temperature, 

150 
o
C; time, 3 h; catalyst weight, 0.1 cm

3
/g; mole ratio of phenol to phthalic anhydride, 

1:1 to 1:3.   
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The conversion of phthalic anhydride increased from 17 to 40% as the mole ratio of 

phthalic anhydride to phenol increased from 1:1 to 1:2. Since the formation of 

phenolphthalein involves the condensation of two moles of phenol with one mole of 

phthalic anhydride, conversion of the latter was facilitated with an increase in phenol 

amount from 1:1 to 1:2. With a further increase in the mole ratio from 1:2 to 1:3, the 

conversion of phthalic anhydride decreased from 40 to 32%, while selectivity to 

phenolphthalein remained almost constant (91%). This could be explained based on the 

competition between phenol and phthalic anhydride molecules for active acid sites of the 

catalyst. Since nucleophilicity of the phenol molecule is higher than that of phthalic 

anhydride, causing better adsorption of the former rather than the latter on active acid 

sites resulted in lower conversion of phthalic anhydride. 

The effect of the catalyst concentration in the range of 0.02−0.1 g/cm
3
 on the conversion 

of phthalic anhydride and phenolphthalein selectivity was also studied, and the results are 

presented in Fig. 3.9.  

 

 

 

 

 

 

Fig. 3.9. Effect of catalyst amount on conversion and selectivity. Reaction conditions: 

phenol, 34.0 mmol; phthalic anhydride, 16.2 mmol; catalyst concentration, 0.02−0.1 

g/cm
3
; temperature, 150 

o
C; time, 3 h; mole ratio of phenol to phthalic anhydride, 2:1; 

catalyst, 20% PTA/MCM-41 
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The conversion of phthalic anhydride and selectivity to phenolphthalein increased from 

14 to 40% and 84 to 91%, respectively, with an increase in catalyst concentration from 

0.02 to 0.1 g/cm
3
. This is obvious since with the increase in catalyst concentration; the 

acidic sites also increased, which facilitated the reaction of initially formed carbinol with 

a second molecule of phenol to give phenolphthalein. 

The effect of temperature on both conversion of phthalic anhydride and phenolphthalein 

selectivity was studied in the temperature range of 393−453 K (Fig. 3.10). The 

conversion of phthalic anhydride increased from 33 to 51%, while selectivity to 

phenolphthalein decreased from 91 to 80% with an increase in temperature from 393 to 

453 K. The low phenolphthalein selectivity could be due the formation of undetected 

tarry product by further reaction of phenolphthalein with available phenol. This also led 

to a lowering of the material balance from 98 to 81%. 

 

 

 

 

 

 

 

Fig. 3.10. Effect of temperature on conversion and selectivity. Reaction conditions: 

phenol, 34.0 mmol; phthalic anhydride, 16.2 mmol; catalyst concentration, 0.1 g/cm
3
; 

temperature, 393−423 K; time, 3 h; mole ratio of phenol to phthalic anhydride, 2:1; 

catalyst, 20% PTA/MCM-41. 



Section A:Chapter 3   Solid acid Catalysts for Hydroxyalkylation React.... 

 

Ph.D Thesis, University of Pune Page 64 
 

The effect of reaction time on the phthalic anhydride conversion and phenolphthalein 

selectivity was studied for a mole ratio of 1:2 (Fig. 3.11). The conversion of phthalic 

anhydride increased from 26 to 40%, while selectivity to phenolphthalein remained 

almost constant (91%) with an increase in reaction time from 1 to 3 h. With further 

increase in reaction time from 3 to 5 h, the conversion of phthalic anhydride increased 

from 40 to 48%; however, undetected tarry products were also observed. 

 

 

 

 

 

 

Fig. 3.11. Effect of time on conversion and selectivity. Reaction conditions: phenol, 34.0 

mmol; phthalic anhydride, 16.2 mmol; catalyst concentration, 0.1 g/cm
3
, temperature, 

423 K; time, 1−5 h; mole ratio of phenol to phthalic anhydride, 2:1; catalyst, 20% 

PTA/MCM-41. 

 Catalyst recycling experiments for 20% PTA/MCM-41catalyst were carried out 

by separating the catalyst of the first run by filtration. It was then washed with 

dichloromethane and reused after calcination at 573 K for 3 h. Fig. 3.12 shows the results 

on catalyst recycle for phenolphthalein synthesis in which the conversion of phthalic 

anhydride decreased from 40 to 31% after first recycle experiment. Interestingly, the 

conversion only marginally decreased from 31 to 26% after the fourth recycle 

experiment. The initial loss of substantial activity was due to the leaching and dissolution 

of the supported PTA as confirmed by ICP−OES analysis. The elemental analysis of W 

present in PTA by ICP−OES showed 5.4% leaching of PTA from the support after the 
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first recycle experiment. The extent of leaching was marginal as indicated by 2.1%, 0.7%, 

and 0.2% after the second, third, and fourth recycles experiments. This was also reflected 

by the fact that used catalyst showed the same conversion of 26% after the third and 

fourth recycles experiments. Such type of leaching of PTA from the support was reported 

by many researchers in the case of PTA-supported catalysts [13−15]. 

 

 

 

 

 

 

 

Fig. 3.12. Recycle experiments for synthesis of phenolphthalein. Reaction conditions: 

phenol, 34.0 mmol; phthalic anhydride, 16.2 mmol; catalyst concentration, 0.1 g/cm3; 

temperature, 423 K; time, 3 h; mole ratio of phenol to phthalic anhydride, 2:1.  

The reusability of 20% PTA/MCM-41 was also studied for the hydroxyalkylation of 

phenol and p-cresol, and the results are presented in Fig. 3.13. a, b. The catalyst was 

found to retain its activity even after a fourth recycle experiment for the 

hydroxyalkylation of phenol (Fig.3.13a) and p-cresol (Fig.3.13b) with formaldehyde. The 

conversion of phenol and p-cresol was marginally decreased from 31 to 28% and 34 to 

32%, respectively, after the fourth recycle experiment. This slight decrease in the activity 

could be due to the handling loss of the catalyst as well as partial leaching of PTA from 

the support (<1.5% after the first recycle experiment). 
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Fig. 3.13. Recycle experiments for the hydroxyalkylation of (a) phenol and (b) p-cresol 

with formaldehyde. Reaction conditions: phenol/p-cresol, 40 mmol; formaldehyde, 5 

mmol; catalyst concentration, 0.03 g/cm
3
; temperature, 353 K; time, 2 h; mole ratio of 

phenol to formaldehyde, 5; solvent, toluene (12 mL). 

 A separate hydroxyalkylation experiment was also performed using a physical 

mixture of 20% PTA and 80% MCM-41 under similar reaction conditions, which showed 

a very low activity (17% conversion of phthalic anhydride with 90% selectivity to 

phenolphthalein) as compared to 20% PTA/MCM-41 catalyst in 3 h. This indicated that 

the dispersion of PTA over the MCM-41 in the case of 20% PTA/MCM-41, resulting into 

redistribution of acid sites, is mainly responsible for the catalytic activity. 

3.2.2.3. Plausible mechanistic pathway  

A plausible mechanistic pathway for the hydroxyalkylation of phenol with formaldehyde 

to give Bisphenol F (4, 4’-isomer) is shown in Scheme 3.4. In a commercial aqueous 

solution of formaldehyde (37%), the monomeric form of formaldehyde (around 40% with 

respect to total formaldehyde) is mostly present in the form of methylene glycol while, 

the remaining 60% of formaldehyde is in oligomeric form (polyoxymethylene glycols 

and polyoxymethylene hemiacetals). In the first step, methylene glycol is activated by a 

proton from the catalyst to form methyol cation (I) with release of a water molecule. The 

electrophilic attack of methyol cation on phenol takes place in the second step to form a 

resonance-stabilized carbocation (II). This is followed by a proton transfer from 
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carbocation (II) to the catalyst and a carbinol (p-hydroxy benzyl alcohol) (III) is formed 

with regeneration of the catalyst. The hydroxymethyl group of the carbinol abstracts a 

proton from the catalyst to form hydroxy benzyl carbocation (IV). Finally, the 

electrophilic attack of hydroxy benzyl carbocation on the second molecule of phenol 

followed by a proton transfer to catalyst gives bisphenol F (4, 4’-isomer) (V) with 

regeneration of the catalyst [16]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.4. Plausible mechanistic pathway for hydroxyalkylation of phenol 
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3.3. MAGNETICALLY SEPARABLE SOLID ACID CATALYST FOR THE 

HYDROXYALKYLATION OF GUAIACOL TO VANILLYL ALCOHOL 

Another novel solid acid catalyst developed for the hydroxalkylation reaction was a 

ferrite based MCM-41 functionalized with SO3H- group. This catalyst was evaluated for   

hydroxyalkylation of 2-methoxyphenol (guaiacol) to 3-methoxy-4-hydroxy benzyl 

alcohol (p-vanillyl alcohol) which involved in the multi stage synthesis of 3-methoxy-4-

hydroxybenzaldehyde (vanillin), an environmentally friendly process for the production 

of this important food additive (Scheme 3.5) [17]. Vanillin has wide ranging applications 

in foods and perfumes because of its flavor and also finds use in medicinal applications 

or as platform chemicals for pharmaceuticals production [18].  

 

 

 

 Scheme 3.5. Multi-step synthesis of vanillin starting from phenol 

Vanillyl alcohol is conventionally prepared by the hydroxyalkylation of guaiacol with 

formaldehyde or glyoxylic acid in presence of strong mineral acids like hydrochloric 

acid, or quarternary ammonium salts [19]. Although these reagents based process gave 

acceptable yields of the desired product, the procedure has some major drawbacks like 

difficulties in the separation and recovery of pure product from the reaction medium, 

handling of the reagents, problems due to corrosive nature of reagents and formation of 

inorganic wastes due to use of reagents in the stoichiometric quantities [20]. Among 

various solid acid catalysts, explored for this reaction zeolites were extensively used for 

the hydroxyalkylation of guaiacol to vanillyl alcohol [21]. Cavani et al. demonstrated that 

HM-45 zeolite is able to catalyze hydroxyalkylation of guaiacol, give 40% conversion 

and 70% selectivity to vanillyl alcohol [22]. Zeolites in their H
+
 form are the most widely 

used solid acids in petrochemistry and gas phase reactions. However, when moving to 

fine chemistry and for liquid phase, batch wise reactions typical of organic synthesis, 
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zeolites are not the universal acid catalysts. The main drawback of zeolites as general 

solid acids is their microporous nature (<1.0 nm) that imposes a severe restriction for the 

diffusion of substrates and products through the pores of the zeolites, it leads to a 

substantial decrease in the reaction rate [23]. Other solid acid catalysts like HPAs possess 

strong acidity having potential applications in acid catalyzed reaction [24]. Nevertheless, 

commercial applications of HPAs are rather restricted due to their very low surface area 

and high solubility in polar solvents [25]. Hence, there is a scope to develop such 

catalysts which can minimize the diffusion problem and show the catalyst stability during 

the reaction. 

As already discussed in chapter 1, selective hydroxyalkylation is a more challenging 

reaction due to its consecutive nature that lead to the predominant formation of 

dihydroxydiarylmethane as a by-product and deactivation of the catalyst was due to 

deposition of bulky and higher molecular weight condensation products on the catalyst 

surface. In this respect, hydroxyalkylation of guaiacol is still more challenging, in which 

a very high mole ratio (1:15 to 1:20) of guaiacol to formaldehyde is necessary to achieve 

the highest selectivity to the intermediate vanillyl alcohol [22]. When formaldehyde (37% 

aqueous) is one of the reactants, the major problem is the presence of water, which blocks 

the active sites of the catalyst, causing loss of catalytic activity. The development of 

hydrophobic solid acid catalyst is expected to minimize this problem. Therefore, we 

developed a solid acid catalyst comprising organo sulfonic acid (−CH2CH2CH2SO3H) 

grafted on to the porous walls of the mesoporous silica bonded magnetite. The acidic 

proton in the hydrophobic environment of organo modified mesoporous silica was active 

for hydroxyalkylation of guaiacol that gave 20% conversion and 60% selectivity to 

vanillyl alcohol (Scheme 3.6). 

 

 

   

  Scheme 3.6. Hydroxyalkylation of guaiacol with formaldehyde 
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Catalyst activity comparison study was carried out using various solid acids catalysts 

such as amberlyst-15, PTA supported on different supports like fumed SiO2, Mont K10, 

Mont KSF and sulfonic acid grafted on mesoporous silica bonded magnetite. These 

catalysts were characterized by BET surface area measurement, IR, HR-TEM, and by 

XRD. Effect of various reaction parameters like mole ratio of guaiacol to formaldehyde, 

reaction temperature, catalyst concentration and reaction time on guaiacol conversion and 

on product selectivity were also studied for the hydroxyalkylation of guaiacol. The 

reusability of the catalyst (SO3H-Fe3O4@MCM-41) was also evaluated by the catalyst 

recycle experiments. 

3.3.1. Experimental  

The magnetically separable solid acid catalyst was prepared through a direct synthetic 

method involving the co-condensation of tetraethoxysilane (TEOS) and mercaptopropyl 

trimethoxysilane (MPTMS) in the presence of commercial available magnetite and post 

oxidation of mercapto groups to sulfonic acids by using 30% hydrogen peroxide at room 

teperature. The detailed synthesis procedures are discussed in chapter 2 of Section A 

(section 2.3.1.2). Activity testing of the prepared catalysts was carried out in a 

magnetically stirred glass reactor (capacity 50 mL), fitted with a reflux condenser for the 

hydroxyalkylation of guaiacol to vanillyl alcohol following the experimental procedure 

described in sections 2.5.2. Liquid samples were analyzed by a Hewlett-Packard model 

1050 HPLC chromatograph equipped with an ultraviolet detector (λ max = 254 nm) on a 

25 cm RP-18 column. The catalysts were characterized by XRD, FTIR, TGA and HR-

TEM techniques according to the procedure described in chapter 2 of Section A (sections 

2.4.1, 2.4.9, 2.4.5 and 2.4.6). 

3.3.2. Results and discussion  

3.3.2.1. Catalyst characterization  

The low angle XRD patterns of SO3H-Fe3O4@MCM-41, synthesized by condensation 

and grafting methods are shown in Fig. 3.14. For Fe3O4@MCM-41sample, the three 

diffraction peaks in the low-angle XRD region were indexed as (100), (110) and (200), 
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respectively, are due to the hexagonal array of parallel mesoporous channels. After 

introducing the sulfonic groups onto the mesoporous wall of Fe3O4@MCM-41, the main 

peak (100) could still be observed clearly, but with slight decrease in intensity. This 

indicates the existence of the long-range order pores for the derivative sample also [26]. 

 

 

 

 

 

 

 

    Fig. 3.14. Low angle XRD patterns of Fe3O4@MCM-41and SO3H-Fe3O4@MCM-41 

Fig. 3.15 shows the wide angle XRD patterns of Fe3O4@MCM-41 and SO3H- 

Fe3O4@MCM-41.  

 

 

 

 

 

  

 

 Fig. 3.15. XRD patterns of Fe3O4@MCM-41and SO3H-Fe3O4@MCM-41 
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 Both the samples showed diffraction peaks at 2θ = 30.3°, 35.7°, 41.1°, and 49.5° which 

could be attributed to the parent magnetite. We did not observe any extra peaks due to 

other iron oxide phases (α- or γ- Fe2O3), which are thermodynamically stable and very 

prone to form when exposed in air. This indicates that iron oxide was covered with 

MCM-41. 

 

 

 

 

 

 

               Fig. 3.16. FT-IR spectra of functionalized materials 

Due to the paramagnetic nature of the nanoparticle Fe3O4, nuclear magnetic resonance 

(NMR) technique could not be used to confirm surface modifications on the SO3H- 

Fe3O4@MCM-41 (SO3H-MS). Instead, FT-IR technique was used to characterize organic 

functionalities. FTIR analysis of the functionalized materials showed similar spectra as 

seen in the literature [27]. The O–H stretching of surface hydroxyl groups and 

physisorbed water were present as broad peaks at 3000–3700 cm
−1

 and a sharper peak at 

1636 cm
−1

, respectively. An intense peak at 1000–1250 cm
−1

 corresponded to the Si–O 

stretch in the mesoporous silica shell. Evidence of the surface functionalization was could 

be made by the presence of C–H stretch and C–H bend in the spectra at 2800–3000 cm
−1

 

and 1417 cm
−1

, respectively (Fig. 3.16). 

The inclusion of the mercaptopropyl residue into the siliceous framework is clearly 

demonstrated with thermogravimetric measurements as shown in Fig. 3.17. Typical 
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weight loss curves of SH-Fe3O4@MCM-41 sample in air observed were: 1
st
 weight loss 

below 200 
o
C, corresponding to hydrated water in the catalyst and 2

nd
 weight loss at 343 

o
C, corresponding to the mercaptopropyl group. However, SO3H- Fe3O4@MCM-41 

sample showed one additional weight loss near to 460 
o
C, corresponding to SO3H- group. 

These observations indicate that sulfonic groups were grafted on the mesoporous 

material.  

 

 

 

 

 

Fig. 3.17. TGA curves of SH-Fe3O4@MCM-41 and SO3H-Fe3O4@MCM-41samples 

TEM images of SO3H-Fe3O4@MCM-41 catalyst display dark magnetic nanoparticles 

(50−80 nm) dispersed on the mesoporous silica shell (Fig. 3.18). The aggregation pattern 

 

 

 

 Fig. 3.18. HR-TEM images of SO3H-Fe3O4@MCM-41catalyst 

of these magnetic particles determines the shape and size of the final catalyst particles. 

Thus, these magnetic nanoparticles were successfully embedded in the mesoporous silica, 

leading to particles ranging in size from 150 to 300 nm. Moreover, the clear lattice 

fringes observed in the HR-TEM images further confirm the highly ordered hexagonal 
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arrays and two-dimensional mesoporous parallel channels. These results are in good 

agreement with the low angle XRD observations. 

3.3.2.2. Catalytic Activity 

The activity results of various solid acid catalysts screened for the hydroxyalkylation of 

guaiacol are shown in Fig. 3.19. Among the various catalysts screened, SO3H-

Fe3O4@MCM-41 catalyst showed the maximum (60%) selectivity to vanillyl alcohol 

(after 3 h) while DTP (or PTA) supported on fumed SiO2 and Mont K10, showed 

negligible activity for this reaction. However, DTP supported on Mont KSF/O showed 

the activity but it gave maximum selectively to the dimer product (DAM). Among all the 

screened catalysts, amberlyst-15 showed the highest conversion of guaiacol with 

maximum selectivity to DAM (78%). The lesser activity in case of DTP supported on 

SiO2, Mont K10 and Mont KSF/O can be explained on the basis of hydrophilic nature of 

catalysts.  

 

 

 

 

 

 

Fig. 3.19. Catalyst screening for vanillyl alcohol synthesis. Reaction conditions: molar 

ratio of guaiacol to formaldehyde (1:7); catalyst concentration, 150 mg; temperature, 70 

o
C; time, 3 h. 

As commercial formaldehyde has 63% water, competitive adsorption of water and the 

substrate may retard the hydroxyalkylation reaction, since, the nucelophilicity of water 
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oxygen is greater than formaldehyde oxygen, facilitating the co-ordination of water 

molecules with the acidic sites of the catalyst. Among amberlyst-15 and SO3H-

Fe3O4@MCM-41catalysts, former has the strong acidity than the latter and that is why it 

gave highest conversion of guaiacol. However, it also promotes the further reaction of 

vanillyl alcohol with guaiacol and yields DAM (62%). Due to mild acidity of SO3H-

Fe3O4@MCM-41 as compared to that of amberlyst 15 and its hydrophobic nature, it gave 

the highest selectivity to the desired product i.e.  vanillyl alcohol (60%). The observed 

activity and selectivity patterns of various catalysts studied in this work strongly indicate 

that mild acidity and hydrophobicity of the catalyst was highly desirable for the selective 

hydroxyalkylation of guaiacol to vanillyl alcohol. Since SO3H-Fe3O4@MCM-41showed 

the highest selectivity (60%) to vanillyl alcohol, further optimization of reaction 

conditions was carried out by using SO3H-Fe3O4@MCM-41 catalyst. 

 The effect of reaction time on the guaiacol conversion and product selectivity was 

studied for guaiacol to formaldehyde mole ratio of 1:7 at 70 
o
C. It was found that the 

guaiacol conversion increased from 12 to 30% with increase in reaction time from 2 to 6 

h (Fig. 3.20).  

 

 

 

 

 

 

Fig. 3.20. Effect of time on conversion and selectivity. Reaction conditions: molar ratio 

of guaiacol to formaldehyde (1:7); catalyst concentration, 150 mg; temperature, 70 
o
C; 

time, 6 h. 
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However, this led to the decrease in vanillyl alcohol selectivity from 65 to 30%. This 

decrease in vanillyl alcohol selectivity was mainly because of the reaction of initially 

formed vanillyl alcohol with guaiacol to give DAM and its higher homologues. The 

optimum reaction time of 3 h was found to give the high catalyst activity (20% 

conversion of guaiacol) with 60% vanillyl alcohol selectivity. 

Effect of mole ratio of guaiacol to formaldehyde on the conversion and product 

selectivity was studied in the range of 1:3 to 1:10 using SO3H-Fe3O4@MCM-41catalyst 

by varying the concentration of formaldehyde at a constant guaiacol concentration and 

the results are shown in Fig. 3.21. The conversion of guaiacol decreased from 40 to 15% 

as the mole ratio of guaiacol to formaldehyde increased from 1:3 to 1:10, but this leads to 

the increase of vanillyl alcohol selectivity from 29 to 63% and decrease of  

dihydroxydiarylmethane (DAM) selectivity from 61to 27% . The other products formed 

were mainly ether of vanillyl alcohol e.g. 2-methoxy-4-(methoxymethyl) phenol and 2-

methoxy-6- (methoxymethyl) phenol. The lower guaiacol conversion (15%) was mainly 

because of the blockage of active sites of the catalyst by more polar water molecules 

present in excess amount of formaldehyde for a mole ratio of 1:10 as compared to 1:3, 

1:5 and 1:7 mole ratios. The formation of vanillyl alcohol (60 and 64%) at moles ratio of 

1:7 and 1:10 respectively, was due to the availability of formaldehyde in excessive 

amount which minimizes the formation of DAM. Mole ratio of 1:7 shows the best 

compromise between high catalyst activity (20% conversion of guaiacol) and selectivity 

to vanillyl alcohol (60%). It is interesting to note that the highest selectivity to vanillyl 

alcohol (60-70%) has been reported in the literature for a very high mole ratio (1:15 to 

1:20) of guaiacol to formaldehyde [22].  
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Fig. 3.21. Influence of mole ratio of guaiacol to formaldehyde. Reaction conditions: 

molar ratio of guaiacol to formaldehyde (1:3 to 1:10); catalyst concentration, 150 mg; 

temperature, 70 
o
C; time, 3 h. 

Effect of catalyst concentration in the range of 0.014 to 0.028 g/cm
3
 on guaiacol 

conversion and product selectivity was also studied and the results are shown in Fig. 

3.22. The guaiacol conversion increased from 15 to 28% with increase in catalyst 

concentration from 100 to 200 mg with 1:7 mole ratio of guaiacol to formaldehyde. This 

is obvious since with increase in catalyst concentration enhance the availability of  the 

acidic sites which facilitate the conversion of guaiacol to the products. However, the 

selectivity to vanillyl alcohol decreased significantly from 65 to 43% and that of DAM 

increased from 28 to 56% as the catalyst concentration increased from 100 to 200 mg. 

The decrease in vanillyl alcohol selectivity was due to its further conversion to DAM 

because of increase in acidic sites at higher catalyst concentration. The selectivity to other 

products remained almost constant (7%). 
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Fig. 3.22. Effect of catalyst amount on conversion and selectivity. Reaction conditions: 

molar ratio of guaiacol to formaldehyde, 1:7; catalyst concentration, 100-200 mg; 

temperature, 70 
o
C; time, 3 h. 

The stability of the catalyst under the reaction conditions was studied by catalyst recycle 

study. Since, this was a magnetically separable catalyst it could be quantitatively 

recovered by simply applying a strong magnetic field using a bar magnet as shown in Fig. 

3.23. The magnetic characterization of the catalyst done by VSM at room temperature 

showed no hysteresis loop of the SO3H-Fe3O4@MCM-41catalyst (Fig. 3.24), suggesting 

the super-paramagnetic characteristics of the catalyst can be exploited for its separation. 

The catalyst thus recovered was then washed two times with 20 mL of methanol, dried at 

100 
o
C in a vacuum oven for 3 h, and then reused for subsequent recycle experiments. 

The reused catalyst was found to retain its activity even after 3
rd

 recycle experiment as 

shown in Fig. 3.25, giving 20% conversion of guaicol with 60% selectivity to vanillyl 

alcohol. Efficient recyclability of the catalyst proved the successful grafting of SO3H− on 

silica coated magnetite, exhibiting its stability under reaction conditions. 
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 Fig. 3.23. Magnetic separation of finely dispersed SO3H-MS catalyst 

 

 

 

 

 

 

 Fig. 3.24. VSM of the SO3H-MS catalyst at room temperature 

 

 

 

 

 

 

Fig. 3.25. Recycle study for vanillyl alcohol synthesis. Reaction conditions: molar ratio 

of guaiacol to formaldehyde, 1:7; catalyst loading, 150 mg; temperature, 70 
o
C; time, 3 h. 
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3.4. METAL CATION-EXCHANGED MONTMORILLONITE CLAY 

CATALYST FOR HYDROXYALKYLATION OF p-CRESOL TO 2, 2′-

METHYLENEBIS (4-METHYL PHENOL) 

Clay material like mont KSF/O, mont K10, mont K30 etc. are well known to catalyze 

many organic transformations which otherwise require acid reagents [28]. Clay minerals 

represent a convenient source to prepare potential solid acid catalysts because of their 

environmental compatibility, low cost and easy availability. Pillared and metal cation-

exchanged clays with modified porosity, acidity and thermal stability have been well 

reported for acid catalyzed reactions. [29] Between the two, metal cation-exchanged 

clays are relatively less explored as catalysts except cation-exchanged montmorillonite 

for acylation and alkylation reactions. [30, 31] As PTA impregnated on montmorillonite 

and fumed silica were reported to be the efficient catalysts for the hydroxyalkylation of 

phenols [32]. Here we report for the first time, the montmorillonite clay exchanged with a 

series of metal cations (Al
3+

, Fe
3+

 and Zn
2+

) for the hydroxyalkylation of p-cresol with 

formaldehyde (Scheme 3.6).  

  

 

Scheme 3.7. Hydroxyalkylation of p-cresol to 2, 2′-methylenebis (4-methylphenol). 

Montmorillonite is a member of the smectite clay family [33] and has 2:1 structure i.e. 

octahedral layer of Al is sandwiched between two tetrahedral layers of silicon 

coordinated with oxygen (TOT) exhibiting overall weak acidity. The crystalline sheets of 

negatively charged aluminosilicates are balanced by hydrated cations (Na
+
, K

+
 or Ca

2+
) in 

the interlayer spaces of montmorillonite as already discussed in chapter 1 of section A 

(1.3.2). The most interesting features of the smectite clay are their intercalation, swelling 

and cation exchange capacity which improve the catalytic properties of smectite clay. 

OH OH OHOHOH OH

OH

OH

Solid acid catalyst

H H

O

2,2`-methylenebis (4-methylphenol)

(DAM)
Trimer 2-(hydroxymethyl)

-4-methylphenol (Carbinol)
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When smectite clay is immersed into the solution of metal cations, both the intercalation 

of water molecule and swelling occur. The suspended clay can also freely exchange its 

interlayer cations for other metal cations in solution, which can substantially increase the 

acidity of the clay [34]. The substitution of exchangeable cations, by highly polarizing 

species of small radius such as Al, Zn or Fe, [35, 36] results in the alteration of Brönsted 

and Lewis acid sites as well as clay architecture (delamination), which subsequently 

influences the activity–selectivity pattern for the hydroxyalkylation of p-cresol. The aim 

of our present work is to study the effect of metal cations exchange on textural properties 

of montmorillonite clay and thereby on the pattern of activity–selectivity. In the present 

study, Al, Zn and Fe metal cation-exchanged clay catalysts were prepared and evaluated 

for the hydroxyalkylation of p-cresol. The stability and life-time of the catalyst were 

studied by catalyst recycle experiments. 

3.4.1. Experimental  

The catalysts were prepared by cation-exchange process and the detail experimental 

procedure of their preparation has been described in Section A (2.3.1.3) of chapter 2. The 

catalysts were characterized by various techniques including BET surface area 

measurements, X-ray powder diffraction (XRD), ammonia temperature programmed 

desorption (NH3-TPD) and pyridine-IR techniques according to the procedure described 

in sections 2.4.2, 2.4.1, 2.4.3 and 2.4.4. The activity testing of prepared catalysts was 

carried out in a magnetically stirred glass reactor (capacity 50 mL), fitted with a reflux 

condenser for hydroxyalkylation of p-cresol with formaldehyde to give 2, 2′-

methylenebis (4-methyl phenol) (DAM) following the experimental procedure described 

in sections 2.5.3. Liquid samples were analyzed by using a gas chromatograph (HP 6890) 

equipped with flame ionization detector (FID) and an HP-5 capillary column (0.25 μm 

cross-linked methyl silicone gum, 0.32 mm×30 m). 
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3.4.2. Results and discussion  

3.4.2.1. Catalyst characterization   

The X-ray diffraction (XRD) measurements provide a powerful tool to understand the 

changes in the interior of the clay microenvironment. Powder XRD-pattern of 

montmorillonite and different cation-exchanged montmorillonite samples are shown in 

Fig. 3.26. The d001 basal spacing from the XRD patterns was used to examine the 

structural changes that occurred during the preparation of the cation exchanged clay [37]. 

The d001-values for the basal reflection at 2θ = 9.1° in Zn
2+

 and Fe
3+

-exchanged 

montmorillonite samples were almost similar to the parent montmorillonite (9.63 Å), 

indicating that the interlayer separation was not affected by the Zn
2+

 and Fe
3+

 exchange 

process. However, in the case of Al
3+

, a slight shift in the position of the 001 reflection at 

2θ = 8.8° from a d-value of 9.63 to 9.95 Å was recorded, which was also accompanied by 

a decrease in intensity of the 001 reflection from 51 to 27% as compared to the same 

reflection in the parent montmorillonite sample. This was because of the delamination of 

montmorillonite layers taking place due to a higher extent of polarizability of Al
3+

 

cations. A similar observation was reported as irregular stacking of the layers in the case 

of acid-activated montmorillonite clay [38]. Further evidence for delamination was the 

increase in surface area of parent montmorillonite from 19 to 47 m
2
/g after Al

3+
 exchange 

(Table 3.2) [39]. During cation exchange process, the layered structures of mont clay are 

separated from each other and after drying, the sheets do not come to their original 

position, which lead to the change in morphology and characterized by high surface area. 

The non-basal X-ray reflections, which are a characteristic of montmorillonite (M in Fig. 

3.26) were found at 2θ =19.5 and 35.5°. Other reflections at 2θ = 20.8, 26.5 and 27.9° can 

be attributed to quartz phase (Q in Fig. 3.26), which was present as an impurity [40]. 
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Fig. 3.26. Wide angle XRD patterns of: (a) Montmorillonite, (b) Zn-montmorillonite, (c) 

Fe-montmorillonite and (d) Al-montmorillonite 

Table 3.2 Textural properties of the metal cation exchanged catalysts 

 

As the hydroxyalkylation reaction is catalyzed by acid sites, the total acidity as well as 

the nature of acid sites of our catalysts were determined by NH3-TPD and pyridine IR, 

respectively. The increase in total acidity of various montmorillonite samples observed 

by the NH3-TPD measurements was in the following order: montmorillonite < Zn-

montmorillonite < Fe-montmorillonite < Al-montmorillonite. As the trivalent cations 

Catalysts Surface 

area 

(m
2
/g) 

Amount of 

NH3 desorbed 

(mmol/g) 

NH3-TPD (%) 

distribution of acidic sites 

   Region I 

(LT-peak) 

Region II 

(HT-peak) 

Montmorillonite 19 0.06 97 3 

 

Zn-montmorillonite 21 0.09 96 4 

 

Fe-montmorillonite 35 0.14 89 11 

Al-montmorillonite 47 0.25 87 13 
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possess the highest polarizability, Al-exchanged clay with higher acidity was expected to 

be more active than divalent or monovalent ion-exchanged clays. The maximum acid 

sites in all the samples were found to be in the medium temperature range of 330 to 550 

K (Table 3.2). As illustrated in Fig. 3.27, a progressive shift of medium temperature peak 

was observed while going from montmorillonite, Zn
2+

, Fe
3+

 and Al
3+

, indicating the 

increase in strength of acid sites as also evidenced by increase in values of NH3 

desorption from 0.06 to 0.25 mmol/g in the same order. 

 The pyridine IR spectrum of parent montmorillonite and cation-exchanged 

montmorillonite samples is shown in Fig. 3.28. The pyridine-IR of the parent 

montmorillonite showed a broad hump in the region of 1600–700 cm
−1

 and a small peak 

at 1490 cm
−1

 indicating the combination of Brönsted and Lewis acidities [41]. With 

change in cations from Zn
2+

, Fe
3+

 and Al
3+

 the intensity of the peak at 1490 cm
−1

 

increased progressively indicating an increase in the strength of the mixed acid sites. At 

the same time, the intensity of the peak at 1550 cm
−1

 increased in the same order 

confirming the increase in acidity was due mainly to the contribution from Brönsted acid 

sites which was maximum for Al-montmorillonite. This was mainly responsible for the 

highest catalytic activity of Al-montmorillonite, as discussed later. Brönsted acidity arises 

as per the reaction shown below.  

[M(OH2)x]
m+

→ [M(OH) (OH2)x-1]
(m-1)

 + H
+    

                                  (3.1.) 

 Where x is the number of water molecules directly bonded with the metal cation 

M and m+ is the charge on the cation. The hydrated cations in the interlayer space are 

dissociated producing protons which exhibit the Brönsted acidity [42]. The increase of 

acidity of cation-exchanged montmorillonite was possible because of the polarization of 

the interlayer hydration sphere with small size and highly-charged metal cations (Al
3+

, 

Fe
3+

and Zn
2+

). Since among the three cations, Al
3+

 has the highest ability for polarization 

owing to its smallest size with a maximum charge density distribution, the release of a 

proton was easily facilitated and responsible for the Brönsted acidity.  
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Fig. 3.27. NH3-TPD profiles of: (a) 

Montmorillonite, (b) Zn-montmorillonite, (c) Fe-

montmorillonite and (d) Al-montmorillonite 

 Fig. 3.28. FT-IR pyridine spectra of montmorillonite and different metal cation 

 exchanged montmorillonite clay 

3.4.2.2. Catalytic Activity 

The results of activities of montmorillonite, Zn, Fe and Al-montmorillonite catalysts for 

the hydroxyalkylation of p-cresol are presented in Fig. 3.29. Among the various catalysts 

screened, Al-montmorillonite showed the highest p-cresol conversion of 51% with 98% 

selectivity to DAM, while parent montmorillonite showed negligible activity for the 

hydroxyalkylation of p-cresol. The highest activity of Al-montmorillonite could be due to 

its highest acidity (0.25 mmol of NH3/g) arising by the exchange of interlayer hydrated 

cation by Al
3+

 as well as delamination of montmorillonite clay confirmed by XRD result. 

The negligible activity for parent montmorillonite could be attributed to its lowest acidity 

of 0.06 mmol/g of NH3.  
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Fig. 3.29. Catalyst screening for hydroxyalkylation of p-cresol. Reaction conditions: p-

cresol, 25.5 mmol; formaldehyde 8.5 mmol; catalyst concentration, 0.038 g/cm
3
; 

temperature, 353 K; time, 2 h; and mole ratio of p-cresol to formaldehyde, 3:1. 

As can be seen from Fig. 3.29, intermediate p-cresol conversions were observed for Zn
2+

 

and Fe
3+

 exchanged montmorillonite. The progressive increase in conversion of p-cresol 

from 12 to 25% for Zn
2+

 and Fe
3+

-exchanged montmorillonite was in accordance with the 

increase in their acidity from 0.09 to 0.14 mmol/g respectively. The activity along with 

the pyridine IR results (Fig. 3.27) also indicates that Brönsted acidity played an important 

role in the hydroxyalkylation of p-cresol. The selectivity pattern was different for each of 

the three catalysts. For Zn-montmorillonite, the intermediate carbinol formed was almost 

in equal amount (48% selectivity) to that of final product DAM (Fig. 3.29). This could be 

due to the higher strength of Lewis acid sites as shown by pyridine IR in Fig. 3.27. In the 

case of Fe-montmorillonite catalyst, the selectivity to final product DAM increased 

substantially to 90% with only 7% carbinol however, a small amount of trimer (3% 

selectivity) was also observed. The higher conversion of carbinol to DAM and its further 

conversion to trimer can be attributed to the higher Brönsted acidity of Fe-

montmorillonite. As the highest Brönsted acidity was observed for Al-montmorillonite, a 

higher extent of the formation of trimer was expected. On the contrary, Al-
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montmorillonite was found to give almost a complete selectivity to DAM with less than 

1% selectivity to trimer. As delamination was observed in the case of Al-

montmorillonite, this also might have resulted in a change in porosity and morphology, 

which would be favorable for the shape selective product formation. As Al-

montmorillonite catalyst gave highest p-cresol conversion and DAM selectivity, further 

work on the optimization of reaction parameters was carried out using this catalyst; the 

results are discussed below. 

 The effect of the mole ratio of p-cresol to formaldehyde in the range of 1:1 to 1:5 

on conversion and selectivity to DAM were studied by varying the concentration of p-

cresol at constant formaldehyde concentration; the results are presented in Fig. 3.30.  

 

 

 

 

 

 

Fig. 3.30. Influence of mole ratio of p-cresol to formaldehyde on the conversion of p-

cresol over Al-montmorillonite. Reaction conditions; temperature, 353 K; time, 2 h; 

catalyst concentration, 0.038 cm
3
/g. 

The conversion of p-cresol increased from 35 to 51% as the mole ratio of p-cresol to 

formaldehyde increased from 1 to 3 and selectivity to DAM increased from 54 to 98%. 

At 1:1 mole ratio, the selectivity to intermediate carbinol was as high as 23%. This may 

be due to the lower stoichiometric amount of p-cresol (two moles of p-cresol reacting 

with one mole of formaldehyde) giving lower selectivity to DAM. For the mole ratio of 
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3:1, the selectivity to the intermediate carbinol decreased steeply from 23 to 1%, due to 

the presence of excess of p-cresol which reacts with intermediate carbinol to give DAM. 

With further increase in the mole ratio from 3:1 to 5:1, the conversion of p-cresol 

decreased from 51 to 45% while the selectivity to DAM remained almost constant (97%). 

This could be explained by the preferential adsorption of p-cresol molecule on active acid 

sites of the catalyst compared to formaldehyde with increase in p-cresol concentration. 

 The effect of reaction time on p-cresol conversion and selectivity to DAM was 

studied for the optimum mole ratio of 3:1 at 353 K temperature (Fig. 3.31).  

 

 

 

 

 

 

 

Fig. 3.31. Effect of reaction time on conversion and selectivity for Al-montmorillonite 

catalyst. Reaction conditions: p-cresol, 25.5 mmol; formaldehyde 8.5 mmol; catalyst 

concentration, 0.038 g/cm
3
; temperature, 353 K; time, 0–150 min; and mole ratio of p-

cresol to formaldehyde, 3:1. 

The conversion of p-cresol increased from 0 to 51% with an increase in the reaction time 

from 0 to 120 min; thereafter it increased slightly from 51 to 53% as the reaction time 

further increased from 120 to 150 min. During the entire reaction time, selectivity to 

DAM remained almost constant (98%) indicating that the optimum reaction time was 120 
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min. and longer reaction time did not show any appreciable change in conversion and 

selectivity. 

 The catalyst concentration was varied in the range of 0.007–0.053 g/cm
3
 for 

studying its effect on the conversion of p-cresol and selectivity to DAM. Both the 

conversion of p-cresol and selectivity to DAM increased from 39 to 51% and from 87 to 

95% respectively, with an increase in catalyst concentration from 0.007 to 0.038 g/cm
3
, 

as shown in Fig. 3.32. This is expected since with an increase in catalyst concentration 

the acidic sites also increased, which facilitated the reaction of the initially formed 

carbinol with another molecule of p-cresol to give DAM. Further increase up to 0.053 

g/cm
3
 in catalyst concentration, caused the increase in p-cresol conversion to 56%, 

however, DAM selectivity decreased to 90% due to the increased formation of trimer 

(9% selectivity). 

 

 

 

 

 

Fig. 3.32. Effect of catalyst concentration on conversion and selectivity. Reaction 

conditions: p-cresol, 25.5 mmol; formaldehyde 8.5 mmol; temperature, 353 K; time, 120 

min; and mole ratio of p-cresol to formaldehyde, 3:1. 

The effect of temperature on both the conversion of p-cresol and selectivity to DAM in 

the range of 333–373 K is shown in Fig. 3.33. With an increase in temperature from 333 
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to 353 K, the conversion of p-cresol increased from 34 to 51% with an increase in DAM 

selectivity from 85 to 98% at the cost of carbinol selectivity (decreased from 15 to 1%). 

With further increase in temperature to 373 K, the conversion of p-cresol increased up to 

61% but DAM selectivity decreased from 98 to 90% due to the formation of trimer in a 

substantial amount (10% selectivity) 

 

 

 

 

 

 

 

Fig. 3.33. Effect of reaction temperature on conversion and selectivity for Al-

montmorillonite catalyst. Reaction conditions: p-cresol, 25.5 mmol; formaldehyde 8.5 

mmol; catalyst concentration, 0.038 g/cm
3
; time, 120 min; and mole ratio of p-cresol to 

formaldehyde, 3:1. 

 For practical applications of heterogeneous catalyst systems, the stability and 

reusability of the catalyst are important factors. A recycle study of Al-montmorillonite 

catalyst was carried out at 353 K with p-cresol to formaldehyde mole ratio of 3:1 and the 

results are presented in Fig. 3.34. After the first hydroxyalkylation run, the catalyst was 

filtered and washed several times with methanol, dried under IR lamp for 2 h and reused 

for the subsequent runs. The catalyst was found to retain its activity even after the 8
th

 

recycle experiment without any loss of activity indicating the high efficiency of Al-

montmorillonite as a solid acid catalyst for the hydroxyalkylation of p-cresol. 
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Fig. 3.34. Catalyst recycle studies. Reaction conditions: p-cresol, 25.5 mmol; 

formaldehyde 8.5 mmol; catalyst concentration, 0.038 g/cm
3
; temperature: 353 K; time, 

120 min; and mole ratio of p-cresol to formaldehyde, 3:1. 

3.5. CONCLUSIONS 

Three different solid acid catalysts were developed viz. PTA/MCM-41, SO3H- 

Fe3O4@MCM-41, and metal cation-exchanged montmorillonite clay and were evaluated 

for hydroxyalkylation of different phenolic compounds of industrial importance. In case 

of phenolphthalein synthesis, 20% PTA/MCM-41 gave the highest conversion (40%) of 

phthalic anhydride with maximum selectivity of 91% to phenolphthalein due to the 

presence of both Bro  nsted and Lewis acidity as revealed by pyridine−FTIR studies. The 

activity and reusability of 20% PTA/MCM-41 was also studied for the hydroxyalkylation 

of phenol and p-cresol with formaldehyde which gave 31and 34% conversion of phenol 

and p-cresol with 94 and 97% selectivity to DAM, respectively. The catalyst was found 

to retain its activity even after the fourth recycle experiment for both the reactions. Water 

tolerant sulfonic acid functionalized magnetically separable solid acid catalyst (SO3H-

Fe3O4@MCM-41) was synthesized and evaluated for guaiacol hydroxyalkylation. The 

catalyst was found to be mildly acidic and gave 20% conversion with 60% selectivity to 

the desired product (vanillyl alcohol). Functionalization of -SO3H acid was confirmed by 

FT-IR and TGA. In another attempt of developing a solid acid catalyst, the effect of 



Section A:Chapter 3   Solid acid Catalysts for Hydroxyalkylation React.... 

 

Ph.D Thesis, University of Pune Page 92 
 

exchange of metal cations (Al
3+

, Zn
2+

 and Fe
3+

) in montmorillonite clay was studied. All 

these catalysts were also evaluated for the acid-catalyzed hydroxyalkylation of p-Cresol. 

The total acidity measured by NH3-TPD was found to be the maximum (0.25 mmol/g) for 

Al-montmorillonite sample and minimum of 0.06 mmol/g for parent montmorillonite. 

The pyridine-IR studies showed that the highest Brönsted acidity was achieved with Al-

montmorillonite due to the polarization of interlayer water molecule by the distribution of 

highly charged Al
3+ 

cations over its smallest size as compared to other metal cations. The 

XRD characterization showed the delamination of Al-montmorillonite due to a higher 

extent of polarizability of Al
3+

. As a result of highest acidity and delamination, Al-

montmorillonite gave a highest p-cresol conversion of 51% with almost complete 

selectivity of 98% to DAM. For Zn-montmorillonite catalyst, almost the same selectivity 

to the intermediate carbinol and DAM were obtained, while for Fe-montmorillonite, 

DAM formation was accompanied with carbinol along with a trimer to the extent of 7%. 

Our Al-montmorillonite catalyst was shown to retain the original activity even after the 

8
th

 recycle. 
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1.1. OXIDATION  

The chemical term ‘oxidation’ can be defined as the take-up of oxygen by organic and 

inorganic materials or removal of hydrogen from a substrate [1]. More specifically, 

oxidation reaction is a part of redox reaction that involves electron transfer between a pair 

of substances. In this process, the species that loses electron(s) is said to be oxidized, i.e. 

it undergoes oxidation and the species that accepts the electron(s) is said to be reduced, 

i.e. it undergoes reduction. Oxidation reactions are among the most useful and commonly 

practiced reactions in industrial processes, since these can produce diverse chemicals 

from petroleum as well as biomass feedstock [2]. Oxidation processes can be divided into 

following categories: 

 

 

 

   

 

 

 

         Fig.1.1. Classification of oxidation processes 

Traditionally, oxidation in the liquid phase is not a ‘‘green’’ or environment friendly 

method, when considering the stoichiometric use of inorganic (or organic) oxidants and 

solvents. The process generally involves the use of chromium (IV) reagents, 

permanganate, manganese dioxide and periodate, resulting in the concomitant generation 

of copious amounts of inorganic salt-containing effluents. Currently, there is considerable 

pressure, to replace these antiquated technologies with cleaner catalytic alternatives [3, 
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4]. Catalysis provides the unique opportunity to make oxidation processes not only more 

atom-efficient but also more economic and less harmful for the environment. There are 

several requirements for a selective catalytic oxidation process to fulfill, so that it can be 

considered to be ‘‘green’’. One of the most challenging is the use of molecular oxygen as 

an oxidant. This holds true for selective oxidations in the gas phase as well as in the 

liquid phase. Particularly, in selective oxidations of relatively big and thermally sensitive 

molecules as often encountered in fine chemical synthesis, liquid phase oxidation cannot 

be circumvented because the substrates cannot easily be evaporated and oxidized in the 

gas- or vapor-phase and the use of solvents may become inevitable. This often makes it 

difficult to develop a green process. In that case, there is need to develop such catalysts 

which are able to decrease the activation energy of the reaction for carrying it at milder 

condition. The key characteristics of a green oxidation technology are the use of an easily 

recyclable catalyst, clean oxidants such as molecular oxygen or hydrogen peroxide 

without any additive such as co-reductant or co-oxidant, and high atom efficiency. The 

use of a solid catalyst often has technical advantages concerning catalyst handling and 

separation. For liquid phase oxidation, both homogeneous and heterogeneous types of 

catalysts have been reported but in practice, the overwhelming majority of processes are 

homogeneous, i.e. they involve the use of soluble metal salts or complexes as the 

catalysts. e.g.  

 

 

 

   Scheme 1.1. Classical route for pinene oxidation  

Depending on the reactant phase, the catalytic oxidation is classified in two types as 

liquid and gas phase. In gas phase oxidation, substrate concentrations are much lower and 

radical chain oxidation pathway is less favored. It takes place by the adsorption of 

dioxygen on the surface of a heterogeneous catalyst, leading to the formation of surface 

-Pinene

Cl OH
CHO

Heat HCl H2O MnO2
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oxo species. These surface oxo species (Scheme 1.2 A) are highly reactive once adsorbed 

on defective, coordinatively unsaturated surface sites. This chemisorbed oxygen can be 

exploited for the oxidation of, e.g., ethylene to ethylene oxide [5], CO to CO2 [6, 7] or in 

catalytic combustion [8], i.e. in oxidation reactions where selectivity is either not a 

problem or poor selectivity can be economically tolerated. 

 

 

 

 

 

 

 

Scheme 1.2. Oxygen activation on the surface of heterogeneous catalysts: (A) Through 

chemisorption; (B) by replenishing consumed lattice oxygen [9]. 

In the same way, metal-oxide or mixed-metal-oxide catalysts generally employ their 

already existing surface oxo species (lattice oxygen) for the high temperature oxidation of 

hydrocarbons. This is typical for n-type semiconductor oxides (e.g., Ti, V, and Mo) 

where a lower oxidation state is easily accessible to the central metal atom (Scheme 1.2 

B). Oxygen vacancies are subsequently replenished by molecular dioxygen. This two-

step process is known as the Mars–Van Krevelen mechanism [9]. Because lattice oxygen 

is more tightly bound than chemisorbed oxygen, it can be delivered in a more controlled 

fashion opening the way to selective oxidation and this mechanism is involved in 

processes like, e.g., synthesis of acrolein or acrylonitrile [10]. Among various substrates, 

selective oxidation of unfunctionalized hydrocarbons (C−H bonds), is still a major 
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challenge [11] The difficulty lies in the activation of the poorly reactive C−H bonds. 

There are several large scale industrial vapor phase oxidation processes in operation 

nevertheless, it has certain disadvantages such as very high operating temperature and the 

formation of a large amount of carbon dioxide, contributing to the global warming. 

Further, the conversion has to be kept low to attain a high selectivity of aldehydes, and 

the low concentration of substrates in the feed stock mixture poses the problem of 

recovery. In case of vapor phase oxidation of cyclohexane to 

cyclohexanol/cyclohexanone – the starting material for adipic acid used on a million 

tonnes scale for the manufacture of nylon-66 – is more challenging.  Since the substrate is 

reactive unlike C−H bonds and the oxidation product is not stable, the reaction is stopped 

at conversions <10% to prevent further oxidation, affording a roughly 1:1 mixture of 

cylohexanol/cyclohexanone with 80% selectivity [12]. 

Liquid-phase oxidation reactions are also operated commercially in the presence of 

supported metal catalysts and they are potentially very attractive for the preparation of 

intermediates and fine chemicals because high selectivities can be obtained with 

environmentally clean processes e.g. p-xylene to terephthalic acid, cyclohexane to 

cyclohexanol/cyclohexanone and adipic acid, n-butane to acetic acid, oxidation of 

isobutane to tert-butyl hydroperoxide (TBHP)/tert-butanol, diisopropyl benzene to 

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

aldehydes, p-cresol to p-hydroxybenzaldehyde, o-hydroxybenzylalcohol to 

salicylaldehyde, vanillyl alcohol to vanillin etc. Due to relatively milder reaction 

conditions, liquid phase oxidations are easy to operate while giving the quantitative 

conversions of the substrate. Since, liquid phase oxidation operates through free radical 

pathway; it is always associated with the formation of coupling as well as over oxidation 

products. This is even more imperative in the production of fine chemicals since the 

recovery of the desired oxidation product of highest purity is required due to their 

applications in health care, fragrance, flavors and pharmaceutical formulations [13, 14]. 

Nowadays, sustainability is also becoming an important economic driver along with its 

inclusion in the twelve principles of Green Chemistry for developing a green process[15].  
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1.2. ENVIRONMENTALLY BENIGN OXIDANTS 

 Replacement of technologies based on soluble catalysts with heterogeneous ones is 

intrinsically more likely to lead to important technical improvements in terms of catalyst 

design, process simplification, milder or more sustainable reaction conditions, use of 

cheaper or more environmentally friendly oxidants. Going green implies an evaluation of 

the properties of common oxidants. Table 1.1 reports an analysis of the byproduct 

formed, the atom efficiency and the cost for a series of them [16, 17]. Two oxidants stand 

out in terms of environmental acceptability: oxygen (air) and hydrogen peroxide giving 

either no byproduct or water as a byproduct and atom efficiency close to or above 50%. 

An analysis of their E-factor leads to similar conclusions (Table 1.1) [18, 19]. Although 

the E-factor refers to a specific reaction, it is strongly influenced by the choice of the 

oxidant. 

Table 1.1. Comparisons between different terminal oxidants in terms of green character 

[16]. 

Oxidant Byproduct
a
 

Atom effeiciency 

(%)
a
 

E-factor
b
 

Cost ($/kg) 

or ($/1)
c
 

O2 H2O (none) 50(100) 0 57.5 

H2O2 H2O 47 0 103.5 

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

t-BuOOH t-BuOH 22 1.27 246.4 

NaClO NaCl 21 101 26.3 

Pyridne-N-oxide Pyridine 17 1.36 739.4 

CumOOH CumOH 12 2.34 180.7 

KMnO4 MnO2+H2O 10 1.50 146.2 

2KHSO5+KHSO4 

+K2SO4(Oxoxne®) 
3KHSO4+K2SO4 10

d
 10.03 119.9 

m-CPBA m-CBA 9 2.70 755.8 

PhIO PhI 7 3.52 e 

a = One O-atom transfer, in parenthesis two O-atoms transfer. 

b =Calculated for the epoxidation of propene. 

c =Data from www.sigmaaldrich.com for the most concentrated sold version of the oxidant, May 2012. 

d =Two O-atoms are transferred to the products. 

e =Not sold 

http://www.sigmaaldrich.com/
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Sustainability of an industrial catalytic process is measured by two parameters, these are:  

a) Atom economy (atom efficiency) 

 The atom economy or atom efficiency concept was first introduced by Barry Trost 

in1991 [19]. It can be defined as “the percentage of atoms in the reactants that end-up in 

the product”. Atom economy can be written as:    

 

 

b) E-factor 

E-factor concept was first introduced by Roger Sheldon for assessing the environmental 

impact of chemical processes and can be defined as “the ratio of the mass of waste per 

unit of product” [3]. 

 

1.2.1. Oxygen (Air) 

From the point of view of green and sustainable chemistry, molecular oxygen is 

considered as an ideal oxidant due to its natural, inexpensive, and environment friendly 

characteristics [20]. In addition, it exhibits a highly atom-efficient oxidant per unit 

weight. In contrast to other simple diatomic molecules such as N2 or H2, the oxygen 

molecule (or dioxygen) is paramagnetic as it has two unpaired electrons in the ground 

state (Fig. 1.2). The highest occupied molecular orbitals (HOMOs) are a pair of π* 

orbitals of identical energy, so that the two highest energy electrons have no reason to 

spin-pair [21]. 
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  Fig. 1.2. Molecular orbital diagram of oxygen molecule 

Most of the reactions involving O2 proceed in one-electron step: electrons added to the O2 

molecule populate anti-bonding (π*) orbitals and weaken the O−O bond (Scheme 1.3) i.e. 

decreasing the bond energy from 118 kcal/mol to 88 kcal/mol [22]. This effect is evident 

in both the O−O bond length and its dissociation energy making the resulting superoxo 

(O2
• −

) and peroxo (O2
2−

) species more reactive and kinetically more easy to control.  

O2 O2
2-O2

-
e-

e-

 

bond energy      118           88  46 

(kcal/mol)   

length (Å)      1.21          1.26           1.49 

 

Scheme 1.3. Basic data on the dioxygen molecule and the superoxo and peroxo anions 

1.3. MECHANISM OF METAL-CATALYZED OXIDATIONS 

The ground state of dioxygen is a triplet containing two unpaired electrons with parallel 

spins. The direct reaction of 
3
O2 with singlet organic molecules to give singlet product is 
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a spin forbidden process with a very low rate. One way to circumvent this activation 

energy barrier involves a free radical pathway in which a singlet molecule reacts with 
3
O2 

to form two doublets (free radicals) in a spin allowed process as shown in reaction 1.1. 

                             (1.1) 

This process is possible only with very reactive molecules that afford resonance 

stabilized radicals. A second alternative to overcome this spin conservation obstacle is 

via reaction of 
3
O2 with a paramagnetic (transition) metal ion, affording a 

superoxoxmetal complex as shown in reaction 1.2.  

        (1.2) 

Subsequent inter- or interamolecular electron-transfer processes can lead to the formation 

of a variety of metal-oxygen species which may play a role in the oxidation of the organic 

substrates. (Fig. 1.3)  

 

     

 

    Fig.1.3. Metal–oxygen species  

As rationalized by Sheldon and Kochi [23], all metal catalyzed oxidations under 

homogeneous or heterogeneous conditions, can be divided into two types on the basis of 

their mechanism: homolytic and heterolytic which are discussed below. 

1.3.1. Homolytic mechanism 

Homolytic oxidations involve free-radical intermediates and in solution, are catalyzed by 

first-row transition metals mediated by one-electron redox steps (e.g., Co
II
/Co

III
, 

RH + 3O2
R HO2

Mn + 3O2
Mn+1

O
O

O
O

Mn+1

O
O

Mn+1 2Mn+2

O

Mn+2

O O

Mn+4

O O

-peroxo oxo

-peroxo dioxo

Mn+1

Mn
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Mn
II
/Mn

III
, Cu

I
/Cu

II
). In homolytic reactions, the hydrocarbon to be oxidized is generally 

not coordinated to the metal and is oxidized outside the coordination sphere via a radical 

chain. The main role of the metal is generally to decompose organic hydroperoxides, 

formed in solution either spontaneously or by the action of an initiator. In such processes 

the metal ion acts as an initiator rather than a catalyst. This behavior is also known as the 

Haber–Weiss mechanism (Fig.1.4).  

RO2H + CoII
RO

.
+ CoIIIOH

RO2H + CoIII RO2

.
+ CoII + H+

 

Fig.1.4. Metal initiated and mediated autoxidation 

These radical processes are common and constitute the basis for several very important 

industrial applications (e.g., the synthesis of adipic [24] and terephthalic [25] acids). 

However, radical chains are difficult to control, and lead to the formation of a wide 

variety of products as a consequence of a series of consecutive reactions because the 

reaction product is generally more easily oxidizable than the reactant itself.  

1.3.1.1. Direct homolytic oxidation of organic substrate 

This metal catalyzed autoxidation involves the direct one-electron oxidation of the 

substrate by the oxidized form of the metal catalyst e.g. cobalt is usually added as Co
II
, 

reactive substrates such as aldehyde or ketone are often added as promoters to generate 

the high concentration of Co
III

 necessary for initiation of the reaction (Fig. 1.5). 
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ArCH3 + CoIII [ArCH3]
+.

+ CoII

[ArCH3]
+. ArCH2

.
+ H

+

ArCH2

.
+ O2 ArCH2O2

.

ArCH2O2

.
+ CoII ArCH-O-O-CoIII

H

ArCHO + HOCoIII
 

Fig. 1.5. Direct homolytic oxidation of benzylic compounds  

1.3.2. Heterolytic mechanism 

This metal catalyzed oxidation involves a two-electron oxidation of a (coordinated) 

substrate by a metal ion. The oxidized form of the metal is subsequently regenerated by 

reaction of the reduced form with dioxygen e.g. Pd(II)–catalyzed oxidation of alkene 

(Wacker process) (Fig. 1.6).  

CH2=CH2 + PdII + H2O CH3CHO + Pdo + 2H
+

Pdo + 2H+ + 1/2 O2 PdII + H2O
CuII

     

Fig.1.6. Wacker oxidation of alkenes 

In a variation on this theme, which pertains mainly to the gas phase oxidations, where, an 

oxometal species oxidizes the substrate and the reduced form is the subsequently re-

oxidized by dioxygen (Fig. 1.7).   

M=O + S M + SO

M + 1/2 O2 M=O  

Fig. 1. 7. Mars-van Krevelen mechanism  
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1.3.2.1. Catalytic oxygen transfer 

Reduced forms of dioxygen, such as H2O2 or RO2H, are considered as a single oxygen 

donor. Such a reaction is referred to as a catalytic oxygen transfer process [26].   

S + XOY SO + XY
Catalyst

(1.3)    

S = substrate; SO = oxidized substrate 

XOY = H2O2, RO2H, R3NO, NaOCl, KHSO5, etc.  

Catalytic oxygen transfer processes are widely applicable in organic synthesis. 

Heterolytic oxygen transfer processes can be divided into two categories based on the 

nature of the active oxidant: an oxometal or a peroxometal species (Fig. 1.8). Catalysis by 

early transition metals (Mo, W, Re, V, Ti, Zr) generally involves high-valent peroxometal 

complexes whereas later transition metals (Ru, Os), particularly first row elements (Cr, 

Mn, Fe) mediate oxygen transfer via oxo metal species.  

MX + RO2H

M

O

OR MOR + SO

M=O

X

MX + SO

-HX S

-ROH

S

OXOMETAL PATHWAY

PEROXOMETAL PATHWAY

 

Fig. 1.8. Peroxometal versus oxometal pathways 

1.4. SIDE CHAIN OXIDATION OF PHENOLIC COMPOUNDS  

The oxidation of alkyl side chain of phenol derivatives to the corresponding carbonyl 

compounds is of fundamental importance in organic synthesis, due to the wide ranging 

utility of the oxidation products as important precursors and intermediates for many 

drugs, vitamins and fragrances e.g. liquid phase oxidation of veratryl alcohol gives 
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veratryl aldehyde which is used as a flavoring agent and also as an important 

pharmaceutical intermediate for the manufacture of angiocardiopathy drugs such as 

donepezil [27]. Another example of liquid phase oxidation is of vanillyl alcohol giving 

vanillin, which has major applications in the food and perfumery sectors because of its 

flavor and it also finds use in medicinal applications serving as a platform chemical for 

pharmaceutical production [28]. Traditionally, oxidations of alcohols have been 

performed with high-valent metal oxides or their mineral salts, notably of middle first 

row transition metals [29]. Common reagents of this type are: chromium (VI) oxide 

(CrO3), potassium chromate (VI) (K2CrO4), potassium dichromate (VI) (K2Cr2O7), 

manganese (IV) oxide (MnO2) and potassium permanganate (VII) (KMnO4). Potassium 

ferrate (VI) (K2FeO4) has recently also been added to this list [30]. In most instances, 

these inorganic oxidants are required in stoichiometric amounts and are usually toxic, 

hazardous or both. Moreover, purification of the reaction product is often demanding and 

laborious. In recent years, there has been great interest in the search for new catalytic 

systems for the oxidation of alcohols using hydrogen peroxide [31] or dioxygen [32, 33] 

as the ultimate stoichiometric oxidant, due to their obvious economic and ecological 

advantages (‘‘green chemistry’’). However, the number of metal compounds capable of 

mediating dioxygen activation (through metal–O2 adduct formation), thus leading to 

alcohol oxidation [34, 35].   

1.5. LITERATURE SURVEY ON LIQUID PHASE OXIDATION REACTIONS      

Catalytic liquid phase oxidation of side chains of phenolic compounds is an active 

research area and several types of catalysts have been reported in the literature, which can 

be broadly classified as follows: 

1) Supported noble-metal catalysts 

2) Non-noble metal oxides 

3) Mixed metal oxides   
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Most of the reactions catalyzed by these catalysts have been carried out in a batch reactor 

in the presence of stoichiometric excess NaOH. The reason for the use of sodium 

hydroxide is that it prevents the formation of dimeric by-products and hence is beneficial 

for the selective oxidation [36]. Main importantly, free base is necessary for preforming 

the phenolate ion, which helps to anchor the substrate on catalyst surface [23]. 

1.5.1. Supported noble-metal catalysts 

Supported noble-metal catalysts find wide applications as liquid phase oxidation 

catalysts. The catalytic active sites of metal, supported on high-surface-area oxides, 

consist of dispersed surface metal oxide species [37]. Supported metal oxide catalysts 

have been extensively investigated since 1950 and the literature on supported noble-metal 

catalysts published till date is summarized in Table 1.2. These catalysts are employed in 

numerous large-volume industrial catalytic applications [38]: e.g. liquid phase oxidation 

of p-cresol and oxidation of 1-pheny ethanol to acetophenone over hydrotalcite-supported 

gold nanoparticles [39]. The highlights of studies on noble metal catalyzed liquid phase 

oxidation are given below. 

1.5.1.1. Pd-catalysts 

Nanoparticles of Pd have been supported on a variety of materials, including 

hydroxyapatite (HAP), [40] carbon, [41] Al2O3, [40] SiO2, [40] pumice, [42] and SiO2-

Al2O3 mixed oxide. The role of the support for Pd catalysts was investigated by Mori et 

al. [40] and Chen et al. [43] Mori et al. found that benzyl alcohol (BA) conversion and 

the benzaldehyde selectivity depended on the support; with hydroxyapatite (HAP)-as a 

support, the catalyst gave the highest conversion (99%) and selectivity to benzaldehyde 

(99%).  
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Fig. 1.9. TEM images of (A) Pd-SiO2, (B) Pd-C and (c) Pd-CNT [40, 44, 45]. 

The other supports examined (Al2O3, SiO2, and C) produced the aldehyde with less than 

50% selectivity (Fig.1.9 A). The highest conversion was achieved over Pd/Al2O3, though 

the selectivity was the lowest (38%), while highest selectivity of 47% was achieved with 

Pd/SiO2 catalyst however the conversion was only 71%. The Pd/C (Fig. 1.9 B) produced 

the lowest conversion (46%) and selectivity (42%). Uozumi et al. utilized a novel 

support, an amphiphilic resin, in the oxidation of aqueous alcohols [44]. The 

corresponding catalyst gave 97% yield of aldehyde product after 1.5 h. The high 

selectivity to the aldehyde in an aqueous medium is interesting particularly, because 

sequential oxidation to the carboxylic acid readily occurs in water. Apparently the 

hydrophobic nature of the resin prevents the conversion of the aldehyde in water over Pd. 

The investigation of the role of solvent was studied by Villa et al. for Pd on activated 

carbon (AC) or on carbon nanotubes (CNT) as oxidation catalysts (Fig. 1.9 C) [45]. An 

increased rate of reaction was noted in neat alcohol (TOF 0.83 s
-1

) as opposed to a 

mixture of 80% water and 20% alcohol (TOF 0.023 s
-1

) over Pd/AC catalyst, though the 

product distribution remained unchanged.  

 From the literature survey, it appears that the support material for Pd 

nanoparticles has a substantial effect on the product selectivity. Interestingly, the 

appropriate choice of support can suppress the sequential oxidation of aldehyde to 

carboxylic acid in aqueous solution.  
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1.5.1.2. Au-catalysts 

Although bulk gold has for a long time being regarded as a poorly active metal, 

surprisingly the high activity of gold nanoparticles has initiated intensive research into 

their use for aerobic oxidation reactions [46]. Much of the literature on benzyl alcohol 

oxidation over Au catalysts describes results obtained in the presence of a homogeneous 

base. Buonerba et al. [47] supported Au nanoparticles on block copolymers and used the 

resulting catalysts in the oxidation of BA in a water and chloroform solvent with added 

KOH. They attained >99% conversion of BA and 97% selectivity to the aldehyde product 

after 6 h at mild conditions (308 K, 100 kPa O2). Very recently, Guo et al. reported 

successful aerobic oxidation of BA over unsupported bulk Au [48]. The oxidation of BA 

was performed in aqueous NaOH, and the distribution of products was a function of the 

reaction temperature and concentration of NaOH. For BA oxidation at 333 K, the major 

product was the ester, benzyl benzoate, for lower concentrations of base (<0.6 M NaOH) 

while at higher concentrations of 1.2 M NaOH, benzoic acid was predominantly formed, 

Increasing the temperature to 363 K, resulted in a majority of the aldehyde product over 

the range of NaOH concentrations. The authors hypothesize that the π-electrons in BA 

enhance interactions with Au, facilitating the oxidation. The effect of acid and base sites 

on the support in Au catalysis for BA oxidation has been investigated in the absence of 

additional homogeneous base [49, 50, 51]. Low conversion of benzyl alcohol was 

observed after 3 hours (maximum conv. 7%, over Au/Fe2O3), which is typical of 

oxidation reactions in the absence of a homogeneous base. Selective oxidation to 

benzaldehyde was achieved over Au on SiO2, TiO2, and CeO2, (Fig 1.10) with the best 

results obtained in case of Au/CeO2 (3.4%conversion, 100% selectivity to aldehyde after 

3 h at 373 K and 200 kPa O2). 
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Fig. 1.10. TEM images of (A) Au-SiO2, (B) Au-TiO2 and (c) Au-CeO2 [50,51]   

The lowest conversion was observed over Au/TiO2 catalyst (0.65% conversion and 100% 

selectivity to aldehyde in 3 h). Gold catalysts supported on nanosized NiO (3–5 nm) were 

more active than Au on commercial micrometer sized NiO (55% conversion vs. 6% 

conversion, in 6 h), likely due to both an increase in basicity of the support (basicity per 

square meter of nanosized NiO: 0.21 mmol g
-1

; of commercial NiO: 0.12 mmol g
-1

) and 

also a cooperative effect of metal and support [52]. Fang et al. investigated amphoteric 

materials and the effects of their acidity/basicity on BA oxidation in p-xylene solvent at 

393 K in the absence of an oxidant [50]. Au/Al2O3, Au/MgO, Au/HAP, and 

Au/Hydrotalcite (HT) catalysts demonstrated BA conversion of about 20-30%; the 

selectivity to the aldehyde over each catalyst was compared at this conversion. The 

Au/Al2O3 catalyst showed the highest conversion (32%) but the lowest aldehyde 

selectivity (18%), whereas Au/MgO showed the highest selectivity (99%) but the lowest 

conversion (20%). The Au/HT exhibited selectivity similar to that of Au/MgO, but at 

approximately 10% higher conversion. Au/HT had both strong acid and strong base sites, 

Au/SiO2 had neither acid nor base sites, and Au/MgO had only strong base sites. The 

catalysts with neither acid nor base sites were almost inactive, whereas the catalyst with 

the highest acidity and basicity (Au/HT) had the highest conversion of alcohol and 

selectivity to aldehyde. Moreover, a catalyst with stronger basicity in absence of any 

acidity (Au/MgO) showed higher selectivity to aldehyde, but a catalyst with strong 

acidity (Au/Al2O3) was more active. In summary, the oxidation of benzyl alcohol 

exhibited the highest rates over Au catalysts in the presence of a homogeneous base. 

Although the oxidation of alcohol to aldehyde to acid is greatly accelerated by the 
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presence of homogeneous base, the sequential oxidation of aldehyde to acid may be 

inhibited through careful selection of the solvent and the catalyst support.  

1.5.1.3. Ru-catalysts 

Zeolite impregnated with RuO2 nano clusters (RuO2-FAU) was reported to be an 

effective and selective catalyst for for oxidation of a wide variety of both activated and 

unactivated substrates [52]. These materials display strong shape selectivity due to 

uniform pore size distribution [53]. Kobayashi developed a polymer incarcerated 

ruthenium (PI Ru), based on the technique of microencapsulation and cross-linking from 

a polystyrene-based copolymer and ruthenium chloride hydrate as the metal source [54]. 

However, this catalyst needed the presence of 15 mol% of TEMPO to show wide 

applicability, and leaching of Ru metal was observed in some cases, which is typical of 

polymer supported catalysts, that suffer from low chemical and/or mechanical resistance.  

Ruthenium is less expensive than Au, Pd or Pt; and one of the few studies on Ru/C-

catalyst done recently by Sajiki and co-workers showed that 10% Ru/C in toluene (at 50 

°C) under an oxygen atmosphere was able to convert various secondary and primary 

benzylic alcohols to the corresponding carbonyl compounds and primary aliphatic 

alcohols to carboxylic acids when water was added as a co-solvent [55]. 

Table 1.2. Supported noble-metal catalysts for oxidation of benzyl alcohol 

Entry Catalysts Reaction conditions Conv. (%) Sel. (%) Ref. 

  Temp (
o
C) Time (h)  ALD ACID  

1. 
a
Au/HT 27 6 99 99 - 39 

2. Pd/HAP 90 1 99 99 - 40 

3. Pd/C 60 3 46 42 58 41 

4. Pd/Al2O3 90 1 96 38 62 40 

5. Pd/SiO2 90 1 71 47 53 40 
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6. ARP-Pd 100 1.5 99 97 3 44 

7. Pd/AC 80 15 min 90 74 26 45 

8. AuNPs 35 1 >99 96 4 47 

9. Bulk Au 110 3 60 90 10 48 

10. 
a
Au/Fe2O3 100 3 7 87 13 50 

11. 

a, b
RuO4

-

/CPSIL 

80 5 99 >99 - 52 

12. RuO2/FAU 35 1 100 >99 - 53 

13. 
c
PI-Ru 80 2.5 >99 96 - 54 

14. 10%Ru/C 50 24 90 85 15 55 

a = without base  

b = cross linked polymer supported ionic liquid 

c = polymer incarcerated ruthenium (PI-Ru) 

1.5.2. Non-noble metal oxide catalysts 

Metal oxides represent one of the most important and widely employed categories of 

solid catalysts, either as active phases or as supports. Metal oxides are utilized both for 

their acid–base and redox properties and constitute the largest family of catalysts in 

heterogeneous catalysis. Metal oxide catalysts have numerous industrial applications for 

liquid phase oxidation reactions [56,57]. Several noble metal-based heterogeneous 

catalysts such as Au/CeO2, Pd/C, Ru/TiO2 etc. have been explored for this purpose and 

such reactions are mediated by the use of alkali [58, 59]. Although noble metal catalysts 

exhibit high activity for oxidation reactions, they can be expensive therefore, minimizing 

their potential for commercial applications [60]. Oxides of other transition metals, such as 

copper, cobalt, manganese, and chromium, are also known to be effective catalysts for 

oxidation reactions. Among these metals, cobalt is the most attractive because of its 
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strong capability for dioxygen activation (through metal–O2 adduct formation) and 

because it is more cost effective compared to noble metals. Cobalt has been known as an 

excellent catalyst for the relatively inert hydrocarbon C–H bond activation in the 

oxidation reactions [36]. Nanostructured Co3O4 catalyst (6–8 nm) having high surface 

area (95m
2
/g) was developed for liquid phase air oxidation of p-cresol which  gave 83% 

selectivity to p-hydroxybenzaldehyde in 1 h [61]. Co-saponite catalysts reported for the 

air oxidation of p-vanillyl alcohol were prepared by varying Co content in the range of 

5% to 30% using in situ precipitation method. The highest activity (conv. 55%) and 

selectivity of 99% to p-vanillin was obtained for 13% Co-saponite in p-vanillyl alcohol 

oxidation [62]. Monometallic cobalt and manganese supported on hexagonal mesoporous 

silicas (HMS) prepared by incipient-wetness impregnation were examined as catalysts for 

partial oxidation of 4-tert-butyltoluene with dioxygen as oxidizing agent in acetonitrile 

solvent. The catalysts showed 30 and 18% conv. of tert-butyltoluene with 75 and 69% 

selectivity to corresponding aldehyde respectively [63]. A series of Mg–Mn–Al ternary 

hydrotalcite with (Mg+Mn)/Al atomic ratios of ∼3 and Mg:Mn atomic ratios ranging 

from 3:0 to 0:3 were synthesized by a co-precipitation method and evaluated for liquid 

phase oxidation of toluene using tert-butyl hydroperoxide as the oxidant. Benzaldehyde 

and benzoic acid were the major products with minor amounts of benzyl alcohol [64]. 

Co3O4 catalyst supported on activated carbon showed ∼100% BA conversion even in the 

absence of any promoter (e.g., NaOH) [65]. Nano-structured, spinel Co3O4 catalyst was 

developed for the aqueous phase oxidation of veratryl alcohol, which showed the highest 

conversion of 85% with 96% selectivity to veratryl aldehyde [66]. 
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Table 1.3. Non-noble metal oxide catalysts for liquid phase oxidation reactions  

Substrates Catalysts 
Reaction 

conditions 

Conv. 

(%) 
Sel. (%) Ref. 

  
T, 
o
C 

t, 

h 

NaOH 

mmol 
 ALD ACID OTH  

BA Co-Al-HT 100 1 - 12 97 0.5 2.2 56 

p-cresol Co3O4 95 1 111 40 44 - 56 61 

vanillyl 

alcohol 

Co-

saponite 
65 3 26 55 99 1 - 62 

tert-

butyltoluene 
Co-HMS 70 5 - 30 75 17 8 63 

tert-

butyltoluene 
Mn-HMS 70 5 - 18 69 25 6 63 

toluene Mn-LDH 80 4 - 14 24 75 1 64 

BA Co3O4/AC 100 3 - 100 87 10 3 65 

veratryl 

alcohol 
Co3O4 140 7 - 85 96 4 - 66 

1.5.3. Mixed-metal oxides 

Oxides containing two or more different kinds of metal cations are known as mixed metal 

oxides. Oxides can be binary, ternary and quaternary with respect to the presence of the 

number of different metal cations. Mixed metal oxides play a very important role in 

academic as well as industrial research due to their acid–base and redox properties, 

having significant contributions in heterogeneous catalysis. Mixed metal oxides are better 

in terms of their catalytic activity than single metal oxides in various reactions. It could 

be due to increasing active acidic or basic sites, and increasing surface area, which 

reduces the reaction time, increases the yield of reaction or conversion of reactants. [67] 

Mixed-metal oxides are widely employed in industry as heterogeneous catalysts for 

selective oxidation reactions e.g. methanol oxidation to formaldehyde, propylene 

oxidation/ammoxidation to acrolein/acrylonitrile, propane oxidation/ ammoxidation to 

acrolein/acrylonitrile, n-butane oxidation to maleic anhydride, etc. (Fig. 1.11). 
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 Fig. 1.11. Application of mixed metal oxides in various sectors 

The spinel type chromites MCr2O4 (M = Co, Ni and Cu) were synthesized by the co-

precipitation method and have been studied for the oxidation of benzyl alcohol by 

molecular oxygen wherein it has been observed that benzaldehyde is formed with 100% 

selectivity. The catalytic activity of the chromites follows the order Co > Cu > Ni [68]. 

Song and co-workers have reported a Cu–Mn mixed oxide catalyst supported on carbon 

which was prepared using the incipient wetness method. The catalyst along with TEMPO 

was used for the selective aerobic oxidation of alcohols to corresponding aldehydes or 

ketones [69]. Jayaram et al. very recently reported MoO3/SiO2 as a heterogeneous bi-

functional catalyst for sequential oxidation of alcohols to their corresponding 

aldehydes/ketones using H2O2 as a green oxidant [70]. Mn–Ni mixed hydroxide was 

synthesized by a facile co-precipitation method and the catalytic performance in the 

aerobic oxidation of benzyl alcohol using molecular oxygen was examined. This catalyst 

showed the best selectivity for benzaldehyde (99%) at 100 
o
C within 1 h [71]. Parida et 

al. reported the liquid phase oxidation of benzyl alcohol by using vanadium phosphate as 

a heterogeneous catalyst, with remarkable catalytic activity of 97% conversion and 99% 

selectivity to aldehyde [72]. Synthesis of p-hydroxybenzaldehyde from p-cresol and 

molecular oxygen was reported by Feng et al. over a CuMn-mixed oxides catalyst 

supported on carbon gave a high conversion of p-cresol (99%) and a high selectivity to p-

hydroxybenzaldehyde (96%) [73]. CuCo- mixed oxides supported on carbon provides a 

single step synthesis of salicyladehyde from o-cresol. The catalyst gave 74% conversion 
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of o-cresol with 57% selectivity to salicylaldehyde [74]. Oxidation of benzyl alcohol was 

reported on alumina supported CuMn-mixed oxide catalyst gave 91% conversion of 

benzyl alcohol with almost complete selectivity to benzaldehyde [75]. Cu–Mn oxides in 

combination of 2,2,6,6-tetramethyl-piperidyl-1-oxy (TEMPO) were used to catalyze 

selective aerobic oxidation of alcohols to carbonyl compounds by Guanyu Yang et al. 

[76]. 

Table 1.4. Non-noble mixed metal oxide catalysts for liquid phase oxidation reactions 

Substrates Catalysts 
Reaction 

Conditions 

Conv. 

(%) 
Sel. (%) Ref. 

  T,
o
C t,h 

NaOH 

(g) 
 ALD ACID OTH  

BA CoCr2O4 100 24 - 65 100 - - 68 

BA NiCr2O4 100 24 - 20 100 - - 68 

BA CuCr2O4 100 24 - 35 100 - - 68 

BA CuMn/C 100 6 TEMPO 99 >99 - - 69 

BA MnNi(OH)x 100 1 - 89 99 1 - 71 

BA VO(PO3)2 80 4 TBHP 97 99 1 - 72 

p-cresol CuMn/C 75 3 23  99 96 4 - 73 

o-cresol CuMn/C 80 1 Pyridine 74 57 22 21 74 

BA CuMn/Al2O3 100 4 - 91 >99 - - 75 

BA  CuMnOx 120 6 TEMPO 63 97 3 - 76 

Based on the literature survey on the solid catalysts for liquid phase oxidation reactions, 

we concluded that non-noble transition metal catalysts also can perform the same 

catalytic activity as noble metal catalysts. However, proper tuning of the catalysts 

composition, morphology and particles size are the important factors contributing to the 
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activity and selectivity of the catalysts. We observed from the Tables 1.2, 1.3 and 1.4, 

that mixed oxide catalysts gave better catalyst activity than that of single metal oxides. 

The higher activity of these mixed oxides could be due to the synergism effect among 

them. In this work, the major focus was on the liquid phase oxidation of phenolic 

compounds; viz. vanillyl alcohol, veratryl alcohol and p-cresol. Among them, the first 

two are the lignin derived platform molecules. There are number of catalysts reported for 

the liquid phase oxidation of p-cresol, such as Co-saponite [77], Co-salen complex [78], 

CuMn-mixed oxide catalyst supported on carbon [73]. Most of these reactions are carried 

out with high concentration of homogenous base (NaOH) and longer reaction time. The 

catalysts reported for vanillyl and veratryl alcohols oxidation are mostly enzyme based 

[79-81] and few are noble metal based catalysts [82, 83]. Hence, the attempt was made to 

develop single and mixed non-noble metal oxides as catalyst and to understand the 

structure-activity correlation in the oxidation of various practically important molecules. 
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2.1. INTRODUCTION 

Metal oxides which constitute the largest family of catalysts in heterogeneous catalysis 

play a very important role in academic as well as in industrial applications because of 

their acid–base and redox properties [1]. For example, several industrial oxidation 

reactions are catalyzed by metals and metal oxides such as benzyl alcohol oxidation to 

benzaldehyde by silver vanadate, p-cresol to p-hydroxybenzaldhyde by manganese 

dioxide, propane oxidation/ammoxidation to acrolein/acrylonitrile by molybdates and 

antimonates, p-xylene to terephthalic acid by cobalt with a co-oxidant [2-4]. Transition 

metals in particular noble metals are frequently used as catalysts and their activity has 

been attributed due to the partially filled d-orbital of the metal ions or/ and due to the 

influence of the oxide ligand field on this partially filled d-orbital [5]. Single metal oxides 

crystallize forming different morphologies (isotropic, anisotropic or amorphous) and 

local co-ordination. The majority of single metal oxides crystallize with an isotropic 

morphology (without preferential orientation) and the surface may terminate with M–OH, 

M–O–M, M=O or M-( ) functionalities, where M-( ) represents an oxygen vacancy. 

Although noble metal catalysts exhibit high activity for oxidation reactions, they can be 

expensive, minimizing their potential for commercial applications [6]. Apart from cost 

considerations, noble metal residues (e.g. Pt and Pd) in pharmaceutical and nutritional 

products are highly problematic, and thus should be avoided. Oxides of other transition 

metals, such as copper, cobalt, manganese, and chromium, are occupying a predominant 

place in catalysis owing to their low cost of production, easy regeneration and selective 

action.  

 Mixed metal oxides are also widely employed in industry as heterogeneous 

catalyst for selective oxidation reactions. Mixed metal oxides with a structure of spinel 

can be obtained by the substitution of metal cations from the host spinel oxide with other 

similar metal cations (dopants). This substitution may restructure chemical bonding at the 

surface of the host oxides, which modifies the electronic properties as well as the 

chemistry of the host metal oxides [7]. For example, doping of manganese into Co3O4 

spinel leads to an increase in catalytic activity compared with the material that contains 
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only a single metal either cobalt or manganese as an active phase [8]. The higher activity 

of the mixed metal oxides may be a cooperative effect towards an increment in the 

mobility of the oxygen as well as stabilizing the more active species and favoring the 

redox cycles, which also permit the reactivation of the catalyst [9].  

A great deal of research is focused on designing heterogeneous catalysts for liquid-phase 

aerobic oxidation for developing ecologically sustainable processes for fine chemicals 

[10, 11]. Liquid phase aerobic oxidations provide a green route as aerial O2 is one of the 

cheapest and greenest oxidants available and water is the only by-product formed [12, 

13]. A major challenge for liquid-phase air oxidation is the activation of molecular 

oxygen under mild conditions to achieve the highest selectivity to the desired products. 

Although homogeneously catalyzed liquid-phase air oxidations are commonly practiced 

in industry using organometallic complexes as catalysts. The major drawbacks of such 

oxidations are: (i) poor selectivity to the desired product, as a variety of oxygenated 

products are formed because of the formation of free radical intermediates; (ii) fast 

deactivation of homogeneous catalysts due to formation of μ-oxo dimers; (iii) 

contamination of the product due to trace metal impurities during catalyst separation 

protocol [14,15]. These problems can be overcome by designing a suitable heterogeneous 

catalyst because they offer many advantages over their homogenous counterparts such as 

easy handling, separation and reusability. Therefore, development of functionalized 

heterogeneous catalysts is highly desirable from an environmental point of view. This can 

be achieved through a simplified preparation protocol for low-cost, highly active and 

reusable heterogeneous catalysts with the capability to form a strong redox couple and 

give controlled oxidation products. 

 The main objective of the present PhD work was to develop non-noble transition 

metal based single and mixed metal oxide catalysts for the liquid phase oxidation reaction 

in presence of molecular oxygen. The catalyst was completely characterized for its 

physico-chemical properties based on which the observed activity results have been 

discussed. Effect of various reaction parameters on conversion and selectivity of the 

corresponding product has been also studied. We prepared Co3O4 nanoparticle catalyst by 
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solvothermal method and tested for vanillyl alcohol oxidation in the presence of NaOH. 

Further, manganese doped cobalt mixed oxide (MnCo-MO) catalyst was also prepared 

and tested to for vanillyl alcohol oxidation under base free condition. Mixed oxide 

catalyst (MnCo-MO) was made as a composite with reduced graphene oxide and its 

activity was evaluated for p-cresol oxidation. Manganese oxide catalyst was also 

synthesized by sovothermal and co-precipitation methods. Comparative studies of these 

preparation methods on catalytic activity and selectivity were done in case of veratryl 

alcohol oxidation reaction in the absence of a base. The detailed discussions about these 

prepared catalysts and their performances for liquid phase oxidation reactions are 

discussed in detail under the following sections.  

2.2. MONO METALLIC COBALT OXIDE (Co3O4) CATALYST FOR LIQUID-

PHASE AEROBIC OXIDATION OF VANILLYL ALCOHOL TO VANILLIN  

Cobalt oxide is the most versatile catalyst in liquid phase oxidation, because of its strong 

capability for dioxygen activation (through metal– O2 adduct formation) and more cost 

effective compared to noble metals. As compared to their bulk counterparts, 

nanostructured materials are more efficient as catalysts due to increased number of corner 

and edge atoms with decreasing crystal domains, leading to higher adsorption rates and 

activation of the reactants [16, 17]. The catalytic performance is extremely sensitive to 

the particle size because the surface structure and electronic properties change 

considerably at the nanometer size scale. Hence, this work was undertaken to explore and 

understand the mechanism by which nanostructured materials govern their performance, 

especially their role in directing the selectivity pattern in a consecutive oxidation 

reaction. For this purpose, we prepared nanostructured Co3O4 by solvothermal method 

and investigated its catalytic performance for aerobic oxidation of vanillyl alcohol in the 

liquid phase (Scheme 2.1). 
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  Scheme 2.1. Aerobic oxidation of vanillyl alcohol 

Vanillin has major applications in the food and perfumery sectors because of its flavor 

and it also finds use in medicinal applications serving as a platform chemical for 

pharmaceutical production [18]. Traditionally, vanillin was synthesized from guaiacol 

through (i) the nitrose, and (ii) the glyoxylic method [19, 20] (Scheme 2.2). 

 

 

 

 

 

Scheme 2.2. Traditional vanillin synthesis; (i) Nitrose and (ii) glyoxylic, methods 

Though these methods gave higher selectivity to vanillin, the formation of undesirable 

side products (nitrile and p-aminodimethyl aniline) in the case of the nitrose method, and 

the use of toxic oxidants (CuO, PbO2 and MnO2) in case of the glyoxylic method, and 

lower product yields (57%) are the serious drawbacks of these methods [21]. Hu et al. 

reported the synthesis of vanillin from oxidation of 4-methylguaiacol by using [Co-

(salen)(py)][PF6]2 (salen = bis(salicylidene)ethylenediamine, py = pyridine) as the 

catalyst, to afford complete conversion with 86% selectivity to vanillin in 18 h with 

mediation of the reaction by NaOH [22]. Thereafter, a combination of cobaltous chloride 

(i)

OH

OCH3

CH2OH

OH

OCH3

CH

OH

OCH3

N N(CH3)2

OH

OCH3

CHO

OH

OCH3

COCO2H

OH

OCH3

CH(OH)CO2H

OH

OCH3

OH

OCH3

CHO

CHOCO2H
(ii)

O

OH

OH

Vanillyl alcohol

O

OH

OHO

Vanillic acid

OH

O

O

Vanillin

Air, Catalyst

-H2O



Section B: Chapter 2         Metal oxide Catalysts for Oxidation Reac….. 

 

Ph.D Thesis, University of Pune Page 128 
 

and N-hydroxyphthalimide catalyzed oxidation in the presence of NaOH was also 

reported for vanillin synthesis with complete conversion of 4-methylguaiacol and 90% 

product yield (vanillin) in 7 hours [23]. However, catalyst preparation in both the 

processes was complicated, requiring a longer reaction time, and suffered a major 

problem in its recovery and recyclability. These drawbacks could be overcome by our 

successful synthesis of Co3O4 nanoparticles as efficient catalyst for the aerobic liquid 

phase oxidation of vanillyl alcohol to vanillin. The structural characterization of the 

catalyst was also done to explain the observed activity results. The reusability of the 

catalyst was achieved by the thermal regeneration step during the catalyst recycle study.  

2.2.1. Experimental  

Co3O4 nanoparticles were prepared by solvothermal method and the details of which has 

been described in chapter 2 of Section A (section 2.3.2.1). The catalyst was characterized 

by XRD, FT-IR, H2-TPR, HR-TEM and cyclic voltammetry technique and the detailed 

characterization procedure is described in chapter 2 of Section A (sections 2.4.1, 2.4.9, 

2.4.10, 2.4.6, and 2.4.11). The activity of Co3O4 catalysts for vanillyl alcohol oxidation 

was carried out in batch-reactor and experimental procedure is described in chapter 2 of 

Section A (2.5.2.1).  

2.2.2. Results and discussion 

2.2.2.1. Catalyst characterization 

XRD diffractograms of the uncalcined and calcined samples of the prepared nano Co3O4 

and commercial Co3O4 are displayed in Fig. 2.1. The as-synthesized material showed 

broad and asymmetric peaks at 2θ ~17.2
o
, 33.6

o
 and 39.3

o
, which are characteristic of the 

cobalt hydroxycarbonate phase [24]. However, the diffractogram of the calcined sample 

was completely different from the as-synthesized sample. The broad XRD diffraction 

peaks observed for calcined Co3O4 oxide at 2θ ~19
o
, 31.4

o
, 36.9

o
, 44.9

o
, 59.5

o
 and 65.4

o
, 

were ascribed to the cubic phase of the Co3O4 (JCPDS No. 74-1657). The average 

crystallite size of Co3O4 nanoparticles estimated from the full width at half maximum of 
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the 311 diffraction peak by applying the Scherrer equation was about 14 nm, which was 

much smaller (six times) than that observed for the commercial Co3O4 (86 nm). The 

broader XRD diffraction peaks observed for our Co3O4 oxide indicate the nanocrystalline 

nature of the prepared catalyst. 

 

 

 

 

 

 

 

 

Fig. 2.1. XRD patterns of: (a) as synthesized cobalt hydroxycarbonate (b) Co3O4 
nanoparticles (c) commercial Co3O4 

The various cobalt oxide species possibly formed during the preparation of Co3O4 spinel 

were postulated from the temperature-programmed reduction analysis (TPR). TPR 

profiles of Co3O4 showed a two-step reduction process initiated at approximately 200 
o
C 

as shown in Fig. 2.2. The first reduction peak was very sharp and symmetrical and the 

temperature maximum was centered at about 325 
o
C. This peak was associated with the 

reduction of trivalent cobalt oxide (Co3O4) to divalent cobalt oxide (CoO) (2.1). The 

second reduction peak was broad and unsymmetrical with the temperature maxima 

centered at about 548 
o
C. This could be attributed to the subsequent reduction of divalent 

cobalt oxide (CoO) to metallic cobalt (Co
o
) (2.2) [25, 26]. 

Co3O4 + H2 - 3CoO + H2O    (2.1) 

3CoO + 3H2 - 3Co + 3H2O    (2.2) 
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The amount of hydrogen consumed at low temperature (325 
o
C) was about one third 

(3.83 mmol g
-1

) of that for the higher temperature (548 
o
C, 11.8 mmol g

-1
). The ratio of 

hydrogen consumed between the 1st and 2nd peaks was close to 1:3, which is consistent 

with the stoichiometry of Co3O4 reduction.  

 

 

 

 

 

 

    Fig. 2.2. H2-TPR profile of Co3O4 nanoparticles 

The reduction of CoO to metallic Co was strongly dependent on the morphology of 

Co3O4. As reported earlier, in case of nanoparticles, the reduction of CoO to Co metal 

initiated at 400 
o
C, was completed at 550 

o
C while for nanotube morphology, it started 

from 500 
o
C and completed at 650 

o
C. However in our case, CoO reduction started at 350 

o
C and was completed at around 650 

o
C, which clearly shows that the prepared Co3O4 

existed with mixed nanocomposite morphology giving an unsymmetrical reduction peak 

as observed during reduction of CoO to metallic Co
o
 (Fig. 2.2). HR-TEM images 

(discussed later, Fig. 2.4) also suggest the mixed nanocomposite morphology of the 

prepared Co3O4 spinel. 

Formation of Co3O4 spinel was also evident from the FT-IR characterization. Fig. 2.3 

shows FTIR spectra of the as synthesized material (cobalt hydroxycarbonate) and Co3O4 

nanoparticles. As compared with the cobalt hydroxy carbonate, the IR spectrum of the 

Co3O4 nanoparticles displayed two sharp bands at 563 and 667 cm
-1

, originating from the 
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stretching vibrations of the metal–oxygen bonds. The former band at 563 cm
-1 

was 

attributed to Co
3+

 in an octahedral hole and the latter band at 667 cm
-1

 for Co
2+

 in a 

tetrahedral hole [27, 28]. The fingerprint of IR absorption at 563 and 667 cm
-1

 for the 

Co3O4 spinel was fully developed after calcination at 450 
o
C. 

 

 

 

 

 

 

 

Fig. 2.3. FT-IR spectra for (a) cobalt hydroxy carbonate and (b) Co3O4 nanoparticles 

Fig. 2.4 shows HR-TEM images of Co3O4 nanoparticles synthesized by the solvothermal 

method and subsequent calcination at 450 
o
C. The as-synthesized material had a fully 

developed rod-like morphology (Fig. 2.4a), while the calcined nanoparticles showed a 

mixed morphology which included cubic, tubular and truncated polyhedron shapes (Fig. 

2.4b). These cobalt oxide nanoparticles were arranged in chain-like fashion with particle 

size ranging from 12–20 nm, which matched well with the crystallite size calculated from 

XRD. The fringe patterns of the prepared Co3O4 nanoparticles obtained by HR-TEM are 

shown in Fig. 2.4c. According to this, the dominant exposed planes were (111) with a 

lattice space of 0.46 nm. The other exposed planes observed were (220) and (311) with 

lattice spaces of 0.28 and 0.24 nm, respectively. Fig. 2.4d shows the cross-section view 

near the (110) orientation exhibiting a rectangular shape with a long edge parallel to 

(001). These 001 planes were constructed from (220) planes. Selected area ED analysis 
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was also carried out to understand the crystallographic orientation of the Co3O4 

nanocystallites. Fig. 2.4f displayed the ED patterns of the cube present in the Co3O4 

nanocomposite. The lattice constants obtained from the ED patterns are in excellent 

agreement with those from the XRD analysis. 

 

 

 

 

 

 

 

 

 

 

  

Fig. 2.4. HR-TEM images of Co3O4 nanoparticles and (f) SAED pattern of Co3O4 

nanoparticles  

The active sites present in Co3O4 could be approximately estimated by the Co
3+

/Co
4+

 

redox profiles obtained by cyclic voltammetry (CV). CV measurements were performed 

at a scan rate of 50 mV s
-1

 over the potential range of 0–0.6 V in 0.1M KOH solution by 

using a quasi-reference electrode. As can be seen in Fig. 2.5, during the positive 

scanning, a broad hump was observed which could be associated with the oxidation of 
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Co
3+

 on the surface of Co3O4. Corresponding to the oxidation process, a similar broad 

hump was observed at the cathode near 0.45 V, which was attributed to the reduction of 

Co
4+

 to Co
3+ 

[29]. The broad peak may be due to the mixed morphology of Co3O4, as it 

was also confirmed by H2-TPR and HR-TEM measurements. 

 

 

 

 

 

 

Fig. 2.5. CV curve in 0.1 M KOH solution (a) prepared Co3O4 oxide and (b) commercial 

Co3O4 oxide 

These results are characteristic of the surface confined redox couple as shown by the 

reaction in Fig. 2.5. Morphology and crystallite size of the Co3O4 has a significant 

influence on the exposed number of Co
3+

 species. From the integrated area of the Co
3+

 

oxidation peaks shown in Fig. 2.5, it could be evaluated that the exposed surface area of     

Co
3+

 in Co3O4 was higher in our nano Co3O4 sample than in the commercial Co3O4 

sample. The area of the oxidation–reduction peak for the commercial Co3O4 sample was 

very much less, which was attributed to its higher crystallite size. 

2.2.3. Catalytic performance of Co3O4 nanoparticles 

The comparison of the activity and selectivity of different catalysts for the liquid-phase 

air oxidation of vanillyl alcohol is shown in Table 2.1. All the reactions were performed 

under optimum reaction conditions in alkaline medium except entry 4. The role of base is 

probably to deprotonate the phenolic –OH to form the phenoxy anion, which is the 
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reactive species and favors coordination to the cobalt (III) species, increasing the activity 

[30]. Oxidation of vanillyl alcohol in an alkaline medium without catalyst did not show 

any activity. However, oxidation in the presence of catalyst and a base led to the selective 

formation of vanillin (98%), with 80% conversion of vanillyl alcohol. This could be 

possible by active participation of the Co
3+

 species. As observed in the HR-TEM images 

of the material, the presence of (110) plane was revealed. According to Xie et al., (110) 

planes of Co3O4 are a characteristic of Co
3+

 species, which is the active component for 

the oxidation reaction. A comparable oxidation activity of the homogeneous precursor 

was also observed (entry 1, Table 2.1), but it suffers a major problem of difficult recovery 

and then recyclability. A control experiment with commercial Co3O4 gave a much lower 

conversion (45%) with almost the same selectivity pattern as shown in Table 2.1 (entry 

3). The lower activity of the commercial Co3O4 was due to its higher crystallite size (86 

nm), which would offer less Co
3+

 active species for the oxidation, as is also supported by 

its CV measurement. 

Table 2.1.Catalyst screening for aerobic oxidation of vanillyl alcohol 

Entry Catalyst Conv. (%) 
Selectivity (%) 

Vanillin Vanillic acid 

1. 
a
 Co(ac)2 82 96 4 

2. Co3O4 nanoparticles 80 98 2 

3. Commercial Co3O4 45 98 2 

4. 
b
 Co3O4 nanoparticles 25 88 12 

a
 Homogeneous catalyst. 

b
 Reaction without NaOH. 

In addition, the surface area of nanosize Co3O4 was found to be 87 m
2
/g, about 17 times 

higher than that of the commercial Co3O4 sample (5 m
2
/g). Secondly, the lattice fringe 

patterns of nano Co3O4 showed the presence of the (111) plane, which was absent in the 

commercial Co3O4, in which ‘d’ spacing of 0.28 nm was characteristic of the (220) plane 

(Fig 2.6). Hence both the factors viz. higher surface area as well as a dominant (111) 

plane exposing the active Co
3+

 sites of nano Co3O4, are responsible for its higher specific 
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activity. TOF calculated for Co3O4 nanoparticles was 6.4 h
−1 

while that for commercial 

Co3O4, it was 1.2 h
−1

. Under the same reaction conditions, oxidation of vanillyl alcohol in 

the absence of a base leads to the lower conversion of vanillyl alcohol (25%) with 88% 

selectivity to vanillin and 12% vanillic acid, as shown in Table 1 (entry 4). It seems that 

in the oxidation of the vanillyl alcohol, the catalytic role of cobalt in the absence of base 

is weak but not absent because abstraction of the β-proton from the vanillyl alcohol 

depends on the formation of the superoxo-Co(III) species [31].  

  

  Fig. 2.6. HR-TEM images of commercial Co3O4  

The effect of reaction time on vanillyl alcohol conversion and selectivity to vanillin was 

also studied for Co3O4 nanocatalyst and the results are shown in Fig. 2.7. The conversion 

of vanillyl alcohol increased from 49 to 80% with a consistent selectivity (98%) to 

vanillin. While an increase in reaction time from 2 to 6 h, conversion became low (86%) 

with a decrease in selectivity to vanillin from 98 to 94% in 8 h. The decrease in 

conversion and selectivity to vanillin might be due to the formation of polymeric 

materials over the catalyst surface as observed by the increase in the catalyst weight after 

the reaction. 
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Fig. 2.7. Effect of time on conversion and selectivity. Reaction conditions: mole ratio of 

NaOH/vanillyl alcohol, 3.8; Co3O4 nanoparticles catalyst (0.1 g), 353 K, iso-propyl 

alcohol (70 ml), O2-pressure (6.8 bar) 

In order to study the stability of this heterogeneous catalyst, its recycle experiments were 

carried out in the following way: after the first oxidation run with fresh Co3O4 catalyst, it 

was filtered out and washed several times with methanol, dried under vacuum at 100 
o
C 

for 2 h and then reused after calcination at 450 
o
C for 1 h. The procedure was followed 

for three subsequent oxidation experiments, and the results are shown in Fig. 2.8. The 

conversion of vanillyl alcohol was found to decrease from 80 to 69% after the 3rd recycle 

study, however, selectivity to vanillin remained constant (98%). XRD and HR-TEM 

image of the used catalyst after the 3rd recycle showed that the particle size of the 

catalyst remained intact while, the morphology of the Co3O4 was changed from mixed 

morphology, which included cubic, tubular and truncated polyhedron, to roughly 

spherical (Fig 2.9 a and b). The decrease in the catalytic activity of the used catalyst 

might be due to the change in the morphology, which leads to the change in the crystal 

planes of the catalyst, which are responsible for exposing the active sites on the surface 

[32]. The selectivity of the product did not change during recycling of the catalyst. This 
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implies that the morphology affects the reaction rate significantly but has no influence on 

the reaction pathway.  

 

 

 

 

 

Fig. 2.8. Recycle study of vanillyl alcohol oxidation. Reaction conditions: mole ratio of 

NaOH/vanillyl alcohol, 3.8; Co3O4 nanoparticles catalyst (0.1 g), 353 K, iso-propyl 

alcohol (70 ml), O2-pressure (6.8 bar). 

 

Fig. 2.9. XRD pattern of (a) fresh Co3O4 nanoparticles (b) after 3
rd

 times reused Co3O4 

nanoparticles, and (c) HR-TEM image of 3
rd

 times reused Co3O4 

In order to eliminate the possibility of a homogeneously catalyzed reaction due to the 

dissolution of cobalt oxide, a leaching test was performed as follows. The nano Co3O4 

catalyst was separated from the reaction mixture by simple filtration after a partial 

(c) 
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conversion of 45% in 2 h, and the filtrate was then continued for further reaction under 

similar conditions (6.8 bar air pressure at 80 
o
C), which did not give any conversion (Fig. 

2.10). The absence of any cobalt species in the filtrate was also confirmed by inductively 

coupled plasma spectrometry. These results clearly support the fact that the oxidation of 

vanillyl alcohol, catalyzed by Co3O4, is truly heterogeneous in nature. 

 

 

 

 

 

 

    

         Fig. 2.10. Catalyst leaching test 

2.3. MIXED Co–Mn OXIDE CATALYSED SELECTIVE OXIDATION OF 

VANILLYL ALCOHOL TO VANILLIN IN BASE-FREE CONDITIONS 

The catalytic properties of Mn-mixed cobalt oxide catalyst are attributed to the ability of 

manganese to form oxides of different stoichiometries or mixed-valence compounds and 

their high oxygen storage capacity [33]. These metals (Co and Mn) are commonly used 

for oxidation reactions and also are more economical than noble-metal-based catalysts. 

Despite the large number of studies on single-component manganese [34, 35] and cobalt 

oxides [36] and very few on mixed cobalt and manganese oxides for oxidation of volatile 

organic compounds (e.g., benzene and toluene), there is hardly any report addressing the 

catalytic properties based on the structural attributes of combinations of these two oxides 

for the aerobic liquid phase oxidation of vanillyl alcohol, which is an industrially 
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important reaction. As we observed Co3O4 nanoparticles were active for vanilyl alcohol 

oxidation, but use of an excess amount of sodium hydroxide is mandatory, because 

firstly, it reacts with the phenolic −OH and prevents oxidation on the benzene ring; 

secondly, it prevents the formation of dimeric by-products and hence is beneficial for 

selective oxidation [37]. Nevertheless, the use of a large excess of sodium hydroxide has 

two major drawbacks: (i) catalyst deactivation owing to the formation of an inactive 

hydroxyl-bridged cobalt complex in the presence of water, and (ii) formation of huge 

amounts of waste inorganic salt during product neutralization. Hence, there is a genuine 

need to develop catalytic oxidation route without using a base. This would require a 

multifunctional solid catalyst designed in such a way that different active sites are present 

in the same catalyst for performing more than one function. As in case of bulk mixed 

metal oxide, the surface could be bifunctional, with one component responsible for the 

dissociation of molecular O2 and the second component responsible for the chemisorption 

of hydrocarbons (C-H bond breaking and oxygen insertion). Hence, we developed 

manganese doped cobalt mixed oxide (MnCo-MO) catalyst, synthesized by a 

solvothermal method, which showed an excellent activity for liquid-phase air oxidation 

of vanillyl alcohol to vanillin without using a base. 

2.3.1. Experimental 

Manganese-doped cobalt oxide (MnCo-MO) catalyst was prepared by solvothermal 

method, the details of which were described in Section A (section 2.3.2.3) of chapter 2. 

As obtained catalysts were characterized by XRD, XPS, H2-TPR, O2-TPO and HR-TEM 

techniques and the detailed characterization procedure is described in chapter 2 of 

Section A (sections 2.4.1, 2.4.8, 2.4.10, and 2.4.6). The activity of MnCo-MO catalysts 

for vanillyl alcohol oxidation without using a base was carried out in a batch reactor and 

the experimental procedure is described in Section A (2.5.2.2) of chapter 2.  

2.3.2. Results and discussion 

2.3.2.1 Catalyst characterization 
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Fig. 2.11. A. XRD pattern of MnCo−MO and B. XRD patterns of (a) Co3O4,                                                                                                                                                           

(b) mixed oxide and (c) Mn3O4  

The XRD pattern of MnCo-MO catalyst in Fig. 2.11 A shows diffraction peaks at 2θ = 

33.4
o
 (103), 39.1

o
 (004) and 54.68

o
 (312) corresponding to the tetragonal phase of 

CoMn2O4 (JCPDS: 77-0471). The peaks at 2θ = 24.7
 o

 (101) and 41.5
o
 (103) were 

attributed to the tetragonal phase of Mn3O4 (JCPDS: 24-0734) and those at 2θ = 19
o
, 

31.4
o
, 36.9

o
, 44.9

o
, 59.5

o
 and 65.4

o
 were ascribed to the cubic phase of Co3O4 (JCPDS: 

74-1657). Thus, the catalyst contained three different spinel oxides, viz. CoMn2O4, 

Mn3O4 and Co3O4. Fig. 2.11 B shows XRD profiles of both single and mixed metal 

oxides. Single-component cobalt and manganese samples on calcination showed 

diffraction phases that were related to Co3O4 and Mn3O4, respectively. The cobalt sample 

exhibited peaks at 2θ = 19
o
 (111), 31.4

o
 (220), 36.9

o
 (311), 44.9

o
 (400), 59.5

o
 (511) and 

65.4
o
 (440), ascribed to the cubic phase of Co3O4 according to JCPDS No. 74-1657. The 

manganese sample exhibited a broad peak at 2θ = 37
o
 corresponding to the (112) plane of 

Mn3O4. The other peaks of lower intensity were also identical and matched those of the 

tetragonal hausmannite phase (JCPDS card No. 08-0017). In the case of MnCo-MO 

catalyst, the diffraction peaks of Co3O4 became weaker and broader after doping of 

manganese. The intensities of broad and small peaks in the XRD patterns of mixed 

oxides indicated that manganese caused some deformation in the crystal structure of 

Co3O4 that resulted in a decrease of particle size [38] (the crystallite size of Co3O4 was 14 
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nm, whereas it was 10 nm for MnCo-MO catalyst, calculated by using the Scherrer 

equation). Doping of manganese into the Co3O4 resulted in a slight shift in position from 

2θ = 36.9
o
 towards a lower diffraction angle of 2θ = 36.7

o
 (311), which might result from 

the insertion of manganese oxide in the octahedral framework of Co3O4 [39]. 

 X-ray photoelectron spectroscopy (XPS) was used to monitor the oxidation states 

and the relative percentages of different constituent elements in the MnCo-MO catalyst 

and the results are shown in Table 2.2. A broad signal of Co 2p3/2 could be fitted 

satisfactorily to three principal peaks and one satellite peak after deconvolution, as shown 

in Fig. 2.12a. The peak at 779.2 eV was assigned to the Co
3+

 of Co2O3 whereas the peak 

at 780 eV was assigned to the Co
2+

 of CoMn2O4 [40]. Formation of CoMn2O4 was also 

confirmed by XRD and high-resolution transmission electron microscopy (HRTEM) 

results. CoMn2O4 is an incomplete normal spinel with a tetragonal structure in which 

Co
2+

 mainly occupies the tetrahedral sites and Mn
3+

 mainly occupies the octahedral sites. 

Another peak at 780.9 eV was also present owing to Co
2+

, but from spinel Co3O4. A 

satellite peak at 782.8 eV was indicative of Co
2+

 in both the spinel Co3O4 and CoMn2O4. 

In the case of undoped Co3O4, the Co 2p3/2 peak could be deconvoluted into two major 

peaks, one at 780.2 eV (Co
3+

) and the other at 782 eV (Co
2+

); the very low intensity peak 

at 784 eV resulted from the 3d→4s shake-up satellite (Fig. 2.12b), which was a 

characteristic of Co3O4 [41]. We observed that doping of manganese into Co3O4 led to a 

decrease in the binding energy of cobalt species, which might be a result of formation of 

a Co–Mn compound (CoMn2O4), and it also reversed the Co
2+

/Co
3+

 ratio in a mixed 

oxide relative to that in undoped cobalt oxide (Table 2.2). 

Table 2.2. Surface composition calculated from XPS 

Catalysts 
Atomic ratio 

(Co/Mn) 

CoMn2O4 Co3O4 At.(%) 
[a]

 

Co
2+

 [%] Co
2+

 [%] Co
3+

 [%] Mn Co 

MnCo-MO 2.6 40 27 33 27 73 

Co3O4 − − 33 67 − − 

[a] At.% = Atomic percent of Mn and Co in mixed oxide (MnCo-MO). 
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Fig. 2.12. XPS of (a) Co 2p3/2 of MnCo–MO, (b) Co 2p3/2 of Co3O4 (c) Mn 2p3/2, and (d) 

O1s of MnCo–MO catalyst 

The MnCo-MO catalyst also showed a broad signal of Mn 2p3/2, which could be fitted 

satisfactorily to three major peaks and one satellite peak after deconvolution, as shown in 

Fig. 2.12c. The peaks at 640.4, 641.4 and 642.4 eV correspond to Mn
2+

, Mn
3+

 and Mn
4+

, 

respectively,[42, 43] whereas the small peak at 643.6 eV corresponds to the satellite of 

Mn
4+

. It is reasonable, therefore, to conclude that Mn element exists as Mn
2+

 and Mn
3+

 in 

both Mn3O4 and CoMn2O4 spinel oxides. The presence of these spinel oxides in MnCo-

MO catalyst was also confirmed by XRD peaks at 2θ = 24.7
o
 (101) and 33.4

o
 (103), 
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respectively. However, the presence of Mn
4+

 indicates the possibility of MnO2, which we 

did not observe in XRD pattern because of peak broadening. 

The manner in which oxygen is bonded to metals in metal oxides can be determined 

through XPS of oxygen. In this series, the O1s spectrum was used to identify the types of 

metal oxides present in MnCo-MO catalyst. In the O1s spectrum of MnCo-MO, three 

peaks were fitted satisfactorily after deconvolution, as shown in Fig. 2.12d. The peaks at 

lower binding energies of 529.2 and 529.7 eV could be assigned to the lattice oxygen and 

must therefore correspond to Co-O and Mn-O bonds, respectively [ 44]. However, the 

peak at the higher binding energy of 531.2 eV was assigned to the surface adsorbed 

oxygen (O
2− 

or O
−
) or hydroxyl group or oxygen vacancies.[45] 

Fig. 2.13 shows HRTEM images of MnCo-MO catalyst, synthesised by the solvothermal 

method and subsequent calcination at 450 
o
C. As can be seen in Fig. 2.13b, the calcined 

sample displayed a roughly nanorod-like structure, whereas the as-synthesised sample 

showed a fully rod-like morphology with 79 nm length and 11 nm diameter (Fig. 2.13a).  

 

Fig. 2.13. HR-TEM images of MnCo–MO catalysts: (a) as synthesized catalyst (b) 

calcined sample (c) lattice fringe patterns and (d) SAED pattern 
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The average dimensions of calcined MnCo-MO nanorods were approximately 20–30 nm 

in length with a diameter of 4–7 nm. The lattice fringe patterns of the MnCo-MO catalyst 

are shown in Fig. 2.13c. The dominant exposed plane of MnCo-MO nanorods was (103) 

with a lattice spacing of 0.26 nm, which was related to the spinel CoMn2O4. The other 

exposed planes were (111) and (004) with a lattice spacing of 0.46 and 0.22 nm, related 

to the spinel Co3O4 and CoMn2O4, respectively. Fig. 2.13d, shows the selected-area 

electron diffraction (SAED) pattern of the MnCo-MO catalyst, which was used to 

determine the lattice constants; the results were in excellent agreement with those 

obtained from XRD analysis. 

 To evaluate the reducibility and re-oxidisability as a function of the composition, 

both temperature-programmed reduction (TPR) and temperature-programmed oxidation 

(TPO) studies were performed for single and mixed metal oxides from 100 to 800 
o
C and 

the results are displayed in Fig.s 2.14 and 2.15, respectively.  

 

 

 

 

 

 

 

 

 
Fig. 2.14. H2-TPR of Mn3O4, Co3O4 and MnCo–MO catalysts 
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TPR of the manganese oxide sample exhibited two peaks at 304 and 460 
o
C ascribed to 

the two-step reduction of MnO2 [46]. The H2-TPR profile of Co3O4 was also 

characterized by two reduction peaks located at 345 and 583 
o
C (Fig. 2.14), which 

resulted from a progressive reduction of Co3O4 as follows (3.3) [47]. 

   Co3O4 → CoO → Co
o                                       

(3.3) 

 The first reduction peak was very sharp and symmetrical with the temperature 

maximum centred at about 345 
o
C. This peak was associated with the reduction of 

trivalent cobalt oxide (Co3O4) to a divalent cobalt oxide (CoO) (3.3). The second 

reduction peak was broad and unsymmetrical with a temperature maximum at about 583 

o
C, attributable to the subsequent reduction of divalent cobalt oxide (CoO) to metallic 

cobalt (Co
o
) [48]. Four overlapping peaks at 247, 315, 341 and 392 

o
C were observed in 

the case of the manganese-doped cobalt oxide sample in a temperature range from 200 to 

400 
o
C. It was noticed that the peak at 247 

o
C was observed only in the MnCo-MO 

sample, not for Co3O4 and Mn3O4 samples. It is reasonable to deduce that the peak at 247 

o
C resulted from the reduction of surface oxygen species generated by the presence of 

oxygen vacancies in MnCo-MO oxides. A similar observation as also reported by Shi et 

al. for MnxCo3-xO4 oxide used for formaldehyde oxidation [49]. The hydrogen 

consumption in a lower temperature range of 200–400 
o
C could be a result of the 

stepwise reduction of Co
3+

 to Co
2+

 and also of Mn
4+

 to Mn
3+

. However, the peak in a 

higher temperature range of 400–700 
o
C could result from the reduction of Co

2+
 to Co

o
 

and Mn
3+

 to Mn
2+

 in a MnCo-MO sample [50]. The presence of the reduction peak at a 

higher temperature of approximately 637 
o
C in the TPR profiles of MnCo-MO catalysts 

(Fig. 2.14) is additional evidence of the formation of mixed Co–Mn oxides.  

 After reduction of single (Co3O4 and Mn3O4) and mixed metal oxides (MnCo-

MO) to the corresponding metallic forms during TPR experiments, TPO experiments 

were also performed and the results are displayed in Fig. 2.15. The addition of 

manganese to cobalt oxide led to remarkable changes in the TPO profiles of single metal 

oxides with respect to the amount of oxygen consumed, number of oxidation peaks and 

the oxidation temperature.  
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       Fig. 2.15. O2-TPO profile of Mn3O4, Co3O4 and MnCo–MO catalysts 

If the reduced MnCo-MO catalyst was exposed to oxygen, manganese was oxidised to a 

great extent and the resulting manganese oxide covered the cobalt oxide peaks. So we 

could not distinguish the separate oxidation peaks for Mn and Co oxides. As can be seen 

from Fig. 2.15, the area of the oxygen consumption peak for MnCo-MO catalyst was 

much higher than that of the oxygen consumption peak for single metal oxides. This 

observation indicates that the addition of manganese to cobalt oxide enhanced the 

consumption of oxygen in mixed metal oxides, which is the favourable condition for the 

oxidation reaction.  

2.3.3. Catalytic activity of MnCo-MO  

The activity of single metal oxides (Co3O4 and Mn3O4) was compared with that of mixed 

metal oxide (MnCo-MO) catalysts for the oxidation of vanillyl alcohol and the results are 

shown in Fig. 2.16. Among these catalysts, Co3O4 showed significantly lower substrate 

conversion (48%) with higher selectivity to vanillin (88 %). The efficiency of Mn3O4 in 

terms of vanillin yield was marginally higher (54%) than that obtained for MnCo-MO 

catalyst (51 %), but the catalyst recycle experiment with Mn3O4 showed a substantially 

diminished conversion of 29% and also lower selectivity to vanillin (74%) owing to the 

higher oxygen storage capacity and faster oxygen absorption rates of manganese oxide 
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(MnOx), which led to the over-oxidation to vanillic acid. However, the MnCo-MO 

catalyst showed superior recyclability (discussed later) and selectivity to vanillin of 83% 

relative to catalysts containing only the single oxide of either cobalt or manganese.  

 

 

 

 

 

 

 

 

Fig. 2.16. Catalysts screening for oxidation of vanillyl alcohol. Reaction conditions: 

vanillyl alcohol, 3.24 mmol; catalysts (0.1 g), temperature, 140 
o
C; acetonitrile (70 ml), 

air pressure (21 bar); time, 2 h. 

The higher activity of the MnCo-MO catalyst might result from spinel CoMn2O4 along 

with Mn species of varying oxidation states. A separate oxidation experiment performed 

by using a physical mixture of Mn3O4 and Co3O4 showed only 45% conversion of 

vanillyl alcohol with 74% selectivity to vanillin, which was close to that obtained for 

spinel Co3O4. The importance of Co/Mn composition in the mixed metal oxide was also 

studied by preparing and testing two mixed oxide samples with varying molar ratios of 

Mn and Co (MnCo 1:1 and 2:1). Both of these catalysts showed either inferior activity 

and/or selectivity relative to MnCo-MO catalyst with 1:2 molar ratio of Mn and Co. 

MnCo 1:1 catalyst showed 52% conversion and 83% selectivity to vanillin, whereas 

MnCo 2:1 showed 64% conversion of vanillyl alcohol with 74% selectivity to vanillin 

(Table 2.3).  
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Table 2.3. Catalyst screening for vanillyl alcohol oxidation 

Catalyst 
Conversion 

(%) 

Selectivity (%) 

Vanillin Vanillic acid Others 

Coprecipitation 

CoMn−MO 
22 85 3 12 

CoMn (1:1) 52 83 5 
            

           12 

MnCo (2:1) 64 73 12 
 

15 

The lower selectivity to vanillin in the case of MnCo 2:1 catalyst was owing to the over-

oxidation of vanillin to vanillic acid. MnCo-MO having a Mn/Co ratio of 1:2, prepared 

by a co-precipitation method, [51] on testing for vanillyl alcohol oxidation showed 

inferior activity (22% conversion) to MnCo-MO prepared by a solvothermal method 

(Table 2.3). In spite of the fact that MnCo-MO prepared by co-precipitation had a pure 

CoMn2O4 phase, it had a very low activity because of its lower surface area (17 m
2
g

-1
) 

and higher crystallite size (62 nm) than MnCo-MO prepared by the solvothermal method, 

which had a higher surface area of 105 m
2
g

-1
 and smaller crystallite size of 10 nm (Fig. 

2.17). 

 

 

 

 

 

 

  Fig. 2.17.  XRD of CoMn2O4 prepared by co-precipitation method 
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Further, the nature of the solvent was also found to have a profound influence on vanillyl 

alcohol oxidation. The sequential oxidation of aldehyde to acid and other by-products 

may be inhibited through careful selection of the solvent. In a nonpolar solvent such as 

toluene, poor conversion of vanillyl alcohol was obtained (35%) owing to the lower 

solubility of vanillyl alcohol in toluene. Among the polar solvents, organic polar solvents 

showed a better performance than inorganic solvent (H2O), which might be because of 

the higher solubility of oxygen in organic solvents.  

 

 

 

 

 

 

 
 

Fig. 2.18. Effect of solvent on oxidation of vanillyl alcohol. Reaction conditions: vanillyl 

alcohol, 3.24 mmol; MnCo–MO catalyst (0.1 g), temperature, 140 
o
C; solvent, (70 ml), 

air pressure (21 bar); time, 2 h. 

As can be seen from Fig. 2.18, the conversion and selectivity were remarkably different 

in polar inorganic and organic solvents. In water, conversion of vanillyl alcohol was 52% 

and selectivity to vanillin was only 44% with majority formation of tar. Vanillyl alcohol 

is sparingly soluble in water; hence significant inhibition of the adsorption of the 

substrate onto the catalyst surface restricts the rate of reaction. However, in polar organic 

solvent, the solubility of the substrate was higher allowing easy adsorption of reactant 

molecules on the catalyst surface and the reaction was readily facilitated. Oxidation of 
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vanillyl alcohol in acetonitrile gave the highest conversion of 62% and selectivity of 83% 

to vanillin compared with oxidation in isopropyl alcohol (60% conversion of vanillyl 

alcohol with 62% selectivity to vanillin). The higher dielectric constant of acetonitrile 

(37.5) than that of isopropyl alcohol (17.9) facilitates better solubility of substrate and 

oxidant in the solvent, hence affecting the activity and selectivity pattern. 

 The effect of reaction time on vanillyl alcohol conversion and selectivity to 

vanillin was studied with MnCo-MO catalyst under optimized reaction conditions and the 

results are shown in Fig. 2.19.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.19. Effect of time on oxidation of vanillyl alcohol. Reaction conditions: vanillyl 

alcohol, 3.24 mmol; MnCo–MO catalyst (0.1 g), temperature, 140 
o
C; acetonitrile, (70 

ml), air pressure (21 bar). 

 

The conversion of vanillyl alcohol increased from 43 to 63% and the selectivity to 

vanillin increased from 79 to 83% with an increase in reaction time from 1 to 2 h. A 

further increase in reaction time from 2 to 4 h enhanced the conversion of vanillyl alcohol 

from 63 to 80%; however, it led mainly to the formation of tar. As this could not be 

detected by HPLC, the material balance of the overall reaction was <90 %. The visible 

tarry product was separated out from the reaction crude, dried, weighed and accounted 



Section B: Chapter 2         Metal oxide Catalysts for Oxidation Reac….. 

 

Ph.D Thesis, University of Pune Page 151 
 

for determining the vanillin selectivity as well. The selectivity of vanillin was found to 

decrease from 83 to 72% with increase in reaction time from 2 to 4 h. 

 The effect of temperature on vanillyl alcohol oxidation was examined over the 

MnCo-MO catalyst in a temperature range of 100–160 
o
C and the results are shown in 

Fig. 2.20. The conversion of vanillyl alcohol increased from 41 to 76% with an increase 

in reaction temperature from 100 to 160 
o
C. The selectivity to vanillin increased from 57 

to 83% initially with an increase in reaction temperature from 100 to 140 
o
C, but a further 

increase in temperature to 160 
o
C caused a decrease in vanillin selectivity from 83 to 74% 

owing to the formation of over-oxidation products. 

 

 

 

 

 

 

 

Fig. 2.20. Effect of temperature on oxidation of vanillyl alcohol. Reaction conditions: 

vanillyl alcohol, 3.24 mmol; MnCo–MO catalyst (0.1 g), temperature, 100-160 
o
C; 

acetonitrile, (70 ml), air pressure (21 bar); time, 2 h. 

Catalyst concentration has a significant effect on the liquid phase oxidation of vanillyl 

alcohol. Experiments were conducted by varying the catalyst concentration in the range 

of 0.0007–0.0017 gcm
-3

 and the results are displayed in Fig. 2.21. The conversion of 

vanillyl alcohol increased with increase in catalyst loading from 0.0007 to 0.0014 gcm
-3

, 

whereas the selectivity to vanillin remained almost constant at about 83%. The increase 
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in conversion with increase in catalyst loading was a result of the increase in the number 

of active sites available for participating in the reaction. Further increase in catalyst 

loading from 0.0014 to 0.0017 gcm
-3 

had a marginal effect on vanillyl alcohol 

conversion, thus implying that mass-transfer resistance could be significant under these 

conditions. 

 

 

 

 

 

 

 

Fig. 2.21. Effect of catalyst concentration on oxidation of vanillyl alcohol. Reaction 

conditions: vanillyl alcohol, 3.24 mmol; MnCo–MO catalyst, 0.0007-0.0017 g/cm
3
; 

temperature, 140 
o
C; acetonitrile, (70 ml), air pressure (21 bar); time, 2 h. 

The effect of partial pressure of oxygen on conversion and selectivity was studied for 

vanillyl alcohol oxidation by varying the air pressure in the range of 7 to 28 bar at 140 
o
C 

and the results are shown in Fig. 2.22. Both the conversion of vanillyl alcohol and 

selectivity to vanillin increased gradually with an increase in air pressure from 7 to 21 

bar, beyond which the conversion increased but the selectivity to vanillin started 

decreasing from 83 to 78%, thereby implying that a higher dissolved concentration of 

oxygen increased the formation of other by-products. 
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Fig. 2.22. Effect of pressure. Reaction conditions: vanillyl alcohol, 3.24 mmol; MnCo–

MO catalyst, 0.1 g; temperature, 140 
o
C; acetonitrile, (70 ml), air pressure (7- 28 bar); 

time, 2 h.  

The stability of the MnCo-MO catalyst for vanillyl alcohol oxidation was investigated by 

recycling studies in the following way: After the first oxidation run with fresh MnCo-MO 

catalyst, the reaction crude was allowed to settle and the clear supernatant product 

mixture was removed from the reactor. The catalyst remaining in the reactor was washed 

with methanol twice and then dried at 100 
o
C. The subsequent run was continued by 

adding a fresh charge to this catalyst. Fig. 2.23 shows that the activity decreased if only 

the dried reused catalyst was used (recycles 1 and 2), but the original activity could be 

regained (63%) if the reused catalyst (recycle 3) was calcined again at 450 
o
C for 1 hour. 

A small loss in the activity was observed, which resulted from handling of the catalyst. 
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Fig. 2.23. MnCo–MO catalyst recycles studies. Reaction conditions: vanillyl alcohol, 

3.24 mmol; MnCo–MO catalysts, 0.1 g; temperature, 140 
o
C; acetonitrile, (70 ml), air 

pressure (21 bar); time, 2 h. 

To eliminate the possibility of a homogeneously catalysed reaction owing to dissolution 

of metal oxide, a leaching test was also performed and the results are shown in Fig. 2.24.  

 

 

 

 

 

 

 

    Fig. 2.24. Catalyst leaching test 
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The MnCo-MO catalyst was separated from the reaction mixture by simple filtration after 

a partial conversion of 43% in 1 h, and the filtrate was then employed in further reaction 

under similar  conditions (21 bar air pressure at 140 
o
C), which did not give any further 

conversion. The absence of any metal species in the filtrate was confirmed by inductively 

coupled plasma spectrometry. These results clearly support the fact that the oxidation of 

vanillyl alcohol catalysed by MnCo-MO is truly heterogeneous in nature. 

A plausible mechanistic pathway for oxidation of vanillyl alcohol catalysed by mixed 

oxide (MnCo-MO) to give vanillin is shown in Scheme 2.3. In the ground state, oxygen 

remains in the triplet form containing two unpaired electrons with parallel spins. Direct 

reaction of triplet oxygen with singlet organic molecules to give a singlet product is a 

spin-forbidden process and has a very slow reaction rate. This can be overcome by 

complexation of triplet oxygen with a paramagnetic transition metal ion [52].  
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Scheme 2.3. Plausible mechanistic pathway for the formation of vanillin 

As manganese with d
 4

 configuration has a more paramagnetic nature (2.8 BM) than 

cobalt with d 
7
 configuration (1.7 BM) in a tetragonal complex because of the Jahn–

Teller effect, [53] it has a strong tendency to react with an oxygen molecule to give a 



Section B: Chapter 2         Metal oxide Catalysts for Oxidation Reac….. 

 

Ph.D Thesis, University of Pune Page 156 
 

metal superoxo complex. This further converts into the metal peroxo complex, which 

readily forms a metal hydroperoxo complex by abstracting a proton from vanillyl alcohol 

to give the corresponding phenolate ions. The role of Mn is thus significant in eliminating 

the use of a free base (NaOH). The phenolate ions get oxidised to the phenoxy radical by 

means of reaction with Co
3+

 species present in the reaction medium [30]. The phenoxy 

radical then undergoes further reaction to form the quinomethide, which reacts with the 

cobalt superoxo complex to give a peroxycobalt (III) complex followed by its subsequent 

decomposition to the corresponding aldehyde with concomitant release of a 

hydroxycobalt (III) complex. The formed aldehyde with a free radical abstracts the 

proton from the reaction medium and is converted to vanillin. To examine the 

involvement of free radicals in the reaction, we performed the oxidation reaction in the 

presence of a small amount of radical scavenger, benzoquinone, under the same reaction 

conditions. The conversion of vanillyl alcohol dropped significantly from 62 to 25% 

without affecting the selectivity, thus supporting the role of free radicals in the reaction. 

2.4. REDUCED GRAPHENE OXIDE COMPOSITE WITH REDOXIBLE MnCo-

OXIDE FOR p-CRESOL OXIDATION  

In this work, we present the research efforts to develop sustainable and clean pathway for 

the liquid phase oxidation of p-cresol [54]. The products formed, depending on the 

catalyst and the reaction conditions are p-hydroxybenzyl alcohol (PHBAlc), p-

hydroxybenzaldehyde (PHBAld) and p-hydroxybenzoic acid (PHBAcid). All these 

compounds have versatile applications in industrial and pharmaceutical sectors [55]. 

Industrially, p-hydroxybenzaldehyde is synthesized by side-chain chlorination of p-cresol 

and by subsequent saponification of the resulting dichloromethyl group [56]. Sharma et 

al. reported the oxidation of p-cresol in methanol by using cobaltous chloride in the 

presence of NaOH giving 90% conversion with 59% selectivity to p-

hydroxybenzaldehyde [57].
 
The drawbacks of these methods are the employment and the 

generation of chemicals detrimental to health and environment and took longer reaction 

time. The use of graphene based composite materials have attracted substantial attention 

due to their unique structure and extraordinary properties for various applications such as 
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electrocatalysts, electrodes, sensors and more specifically dispersion of metal oxide 

nanoparticles (NP) on graphene sheets potentially provides a novel way to develop 

catalysts for oxidation reactions [58]. A facile synthesis of graphene/metal oxide NP 

composites with good control of size and morphology is critical to the catalytic 

applications of practical relevance. The use of graphene oxide (GO) based composite 

material as a catalyst, for liquid phase oxidation of p-cresol, has never been reported 

before. The surface of GO hosts oxygen containing functional groups like hydroxyl (–

OH) and epoxide groups located on the basal planes and carbonyl (>C=O) and carboxyl 

groups (–COOH) located at the edges of the GO [59]. These functional groups facilitate 

anchoring of metal nanoparticles, useful for performing redox reactions. GO is an 

excellent precursor for graphene synthesis, via either chemical or thermal reduction 

processes. A number of chemical reductants have been studied for reducing GO to form 

graphene/metal nanoparticle composites, e.g. hydrazine and its derivatives [60]. 

However, these reductants are highly toxic and explosive, which limit their usage on a 

larger scale operation. Therefore, we used ethylene glycol as a reducing agent, which is 

safe and environmentally suitable [61]. Although cobalt is an excellent catalyst for the 

relatively inert hydrocarbon C–H bond activation in oxidation reactions, incorporation of 

manganese along with it, is known to improve the overall oxidation activity and more 

particularly, influence the product distribution due to the formation of efficient redox 

couple between Co and Mn [62]. We have developed Co3O4, which was found to be an 

efficient catalyst for liquid phase aerobic oxidation of vanillyl alcohol to vanillin in the 

presence of NaOH. Further, we also developed mixed metal oxides catalyst by doping 

manganese with the cobalt oxide (MnCo−MO) that led to the formation of tetragonal 

CoMn2O4 phase, which was found to be active species for the oxidation reactions and 

catalyzed base-free oxidation of vanillyl alcohol to vanillin. In continuation of our efforts 

towards the substitution of reagent based oxidation processes by nonpolluting solid 

catalyst for industrially relevant oxidation reaction, we have synthesized the composite 

material of reduced graphene oxide with cobalt-manganese mixed oxide (r-GO-MnCoO) 

for liquid phase oxidation of p-cresol to p-hydroxybenzaldehyde (96%) with 71% product 
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yield. The activity of the catalyst was correlated with its physico-chemical 

characterization data obtained from various techniques.  

2.4.1. Experimental  

Reduced graphene oxide composite with manganese-doped cobalt oxide (r-GO-MnCoO) 

catalyst was prepared by solvothermal method and the details of which has been 

described in chapter 2 of Section A (section 2.3.2.4). The catalysts were characterized by 

XRD, O2-TPD, CV and HR-TEM technique and the detailed characterization procedure 

is described in chapter 2 of Section A (sections 2.4.1, 2.4.10, 2.4.11, and 2.4.6). The 

activity of r-GO-MnCoO catalysts for p-cresol oxidation was carried out in batch-reactor 

and experimental procedure is described in Section A (2.5.2.3) of chapter 2.  

2.4.2. Results and discussion 

2.4.2.1. Catalyst characterization 

The graphite powder showed a sharp diffraction line at 2θ = 26.5
o 

corresponding to a d-

spacing of 3.34 Å. (Fig. 2.25) However, graphene oxide (GO) shows the diffraction peak 

at 2θ = 11.4
o
 with an increase in d-spacing to 7.5 Å. This is attributed to the oxidation of 

graphite involving introduction of oxygen containing functionalities [63]. XRD 

diffractograms of r-GO-MnCoO nanocomposite showed diffraction peaks at 2θ = 33.4
o
 

(103), 39.1
o
 (004) and 54.6

o
 (312) corresponding to the tetragonal phase of CoMn2O4 

(JCPDF card no. 77-0471), while the peaks at 2θ = 19
o
, 31.2

o
, 36.7

o
, 44.7

o
, 59.3

o
 and 

65.2
o
, were ascribed to the cubic phase of the Co3O4 (JCPDF card No. 74-1657). The 

diffraction peaks at 2θ = 31.2
o
, 36.7

o
, 44.7

o
, 59.3

o
 and 65.2

o
, showed 0.2

o
 shift towards 

lower 2θ values as compared to the bare mixed metal oxides (MnCo-MO) (Fig. 2.10A), 

indicating interaction of r-GO with metal oxides. The average crystallite size of r-GO-

MnCoO nanocomposite estimated from the full width half maximum of the (311) 

diffraction peak by applying the Scherrer equation was about 8 nm which was less than 

the bare MnCo-MO (10 nm). The broader and less intense XRD diffraction peaks 
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observed for r-GO-MnCo composite indicates nanocrystalline nature of the prepared 

catalyst. 

 

 

 

 

 

 

 Fig. 2.25. XRD patterns of (A) graphite powder, and (B) r-GO-MnCoO and GO 

X-ray photoelectron spectrum of r-GO-MnCoO was used for studying the electronic 

properties of metal oxide catalysts prepared in combination with GO. In C1s XPS 

spectrum of GO showed a broad carbon peak that could be fitted satisfactorily to four 

major peaks after deconvolution as shown in Fig. 2.26a. The peaks at 284.4, 286, 287.5 

and 288.7 eV were due to C−C, C−O, C=O and O−C=O species, respectively. XPS of 

C1s in r-GO−MnCoO nanocomposite (Fig. 2.26b), showed reduction in the intensity of 

the peaks corresponding to C−O, C=O and O−C=O species as compared to GO, due to 

the removal of the oxygen containing groups and the recovery of sp
2
 carbon network. The 

percentage distribution of different carbon species in GO and r-GO-MnCoO are shown in 

Table 2.4. In r-GO–MnCoO nanocomposite, Co 2p3/2 showed a broad peak that could be 

fitted satisfactorily to 3 principle peaks and one satellite peak after deconvolution as 

shown in Fig. 2.26c. The peak at 780 eV was assigned to Co
3+

 of Co2O3 while, the peak 

at 781 eV was assigned to Co
2+

 of CoMn2O4. Formation of CoMn2O4 was also confirmed 

by XRD and HR–TEM results. Another peak at 782.1 eV was also present due to Co
2+

 

but from spinel Co3O4. A satellite peak at 784 eV was indicative of Co
2+

 in both the 

spinel Co3O4 and CoMn2O4. All the peaks showed the positive shift towards higher 

(B) (A) 
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binding energy (BE) as compared to the bare mixed metal oxides (MnCo-MO) (Fig. 

2.12(a)), which was attributed to stronger metal–r-GO interactions that were induced by 

an increase in the number of defects in r-GO. It also indicates the decrease of electron 

density and a change in the electronic states of metals leading to the higher valence states. 

This trend can be interpreted as delocalization of d and p-orbital electrons of metals and 

carbon of r-GO, respectively.    

 

Fig. 2.26. XPS of (a) C 1s of GO, (b) C 1s of RGO−MnCoO, (c) Co 2p3/2, and (d) Mn 

2p3/2 of r-GO−MnCoO nanocomposite 

r-GO–MnCoO catalyst also showed a broad signal of Mn 2p3/2, which could be fitted 

satisfactorily to 2 major peaks and a satellite peak after deconvolution, as shown in Fig. 

2.24d. The peaks at 641.8 and 643.7 eV, correspond to Mn
3+

 and Mn
4+

, respectively, 

while the small peak at 646 eV corresponds to the satellite of Mn
4+

. 
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 Table 2.4. Percentage distribution of different carbon species 

It is reasonable therefore, to conclude that the Mn exists as Mn
3+

 in CoMn2O4 spinel 

oxides. Presence of CoMn2O4 spinel in r-GO–MnCoO catalyst was also confirmed by 

XRD diffraction peaks at 2θ = 33.4
o 

(103). However, the presence of Mn
4+

 indicates the 

possibility of MnO2, which we did not observe in XRD due to the peak broadening. The 

shift in the BE of Mn towards higher values was also observed as compared to bare 

mixed metal oxides that might be due to the extremely effective delocalized donor–

acceptor interactions with the π-system of the r-GO and metal oxide [64]. The manner in 

which oxygen is bonded to metals, in r-GO–MnCoO nanocomposite can be determined 

through XPS of oxygen. Deconvolution of the O1s spectrum of r-GO-MnCoO produces 

three main peaks around 530.3, 532, and 533 eV as shown in Fig. 2.27.  

 

 

 

 

 

 

 

 

 

 

 

 

   Fig. 2.27. XPS of O1s of r-GO-MnCoO nanocomosite 

Carbon species in GO 
Carbon species in 

RGO−MnCoO 

Chemical Species 
Binding energy 

(eV) 
Area (%) 

Binding energy 

(eV) 
Area (%) 

C−C 284.4 30 284.6 74 

C−O 286 33 286 12 

C=O 287.5 21 287 7 

O−C=O 288.7 16 288.2 
7 
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The peak at lower binding energy (530.3 eV) could be assigned to the oxygen species 

involved in metal oxide chemical bonds in the composite and must therefore correspond 

to Co–O and Mn–O bonds respectively [65]. However, the peaks at higher binding 

energies (532 and 533 eV) were assigned to C−O (oxygen singly bonded to aliphatic 

carbon) and phenolic (oxygen singly bonded to aromatic carbon) groups, respectively 

[66]. 

HR-TEM provides insight into the morphology and detailed structure of the prepared 

catalysts. Fig. 2.28a reveals that r-GO–MnCoO is a composite material of reduced 

graphene oxide and mixed metal oxide (MnCo-MO) having uniform nanotubes with size 

∼25 nm in length and 6 nm in diameter. The morphology of the mixed oxide did not 

change after making composite with r-GO, as the bare mixed metal oxide also has the 

nano rod like morphology (Fig. 2.28b). The lattice fringe pattern of the r-GO–MnCoO 

nanocomposite is shown in Fig. 2.28c. The dominant exposed planes of r-GO–MnCoO 

were (103) and (004) with a lattice space of 0.26 nm and 0.22 nm, respectively, which 

was related with the spinel CoMn2O4. The other exposed planes were (111) and (400) 

with a lattice space of 0.46 and 0.20 nm, related with the spinel Co3O4. Fig. 2.28d 

showing the ED patterns of the r-GO–MnCoO nancomposite was used to determine the 

lattice constants which were in excellent agreement with those obtained from the XRD 

analysis. The FE-SEM images of the bare mixed oxide and r-GO-MnCo also supported 

the HR-TEM results. The bare MnCo-MO showed monodisperse nanorod like structure 

(Fig. 2.29A) and r-GO-MnCoO showed composite nature of material in which nanorods 

were attached over the surface of reduced graphene oxide (Fig. 2.29B). It has been 

demonstrated that both vacancies and edges in r-GO were effective trapping centers for 

metal oxide nanoparticles.   
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Fig. 2.28. HR-TEM images of (a) r-GO-MnCoO nanocomposite, (b) MnCo-MO, (c) 

lattice fringe patterns of r-GO-MnCoO and (d) SAED pattern of r-GO-MnCoO 

 

 Fig. 2.29. FE-SEM images of (A) MnCo-MO and (B) r-GO-MnCoO 
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To investigate the types of active oxygen species, O2-TPD measurement of r-GO–

MnCoO nancomposite and MnCo−MO was performed and the results are shown in Fig. 

2.30. Four peaks appearing in the TPD, which were designated as peaks α, β, γ and δ, 

indicated four kinds of oxygen species present in the samples. Generally, the adsorbed 

oxygen undergoes the following transformations: [67] 

O2 (ad) → O
2−

(ad) → O
−
(ad) → O

2−
(lattice) 

The physically adsorbed oxygen and O
2−

(ad) species were desorbed at relatively lower 

temperature (<300 
o
C). In Fig. 2.28, peak α corresponds to O

2−
 (ad) species. The O

−
 

species desorbs at higher temperature (> 400 
o
C), therefore it is more reasonable to assign 

β and γ peaks to the desorption of O
−
 species. Besides the three peaks, the lattice oxygen 

desorbs at a very high temperature (>800 
o
C), hence δ-peak could be assigned to the 

presence of lattice oxygen. In case of r-GO–MnCoO nancomposite β, γ and δ peaks 

shifted to lower temperatures compared to those in bare MnCo-MO. This suggests that 

the addition of r-GO into the mixed oxide (MnCo-MO), increased the surface oxygen 

mobility and facilitated the oxygen desorption from catalyst surface at lower 

temperatures. This in turn increased the rate of reaction as observed in case of r-GO-

MnCoO nanocomposite (Table 2.5). 

 

 

 

 

 

 

  Fig. 2.30. O2-TPD of bare MnCo-MO and r-GO-MnCoO 
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The active sites present in r-GO−MnCo catalyst could be approximately estimated by the 

cyclic voltammetry. Cyclic voltammetry measurements were performed at a scan rate of 

100 mV s
-1

 over the potential range of 0–0.8 V in 0.5 M H2SO4 solution by using a glassy 

carbon electrode. Fig. 2.31 shows the plots of current density versus potential for the 

MnCo-MO and r-GO-MnCoO.  

 

 

 

 

 

 

 

  Fig. 2.31. Cyclic voltammetry curve of MnCo-MO and r-GO-MnCoO  

From the graph it is clear that, r-GO-MnCoO nanocomposite presents the largest 

integrated area compared to the bare MnCo-MO, indicating that the redox potential of the 

nanocomposite has been significantly increased due to the addition of r-GO. The 

enhancement in redox potential of the r-GO-MnCoO nanocomposite material can be 

ascribed to the (i) large specific surface area (154 m
2
/g) than bare MnCo-MO (85 m

2
/g), 

(ii) smaller particle size (8 nm) and (iii) synergistic effect between the r-GO and MnCoO 

nanoparticles. Therefore, decrease in particle size increased the active surface that took 

part in the redox reactions [68].
 
Both the samples (MnCo-MO and r-GO-MnCoO 

nanocomposite) showed clearly the presence of oxidation and reduction peaks. In both 

cases, the first anodic peak in the low potential region (-0.3V) could be assigned to the 

oxidation of Mn
2+

 to Mn
3+

 or Co
2+

 to Co
3+

 while, the second one at 0.08V  was attributed 
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to the oxidation of Mn
3+

 to Mn
4+

. Similarly, the cathodic peak present at higher potential 

(0.2V) could be assigned to the reduction of Mn
4+

 to Mn
3+

 and the second one at lower 

potential (-0.55V) could be assigned to the reduction of Mn
3+

 to Mn
2+

 or Co
3+

 to Co
2+

. As 

compared with the bare MnCo-MO, the substantially negative shift (from -0.28 to -0.55) 

of the cathodic peak was observed for the r-GO-MnCoO, which indicated the increased 

electron density of the Co
2+

 and Mn
2+

 species [69]. The reduction peak indicates the 

reduction ability of oxygen hence, as the potential value shifted to more and more 

negative value, the oxygen reduction ability increases that led to the higher oxidation 

ability of r-GO-MnCoO for p-cresol to p-hydroxybenzaldehyde. Similar study has been 

reported in case of Mn3O4 composite with multi walled carbon nano tubes (MWCNT) 

[70]. 

2.4.3. Catalytic activity of r-GO-MnCoO 

The performance of different catalysts for p-cresol oxidation was studied under the same 

reaction conditions (Table 2.5). A blank run without catalyst gave only 6% product yield 

with higher selectivity to PHBAcid (60%). Table 2.5 shows that single component metal 

oxide catalysts exhibited lower activity than the bimetallic catalysts. r-GO-CoO catalyst 

was highly selective for PHBAld formation, however, r-GO-MnO catalyst was highly 

selective for PHBAlc formation. The addition of Mn to the cobalt oxide led to the 

complete change in the both selectivity patterns as well as catalyst activity. From Table 

2.5, it is clear that mixed metal oxide (MnCo-MO) have higher catalytic activity 

compared with the catalyst with only single metal oxide, regardless, if it is either cobalt 

or manganese alone as an active phase. The higher activity of the mixed metal oxides was 

due to the cooperative effect among the metals towards an increment in the mobility of 

the oxygen as well as stabilizing the more active species. The redox cycles, which also 

permit the reactivation of the catalyst, are also favoured. Manganese in synergism with 

cobalt oxide, improves the superficial oxygen at the catalyst surface which is attributed 

by the high oxygen storage capacity of the manganese [71]. 
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Table 2.5. Catalyst screening for p-cresol oxidation 

Catalyst 
Product 

Yield (%) 

Selectivity (%) 

PHBAlc PHBAld PHBAcid PHBEth 

*WO 6 2 38 60 - 

r-GO-CoO 20 - 89 10 1 

r-GO-MnO 28 100 - - - 

MnCo (1:1) 42 1 95 3 1 

r-GO-MnCoO 

(1:1) 
71 - 96 3 1 

r-GO-MnCoO 

(1:2) 
57 - 97 2 1 

r-GO-MnCoO 

(2:1) 
60 1 95 3 1 

*WO = without catalyst 

Reaction conditions: p-cresol (55.5 mmol), NaOH, 155 mmol, catalyst (0.1 g), 100 
o
C, 

methanol (50 mL), oxygen pressure (2.7 bar), time 1 h. 

MnCo mixed oxide, its composite with reduced graphene oxide (r-GO−MnCoO), showed 

higher catalytic activity (71% product yield) than those of bare mixed metal oxide 

(MnCo-MO) (42% product yield) without affecting the selectivity pattern. This 

observation suggests that GO doped catalyst was efficient for sustainable redox couple 

formation (M
n+

↔ M
n+1

). The increment in the oxidising ability of the catalyst by 

increasing the electron density on to the metal oxide via delocalization of electrons 

through π–π interaction of r-GO was supported from CV analysis. Also GO based 

catalysts provide the anchoring sites for the aromatic substrate through π–π interaction, 

which increased the probability of adsorption of substrate on the catalyst surface, leading 

to higher reaction rate. 

 For p-cresol oxidation, catalysts were prepared by varying the ratios of cobalt and 

manganese with the constant amount of GO (1%). Among the screened catalysts, we 

observed that 1:1 ratio of cobalt and manganese showed highest catalytic activity (71% 
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product yield) than r-GO-MnCoO (1:2) and r-GO-MnCoO (2:1) showed 57% and 60 % 

product yield, respectively. As r-GO−MnCoO (1:1) catalyst gave better performance, 

further work on the optimization of the reaction parameters was carried out using this 

catalyst. Fig. 2.32 shows the time course of catalytic performances in the p-cresol 

oxidation with r-GO−MnCo catalyst at 2.7 bar of oxygen. It showed that product yield 

increased from 68 to 71% by extending the reaction time from 30 to 60 min. Thereafter, 

decrease in the product yield occurred from 71 to 60% in 2 hours that might be due to the 

formation of tarry product, which was detected only after the reaction was continued for 

longer reaction time (2 hours). However, selectivity to the PHBAlc, PHBAcid and 

PHBEth throughout the reaction remained only < 6% and selectivity for PHBAld was 

>96%. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.32. Effect of time on oxidation of p-cresol. Reaction conditions: p-cresol (55.5 

mmol), NaOH, 155 mmol, catalyst (0.1 g), 100 
o
C, methanol (50 mL), oxygen pressure 

(2.7 bar), time 2 h. 

The stability of r-GO−MnCoO catalyst for p-cresol oxidation was established by its 

recycle experiments in the following way. After the first oxidation run with fresh r-

GO−MnCoO nanocomposite, the catalyst was filtered and washed several times with 

methanol, dried at 100 
o
C for 6 h and reused for the subsequent runs by adding a fresh 

charge. Fig. 2.33 shows that the catalyst was found to retain its activity even after 3
rd
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recycle experiment without any loss of activity indicating the high efficiency of r-

GO−MnCoO catalyst for the oxidation of p-cresol.  

 

Fig. 2.33. Recycle study for p-cresol oxidation. Reaction conditions: p-cresol (55.5 

mmol), NaOH, 155 mmol, r-GO-MnCoO catalyst (0.1 g), 100 
o
C, methanol (50 mL), 

oxygen pressure (2.7 bar), time 1 h. 

 

To check the stability of the r-GO−MnCo catalyst and verify that the reaction is truly 

heterogeneously catalysed, a leaching experiment was also carried out. After 30 min. of 

reaction, the catalyst was filtered and the reaction was left to continue for another 30 min. 

in which the product yields measured before and after catalyst filtration were 68% and 

66.5% respectively, confirming that the reaction was heterogeneous and also that there 

was no metal leaching under the reaction conditions. 

 

2.5. MANGANESE OXIDE CATALYST FOR VERATRYL ALCOHOL 

OXIDATION  

Activity of the catalyst strongly depends upon their morphology, crystallite size and the 

planes that they expose. These in turn depend upon the catalyst preparation methods [72]. 

During the past decade, the rapid development in the material science offers an 

opportunity to prepare metal and/or metal oxide with tailored structural characteristics for 

efficient catalysis.
 
Among these, the most critical factor in the exposure of specific crystal 
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plane which would be responsible for type of number of active sites required in a 

particular reaction [32]. Our earlier studies on Co3O4 material showed that [111] plane of 

the cobalt oxide was highly active, due to presence of higher concentration of Co
3+

, 

facilitating for the oxidation reaction [17]. From this perspective it was thought 

appropriate to compare two methods viz. co-precipitation and solvothermal for the 

preparation of mesoporous manganese and cobalt oxides as these are versatile oxidation 

catalysts.  

 Co-precipitation is a simple and well known method, reported for the synthesis of most 

of the metal oxides [73] whereas, solvothermal method has been reported as a powerful 

tool to synthesize the nanomaterial with the reproducibility, quality, and quantitative 

yield [74].
 
The prepared catalysts were evaluated for liquid phase oxidation of veratryl 

alcohol (Scheme 2.4).  Manganese oxide used for this purpose because of its non-toxic 

and cost-efficient nature, and also predominantly due to the wide range of stable 

oxidation states (+2, +3, +4, and +7) of this element [75].
  

In heterogeneous catalysis, 

manganese oxides are used as selective catalysts for a wide range of catalytic 

applications, including ozone decomposition, [76] photocatalytic oxidation of organic 

pollutants, [77] nitric oxide reduction, [78] selective oxidation of carbon monoxide, [79]
 

volatile organic compounds and decomposition of hydrogen peroxide [80]. Recently, 

spinel Co3O4, prepared by simple co-precipitation method has been reported for selective 

oxidation of veratryl alcohol in water by using molecular oxygen. The catalyst showed 

the highest conversion of 85% with 96% selectivity to veratryl aldehyde in 7 hours [73]. 

As a derivative of coniferyl alcohol (a primary monomer of lignin), veratryl alcohol 

bearing a 3,4-dimethoxy group has been extensively studied for understanding the 

chemistry of lignin valorization and exploring efficient transformation routes. Veratryl 

alcohol can be oxidized into veratraldehyde by using different catalysts such as enzymes 

81], noble and non-noble metal porphyrin complexes, [82] cobalt (salen) complexes [83] 

and Co-zeolitic imidazolate frameworks (Co-ZIFs) [84]. However, catalyst preparation in 

these processes are complicated, require a longer reaction time, reaction mediated by the 

base (pyridine or NaOH), and suffer a major problem in its recovery and recyclability. 

Hence, it is of great practical importance to develop a simplified preparation protocol for 
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low cost, highly active and reusable heterogeneous catalysts with the capability to form 

strong redox couple and give controlled oxidation products. 

 

 

 

 

 

   

 

  Scheme 2.4. Aerobic oxidation of veratryl alcohol 

2.5.1. Experimental  

Manganese oxide catalyst prepared by solvothermal and co-precipitation methods was 

designated as MnOx-ST and MnOx-CP, respectively. The details of catalyst preparation 

have been described in chapter 2 of Section A (section 2.3.2.2). The catalysts were 

characterized by XRD, XPS, H2-TPR, and HR-TEM technique and the detailed 

characterization procedure is described in chapter 2 of Section A (sections 2.4.1, 2.4.8, 

2.4.10, and 2.4.6). The activity of catalysts for veratryl alcohol oxidation was carried out 

in batch-reactor and experimental procedure is described in chapter 2 of Section A 

(2.5.2.4).  

2.5.2. Results and discussion 

2.5.2.1. Catalyst characterization 

Manganese oxides crystallize in numerous different structures with varied proportions of 

Mn ions (Mn
2+

, Mn
3+

, and Mn
4+

). The phases of the manganese oxide synthesized by 

solvothermal and co-precipitation methods were characterized by X-ray diffraction, and 

the result was shown in Fig. 2.34. The diffraction peaks of the sample obtained from 

solvothermal method have the mixed phases of the monoclinic Mn5O8 (JCPDS 39-1218) 

and tetragonal hausmannite of Mn3O4. The Mn3O4 can be considered as a spinel structure 

OCH3

OCH3

HO

[O]

CHO

OCH3

OCH3

COOH

OCH3

OCH3

Veratric acidVertaryldehydeVeratryl alcohol
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of Mn
2+

(Mn
3+

)2O4, in which Mn
2+

 and Mn
3+

 occupy the tetrahedral and octahedral site of 

the spinel respectively [85]. In case of solvothermal method, the octahedral Mn
3+

 ions in 

Mn3O4 might be oxidized to Mn
4+

 preferentially over Mn
2+

, which leads to the formation 

of (Mn
2+

)2(Mn
4+

)3O8, i.e. the Mn5O8 [86].
 
The formation of Mn5O8 was further proved by 

X-ray photoelectron spectroscopy. However, all the diffraction peaks of the sample 

obtained from co-precipitation were well matched to the pure tetragonal phase of Mn3O4 

(JCPDS 24-0743). 

 

 

 

 

   

    

   Fig. 2.34. XRD patterns of MnOx-ST and MnOx-CP 

HR-TEM images of MnOx-ST and MnOx-CP are shown in Fig. 2.35. The oxides 

obtained from the solvothermal method shown hexagonal nanoplate like morphology 

having particles size in the range of 8-12 nm whereas the oxide obtained from co-

precipitation gave mixed morphology of nano-octahedron and spherical shape with the 

particles size in the range of 18-34 nm. The clear lattice fringe pattern illustrates that the 

hexagonal nanoplates are highly crystalline in nature (Fig. 2.35b). The six side facets of 

the hexagonal nanoplates are well-defined. The inter-planer spacing was about 0.28 nm 

and 0.49 nm, which corresponds to the [311] and [200] planes of Mn5O8 and Mn3O4 

respectively. Presences of these oxides phase were also confirmed from XRD of MnOx-

ST. However, inter-planer spacing in case of MnOx-CP was 0.27 nm, which corresponds 
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to the [103] plane of Mn3O4. The field-emission scanning electron microscopy (FE-SEM) 

images in Fig. 2.36 (a–d) shows general morphology of the MnOx-ST, exhibited many 

hexagonal plates are agglomerate together into larger petal-like sheets and gave spherical 

flower like appearance. The surface of the nano-hexagonal plates appeared highly porous.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.35. HR-TEM images of (a) MnOx-ST, (b) lattice fringe pattern of MnOx-ST, (c) 

MnOx-CP, and (d) lattice fringe pattern of MnOx-CP 

 

 

 

 

    

   Fig. 2.36 a-d. FE-SEM images of MnOx-ST 
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The porous nature and specific surface area of the MnOx-ST were investigated by 

nitrogen adsorption-desorption measurements. Fig. 2.37 shows the isotherm and the 

corresponding Barrett–Joyner–Halenda (BJH) pore size distribution curves. The isotherm 

can be categorized as type IV, with a distinct hysteresis loop located in the range 0.3–1 

p/po, which is a characteristic of mesoporous materials [87]. The hysteresis feature of the 

MnOx-ST at the relative pressure of 0.3-1 was classified as the H3 loop, suggesting the 

presence of crystalline metal oxide aggregates of sheet like shapes [88]. From the pore 

size distribution curve, it was observed that MnOx-ST showed a bimodal pore 

distribution that is micropores in the region of 0.5-2 nm and mesopores ranging from 2 to 

5 nm. The BET specific surface area of the MnOx-ST was 97 m
2
 g

-1
, which is much 

higher than that of the MnOx-CP (the surface area is only 32.3m
2
 g

-1
). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.37. N2-adsorption-desorption isotherm for MnOx-ST and inset pore size 

distribution of MnOx-ST 

H2-TPR profiles of MnOx-ST and MnOx-CP are shown in Fig. 2.38. In general, the TPR 

patterns strongly depend on the morphology and oxidation states of the sample. The TPR 

profiles of both the samples showed two steps reduction process. MnOx-CP showed the 

low temperature peak around 322 
o
C, corresponds to the reduction of Mn

3+
 ions located 

in octahedral holes in the hausmannite lattice. As the Mn3O4 particles were firstly get 
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reduced, the formed relatively stable MnOx species would cover the inner core, hindering 

further reduction, and they were totally reduced to MnO at high temperature (459 
o
C). 

The broad and unsymmetrical nature of the second reduction peak during reduction of 

MnOx to MnO was due to the mixed morphology of MnOx-CP as also suggested by HR-

TEM. However, MnOx-ST, showed two very sharp and symmetrical reduction peaks at 

higher temperature relative to MnOx-CP (343 
o
C and 494 

o
C respectively). The low 

temperature reduction peak (343
 o

C) was attributed to the reduction of Mn5O8 to Mn3O4 

and the high temperature reduction peak (494 
o
C) was corresponds to the reduction of 

Mn3O4 to the MnO [89]. The H2 consumption of MnOx-CP was 4.46 mmol/g, which is 

similar to the theoretical amount of Mn3O4 (4.37 mmol/g) [90]. However, in case of 

MnOx-ST, H2 consumption was 6.7 mmol/g, which are much higher than the theoretical 

amount of Mn3O4, indicating the increase of oxygen species due to the formation of 

Mn5O8 along with Mn3O4.  

 

  

 

 

 

 

 

 

 

 

     

    Fig. 2.38. H2-TPR profiles of MnOx-ST and MnOx-CP 

X-ray photoelectron spectroscopy (XPS) was used to monitor the different oxidation 

states of manganese in MnOx-ST. For the MnOx-ST, a broad, strong Mn 2p3/2 peak was 

observed suggesting Mn ion exists as more than one oxidation states. A broad signal of 

Mn 2p3/2 could be fitted satisfactorily to two principal peaks and two satellite peaks after 

deconvolution, as shown in Fig. 2.39A. The peaks at 641.5 and 642.7 eV correspond to 
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Mn
3+

 and Mn
4+

, respectively, whereas the peaks at 644 and 646.2 eV correspond to the 

satellite of Mn
3+

 and Mn
4+

 ions respectively, which originated from the charge transfer 

between the outer electron shell of the ligand and the unfilled 3d shell of Mn during the 

creation of the core-hole in the photoelectron process [91]. Existence of two types of 

manganese oxide (Mn3O4 and Mn5O8) in MnOx-ST was also proved by the XRD and 

TPR results. 

The manner in which oxygen is bonded to metal in metal oxides can be determined 

through XPS of oxygen. The chemical environment of oxygen in metal oxide catalysts 

played an important role in their catalytic properties. In the O1s spectrum of MnOx-ST, 

three peaks were fitted satisfactorily after deconvolution, attributed to three types of 

oxygen species as shown in Fig. 2.39B. The peak at BE of 529–530 eV was ascribed to 

the lattice oxygen while, the peak at BE of 531–532 eV was ascribed to defective oxides 

or surface oxygen ions with low coordination. Another peak at a higher BE (above 533 

eV) corresponded to adsorbed water [45].
 

  Fig. 2.39. XPS spectra of (A) Mn 2p3/2 and (B) O 1s of MnOx-ST catalyst 

2.5.3. Activity measurement 

The activity of manganese and cobalt oxide, prepared by solvothermal (ST) and co-

precipitation (CP) methods was compared for the liquid-phase air oxidation of veratryl 

alcohol and the results are shown in Fig. 2.40. All the reactions were performed under 

optimum reaction conditions in the absence of a base.  
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Fig. 2.40. Catalysts screening for veratryl alcohol oxidation. Reaction conditions: veratryl 

alcohol 0.5 g, catalyst (0.1 g), 120 
o
C, acetonitrile (60 mL), air pressure (21 bar), time 90 

min 

Among the screened catalysts, cobalt oxide catalysts showed significantly lower 

conversion (CoOx-CP =11% and CoOx-ST =20%) than manganese oxide catalysts 

(MnOx-CP = 45% and MnOx-ST =96%) with almost similar selectivity to veratryl 

aldehyde (100%). The difference in activity was due to the following reasons: i) Mn has 

higher oxygen storage capacity, ii) wide range of oxidation states, and iii) it has strong 

reduction potential (−1.19) than Co (−0.27), which facilitate the oxidation process. In 

addition to this, the catalysts prepared by solvothermal method were found to be highly 

reactive than the catalysts prepared by co-precipitation method. The cause of higher 

activity of these solvothermal catalysts was due to the morphological and structural 

differences that enable fabrication of catalytic materials with exposing more reactive 

crystal planes, and favouring the oxidation reactions. As it was also confirmed from HR-

TEM results; MnOx-CP has mixed morphology of octahedron and spherical shape with 

(103) plane while, MnOx-ST having uniform regular hexagonal nanoplates with (200) 

and (331) planes. In spite of this the catalysts prepared by solvothermal method have 

higher surface area (97 m
2
/g) and lower particles size (8-12 nm) measured from BET and 

HR-TEM, respectively. This could be the also reason for higher activity of the 
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solvothermal catalyst. In spite of this, highly porous nature of the material, as confirmed 

by FE-SEM and HRTEM, might be also responsible for the higher activity of the 

catalysts. As porous materials enhanced the diffusion rate of the substrate and product 

through it and avoids the deactivation the catalyst by pore blocking. 

 

The effect of reaction time on veratryl alcohol conversion and selectivity to 

veratraldehyde was studied with MnOx-ST catalyst under optimised reaction conditions 

and the results are shown in Fig. 2.41. The conversion of veratryl alcohol increased from 

48 to 96% with an increase in reaction time from 15 min. to 2 hours. As we observed 

from Fig. 8, the rate of conversion of veratryl alcohol, after 60 min. became slow and the 

decrease in veratraldehyde selectivity began to start. Hence, 90 min. reaction time was 

found to be the optimum time, at which conversion was 90% and selectivity to 

veraraldehyde was 98%.   

 

 

 

 

 

 

 

 

 

Fig. 2.41. Effect of reaction time on veratryl alcohol oxidation. Reaction conditions: 

veratryl alcohol 0.5 g, catalyst (0.1 g), 120 
o
C, acetonitrile (60 mL), air pressure (21 bar), 

time 2 h. 

The stability of catalyst for veratryl alcohol oxidation was established by its recycle 

experiments in the following way. After the first oxidation run with fresh MnOx-ST, the 

catalyst was filtered and washed several times with methanol, dried at 100 
o
C for 2h and 

reused for the subsequent runs by adding a fresh charge. Fig. 2.42 shows that the catalyst 
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was found to retain its activity even after 3
rd

 recycle experiment with minor loss in 

activity (from 90% conv. to 85%) indicating the high efficiency of MnOx-ST catalyst for 

the oxidation of veratryl alcohol. To check the stability of the MnOx-ST catalyst and 

verify that the reaction is heterogeneously catalyzed, a leaching experiment was also 

carried out. After 1h of reaction, the catalyst was filtered and the reaction was left to 

continue for another 1h, in which the conversion measured before and after catalyst 

filtration were 81% and 82.5% respectively, thus practically the same within 

experimental error, showing that the reaction was heterogeneous and also indicating that 

there was no metal leaching under the reaction conditions. 

 

 

 

 

 

 

Fig. 2.42. MnOx-ST catalyst recycling studies. Reaction conditions: veratryl alcohol 0.5 

g, catalyst (0.1 g), 120 
o
C, acetonitrile (60 mL), air pressure (21 bar), time 90 min. 

2.6. CONCLUSIONS 

Various cobalt and manganese based catalysts viz. Co3O4, Mn3O4, mixed oxides of Co-

Mn and reduced graphene oxide supported Co-Mn oxide were prepared by solvothermal 

as well as co-precipitation methods. Comparison between commercial and prepared 

Co3O4 catalyst showed that the latter was a better catalyst for vanillyl alcohol oxidation in 

the presence of NaOH. The higher activity of the prepared Co3O4 was due to its smaller 

crystallite size (14 nm), higher surface area (87 m
2
 g

-1
) and higher exposure of Co

3+
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species over the Co3O4 surface as confirmed by CV measurement. In case of mixed metal 

oxide (MnCo-MO) catalyst prepared by solvothermal method, doping of manganese into 

the Co3O4 framework led to the formation of tetragonal CoMn2O4 and Mn3O4 spinel 

phases. The existence of CoMn2O4 was confirmed by XRD, HRTEM and XPS. TPR also 

gave additional evidence of the formation of mixed Co–Mn oxides by the appearance of a 

reduction peak at a higher temperature (637 
o
C). TPO of a mixed oxide exhibited higher 

oxygen adsorption capacity than that of a single metal oxide, which was the reason for 

the higher activity of the mixed oxide catalyst for aerobic oxidation of vanillyl alcohol, in 

the absence of a base. Reduced graphene oxide (r-GO) proved to be highly efficient 

support for the mixed metal oxide (MnCo-MO) catalyst in liquid phase oxidation of p-

cresol to p-hydroxybenzaldehyde. The structural characteristics of r-GO provided the 

active sites for adsorbing p-cresol through π-π stacking interaction. In addition, r-GO 

support caused transfer of charge leading to the enhancement in redox potential of the 

MnCo mixed oxide. Both these factors led to the increase in rate of oxidation giving 71% 

product yield with >96% selectivity to p-hydroxybenzaldehyde in 1 h for p-cresol 

oxidation under mild reaction conditions. Solvothermal and co-precipitation methods of 

preparation for manganese and cobalt oxide catalysts were compared for veratryl alcohol 

oxidation. Between these, manganese oxide catalyst prepared by solvothermal method 

(MnOx-ST) exhibited higher activity than that of Co3O4 catalyst. MnOx-ST catalyst was 

also found to be more efficient (90% conversion) than MnOx-CP (49% conversion) with 

almost complete selectivity to veratraldehyde.  
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In this thesis, a detailed study on developing various non-noble catalytic systems, their 

characterization and evaluation for the industrially important hydroxyalkylation and 

liquid phase oxidation reactions has been carried out.  Section A deals with solid acid 

catalysts developed for hydroxyalkylation reactions of various phenolic compounds with 

an aldehyde or a ketone. A variety of solid acid catalysts developed in this work are: (i)  

phosphotungstic acid (PTA) impregnated on different supports like MCM-41 and 

montmorillonite for hydroxyalkylation of phenol with phthalic anhydride to give 

phenolphthalein, (ii) sulphonic acid graphated magnetically separable solid acid catalysts 

for hydroxyalkylation of guaiacol to give selectively vanillin alcohol and (iii) metal 

cations exchanged montmorillonite clay for p-Cresol hydroxyalkylation to give 2, 2’-

methylenebis (4-methylphenol) [DAM]. Scetion B of the thesis includes the development 

of non-noble metal oxide catalysts for liquid phase oxidations of phenolic compounds 

some of which are considered to be the sub-structures of lignin.  The products of these 

oxidations are valuable intermediates and/or end products used in flavoring or perfumery 

industries.  The major outcome of the thesis was the understanding of structure-activity 

correlation through detailed catalyst characterization and activity evaluation studies. The 

main conclusions of this work are summarized below.  

 Three different solid acid catalysts developed for hydroxyalkylation reactions 

were: PTA/MCM-41, SO3H-Fe3O4@MCM-41 and metal cation exchanged 

montmorillonite catalyst was developed with both Brönsted and Lewis acid sites 

which mainly contributed to give highest selectivity of 91% to phenolphthalein.  

The same catalyst was also found to be highly efficient for the hydroxyalkylation 

reaction of p-cresol and formaldehyde to give DAM.  In another attempt, water 

tolerant magnetically separable solid acid catalyst SO3H-Fe3O4@MCM-41was 

developed for guaiacol hydroxyalkylation to give vanillyl alcohol. The acidity of 

the catalyst was due to –SO3H functionalization confirmed by FT-IR and TGA 

studies. Third category of solid acid catalysts developed was montmorillonite clay 

incorporated with metal cations among which Al-mont showed the highest 

Brönsted acidity. This was due to polarization of interlayer water molecules by 
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highly charged Al
3+

 cations. Because of highest acidity and delamination, Al-

mont gave the highest p-cresol conversion and almost completes selectivity to 

DAM. The recyclability of this catalyst was also proved up to 8 times. 

 Four different catalysts developed for liquid phase oxidations include mono –

metallic Co and Mn oxides as well as mixed oxides of both the metals. These 

were prepared by solvothermal as well as co-precipitation methods between 

which mixed oxides of Co and Mn prepared by solvothermal method exhibited 

the highest activity for oxidation of vanillyl alcohol to vanillin. Formation of 

tetragonal CoMn2O4 and MnO2 spinel phase was established by XRD,XPS and 

HR-TEM. A very novel catalyst for the oxidation of p-cresol to p-

hydroxybenzaldehyde developed was the composite of r-GO and mixed metal 

oxide (MnCo).  The structural characteristics of r-GO provide active sites for p-

cresol adsorption through π-π stacking. Also, r-GO caused charge transfer leading 

to the enhancement in redox potential of MnCo mixed oxide.  For veratryl alcohol 

oxidation to aldehyde, MnOx preapered by solvotheraml method gave higher 

activity than that of both MnOx and Co3O4 prepared by co-precipitation method.  
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