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CHAPTER I 

INTRODUCTION 

Heterogeneous catalytic oxidation is extensively used in catalysis for selective 

and total oxidation processes. Selective oxidation of organic compounds, in particular 

of hydrocarbons, is the basis of numerous industrial process yielding organic oxides, 

aldehydes and organic acids. Alkanes are generally considered chemically inert, a 

characteristic to which they owe their classification as paraffins. Their selective 

oxidation consequently poses many challenges. In the particularly case of 

cyclohexane oxidation, in the actual process it is first oxidized into cyclohexanol and 

cyclohexanone. The conversion of cyclohexane has to be kept very low in order to 

avoid over-oxidation to undesired products because the products are more reactive 

than cyclohexane (Scheme 1.1) [1-2]. Therefore, the industrial process requires rigid 

control of the conversion to maintain reasonable selectivity values. 

OOH OH 0 

0 .. + + + others 

Cyclohexane Cyclohexyl hydroperoxide Cyclohexanol Cye lohexanone 
(CyH) (CyOOH) (CyOH) (CyONE) 

Scheme 1.1 Aerobic oxidation of cyclohexane [2]. 

In this process, the catalyst is a metal complex which can be dissolved in the 

substrate and thus the reaction is conducted in a homogeneous system. An obvious 

drawback of this process is the difficulty of separating the catalysts from the reaction 

mixture and also the environmental problems due to catalyst contamination in the 

liquid waste. Ideally a catalyst would not be consumed, but it does occur in practice. 

Even heterogeneous catalysts, which generally have more stability than homogeneous 

catalysts, undergo chemical · changes from thermal decomposition or from the 

deposition of the substrates and/or products. Thus, activity becomes lower and the 

catalyst is deactivated. As a result, catalysts must be regenerated or eventually 
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replaced. Therefore, the development of effectively recyclable heterogeneous catalyst 

could offer major advantages. 

A catalyst is a substance that increases the reaction rate without being 

consumed in the reaction and thus does not affect the equilibrium. Catalyzed reactions 

proceed faster than uncatalyzed reactions and can be used in repeated cycles of 

elementary steps. Catalytic activity is a quantitative measure of how fast a catalyst 

works, which is usually defined as the rate for conversion of reactants into products. 

Selectivity of a catalyst is a measure of the catalyst's ability to direct the conversion 

to the desired products. Therefore, the utilization of catalysis as a means of 

controlling the rate and direction of a chemical reaction has assumed a dominant role 

in many ongoing studies by scientists and technologists. 

Generally, a catalyst can be classified as heterogeneous or homogeneous. A 

homogeneous catalyst operates in the same phase as the reagents and no phase 

boundary exists; this normally means that they are present as solutes in the liquid 

reaction mixture. A heterogeneous catalyst operates in a different phase from the 

reactants and it has a phase boundary separating it from the reactants [3-4]. 

1.1 Homogeneous catalysts [3-6] 

Homogeneous catalysis derives its name from its most conspicuous feature: 

that is, the catalyst is in the same single homogeneous phase (virtually always liquid) 

as a chemical compound. This characteristic clearly differentiates it from 

heterogeneous catalysis, which usually implies solid catalysts for vapor or liquid 

phase reactions. Thus these two catalyst systems are apparently quite different in 

appearance, m experimental techniques, in theory, and in practical industrial 

applications. 

The major disadvantage of homogeneous transition metal catalysts IS the 

difficulty of separating the catalyst from the product. 
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Table 1.1 General, selected properties of homogeneous and heterogeneous catalysts 

Homogeneous Heterogeneous 

Active centers all metal atoms only surface atoms 

Concentration low high 

Selectivity high lower 

Diffusion problems practically absent present 

Reaction condition mild (50-200'C) severe (often> 250'C) 

Application limited wide 

Activity loss irreversible reaction with sintering of the metal 

products (cluster formation); crystallites; poisoning 

poisoning 

Catalyst properties 

Structure/stoichiometry defmed undefined 

Modification 
high low 

possibilities 

Thermal stability low high 

Catalyst separation sometimes laborious (chemical fixed-bed: unnecessary 

decomposition, distillation, suspension: filtration 

extraction) 

Catalyst recycling possible unnecessary 

Cost of catalyst losses high low 

1.2 Heterogeneous catalysts 

Heterogeneous catalysts interact on their surfaces with reactants VIa 

chemisorption. The concept of chemisorption is a key to understanding catalyzed 

reactions. Catalyzed reactions consist of elementary steps on the catalyst surface in 

which chemical bonds are formed between surface atoms and an adsorbed molecule, 

followed by formation of new bonds between the fragments. 

Heterogeneous catalysts are classified according to their functions as shown in 

Table 1.2. Transition metals are good catalysts for reactions related to hydrogen and 

hydrocarbons because these substances readily adsorb on the surfaces of metals. 

Noble metals that are resistant to oxidation at some relevant temperature may be used 
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as oxidation catalysts. Many oxides are excellent oxidation catalysts because they 

interact with oxygen and other molecules. 

Table 1.2 Classification of representative heterogeneous catalysts [3] 

Class Example Function 

metals Fe, Ni, Pd, Pt, Ag hydrogenation 

dehydrogenation 

hydrogenolysis 

oxidation 

metal oxides NiO, ZnO, Mn02 oxidation 

Cr20), BhO)-MoO) dehydrogenation 

The substrate/catalyst ratio reflects the catalyst's efficiency, which is 

measured as the turnover number (TON) or turnover frequency (TOF). These 

definitions, however, vary slightly among the three catalysis fields. In homogeneous 

catalysis, the TON is the number of cycles that a catalyst can run through before it 

deactivates, i.e., the number of A molecules that one molecule of catalyst can convert 

to B molecules. The TOF is simply TON/time, i.e., the number of A molecules that 

one molecule of catalyst can convert to B molecules in one second, minute, or hour. 

In heterogeneous catalysis, TON and TOF are often defined per active site, or per 

gram catalyst. 

1.3 Scope of research work 

In this research, the catalytic oxidation of cyclohexane and ethyl benzene using 

heterogeneous catalysts such as layered double hydroxides, mixed metal oxides, 

polyoxometalates and transition metal incorporated xerogels were investigated. The 

physical properties of the catalysts, such as crystallinity, elemental content, thermal 

stability, acidity, basicity and surface area were examined. The effect of reaction 

parameters such as oxidant, temperature, reaction time, catalyst amount and types of 

solvent were studied. The stabilities and reusabilities of the catalysts were 

investigated. 
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1.4 Organization of this research 

Chapter I describes the statement of the problems and scope of this research 

work. Chapter II lists the chemicals and characterization techniques. Chapter III 

describes the syntheses of the layered double hydroxide and mixed metal oxide 

catalysts and the oxidation of ethylbenzene. Chapter IV describes the preparation of 

polyoxometalates catalysts and their activity on the oxidation of ethyl benzene, 

cyclohexane and cyclohexanol. Finally, Chapter V describes the preparation of metal­

incorporated xerogel catalysts for oxidation of cyclohexane using tert­

butylhydroperoxide and/or air. 



CHAPTER II 

EXPERIMENTAL 

The chemicals, equipments and characterization techniques for analysis of the 

catalysts were described. 

2.1 Chemicals 

All chemicals used are analytical grade. 

Table 2.1 Chemical reagents and suppliers 

Chemicals Suppliers 

Acetonitrile Merck, Germany 

Acetophenone Fluka Chemies A.G., Switzerland 

Aluminium nitrate nonahydrate Fluka Chemies A.G., Switzerland 

Ammonium carbonate Aldrich Chemical Company, Inc., USA 

Ammonium hydroxide Fluka Chemies A.G., Switzerland 

Barium sulphate Fluka Chemies A.G., Switzerland 

Benzyl alcohol Fluka Chemies A.G., Switzerland 

Benzaldehyde Fluka Chemies A.G., Switzerland 

Benzoic acid Fluka Chemies A.G., Switzerland 

Chromium nitrate Fluka Chemies A.G., Switzerland 

Cobalt acetate Fluka Chemies A.G., Switzerland 

Cobalt chloride Fluka Chemies A.G., Switzerland 

Cobalt nitrate Fluka Chemies A.G., Switzerland 

Copper nitrate Fluka Chemies A.G., Switzerland 

Cyclohexane Merck, Germany 

Cyclohexanol Merck, Germany 

Cyclohexanone Fluka Chemies A.G., Switzerland 

Decane Fluka Chemies A.G., Switzerland 

Diethyl ether Fluka Chemies A.G., Switzerland 

Dichloromethane Merck, Germany 

Disodium hydrogen orthophosphate APS Chemicals, Ltd., Australia 

Dodecanol Fluka Chemies A.G., Switzerland 
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Table 2.1 Chemical reagents and suppliers (cont.) 

Chemicals Suppliers 

Ethanol Merck, Germany 

Ethylbenzene Merck, Germany 

Heptane Fluka Chemies A.G., Switzerland 

Hexane Merck, Germany 

Hydrochloric acid fuming 37% Merck, Germany 

Hydroquinone Merck, Germany 

Iodine Merck, Germany 

Isooctane Fluka Chemies A.G., Switzerland 

Manganese nitrate Aldrich Chemical Company, Inc., USA 

Magnesium nitrate hexahydrate Fluka Chemies A.G., Switzerland 

Methanol Merck, Germany 

Nickel nitrate Fluka Chemie A.G., Switzerland 

Nitric acid Merck, Germany 

Ortho-phosphoric acid 85% Merck, Germany 

I-Phenyl ethanol Fluka Chemies A.G., Switzerland 

Perchloric acid 70% Merck, Germany 

Sodium carbonate Aldrich Chemical Company, Inc., USA 

Sodium hydroxide Aldrich Chemical Company, Inc., USA 

Sodium (meta) vanadate Fluka Chemie A.G., Switzerland 

Sodium hydrogen carbonate Aldrich Chemical Company, Inc., USA 

Sodium dihydrogen orthophosphate APS Chemicals, Ltd., Australia 

Sodium sulfate anhydrous Merck, Germany 

Tetrabutyl ammonium bromide Fluka Chemie A.G., Switzerland 

2.2 Equipments 

• Round bottom flask 

• Magnetic stirrer 

• Reflux condenser 

• Heater and stirrer 

• Pressure reactor (stainless steel, size 100 mL) 
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2.3 Catalyst characterization 

The instruments and techniques used for characterization were specified in the 

following. 

2.3.1 Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectra were recorded on a Nicolet FT-IR Impact 

410 Spectrophotometer. The solid samples were prepared by pressing the samples 

with KBr. Infrared spectra were recorded between 400-4000 cm-1 in transmittance 

mode. 

2.3.2 X-ray diffraction (XRD) 

The XRD patterns of catalysts were obtained on Rigaku, DMAX 2002 Ultima 

Plus X-ray powder diffractometer equipped with a monochromator and a eu-target X­

ray tube (40 kV, 30 rnA) and angles of 2B ranged from 2-90 degree. X-ray diffraction 

is used to obtain information about the structure and composition of the catalysts. 

2.3.3 Diffuse reflectance ultraviolet-visible spectroscopy (DRUV) and 

ultraviolet-visible spectroscopy (UV -vis) 

Diffuse reflectance UV -visible spectra were recorded on UV -vis 2550 

spectrophotometer Shimadzu UV probe. The solid samples were prepared by pressing 

the sample into a specially designed cell. BaS04 was used as the reference material. 

DRUV -visible was recorded at wavelengths between 200-800 nm in reflectance and 

transmittance mode. The liquid samples were analyzed with the same equipment but 

using a quartz cuvette as a sample holder. 

2.3.4 Nitrogen adsorption (Brunauer-Emmett-Teller method (BET» 

BET specific surface area of the catalysts was carried out using a BELSORP­

mini. The principle of this method is by adsorption of a particular molecular species 

from a gas or liquid onto the surface. Based upon one single adsorbed layer, the 

quantity of adsorbed material correlates directly the total surface area of the sample. 

The pore size distributions were obtained according to the Barret-loyner-Halenda 

(BJH) method from the adsorption branch data. 
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2.3.5 Thermogravimetric analysis (TGA) 

TGA involves heating a sample in an inert or oxidizing atmosphere and 

measuring the weight. The weight change over specific temperature ranges provides 

indications of the composition of the sample and thermal stability. Measurement of 

the residue mass of substances according to a controlled temperature program was 

made using Netzsch DMA 242 thermal analyzer with an increment of 20·C/min over 

the temperature range of 30 to 1000·C under nitrogen atmosphere. 

2.3.6 Temperature program desorption (NH3-TPD) 

The acidic properties of samples were measured by temperature programmed 

desorption (TPD) ofNH3 by a commercial TPD system MODEL BEL-CAT equipped 

with a quardrupole mass spectrometer. 

The chemisorption of pure ammonia gas on the surface of the sample was 

carried out using Micromerities Pulse Chemisorb-2705. The sample was kept in a U­

shaped quartz tube and the tube was placed in a split furnace. The sample was 

evacuated at 400·C in helium gas (99.95%) flow for I h (heating rate of 10·C/min) 

after that, samples was pretreated in helium atmosphere for 1 h at predetermined 

temperature 400·C. prepared by heating at temperature (300·C) was first heated in 

situ at 300·C in flowing of argon for 2 h to remove the moisture which might have 

adsorbed during the transfer of sample at various stages. The chemisorption of pure 

ammonia on the preheated sample was carried out at 120·C by repeatedly injecting 

the pulse of pure ammonia gas onto the sample till the saturation was observed. The 

amount of ammonia chemisorbed on the sample in every pulse was shown by thermal 

conductivity detector (TCD) in the form of integrated area of the ammonia peak. 

From the peak areas, the acidity in terms of mmol of ammonia chemisorbed per gram 

of sample was calculated. 
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2.3.7 Temperature program reduction (H2-TPR) 

Temperature-programmed reduction (TPR) experiments were recorded on a 

TPR MODEL BEL-CAT equipped with a thermo-conductivity detector (TCD). 

The catalyst (0.1 g) was pretreated at 400·C under an O2 flow and maintained 

at this temperature for 2 h. The catalyst samples were cooled to 100·C and then 

maintained at this temperature for 30 min. Subsequently, the sample was switched to 

5% hydrogen balance argon mixture and the samples were heated at 10·C/min to a 

final temperature at 900·C. 

2.3.8 Inductively coupled plasma (ICP) 

ICP was performed with Perkin Elmer model PLASMA-tOOO at the Scientific 

and Technology Research Equipment Centre (STREC), Chulalongkom University. 

The samples were prepared by digestion with concentrated nitric acid and dilute with 

deionized water. 

2.3.9 Basicity measurement 

The solid catalysts (0.1 g) were stirred in 6.25 mL of distilled water at room 

temperature for 1 h and then filtered. The flltrates were titrated with 0.02 M benzoic 

acid solution (in methanol). The indicator used was bromothymol blue (PH range 6-

9). The basicity was calculated from the mmol of benzoic acid used in the titration of 

ca. 0.1 g of catalyst. 

2.3.10 Gas chromatography (GC) 

Gas chromatographic analyses were performed on a Varian CP-3800 gas 

chromatograph equipped with a flame ionization detector and a 30 m (0.25 mm Ld., 

0.25 J..lm film thickness) DB-WAX capillary column with nitrogen gas as the carrier 

gas, with a pressure of 80 kPa and a flow rate of 1.5 mL/min. 
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The conditions used for the determination of the substrates and products were 

set as follows: 

Gas chromatography condition for various substrates 

Injector: 

Detector: 

220'C 

250'C 

Programmed temperature 

Ethylbenzene 

Analytical time = 16.0 min 

180'C for 3 min 

_1_00_·_c_D_or_5_m_in----J) O·C/min 

Cyclohexanol and cyclohexane 

Analytical time = 12.3 min 

180'C for 3 min 

_9_0·_C_fo_r_4_m_in_...J)S-C/min 

The products were analyzed by gas chromatography using internal standard. 

%conversion = moles converted 

moles initial 

%selectivity = moles of desired product formed x 100 

moles of total products formed 



CHAPTER III 

CATALYTIC OXIDATION OF ETHYLBENZENE USING 

LAYERED DOUBLE HYDROXIDES AND MIXED METAL OXIDES 

3.1 Introduction 

To increase the value of ethylbenzene, which is a low price chemical, still 

remains a challenge. Acetophenone is the main product from ethylbenzene oxidation. 

The use of stoichiometric amounts of oxidizing agent leads to problems with respect 

to environmental damage, corrosion, recycling and separation. In addition, the use of 

organic solvents also creates a problem. 

Heterogeneous catalysis offers environmentally benign routes for orgarnc 

synthesis. Reactions which can be carried out without any solvent to give high 

conversions and selectivities would be especially valuable. The oxidation of 

ethylbenzene with heterogeneous catalysts has been reported using metal oxide 

supported on meso porous materials [8] and metal complexes supported on zeolites 

[9]. However, low selectivities to acetophenone and high leaching of metal into the 

reaction products were still a problem. 

3.1.1 Layered double hydroxide (LDH) 

Layered double hydroxide (LDH) or hydrotalcite-like materials belong to a 

large class of natural and synthetic anionic clays [10]. These basic solid materials 

show many potentially attractive applications such as: adsorbents, anion exchangers, 

and most importantly as basic catalysts [8-15]. Due to the unique properties of these 

materials, these species are candidates for a number of industrial applications [16]. 

The general formula of a typical LDH is [M2+1_x M3
\ (OH)2][An-]xJn.mH20 in which 

M2+ represents a divalent metal cation (Mg, Ni, Zn, Co, Fe, etc) and M3+ a trivalent 

metal cation (Al, Fe, Cr, Mn, etc.), while An- is an n-valent anion. The structure of 

such a layered double hydroxide is shown in Figure 3.1. The most frequent divalent 

metals are those whose ionic radii vary from 0.65 A (Mg) to 0.83 A (Mn, high spin) 

whereas the radii of the trivalent metal vary between 0.50 A (AI) and 0.69 A (Cr) 

[17]. The formation of these species generates intercalated hydrotalcite (HT) 
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structures that are named after the natural mineral Mg6AI(OH)16C03·4H20. While 

anions such as sol-, cr, OR, N03- or CO/- can occupy the intersheet space to 

balance the positive charges, col ion is preferred [18]. The electroneutrality and the 

stability of layered double hydroxides are assured by the interlamellar anions (An
-) 

and water molecules. Commonly, x is in the range of 0.20-0.33 (M2+/M3+ between 2 

and 4) [11,19]. The structure and surface properties of hydrotalcites and the resulting 

mixed metal oxides strongly depend on chemical composition and synthesis 

procedure [20-21]. 

Figure 3.1 Schematic view of layered double hydroxide structure and general 

formula [22]. 

As anions in the interlayer space are necessary to counterbalance the positive 

charge of the brucite-like layers, LDHs are widely used as ion exchangers and for 

depollution in adsorption [23]. However, the basicity of the LDHs has stimulated 

their use as catalysts, allowing the substitution of liquid NaOH or KOH solutions to 

produce less polluting processes, since the formation of salts as byproducts is avoided. 

LDHs are used as solid base catalysts for many reactions such as biodiesel synthesis 

[24], aldol condensations [25], Wittig reactions [26], steam reforming of methane 

[27], oxidations [28] and hydrogenations [29]. Transition metal cations as potential 

catalytic active centers can be readily incorporated into the hydrotalcite framework 

via their isomorphic substitution for Mg2+ or Ae+ cations. 
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3.1.2 Preparation of layered double hydroxides 

LDH compounds have been synthesized by direct methods, which include 

coprecipitation, sol-gel synthesis, hydrothermal growth and electrochemical synthesis. 

Indirect methods include all syntheses that use an LDH as a precursor. Examples of 

these are all anion exchange-based methods such as direct anion exchange, anion 

exchange -by acid attack with elimination of the guest species in the interlayer region 

and anion exchange by surfactant salt formation [30]. 

Table 3.1 Ionic radii of metal ions 

Cations Radii Electronegativity 

(nm) Pauling 

Mg2+ 6.6 (7.2) 1.31 

Ni2+ 6.9 1.91 

C02+ 7.2 (HS = 7.4; LS = 6.5) 1.88 

Cu2+ 7.2 (7.3) 1.90 

Mn2+ (HS = 8.3; LS = 6.7) 1.55 

Cr3+ 6.3 1.66 

Ae+ 5.1 1.61 

LS = low spin; HS = high spin, Values in brackets are from Ref. [31] 

3.1.3 Thermal treatment of layered double hydroxides 

The important area in layered double hydroxide materials research is phase 

transformation during compound synthesis as shown in Figure 3.2. Thermal 

treatments or calcinations of LDHs result progressively in the loss of water molecules 

at the surface, followed by interlamellar water molecules and lastly, roughly in the 

200-350·C range, by the dehydroxylation of the main layers leading to the collapse of 

the structure. Depending on the interlamellar species, they can also be removed 

thermally, at either relatively low temperatures (e.g., sulfate or chloride) or at high 

temperatures (e.g., phosphate). From this process one obtains an LDH having basic 

mixed metal oxides with a homogeneous interdispersion of the metals and a better 

resistanee to sintering than the corresponding supported material [19-20]. These 

mixed metal oxides display generally a relatively high specific surface area up to 

150 m2/g compared to the prepared LDH « 100 m2/g). 



15 

(A) (8) 
_I~» . -
~ l JU J 7 

i 
I .Jl" • In , 

ui" I !l .-1. I [,)1 nJ 

I 
Mgo.71 Alo,!!1{OHh(COiO)usO.46Hz<) 

n 
Brucite-like Laycts -O .• 4Hz<) (rom OH- Group: 

Al· OH-: 19(fC·280~C 

Figure 3.2 The thennal treatment of MgAl-C03 LDH as a function of temperature 

[32]. 

Five distinct stages have been identified by Yang and co-workers [32] during 

the thermal decomposition of MgAl-C03 LDH. 

Stage (A) is the fonnation of the original MgAI-C03 LDH. 

Stage (B) develops from Stage (A) by the removal of the loosely held 

interlayer water molecules in the temperature range of70-90·C. 

Stage (C) evolves from Stage (B) by the removal of OH groups, likely bonded 

in a bridge Al-(OH)-Mg configuration, which decreases the basal spacing or the 

thickness of the MgAl-C03 LDH layers. It occurs in the temperature range of 190-

300·C. 

Stage (0) was achieved mostly with the removal of OH groups in Mg-OH 

(Mg .. OH-Mg).in the temperature range of300-405·C. 

Stage (E) is obtained by the decarbonation of Stage (D) in the temperature 

range of 405-5.80·C. The weight loss in this temperature range results from the 

removal of a C02 molecule from a col- anion as described in Equation (3.1) and 

Figures 3.2-3.3. 
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Equation (3 .1) 

d(003) 

Structure ofhydrotalcite, showing the brucite-type layer with the M2+ 

and M3+ cations (grey and white octahedra) and the interlayer space 

with the col- anions (stripes) and the H20 molecules (black) [32]. 

3.1.4 Rehydration of mixed metal oxide 

The rehydration of mixed metal oxide materials in a solution containing an 

anion such as carbonate could convert the materials back to their original structures. 

The rehydration process can also be performed in moist air. 

3.2 Literature reviews 

Some of the research reports using layered double hydroxide and mixed metal 

oxide as catalyst are described below. 

In 1998, Costantion et al. [33] reported the synthesis of ZnAI-C03 LDHs by 

coprecipitation of Zn2+ and Ae+ hydroxycarbonates. The carbonate was converted 

into the chloride form Zno.6sAlo.3s(OHhClo.3s·0.4H20, which was then fully 

exchanged with H2P04-, HPO/- and C6HSP03H- anions. As a consequence of the 

exchange or of subsequent thermal treatment, hydrogen phosphates and phosphonates 

reacted with the hydroxyls of the layers and attached themselves to the inorganic layer 

by a covalent bond. 
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In 1998, Kaneda et al. [34] studied the catalytic activity of 

M~.oAh,oRUo.s(OH)16C03 LDH for the oxidation of cinnamyl alcohol under an 

oxygen atmosphere in various solvents. Toluene, chlorobenzene and benzene were 

good solvents, yielding 95, 93 and 92% cinnamaldehyde. The oxidation of cynnamyl 

alcohol at 80'C gave the highest yield. However an increase of the reaction 

temperature to over 100'C resulted in low selectivities. This LDH also catalyzed the 

oxidation of allylic and benzylic alcohols in toluene at 80'C. The results showed that 

primary alcohols were oxidized faster than secondary alcohols. This catalyst can be 

reus~d" though with an appreciable loss of the activity and selectivity. 

In 2001, Bahranowski et al. [35] studied the catalytic oxidation of toluene with 

[(Znl-yCUy)l-xAlxCOH)2](N03)x'nH20 (x == 0.33, 0.6 :::; Y ~ 1.0, n == 0.5) layered double 

hydroxides using H20 2 as oxidant. The molar ratio of substrate:H20 2:CH3CN:water 

was 1.00:0.97:6.71:4.27. From their results it could be concluded that significant 

q~tities of oxidation products appeared only for the catalyst containing a relatively 

small amount of Cu, such as in the ZnO.9SCuO.05 catalyst, which gave toluene 

conversions of 12.4% and 15.9% at 60 and 90'C, respectively. 

In 2002, Carpentier et al. [36] reported the preparation of a Mg-AI-Pd LDH by 

coprecipitation of the corresponding metal chlorides (MgCh, AICh and H2PdC4). 

The catalyst, which was calcined at 290'C, showed high activity (80-88% conversion) 

in th~ vapor phase oxidation of toluene using molecular oxygen at 290 and 400'C. 

In 2004, Choudhary et al. [37] published a study involving Mn04-1 exchanged 

MgAl hydrotalcites (Mg/ AI = 2-10) which were used as catalysts for the solvent-free 

oxidation of ethylbenzene by molecular oxygen (10 atm) at 130'C. Conversion of 

ethylbenzene was enhanced when the Mg/AI mole ratio was increased. For Mg/AI 

mole ratio = 10, the conversion of ethylbenzene was maximized, to 23%. The catalyst 

showed excellent reusability. However, selectivity to acetophenone remained high (> 

95%). 

In 2005, Barbosa et al. [38] reported the preparation of MgAI hydrotalcites, 

M&I,x)Alx(OH)1(C03)xf2'nH20, containing an iron-phthalocyanine complex as a 

catalyst for the oxidation of catechol, using hydrogen peroxide as the oxidant. The 
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catalysts showed enhanced activities and stabilities, compared to their homogeneous 

counterparts. The catechol conversions were 63, 73 and 88% for the catalysts with x = 

0.20,0.25 and 0.33, respectively. 

In 2005, Kawabota et al. [39] reported the preparation of nickel-containing 

MgAI hydrotalcite catalysts by the coprecipitation method. Catalytic oxidation of 

benzyl alcohol over Mg2.sNio.sAI LDH by oxygen was performed at 60·C. It was 

found that cyclohexane, hexane and toluene were good solvents, yielding 57.9, 54.0 

and 51.8% benzaldehyde as the major product with the maximum selectivity (97.8%) 

in toluene. 

In 2006, Jana et al. [40] prepared a NiAI LDH, using a modified 

coprecipitation method, with NiiAI mole ratios of 2-5 by using col-, CC N03-, or 

80/- as guest inorganic anions. The catalytic activities were tested in ethylbenzene 

oxidation with oxygen at 135·C. Activity increased with increasing Ni content, so that 

a NiAI-C03 with NiiAI mole ratio of 5:1 gave the highest activity (47% conversion 

and 99% selectivity to acetophenone); however, a NiAI-C03 with Ni/AI mole ratio of 

3:1 showed 31% conversion. For CI-, N03- and 80/- anions, one obtained only 28, 

24 and 23% conversions and 79, 74 and 64% acetophenone selectivities, respectively. 

In the presence of hydroquinone no reaction was observed, and thus it can be 

concluded that this reaction occurred via a free radical mechanism. 

In 2006, Hulea et al. [41] reported the catalytic oxidation of thiophenes and 

thioethers with hydrogen peroxide using W -containing layered double hydroxides. 

The catalysts were prepared by ion exchange of MgAI-N03 with tungstate anions at 

pH 6.5 and 9.5 to produce phosphotungstate-LDH (WO/- anion) and W-LDH 

(W70 246- anion). The W-LDH catalyst showed higher activity due to higher thermally 

stability. 

In 2007, Llamas et al. [42] reported the Baeyer-Villiger oxidation of 

cyclohexanone to E-caprolactone with hydrotalcite (Mgo.gAlo.2(OHh(C03)o.1'0.7H20) 

catalysts at 70·C, using H202 as the oxidant in the presence of sodium 

dodecylbenzenesulfonate as a surfactant at 70·C in 6 h. The effect of solvent on 
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cyclohexanone conversion was studied. The order of conversion was: benzonitrile 

(100%) > methanol (73%) > toluene (65%) > I-butanol (58%) > methanol (73%). 

In 2008, George et al. [43] synthesized nickel-substituted copper chromite 

spinel catalysts (Cul_"Ni"Cr204, where x = 0, 0.25, 0.5, 0.75 and 1.0) by the 

coprecipitation method, followed by calcination at 650°C. The catalysts were used for 

the oxidation of ethyl benzene with TBHP. The results showed that the CUo.sNio.sCr204 

catalyst gave 56% conversion and 69% selectivity to acetophenone at 70°C for 8 h in 

acetonitrile. In a solvent-free system the conversion of ethyl benzene was 60%. The 

CuCr204 catalyst gave a higher selectivity to I-phenylethanol. The catalysts were 

reported to be stable under the reaction condition. 

3.3 Preparation of the catalysts 

The layered double hydroxide catalyst precursors were prepared by two 

methods. 

3.3.1 Alkali coprecipitation methods [11, 33] 

3.3.1.1 Binary layered double hydroxide 

Preparation of NixAI LDH with M2+ 1M3
+ mole ratio of 3 and 5 

An aqueous mixture (60 mL) of 54 or 90 mmol of Ni(N03)2'6H20 and 18 

mmol of AI(N03)J"9H20 (mole ratio of Nil Al = 3 and 5) was added slowly to 90 mL 

of an aqueous solution of Na2C03 (180 mmol). The pH of the mixture was held at 11 

by the dropwise addition of 0.1 M NaOH. The resulting gel-like material was heated 

to 60°C while being stirred vigorously for 18 h, and then filtered and thoroughly 

washed with distilled water until the filtrate was neutral. Finally, it was dried in an 

oven at 110°C for 18 h. The material was denoted as NhAI or NisAl LDH. 

The same method was used for the preparations of other LDHs by using 

nitrate salt of Mg, Mn, Co, Cu or Cr. The prepared samples were designated as 

follows. 
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Table 3.2 Designation of the binary layered double hydroxide 

M2+ M3+ 
M2+/M3+ 

mole ratio 

Ne+ Ae+ 3.0 and 5.0 

C02+ Ae+ 5.0 

Cu2+ Ae+ 5.0 

Mg2+ AI3+ 5.0 

Ne+ Cr3+ 5.0 

C02+ Cr3+ 5.0 

3.3.1.2 Ternary layered double hydroxides 

Ternary LDH materials were synthesized by coprecipitation under low levels 

of supersaturation as described in the literature [44]. In this method, two aqueous 

solutions were employed. The first contained nitrates of Ni, Co, Cu, Mg, Mn or Cr 

and Al(N03)3·9H20 with concentrations of each = 0.06 M, the mole ratios of 

Mg2+/M2+ = 3 and «Mg2+/M2+)/At3+) = 4, except for the CrMgAI LDH for which the 

Cr(N03h9H20:(Mg(N03)2·6H20:AI(N03h9H20 mole ratio was 1:3: 1. The second 

solution, serving as a precipitating agent, contained 0.6 M NaOH and 0.06 M Na2C03, 

and was added slowly to the first while maintaining the pH at 10. The samples were 

aged at 65'C for 18 h, then filtered off, washed thoroughly with distilled water until 

the filtrate was neutral and dried in air at 110'C for 12 h. 

Table 3.3 Designation of the ternary layered double hydroxide 

M2+ (or Cr3+) M3+ 

Ne+, Mg2+ Ae+ 

C 2+ M 2+ 0, g Ae+ 

C 2+ M 2+ U, g Al3+ 

Mn2+ M 2+ , g At3+ 

C 3+ M 2+ r, g At3+ 

During the preparation of these LDHs, at the aging step of the CusAI LDH the 

color of the gel-like material changed from blue to gray during the first hour. Then 
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after 18 h the color was black which indicated copper oxide formation; however, this 

was not observed in the case of the CUl.oMg2.9AI LDH. 

3.3.2 Alkali - free coprecipitation method [45] 

The procedure was the same as in the coprecipitation method except that 

Na2C03 was replaced by CNHthC03. In a typical procedure, an aqueous mixture (60 

mL) of90 mmol ofNi(N03h'6H20 and 18 mmol of AI(N03)J"9H20 (NiiAI mole ratio 

= 5) was added slowly to 90 mL of an aqueous solution of CNHt)2C03 (180 mmoI), 

The pH of the mixture was held at pH 11 by the dropwise addition of 0.1 M NHtOH. 

The resulting gel-like material was heated to 60°C for 18 h and then filtered, and 

thoroughly washed with distilled water until the filtrate was neutral. Finally, it was 

dried in an oven at 110°C for 18 h. 

3.3.3 Calcination of layered double hydroxides 

The calcination of an LDH was carried out in the presence of air at 500°C for 

5 h with a heating rate of 5°C/min. The material was then cooled to room temperature, 

yielding the corresponding mixed oxides. These solids were kept in a desiccator. 

3.3.4 Rehydration of mixed metal oxide [46] 

0.2 g of sample was stirred in 10 mL of 0,1 M Na2C03 solution at room 

temperature for 48 h. The mixtures were filtered, washed several times with deionized 

water, and dried at 110°C for 12 h. 
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3.4 Catalyst characterization 

The compositions of the catalysts were determined by ICP. The structures of 

the catalysts were characterized by FTIR, DRUV and XRD. Surface characteristics 

and thermal properties were measured by BET and TGA. The soluble basicity was 

also determined. The results are described below. 

3.4.1 Composition of mixed metal oxide catalysts 

After digestion of catalysts with concentrated nitric acid and dilution with 

water, the metal contents in the catalysts were determined by ICP analysis. The 

results are given in Tables 3.4-3.5. 

Table 3.4 

Table 3.5 

Composition of binary mixed metal oxide catalysts 

Catalyst 

Nh.IAloxide 

Ni4.8AI oxide 

C04.sAI oxide 

Ctl4.9AI oxide 

M~.9AI oxide 

Nis.ICr oxide 

C04.8Cr oxide 

Composition of ternary mixed metal oxide catalysts 

Catalyst 

Nio.9M~.IAI oxide 

COo.8Mgl .6Aloxide 

CUl.oM~.9AI oxide 

Mno.9Mg2.2AI oxide 

Cro.8M~.4AI oxide 

The atomic mole ratios of the catalysts are close to the values expected from 

the starting solutions. Small variations are due to the solubility differences of the 
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various types of metal salt. Higher Mg contents were found in these metal oxide 

materials due to the high solubility of Mg(N03)2 at the utilized pH of 10 [29]. 

3.4.2 Surface analysis by nitrogen adsorption ofLDHs and mixed metal oxides 

The specific surface areas and the texture of the catalysts were determined by 

nitrQgen physisorption according to the Brunauer-Emmett-Teller (BET) method. The 

values for the NilAl LDH catalysts are shown in Table 3.6. Those for the binary metal 

and ternary metal catalysts are shown in Tables 3.7-3.8 and the pictures are shown in 

appendix A. 

Table 3.6 

Method 

Alkali 

Surface area measurement of NilAI LDH and oxide prepared with 

different methods 

Surface area Pore volume Mean pore 
Catalyst 

(m2/g) (cm3/g) diameter (nm) 

Nh.1AI LDH 89 0.2 6 

Nh..Al oxide 125 0.3 7 

Ni4.8Al LDH 100 0.2 7 

Ni4.8Al oxide 144 0.3 8 

Alkali-free N4.9AlLDH 95 0.2 7 

Ni4.9AI oxide 139 0.3 8 

The surface areas of all the NiAl LDH catalysts are in the range of 89-100 

m2/g. Calcination removed water on surface, interlamellar water and decarbonation of 

carbonate species at the interlamellar LDH. Thus, the removal of water and CO2 

molecules during calcination can lead to the formation of channels and pores, · which 

help to increase in specific surface areas. The increases of the specific surface areas 

are accompanied by increases in the pore volumes. The same result was observed in 

previous studies [10,47]. 
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Table 3.7 Surface analysis of binary LDH and mixed metal oxide catalysts 

Surface area Pore volume Mean pore 
Catalyst 

(m2/g) (cm3/g) diameter (run) 

M~.9AILDH 230 0.7 9 

M~.9AI oxide 306 0.8 12 

C04.sA1 LDH 70 0.5 10 

C04.SAl oxide 105 0.6 11 

C14.9AI LDH 60 0.3 10 

C14.9AI oxide 77 0.4 12 

Nis.tCrLDH 60 0.5 15 

Nis.tCr oxide 71 0.6 17 

C04.8CrLDH 50 0.5 12 

C04.8Cr oxide 41 0.6 13 

The surface area of Mg4.9AI LDH is 230m2/g, which is higher than other 

LDHs (50-70 m2/g). From a comparison of the N4.8AI LDH and Co4.sAI LDH 

materials, the former is seen to have a higher surface area. After calcination to mixed 

metal oxides, the Ni-containing catalysts have higher surface areas. This might be due 

to the stronger interaction between NiO and Ah03 which prevents the sintering of the 

metal oxide particles [48]. 
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Table 3.,8 Surface area measurement of ternary MMgAl LDHs and oxide 

materials 

Surface area Pore volwne Mean pore 
Catalyst 

(m2/g) (cm3/g) diameter (nm) 

Nio.9M~. IAI LDH 114 0.2 7 

Nio.9M~. IAI oxide 130 0.3 8 

COo.8Mgl.~1 LDH 100 0.2 9 

COo.8Mgl .~1 oxide 174 0.3 10 

CUl.oM~.9AI LDH 118 0.3 10 

CUl.oMg2.9Aloxide 150 0.4 12 

Mno.9M~.2AI LDH 90 0.3 11 

Mno.9M~.2A1 oxide 110 0.6 21 

Cro.8M~.-tA1 LDH 162 0.5 10 

Cro.8M~.-tAl oxide 173 0.7 16 

From Table 3.8, the ternary LDH samples show surface areas in the range of 

90-162 m2/g. After calcination, their corresponding mixed metal oxide samples have 

increased surface areas (110-174 m2/g). The pore volumes and mean pore diameters 

of the mixed metal oxide samples were enhanced after being calcined. 
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metal oxides 
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The mR spectra of the Ni4.8Al LDHs prepared by alkali and alkali-free 

coprecipitation methods are shown in Figure 3.4. 

4000 

Figure 3.4 

Alkali co-precipitation 

Alkali free co-precipitation 

2000 

Wavenumber (cm-I) 

1000 

FTIR spectra ofNiAI LDH prepared by alkali and alkali-free 

coprecipitation methods. 

A band centered around 3400-3500 em-I could be associated with an O-H 

stretch while a water deformation was observed around 1625 em -I. The sharp 

absorption appearing around 1380 em-I is due to an interlayer vibrational mode of the 

carbonate ion [46]. The bands observed in the low-frequency region, 850-650 em-I, 

correspond to metal-oxygen (M-O) vibrations. 
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4000 3000 2000 1000 

Wavenumber (em-I) 

Figure 3.5 FTIR spectra of the NiuAI LDH and oxide catalysts prepared by the 

coprecipitation method. 

In Figure 3.5 the FTIR spectrum of as-synthesized or LDH shows a peak at 

1380 cm-1 indicated the carbonate ion in the sample, and the intensity of this peak 

decreased after calcination. The existence of this peak might arise from the adsorption 

of carbon dioxide from air onto the surface of metal oxide. The other samples were 

collected in appendix B. 

3.4.4 X-ray diffraction (XRD) of LDHs and mixed metal oxides 

Phase of the samples were characterized by powder XRD analyzer, the results 

are given in appendix C and below. 

3.4.4.1 XRD of binary layered double hydroxides 

The XRD patterns of the NiiAI LDH samples prepared by alkali and alkali­

free coprecipitation methods are shown in Figure 3.6. 



,-----------------------------, 

Alkali-free coprecipitation 

Alkali coprecipitation 

5 15 25 35 45 55 65 75 

2-Theta (degree) 

Figure 3.6 XRD patterns ofNiAI LDH prepared with alkali and alkali-free 

coprecipitation methods. 
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The samples show sharp and intense peaks at low diffraction angles of 2B = 

11 0, 24° and 35°, ascribed to diffraction by basal planes (003), (006) and (009) of the 

LDHs, respectively. The broad and less intense peaks at higher angles of 2B = 38°, 46° 

and 60° can be ascribed to diffraction by the (105), (108) and (110) planes, 

respectively (JCPDS 41-1428) [10]. 
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C04.SAl LDH 

ClLt.9AI LDH 

Nit.sAILDH 

M~.9AILDH 

I------,--------,-----,-----·---T·· ~-__r- ._--,----- -+ 

5 15 25 35 45 55 65 75 

2-Theta (degree) 

Figure 3.7 XRD patterns of Mg4.9AI, Nit.sAI, ClLt.9AI and C04.5AI LDHs. 

T unidentified impurity phase, • (Cu2(OH)2C03) 

From Figure 3.7, one can see that all samples show the layered double 

hydroxide-like phase. The ClLt.9AI and C04.5AI LDHs show a decrease in their degrees 

of crystallinity. In the case of Nit.sAI LDH, an unidentified impurity phase was 

present. Such a phase was also observed in the ClLt.9AI LDH at 28 = 16°, 32° and 49' 

which might be due to copper hydroxide carbonate (Cu2(OHhC03) (JCPDS 76-0660). 

Indeed, similar results were described in the preparation of Cui Al LDHs at high Cui Al 

ratios [49]. 



30 

3.4.4.2 XRD of binary mixed metal oxides 

The XRD patterns of binary mixed metal oxide samples were shown in Figure 

3.8. M~.9AI oxide sample showed MgO phase at 2(} = 37.2°,42.9° and 62.1 ° (JCPDS 

45-0946) [50]. Ni4.8AI oxide sample showed NiO phase (JCPDS 44-1159) otherwise 

C14.9AI oxide sample showed CuO phase at 2(} = 35.6°,37.8°,44.5" and 59.5" (JCPDS 

05-0661) [51]. C04.5AI oxide showed C030 4 (JCPDS 42-1467) or Co2AI04 phase 

(JCPDS 38-0814) at 2(} = 37.7",43.1" and 62.4° [52]. 

Co4.sAl oxide 

C14.9A1 oxide 

Ni4.8A1 oxide 

M~.9AI oxide 

5 15 25 35 45 55 65 75 

2-Theta (degree) 

Figure 3.8 XRD patterns of binary metal oxides; Mg4.9AI, Ni4.8AI, C04.5AI and 

C14.9A1 oxides. 



3.4.4.3 XRD of ternary layered double hydroxides 

The XRD patterns of the ternary LDHs are shown in Figure 3.9. 

Cro.sMg2.4AI LDH 

5 15 25 35 45 55 

2-Theta (degree) 

Figure 3.9 XRD patterns of ternary layered double hydroxides. 

* MnCO) phase 

65 

31 

75 

The XRD patterns of the prepared ternary LDHs exhibited sharp and 

symmetric reflection peaks characteristic of LDHs. It should be noted that the XRD 

pattern of the Mn-containing LDH showed an impurity phase at 2B = 24.3 0, 31.4°, 

37.6°,41.5°, and 51.8° (JCPDS 83-1761) which can be assigned to MnC03 [53-55]. 
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3.4.4.4 XRD of ternary mixed metal oxides 

Calcination products resulting from treatment of the ternary LDHs at 500·C 

for 5 h have been obtained and studied, and some pertinent results are shown below. 

,....... 
d 
~ 
.e 

CI'l 

~ CUl.OM~.9Al oxide 

Nio.9M~. IAl oxide 

5 15 25 35 45 55 

2-Theta (degree) 

Figure 3.10 XRD patterns of ternary mixed metal oxides. 

• Mn304, • Mn02 and * CuO 

65 75 

After calcination, MMgAI (M = Cr, Mn, Cu, Co and Ni) LDHs were collapsed 

to their corresponding mixed metal oxides. The peaks in the XRD show the presence 

of the MgO-like phase. The CUI.OM~.9Al oxide sample showed another phase which 

was ascribed to CuO [51]. In the case of the Mno.9M~.2AI oxide extra phases were 

observed and attributed to Mn304 (JCPDS 24-0734) and Mn02 (JCPDS 4-0779) [53-

55]. 
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3.4.5 Diffuse reflectance ultraviolet-visible spectroscopy (DRUV) 

The presence and the nature of metal species in the prepared catalysts were 

investigated with diffuse reflectance ultraviolet visible spectroscopy (Table 3.9). The 

DRUV pictures are collected in appendix D. 

Table 3.9 DRUV of binary and ternary mixed metal oxide catalysts 

Catalyst Wavelength (nm) 

Ni4.8AI oxide 220-300, 500-660 

C04.5AI oxide 240-260, 490-530 

C14.9AI oxide 230-250, 750-800 

Nis.1Cr oxide 220-300,400-800 

C04.8Cr oxide 250-310, 400-800 

Nio.9Mg2.1Aloxide 250-310,430-535 

COo.8Mg1.~ oxide 320-400, 550-800 

CUl.oMg2.9Aloxide 380-520 

Mno.9Mg2.2Al oxide 200-300, 600-750 

Cro.8Mg2.~1 oxide 280-330,440-480, 650-800 

In the case of the Ni4.8Al, Nis.1Cr and Nio9Mg2.1AI oxide samples, strong and 

broad reflectance bands at 220-310 and 400-800 nm were observed [39]. For C04.5AI 

and Coo.8Mg1.6AI oxide samples, reflectance bands appeared at 240-400 nm, which 

were due to C02+ in C02AI04 [40], and the presence of this phase was already pointed 

out in the XRD pattern (Figures 3.8 and 3.10). The C04.8Cr oxide catalyst appeared 

the band 250-310 nm and the weak and very broad band at 400-800 nm. 

The C14.9AI and CU1.oM~.9AI oxide showed broad band at 230-250 and 380-

520 nm which indicated some Cu2+ species in both sample [41]. 

The Mno.9M~.2Al oxide showed two broad reflection bands at 200-300 and 

600-750 nm which were attributed to Mn3+ and Mn4+ species. These high oxidation 

state species were observed because Mn2+ is unstable in basic solution and easily 

oxidized by air [56]. 
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The Cro.8M~.4AI oxide showed peaks at 330-350, 500-530 and 700-800 run 

which were assigned to Cr6
+ and Cr3+ in the sample [57-58]. The Cr6+ species that 

were observed in the sample might be due to the oxidation of Cr3+ during the 

preparation steps [18]. 

3.4.6 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis of representative binary and ternary LDHs, 

C04.sAI, COo.8Mgl.~1 and CUl.oMg2.9AI are described as follows. 

The decompositions take place in two steps: the first one (25-300·C) 

corresponds to removal of interlayer water molecules and the second one (300-600·C) 

to removal of interlayer carbonate (as CO2) and hydroxyl groups [59]. The thermal 

decomposition of the LDH sample can be written as follows, where Ml and M2 are 

divalent cation [47]. 

First weight loss step: 

[Ml(l_x_y)M2yAlxCOHh](C03)xJ2· nH20 ~ [Ml(l -x-y)M2yAlx(OHh](C03)xJ2 + nH20 

Second weight loss step: 

[Ml(l-x-y)M2yAlxCOHh](C03)xJ2 ~ [(l-x-y)MIO + yM20 + (xl2)Ah03] + nH20 + 

(X/2)C02 
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Figure 3.11 TGA profile of the Co4.sAl LDH. 
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Figure 3.12 TGA profile of the Coo.gMgl.6A1 LDH. 
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Figure 3.13 TGA profile of the CUl.oMg2.9Al LDH. 
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From the TGA profiles of all of the LDH samples in Figures 3.11-3.13, one 

can see that the second weight loss in all LDH samples was much greater than the 

weight loss in the first region, as revealed in Table 3.10. The C04.5Al LDH showed the 

smallest of the total weight losses, at 25.9%, compared to Coo.8Mgl.6Al (40.6%) and 

CUl.oM~.9Al LDHs (39.5%). As already observed, greater weight losses occurred in 

the high Mg content LDHs [44], and the difference can be related to the higher 

affinity of water for magnesium compared to Co and Cu. 

Table 3.10 Thermogravimetric analysis data of LDHs 

Catalyst 
Temperature range Weight loss 

CC) (%) 

C04.sAl LDH 25-280 11.2 

376-342 14.7 

COo.8Mgl .6Al LDH 25-286 18.4 

286-931 22.2 

25-301 15.1 

301-850 24.4 
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3.4.7 Thermal stabilities of mixed metal oxide catalysts 

Thermal decompositions of the binary mixed metal oxide samples were 

observed, the results being presented in Figures 3.14-3.15, and are discussed below. 
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Figure 3.14 TGA profile ofNi4.8A1 oxide. 
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Figure 3.15 TGA profile of Co4.5AI oxide. 
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The Nit.sAI and C04.5AI oxides have similar thermal behaviors; this is in good 

agreement with observations in an earlier report [60]. 

All metal oxide samples showed high second weight losses in the temperature 

range of 2S0-900·C, related to CO2 evolution from remaining carbonate [61].The 

TGA results suggested that a calcination temperature of SOO·C is adequate for the 

crystallization process leading to conversion of the dried layered double hydroxides to 

the desired metal oxides [42]. 

3.4.8 Temperature program reduction (TPR) 

For a better understanding of the reducibility of the catalyst, H2-TPR studies 

were carried out. Figure 3.16 performed the H2-TPR profiles for the binary and 

ternary mixed metal oxide catalysts. 
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C14.9AI oxide 

C04.sAI oxide 

N4.sAl oxide 

Nis.tCr oxide 
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Figure 3.16 TPR profiles ofNis.lCr, N4.sAI, C04.sAI, and C14.9AI oxide catalysts. 

TPR profiles of the C14.9Al, C04.sAI, N4.sAI and Nis.1 Cr oxide catalysts were 

investigated in the same conditions. 

Nis.lCr oxide showed two peaks. The fust peak, at a relatively low 

temperature, is attributed to the reduction of Ni2
+, whereas the larger peak at a high 

temperature is attributed to Cr3
+ reduction [59]. N4.sAI oxide showed a broad peak at 

380-550·C. The result may indicate that Ni is better dispersed in Al than in Cr. For the 

C04.sAI oxide, the first reduction peak at 380·C is due to C03
+ and a peak at 540·C is 

from C02
+ (Weast and co-workers) [62]. 

The C14.9AI oxide exhibits a low reduction temperature range of 275-450·C. 

This peak is clearly due to Cu2
+ reduction, which occurs at a much lower temperature 

than observed with other oxides and can be explained by the highly favorable 

reduction potential ofCu2+/Cuo (Eo = 0.337) [62-63]. 
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TPR profiles of the ternary mixed metal oxide catalysts (MMgAI) were 

obtained, and are shown in Figure 3.17. 
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Figure 3.17 TPR profiles ofNio.9M~.lAI, Coo.8MgI.6AI, CUl.oMg2.9AI, 

Mno9M~.2Al and Cro.8M~.4Al oxides catalysts. 

The Nio.9M~.lAl oxide showed a reduction peak at 200-350·C. This Mg-rich 

sample might contain embedded Ni species in the Mg matrix, making it more difficult 

to reduce. This is similar to behavior described for samples with NilMg ratios < 1 for 

which the reduction of the Ni2+ ions is hindered by the Ae+ ions inside the oxide 

phases [50]. 
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In case of the COo.sMguAl oxide, two reduction temperatures were observed 

in the 650-760·C range. This can be explained by the presence of two different Co 

species in the sample. As des~ribed for the XRD data, the presences of the C030 4 

oxide and C02AI04 spinel have already been established (JCPDS 380814). 

The CUI.OMg2.9Al oxide catalyst displayed a very sharp reduction peak around 

180-200·C. A decrease in the reduction temperature compared to that of the binary 

oxide Cll4.9AI may be attributed to the presence of Mg in the sample. This indicates a 

high dispeFsion of the CuO phase in the Mg matrix and to easily reducible copper 

ions. 

In the case of the Mno.9M~.2Al oxide sample, reduction peaks appeared at 

280-350·C and 700·C. These correspond to reduction of two different species, Mn3+ 

to Mn2
+ [55, 64]. The result was consistent with DRUV analysis which indicated the 

presence of both Mn2+ arrdMn3+ ions. 

In case of the Cro.8Mg2.~1 oxide, a reduction peak: observed at 290-31O·C was 

attributed to the reduction of Cr6+ to C~+ [65]. The peaks at 450-550 and 700-900·C 

were attributed to the reduction of Cr3+, possibly in the form of Cr203 or to some 

other form in the MgO matrix. 
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3.5 Oxidation of ethylbenzene with binary LDH and mixed metal oxide 

catalysts 

In this study, the catalytic oxidation of ethyl benzene was carried out in a liquid 

phase, resulting in the formation of the four main important products, benzaldehyde 

(BZ), acetophenone (AP), I-phenylethanol (PE) and benzoic acid (BA). The effect of 

M2+ 1M3+ mole ratio, types of metal, oxidant/substrate mole ratio (O/S), amount of 

catalyst, types of oxidant and types of solvent were investigated. 

Autoxidation or aIr oxidation of alkyl substituted aromatics possessing 

benzylic hydrogen affords benzylic hydroperoxides as the primary products with high 

selectivity according to a free-radical mechanism was proposed by Hermans and co­

workers [66]. The autoxidation of ethylbenzene is given in Scheme 3.1. 

Hoo OH o 

+ 

ethylbenzene I-phenyl-ethylhydroperoxide I-phenylethanol acetophenone 

Scheme 3.1 Autoxidation of ethylbenzene. 

The oxygenated products found in this study from the ethyl benzene oxidation 

are shown in Scheme 3.2. 

o 0 

()-~~~+ 
etbylbeazeae 

(ED) 
benzaldehyde 

(BZ) 
acetophenone 

(AP) 
I-phenylethanol 

(PE) 

Scheme 3.2 Reaction scheme of the ethylbenzene oxidation. 

+ 

o 

ciloH 

benzoic acid 
(BA) 

General oxidation procedure of ethylbenzene was carried out in a Parr reactor, 

the catalyst; substrate and oxidant were placed into the stainless steel reactor located 

in the electrical heater. The reactor is heated to the desired temperature and reaction 
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time. After the desired reaction time, the reaction mixture was cooled down and the 

catalyst was filtered off. The liquid mixture was added 25% H2S04 solution and 

extract with diethyl ether. The liquid mixture was neutralized with saturated NaHC03 

solution and dried over Na2S04 anhydrous. The oxygenated products and recovered 

substrate in a liquid mixture were qualitatively analyzed by gas chromatography using 

the internal standard method. The mass balance of all samples was in the range 95-

105%. The GC diagrams are shown in appendix E. 

3.5.1 Effect of oxidant 

When the reaction was carried out using hydrogenperoxide (H202) as an 

oxidant, ethyl benzene conversion was very low under the reaction condition. This 

could be due to the fast decomposition of H202. However, changing the oxidant from 

H20 2 to tert-butylhydroperoxide (TBHP) in aqueous increased the conversion 

drastically and hence, TBHP was used as an oxidant for further experiments. This 

result is consistent with an earlier report by George and Suganan [43]. 
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3.5.2 Effect of preparation methods and catalyst forms 

The LDHs with different Ne+/Ae+ mole ratios were prepared by the alkali and 

alkali-free methods, and studied for the oxidation of ethylbenzene using TBHP as 

oxidant. The results are shown in Table 3.11. 

Table 3.11 Oxidation of ethylbenzene using catalysts prepared with alkali and 

alkali-free coprecipitation 

Preparation Conversion Selectivity (%) 
Catalyst 

method (%) AP Others 

alkali 
Nh.lAloxide 51 

coprecipitation 
98 PE 1%, BZ 1% 

Nit.sAILDH 68 98 PE 1%, BZ 1% 

Nit.sAI oxide 75 98 PE 1%, BZ 1% 

alkali-free 

coprecipitation 
Nit.9AI oxide 70 98 PE 1%, BZ 1% 

Reaction conditions: ethylbenzene 10 mmol, catalyst 0.2 g, TBHP 20 mmol, 

l30·C, 12 h. 

AP = acetophenone, PE = I-phenylethanol, BZ = benzaldehyde, BA = benzoic acid 

Comparing the results obtained for samples having Nil Al mole ratios of 3.1 

and 4.8, one can see that the catalytic activity increased with the catalyst' s NiiAl ratio 

due to the increase in the number of active sites (Ni2
+ species). The difference in 

activity between Nit.sAl LDH and oxide catalysts may be explained by the different 

base site types. The active sites in LDH are hydroxide groups which are weak basic 

site whereas calcined LDH contain surface OH groups as well as 0 2
- centers linked to 

metal atoms which are strong basic sites. The catalytic activity of catalyst prepared by 

the alkali coprecipitation method is slightly higher than that found for catalysts 

prepared via the other method. 

The effect of reaction time was investigated for the ethylbenzene oxidation 

over Nit.sAl oxide. When increasing the reaction time, conversion of ethylbenzene 

increased without significantly affecting acetophenone selectivity. The highest 
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conversion of ethylbenzene was 94% in 24 h. No significant improvement in the 

oxidation of ethyl benzene was observed upon an increase in time to 36 h. 

3.5.3 Oxidation of ethylbenzene with various catalysts 

Catalytic perfonnances of binary mixed metal oxide in ethyl benzene oxidation 

are collected in Table 3.12. 

Table 3.12 Oxidation of ethyl benzene using binary mixed metal oxide catalysts 

Conversion Selectivity (%) 
Catalyst 

(%) AP Others 

15 98 PE 1%, BZ 1% 

M~.9Al oxide 55 98 PE 1%, BZ 1% 

Nit.sAI oxide 75 98 P~ 1%, BZ 1% 

C04.sAI oxide 72 95 PE4%, BZ 1% 

Cll4.9AI oxide 70 95 PE 4%, BZ 1% 

Nis.ICr oxide 78 76 PE 10%, BZ 11%, BA 3% 

C04.8Cr oxide 65 93 PE 4%, BZ 2%, BA 1% 

NiO 38 98 PE 1%, BZ 1% 

CoO 36 98 PE 1%, BZ 1% 

Reaction conditions: ethylbenzene 10 mmol, catalyst 0.2 g, TBHP 20 mmol, 

130·C, 12 h. 

AP = acetophenone, PE = I-phenylethanol, BZ = benzaldehyde, BA = benzoic acid 

When the oxidation reaction was carried out without catalyst, the conversion 

of ethyl benzene was only 15%; this might be due to autoxidation. In the presence of a 

catalyst, higher conversions were obtained. The catalyst activity order is: Nit.sAI 

oxide> C04.sAI oxide> Cll4.9AI oxide> > M~.9AI oxide. 

However, there is no relationship between surface area, soluble basicity (see 

appendix F) and catalytic activity. The activities ofNi4.8Al, C04.sAI and Cll4.9Al oxide 

catalysts were found to correspond with their reducibilities. However, the Cll4.9Al 

oxide gave a lower activity; this might be due to the lower crystallinity as found in 

other work [13]. 
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In a series ofNi containing oxide catalyst, Nis.ICr oxide gave a higher activity 

than Nit.sAI oxide due to higher Ni content. However, in terms of product selectivity, 

the Nis.lCr oxide showed lower selectivities to acetophenone but a much higher 

selectivity to benzaldehyde. This phenomenon is in agreement with results reported 

for the oxidation of ethylbenzene using a NiCr204 spinel catalyst and TBHP as 

oxidant [43]. 

In this work NiO and CoO were also synthesized by coprecipitation. They 

gave only 38 and 36% conversions of ethylbenzene with high selectivity of 

acetophenone. The results showed that Ni present in association with AI might lead to 

an improvement in the catalytic activity of the catalyst. 
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3.5.4 Effect of oxidant and substrate mole ratios 

Comparisons between the effect of TBHP concentration on conversion and 

acetophenone selectivity using the Ni4.sAl oxide catalysts can be made from the data 

as shown in Figure 3.18. 
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Figure 3.18 Effect of oxidant and substrate mole ratios in the oxidation of 

ethylbenzene using N4.sAl oxide as catalyst and TBHP as oxidant. 

Reaction conditions: ethyl benzene 10 mmol, catalyst 0.2 g, 130·C, 

12 h. 

From Figure 3.18, when the TBHP concentration was changed from an 

oxidant/substrate mole ratio of 1 to 5, the increase in conversion with TBHP was 

clearly observed for the N4.sAI oxide catalyst as described earlier by George and 

Suganan [43]. At the relatively high oxidant/substrate mole ratios of 4 and 5, the 

ethyl benzene conversion leveled off. There was no significant difference in 

acetophenone selectivity, which indicated that TBHP concentration did not affect the 

reaction pathway. 
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3.5.5 Effect of catalyst amount 

With the other reaction conditions being maintained constant, the influence of 

catalyst amount on the activity of oxidation of ethyl benzene has been studied, varying 

in the range of 0.1-0.5 g of catalyst in the reaction mixture, the results shown in 

Figure 3.19. 
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Figure 3.19 Effect of catalyst amount using Ni4.8AI oxide catalyst. 

Reaction conditions: ethylbenzene 10 mmol, TBHP 20 mmol, 

130·C, 12 h. 

The activity of the NLUAl oxide increased almost linearly with the catalyst 

amount. This observation was consistent with the fact that with high metal 

concentrations the number of active sites was also increased [67]. 
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3.5.6 Effects of solvent 

The effect of solvent was studied. The oxidation of ethyl benzene with the 

Ni4.8Al oxide catalyst was perfonned in CH3CN and CH2Ch. 

Table 3.13 Effect of types of solvents using Ni4.8AI oxide 

Conversion Selectivity (%) 
Solvent 

(%) AP Others 

75 98 PE 1%, BZ 1% 

CH2Ch 48 98 PE 1%, BZ 1% 

CH3CN 59 95 PE 3%, BZ 1%, BA 1% 

Reaction conditions: ethylbenzene 10 mmol, catalyst 0.2 g, TBHP 20 mmol, 

130·C, 12 h, solvent 2 mL. 

AP = acetophenone, PE = I-phenylethanol, BZ = benzaldehyde, BA = benzoic acid 

When these solvents were used in the oxidation of ethylbenzene, the 

conversions were low and followed the order CH3CN > CH2Ch. Interestingly, the 

conversion was maximized under solvent-free conditions. The decrease in conversion 

utilizing solvents can be attributed to the blocking of active sites by the solvent 

molecules, particularly for a polar solvent such as CH3CN. This result is in agreement 

with an earlier report by Bhoware and co-workers [8]. When solvents were used, it 

was found that the ethyl benzene conversion was reduced and followed the order non 

solvent (36%) > CH3CN (32%) > CH2Ch (29%) > (CH3hCO (13%) and C2HsOH 

(0.8%), using cobalt-containing mesoporous molecular sieves and TBHP at 80·C for 

24 h. The main products were acetophenone, benzaldehyde and benzoic acid. 

Surprisingly, no I-phenylethanol was observed under these conditions. The same 

result was reported by George and co-workers [43], who found that the presence of 

CH3CN lowered the ethylbenzene conversion compared to the solvent-free system. 
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3.5.7 Effect of radical scavenger 

The effect of hydroquinone, which is a radical scavenger, was investigated. 

The results collected in Figure 3.20. 
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Figure 3.20 Catalytic oxidation of ethyl benzene using binary mixed metal oxide in 

the presence of radical scavenger. 

Reaction conditions: ethylbenzene 10 mmol, catalyst 0.2 g, 

hydroquinone 10 mmol, TBHP 20 mmol, 130·C, 12 h. 

In presence of hydroquinone as radical scavenger ethylbenzene conversion 

was lower. From Figure 3.20, in case of the NiuAl oxide as catalyst, ethylbenzene 

conversion decreased from 75% to 23% and for the Co4.SAl oxide from 72% to 19%. 

From the results obtained it can be concluded that the oxidation of ethyl benzene using 

TBHP and binary mixed metal oxide as catalyst proceeds by a free radical mechanism 

[44]. 
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3.6 Oxidation of ethylbenzene with ternary LDH and mixed metal oxide 

catalysts 

The effect of the M2+ 1M3+ mole ratio usmg CuMgAI as a representative 

sample was investigated; the catalyst with (Cu+Mg)/ Al mole ratio of 4 (79% 

conversion) gave higher activity than a ratio of 5 (72% conversion). Thus M2+ 1M3
+ 

mole ratio = 4 was used in the further study. 

3.6.1 Effect of various catalysts 

The CUl.oMg2.9AI oxide gave higher activity than its precursor, CUl.oMg2.9AI 

LDH with 70% conversion of ethylbenzene. Thus in the next experiment, only ternary 

mixed metal oxide catalysts were studied and the results collected in Table 3.14. 

Table 3.14 Catalytic oxidation of ethylbenzene using ternary mixed metal oxide 

catalysts 

Conversion Selectivity (%) 
Catalyst 

(%) AP Others 

CUl .oM~.9AI oxide 79 92 PE4%, BZ 1%, BA 3% 

Nio.9Mg2.1Al oxide 73 92 PE 4%, BZ 3%, BA 1% 

COo.8Mgl.~1 oxide 73 91 PE 7%, BZ 1%, BA 1% 

Cro.8M~.~1 oxide 67 90 PE 2%, BZ 6%, BA 2% 

Mno.9M~.2AI oxide 65 89 PE 4%, BZ 3%, BA 4% 

Reaction conditions: ethyl benzene 10 mmol, catalyst 0.2 g, TBHP 20 mmol, 

130'C, 12 h. 

AP = acetophenone, PE = I-phenylethanol, BZ = benzaldehyde, BA = benzoic acid 

The CUl.oM~.9AI oxide yielded the highest activity, the activity order is 

CUl.oM~.9Al > Nio.9M~.lAI = COO.8MgI.6Al > Cro.8Mg2.~1 ~ Mno.9M~.2Al oxide. 

TPR result indicated that the CUl.oM~.9AI oxide showed the highest reducibility. 

However, the low activity obtained for the Mno.9MgI.9AI oxide is likely the result of 

the presence of some MnC03 phase. This phase had already been reported to give a 

negative impact on catalytic activity [37]. 
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3.6.2 Effect of reaction temperature 

The reaction temperature was varied in the range of 90-150·C using 

CUl.OM~.9Al oxide. The results are shown in Figure 3.21. 
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Figure 3.21 Effect of reaction temperature using the CUl.OMg2.9AI oxide catalyst. 

Reaction conditions: ethylbenzene 10 mmol, catalyst 0.2 g, 

TBHP 20 mmol, 12 h. 

The appropriate temperature range for oxidation of ethyl benzene is 90-11 O·C, 

which agrees well with TGA results and is consistent with a previous study which 

reported that these base catalyzed reactions required reaction temperatures below 

150·C [29]. 
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3.6.3 Effect of reaction time 

Effect of reaction time was observed using CU1.oM~.9AI oxide catalyst, the 

results as shown in Figure 3.22. 
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Figure 3.22 Effect of reaction time using CUl.OM~.9AI oxide catalyst. 

Reaction conditions: ethylbenzene 10 mmol, TBHP 20 mmol, catalyst 

0.2 g, 130'C. 

The conversion of ethylbenzene increased with reaction time up to 

approximately 24 h. As the time increased the selectivity to acetophenone was 

enhanced from the oxidation of I-phenylethanol. At longer reaction time of 36 h, 

benzoic acid (1%) was found from the oxidation of the acetophenone. 
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3.6.4 Effect of oxidant/substrate mole ratio 

The effect of the amount of oxidant and substrate mole ratios (O/S) was 

studied CUl.oMg2.9AI oxide catalyst. The concentration of TBHP in the reaction was 

studied in term of O/S ratio in the range of 1-5. The results are collected in Figure 

3.23. 
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Figure 3.23 Effect of amount of oxidant using CUl.oMg2.9AI oxide catalyst. 

Reaction conditions: ethylbenzene 10 mmol, catalyst 0.2 g, 130·C, 12 h. 

The conversion of ethyl benzene was increased with the TBHP concentration. 

There was no significant change in conversion and selectivity of acetophenone at the 

relatively high oxidant/substrate ~ 4. 



55 

3.6.5 Effect of radical scavenger 

The exact mechanism of this reaction is yet unclear; however, the effect of 

hydroquinone, which is a radical scavenger, is investigated. The results are collected 

in Figure 3.24. 
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Figure 3.24 Catalytic oxidation of ethyl benzene using ternary mixed metal oxide in 

the presence of radical scavenger. 

Reaction conditions: ethylbenzene 10 mmol, catalyst 0.2 g, 

hydroquinone 10 mmol, TBHP 20 mmol, 130·C, 12 h. 

In the presence of hydroquinone radical scavenger gave lower catalytic 

activities. From the results obtained it can be concluded that the reaction proceeds via 

a free radical mechanism. The oxidation of isophorone with a ternary CuMgAl LDH 

catalyst showed a lower yield of ketoisophorone when 2,6-di-tert-butyl-4-methyl 

phenol was used as a free radical trap [44]. 



3.7 Mechanism 

The catalytic oxidation of ethylbenzene using mixed metal oxide catalyst by 

TBHP as oxidant proposed to be as follows. 
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Scheme 3.3 Proposed mechanism of oxidation of ethylbenzene with mixed metal 

oxide catalyst using TBHP as oxidant. 
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3.8 Reusability of catalysts 

The catalyst was reused after separation from the liquid reaction mixture by 

centrifugation followed by washing with the solvent and drying, while avoiding the 

loss of fme catalyst particles. Then the catalysts were regenerated by calcination in air 

at 500·C for 5 h. 

The spent and reclaimed catalyst was tested in subsequent reactions. The 

results showed that both the catalysts can be reused with only slight loss of activity 

from 75% to 70% and 79% to 70%, respectively, from the first to the fourth run. 

Deactivation of the catalyst probably was due to neutralization of active base sites by 

the proton released upon TBHP deprotonation. Another possible cause was partial 

LDH reconstruction caused by the memory effect, particularly in the case of Mg­

containing catalyst. 

3.9 Heterogeneity of catalysts 

The nature of the observed catalysis is truly heterogeneous. In order to find the 

heterogeneity of the catalyst, a leaching study was carried out using the hot filtrate 

(catalyst was removed after 6 h) and the amount of metal leached out from the 

catalyst was also confinned by ICP analysis. No metal species was found in the 

filtrate. 

3.10 Conclusion 

Mixed metal oxide catalysts could catalyze ethylbenzene oxidation in good 

yield with high selectivity to acetophenone. High catalyst reducibility led to a high 

catalytic activity in oxidation of ethylbenzene with TBHP. An increase in the 

conversion of ethyl benzene was observed with increasing TBHP/substrate mole ratios 

and catalyst amounts. The conversion increased with temperature up to IIO·C, 

whereas a further increase in the reaction temperature to 150·C reduced the 

conversion of ethylbenzene. The maximum conversion was obtained in non-solvent 

systems than in acetonitrile or dichloromethane. The catalytic oxidation of 

ethyl benzene with TBHP using mixed metal oxide occurs via free radical mechanism. 



CHAPTER IV 

OXIDATION OF ETHYLBENZENE, CYCLOHEXANE AND 

CYCLOHEXANOL USING POL YOXOMET ALA TES 

In this chapter, the syntheses and characterization of polyoxometalate and 

transition metal substitution polyoxometalate catalysts are described. These catalysts 

have been used for the oxidation of hydrocarbons with hydrogen peroxide. 

4.1 Introduction 

The replacement of traditional, environmentally hazardous and corrOSIve 

homogeneous catalysts by heterogeneous catalysts in order to achieve clean 

technology is one of the goals of society. Among the solid acid catalysts, 

polyoxometalates (POM) are more efficient and have many other advantages over 

conventional acid catalysts. The first polyoxometalate, now known as ammonium 12-

molybdophosphate, (NH3)3[PMo12040], was the first discovered in 1826 by Berzelius 

[68] and subsequently introduced to analytical chemistry in 1848 [69]. 

The applications of polyoxometalates are based on their unique properties, 

including size, mass, electron and proton transfer tendencies, storage abilities, thermal 

stabilities, labilities of their lattice oxygen atoms, and high Bmnsted acidities of their 

corresponding acids. As noted above, they have long been used in analytical 

chemistry, as well as in many pharmaceuticals and in medicinal chemistry. There is a 

rapidly growing area of polyoxometalate petrochemistry and fine chemical 

production. Other applications including ion-exchange materials, ion-selective 

membranes and inorganic resistant materials have also been reported. Catalytic 

applications of polyoxometalates have been developed in solution as well as in the 

solid state, as acid and oxidation catalysts. It is evident that research interest in 

polyoxometalates is very high and still growing [70-72]. 

In their catalytic chemistry, polyoxometalates are one of the most attractive 

inorganic modifiers because in crystalline form they have been demonstrated to be 

highly conductive and thermally stable. There are a large number of different 
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polyoxometalates, but the most well known and studied are the Keggin type. The 

basic structural unit of these compounds is the Keggin anion [XM \2040] (n-8), for 

which n detennines the metal oxidation state, X is a central heteroatom (B3+, Si4+ or 

pSl surrounded by metal M is or an addenda atom (usually Mo6+ or ~l which can 

be partially replaced by many metal ions, e.g., VS+, Co2+, Zn2+, etc [73-74]. The 

Keggin structure is composed of a central X04 tetrahedron surrounded by twelve edge 

and comer sharing octahedral metal-oxygen (MO\2) units. These compounds are 

negatively charged, and their electron densities are widely variable depending on the 

elemental composition and molecular structure. 

Terminal oxygen 

X 

M"'~~~- Central oxygen 

Figure 4.1 Ball-and-stick representation of the Keggin structure [75]. 

General properties of polyoxometalate compounds are [76-79]: 

1. Very high molecular weights (2000 glmol) 

2. Highly colored 

3. Highly hydrated 

4. Decomposed in strongly basic solutions 

5. Thermal stable (depend on the nature of the heteroatom and addenda 

atom). Complexes containing P as the central atom are generally more 

stable than the compounds containing Si and W as the addenda atom 

more stable than Mo. 

6. Strong acids, solid heteropolyacids such as H3[PW \2040] and 

H3[pMo\2040] are pure Bnmsted acids and are stronger than 

conventional solid acids such as Si02-Ah03. The general trend for acid 
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strength among the common heteropolyacids is as follows 

H3[PWI2040] > ~[SiWI2040] > H3[pMoI204o] > ~[SiMoI204o]. 

7. Free acids and most salts of polyoxometalate compounds are soluble in 

water and organic solvents. Polyoxometalate compounds with large 

counter cations are less soluble. Cs+, Ag+, TI+, Hg2+, Pb2+ and the 

larger alkaline earth metal salts are insoluble. The water solubilities of 

polyoxometalate compounds must be attributed to very low lattice 

energies and favorable salvation energies of the cations. 

Many of the free acids and a few of the salts are very soluble in organic 

solvents, especially if the latter contain oxygen. Thus, ethers, alcohols and ketones are 

generally the best solvents. The free acids are insoluble in non-oxygen containing 

solvents such as benzene, chloroform and carbon disulfide. 

Water 

Polar solvents 
H+ Li+ Na+ K+/ ' , , 

t 
Insoluble ....... f--- 8 H+ 

Cs+, NH/ POM + 
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Figure 4.2 

~ 
Apolar solvents 

Solubility of polyoxometalates as a function of counter cations. 

Among hydrocarbons, the oxygenation of alkanes has attracted much attention 

because they are abundant as resources but low in reactivity. With respect to potential 

oxidants, fine chemical production allows the choice of various oxygen donors such 

as peroxides. The global demand for cyclohexane in 2005 was just over 5 million 

metric tons, driven mainly by nylon feedstocks [64,80-85]. 

By 2010, global demand for cyclohexane is expected to reach approximately 

6 million metric tons, representing an average annual growth rate of 3% during 2005-

2010. Global demand in nylon fibers is expected to grow at a 2% annual pace in 

2005-2010. China will exhibit the strongest growth for nylon, 3-4% annually, over the 

next five years. Concerning the source of the cyclohexane, six producers account for 
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50% of world capacity for cyclohexane: ExxonMobil, Chevron Phillips, Huntsman, 

Deutsche BP Aktiengesellschaft, ConocoPhillips and Idemitsu Kosan, as shown in 

Figure 4.3. 

Chevron Phillips 
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Aktiengesellschaft 

d 
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Figure 4.3 Global commercial sources for cyclohexane in 2006 [86]. 

Practically all cyclohexane is used to make cyclohexanol and cyclohexanone, 

which, in turn, are used mainly as precursors for adipic acid and caprolactam, 

respectively. Other uses for cyclohexane include various solvent applications and the 

production of cyclohexanol and cyclohexanone for nonprecursor uses. The following 

pie chart shows consumption of cyclohexane by geographic region. 

Mexico Canada 

Central/South America \ " 

Eastern Europe 

United States 

Figure 4.4 Consumption of cyclohexane by region for 2005 [86]. 

Much of the growth in world demand for cyclohexane will occur in China 

because of its increased output of nylon fibers, especially for caprolactamlnylon 6 

based fibers. Demand for adipic acid is also increasing in China, both as a feedstock 

for Nylon 6,6 fibers and as a raw material for polyester-based hot melt adhesives for 

shoe soles. Consumption of cyclohexane is also expected to increase in Taiwan, 

mainly for nylon fiber production. 
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In the industrial process, cobalt naphthenate (CO(C11HI002h) is used for the 

oxidation of cyclohexane with air (15 atm) at 160·C. However, after 40 min, only 4% 

of the cyclohexane is converted to oxygenated products, with 80% selectivity towards 

cyclohexanone and cyclohexanol [7]. The oxidation of cyclohexane into 

cyclohexanone and cyclohexanol is a process of industrial importance. Over one 

billion tons of cyclohexanone and cyclohexanol are produced each year worldwide, 

which are mostly used in the manufacture of Nylon 6 and Nylon 6,6. 

The productions of caprolactam and adipic acid is another interesting 

industrial processes (Scheme 4.1). The goal of many researchers is to produce only 

cyclohexanone and cyclohexanol with high conversion of cyclohexane and high 

yields, while using weak oxidants such as 02 or H202. The reaction should be carried 

out under mild conditions, at room temperature and pressure. However, cyclohexane 

contains only rather inert C-H bonds and thus only conversions of cyclohexane are to 

be expected. 

o _O_b ~~ (yO: 00 
Co(lI) V 

caprolactam 

COOH 
HOOC~ 

adipic acid 

Scheme 4.1 Oxidation of cyclohexane to adipic acid and caprolactam [7]. 
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4.2 Literature reviews 

Many publications have appeared on the use of polyoxometalates in catalytic 

oxidations with various substrates, and are described below. 

4.2.1 Oxidation of hydrocarbons using polyoxometalate catalysts 

In 1996, Matsumoto, et al. [78] reported the oxidation of cyclohexane using 

80% TBHP with alkyl ammonium salts (Q) of mixed addenda silicotungstates, 

(Q[SiWllM039], for which M = C02
+, Fe3

+ or Ru3j, generally in benzene (for 

Q6[SiWllCo039] 1,2-dichloroethane was used), for 2 h at 60°C. The product yields 

decreased in the order: Q6[SiW11C0039] > Qs[SiWllRu039] ~ Qs[SiWllFe039]. 

Cyclohexanol was the main product and cyclohexanone being formed as a product of 

a secondary reaction of cyclohexanol. 

In 1997, Mizuno, et al. [69] studied the liquid-phase oxidation of 

hydrocarbons by [(n-C4H9)N]4~[PW9037{Fe2Ni(OAc)3}] using molecular oxygen as 

oxidant at 82°C. The conversion of ethylbenzene was 17% in 91 h, with acetophenone 

being the main product with 73% selectivity. For cyclohexane, conversion was very 

low (0.36%) and cyclohexanone was the main product with 83% selectivity. 

However, the catalytic oxidation of cyclohexane with this catalyst in CH3CN using 

H202 as oxidant at 50°C for 118 h gave a higher conversion of9.6%. 

In 1999 Mizuno, et al. [87] reported the oxidation of cyclohexane using the 

tetra-butyl ammonium salts of silicotungstates with H202 as oxidant in CH3CN at 

32°C for 96 h. The initial rate and cyclohexane conversion were observed to follow 

the order [(n-C4H9)4N]6[SiWIOFe(H20h038] (25.3%) > [(n­

C~9)4Nh[SiW9Fe(H20)3037] (1.0%) > [(n-C4H9)4N]s[SiWIOFe(H20)2038] (0.4%) > 

[(n-C4H9)4N]4[SiW1204o] (0.1%). The cyclohexanone/cyclohexanol mole ratio 

equaled 2. 

In 2000, Langpape, et al. [88] studied the catalytic oxidation of isobutane by 

heteropolymolybdates combined with vanous cations: H3[PMo120 40], 

Feo.8SH0.4S[PMo I20 40], CS2Feo.2Ho.4[PMoI2040] and CS2Hl[PMo12040]. The feed 

composition mixture contained oxygen, isobutene, nitrogen and helium, in a 
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33.4:17.2:10.1:40.5 kPa ratio and with a total flow rate of 6 cm3/sec at 340'C. The 

activities for the oxidation of isobutane decreased in the order CS2H[PMoI2040] ~ 

CS2Feo.2Ho.4[PMo12040] > H3[PMoI2040] > FeO.85Ho.45[PMo12040], and the conversions 

were 4 - 7%. Methacrylic acid and methacrolein were the main products. 

In 2001, Okuhara, et al. [89] reported the oxidation of methane (30.8 mmol, 

50 atm) catalyzed by vanadium-containing polyoxomolybdates with hydrogen 

peroxide in fluorinated acid anhydrides [(CF3COhO] at 80·C for 24 h. The 

conversions decreased in the order ~[PW II V040] > H5[SiMoll V040] > 

~[PMOllV040] > H5[PMoIOV2040] > H3[PMoI2040] > H6 [PM09V3 040] , with 

conversions ranging from 2.7-10.2%. The ~[PWllV040] catalyst gave acetic acid as 

the main product with a 23% selectivity. 

In 2002, Nowinska, et al. [64] described the oxydehydrogenation of propane 

by Fe2
+, Fe3+ and Mn2+ modified potassium salts of [PWllM039t- and 

MxK5-x[PWllM039]. The iron-modified tungstophosphoric anions were unstable under 

their conditions, with the air:propane feed composition being 25:1 at 50 and 160°C. 

The catalytic activities and selectivities were significantly dependent on the solution 

pH used for partial degradation in the preparation step. At a pH of 2, the highest 

conversion, 45% with 59% selectivity to propene, was found. The unmodified 

tungstophosphoric acid did not show any oxidative activity. The principal result was 

that Mn2
+ incorporation into the Keggin structure led to higher reduction temperatures 

than their parents, but also enhanced the stabilities of the catalysts. 

In 2004, Balula, et al. [80] prepared tetra-butylarnmonium salts of 

polyoxometalates, [XWllM(H20)039F, with X = P or Si and M = Fe3+ or Mn3+. The 

catalysts were used for the oxidation of cyclooctane with H202 in acetonitrile. An 

excess of H20 2 afforded higher selectivities for cyclooctyl hydroperoxide. For 

reactions performed with a H202/cyclooctane ratio of 2.0, the amount of H20 2 in 

solution decreased more rapidly in the presence of [(n-C4H9)4N]4[pWllFe(H20)039] 

than [(n-C~9)4N]4~[SiWll039]. The main products were cyclooctyl hydroperoxide 

and cyclooctanone, while cyclooctanol was detected in low yields. The cyclooctyl 
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hydroperoxide/cyclooctanone ratio, calculated after 9 h of reaction, varied between 

0.4 and 1.7, being smaller than 1 for reactions with [(n-C4H9)4Nh[PW 12040], 

[(n-C4H9)~]4[PW II V040] , [(n-C~9)4N]4[PW I I Mn(H20)039] and 

[(n-C4H9)~]4H[SiWllFe(H20)039]. Under these conditions, the lowest selectivities 

for the hydroperoxide were observed for the [(n-C4H9)4N]4[PWlIMn(H20)039] and 

[(n-C4H9)~]4H[SiWllMn(H20)039] polyoxoanions, and the highest selectivities for 

[(n-C4H9)~]~[SiWII039]. 

In 2006, Li, et al. [81] studied the partial oxidation of propane by 

H3[pMo12040], H(V0)[PMo12040] and ~[PMOllV040]. The reaction was studied at 

400'C with the propane: molecular oxygen: helium feed composition being 17:30:53 

(flow rate 15 mL/roin). The highest conversions of propane were observed over 

H(V0)[PMo120 40] at 53.7%. The effect of Cs+ substitution for W was observed at 

420'C, with the propane: molecular oxygen: helium feed composition being 10:20:70. 

The activity decreased In the order CS2.sH1.5[PMoll V040] > Cs2.sHl.l 

(V0)0.2[PMoIIV040] > Cs2.sHo.l (V0)0.2[PMo 12040] > CS2.sHo.s[PMo12040], with 

conversions of 46.2,43.6,40.6 and 24.2%, respectively. 

4.2.2 Oxidations of other substrates 

Polyoxometalates were also used for the catalytic oxidations of other 

substrates, and some key publications are described below. 

In 1993, Atlamsani, et al. [82] reported the catalytic oxidation of 

2-methylcyclohexanone and cyclohexanone usmg Hs [PMo IOV20 40] and 

~[PM08V4040] by molecular oxygen (1 atm) at 70'. The ~[PM08V4040] catalyst 

gave a higher activity than Hs [PMo 10 V 2040]. The oxidation of cyclohexanone was 

carried out in different solvents and tert-butyl alcohol (90%) gave a higher conversion 

over acetonitrile (85%), ethanol (65%) and acetic acid (54%). 

In 2003, Etienne, et al. [83] reported the preparation of Fe-doped 

K(NHt)2[PMo12040] with an FelP atomic ratio ranging from 0 - 1.5. The catalysts 

were used for the oxidation of isobutane. The catalysts were calcined at 350'C before 

use. The mol% feed composition was isobutane 26: molecular oxygen 13, steam 12, 

with the balance being helium. It was found that when the FelP atomic ratio increased 
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from 0.5 to 1.5, the conversion of isobutane increased from 6.1 to 11.4% but the 

selectivity to mathacrylic acid was reduced from 32 to 22%. 

In 2004, Kholdeeva, et al. [84] reported the aerobic oxidation of 

isobutyraldehyde with [(n-C4H9)4N]4H[PWlIC0039] and [(n-C4H9)4N]s[PWlIC0039] 

as catalysts. The reactions were carried out in acetonitrile, under 1 atrn air for 6 h at 

20·C. The results showed that the catalyst with a proton counter cation, [(n­

C4H9)4N]4H[PWllC0039], has a higher activity than [(n-C4H9)4N]s[PWlIC0039] (94 

and 71% conversions) with a 54% selectivity for isobutyric acid. 

In 2006, Oxana, et al. [85] published a study dealing with the catalytic 

oxidation of a-pinene by Zr-substituted polyoxometalates, including [(n­

C4H9)4N]7H[PWlIZr039(~-OH)h, [(n-C4H9)4N]g[PWlIZr039(~-OH)h, and [(n­

C4H9)4N]9[(PWlIZr039)2 (~-OH)(~-O)] using H202 as the oxidant. The reactions were 

carried out in acetonitrile at 30·C for 1 h, with the substrate:H20 2:catalyst molar ratio 

being 0.1 :0.12:0.0025. The catalytic activities decreased in the order [(n­

C~9)4NhH[PWlIZr039(~-OH)h > [(n-C4H9)4N]g[pWlIZr039 (~-OH)h > [(n­

C4H9)4N]9[(PWlIZr039h(~-OH)(~-O)] (conversions of 40, 25 and 7%, respectively), 

yielding verbenol and verbenone as the major products. 

In 2007, Bonchio, et al. [90] reported the oxidation of cis-cyclooctene by 

oxygen in 1,2-dichloroethane at 75"C for 300 h using tetra-heptylammonium (THA) 

salts of transition metal-substituted polyoxotungstates, THAn[Fe4(H20(XW9033hr-, 

as catalysts, for which M = Sb3
+, As3+, Se4

+ and Te4+. The conversions of cis­

cyclooctene followed the order THA6[p-Fe4(H20)1O(SbW9033)2] (68%) > TH~W­

Fe4(H20)1O(TeW9033h] (58%) > THA6[p-Fe4(H20)1O(AsW9033)2] (51%) and 

~[p-Fe4(H20)1O(SeW9033)2] (40%). The major product was cyclooctene 

oxide, >59 - 66%. 
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In 2008, Mirkhani, et aZ. [91] published a study on the oxidation of alkanes 

(cyclohexane, cyclooctane and ethylbenzene) with H20 2 using M(salen)­

Ks[SiWl1039] (salen = N,N'-ethylenebis(salicylimine)) catalysts for which M = Co2+, 

Ne+, Fe3+ and Mn3+, at 80·C for 5 h in acetonitrile. Fe3+(salen)-Ks[SiWII039] catalyst 

gave the highest activity, which was much higher than that for Fe3+(salen)Cl. The 

major products were ketones with selectivities> 90% and conversions> 50% for all 

substrates. 

Several literature reports, deal with the catalytic oxidation of alcohols and 

hydrocarbons with mono-substituted polyoxometalates. Therefore, the catalytic 

oxidation of hydrocarbons using mono-substituted polyoxometalates is interesting. 

Especially using an environmentally friendly oxidant such as hydrogen peroxide 



68 

4.3 Preparation of catalysts 

Polyoxometalate catalysts with different cations were prepared by the methods 

described in the literatures. 

4.3.1 Disodium salts of molybdophosphoric and tungstophosphoric acids: 

Na2H[PMo12040]and Na2H[PW12040] [92] 

To a solution of disodium molybdate dihydrate, Na2Mo04·2H20 (14.46 g, 

0.07 mol), or sodium tungsten dihydrate, Na2 W04'2H20 (19.46 g, 0.06 mol), were 

added successively to 0.40 mL of 85% H3P04 and 15 mL of 70% HCI04. A 

precipitate formed from the yellow (for Mo catalyst) or white (for W catalyst) 

solution. After the mixture was cooled to room temperature, the powder (greenish for 

Mo catalyst, white for W catalyst) was filtered and dried in vacuum. The powders 

were recrystallized from a 1:5 (v/v) diethyl ether:water. The product yields were 5.23 

g for Na2H[pMo12040] and 5.34 g. for Na2H[PW12040]. 

Na2H[PMo12040] 

UV-vis "-max (CH3CN): 310 nm 

Anal. (Mo%): Found: 2.86; Calculated: 2.96 

XRD: 20: 8.5·, 9.6·, 23.6·, 29.4· 

Na2H[PW 12040] 

UV -vis "-max (CH3CN): 270 nm 

Anal. (W%): Found: 1.86; Calculated: 1.91 

XRD: 20: 10.0·, 15.4·, 18.3·,25.7" 

4.3.2 Molybdophosphoric and tungstophosphoric acids: HJ[PMo120 40] and 

HJ[pW 12040] [92-93] 

A solution of Na2H[PMo12040] (10.0 g) or Na2H[PW12040] (15.0 g) was 

acidified with 12 mol/dm3 Hel to pH = 1 and extracted by 20 mL diethyl ether. The 

precipitate which formed was filtered and dried in vacuum to give yellow (Mo 

catalyst) and white (W catalyst) powder, respectively. 
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H3 [PMo 12040] 

UV-vis Amax (CH3CN): 312 run 

XRD: 2B: 8.4·, 9.9·, 25.1·, 28.0· (JCPDF 43-0317) 

H3 [pW 120 40] 

UV-vis Amax (CH3CN): 271 run 

XRD: 2B: 8.0·,9.2·,23.0-,26.0· (JCPDF 50-0656) 

4.3.3 Tetrabutyl ammonium salts of molybdophosphate and tungstophosphate: 

[(n-CJl9)4Nh[PMo12040] and [(n-C4H9)4Nh[PW12040] [94] 

0.5 g of Na2Mo04 ·2H20 or Na2W04 ·2H20 was dissolved in 5 mL water, 0.2 

mL of 85%H3P04 and 0.5 mL of concentrated sulfuric acid were then added, and the 

resulting suspension was stirred at room temperature for 12 h. Addition of 3 mL of 

water yielded a clear solution to which 0.14 g of (n-C4H9)4NBr was added 

immediately. After 15 min of stirring, the resulting precipitate was filtered off, 

washed with water, ethanol, and ether, and dried in vacuum to give light green (Mo 

catalyst) and white (W catalyst) crystals. 

[(n-C4H9)4Nh [PMo 12040] 

UV-vis Amax (CH3CN): 310 run 

XRD: 2B: 10.3·, 15.2·, 18.8·,23.7" 

[(n-C4H9)4Nh[PW 12040] 

UV -vis Amax (CH3CN): 265 run 

XRD: 2B: 10.2·, 15.0·, 18.3·,23.6· 



4.3.4 11-Tungsto-l-vanadophosphate: [(n-C4H9)4N]4[PW 11 V040] 

10-Tungsto-2-vanadophosphate: [(n-C4H9)4N]SPW 10 V 2040] and 

9-Tungsto-3-vanadophosphate: [(n-C4H9)4N]dPW 9 V 3040] [95] 
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First, a stock solution ofV(V) was prepared by dissolving 6 g ~V03 and 4 

g NaOH in 100 mL of water. NaH2P04 '2H20 (0.19 g) was added to a solution of 4.12 

g of Na2 W04 ·2H20 in 150 mL of water, followed by the addition of 22 mL of cone. 

HCl. After stirring, 5.0 mL, 20 mL and 80 mL portions of the V(V) stock solution 

were added for the [(n-C4H9)4N]4[PW\IV040], [(n-C4H9)4N]s[PWIOV2040] and [(n­

C4H9)~]6[PW9V3040] respectively. Finally, a solution of (n-C4H9)4NBr was added 

dropwise with stirring after heating at 70·C for 24 h. The precipitated salts were 

filtered off, washed with water, ethanol and dried in vacuum at 50·C. The compounds 

were recrystallized from acetonitrile to give yellow crystals; the product yields [(n­

C~9)4N]4[PW\lV040], [(n-C4H9)4N]s[pWIOV2040] and [(n-C4H9)4N]6[PW9V3040] 

were 5.32, 5.19 and 5.06 g, respectively. 

[(n-C4H9)4N]4[PW 11 V040] 

UV-vis Amax (CH3CN): 261,470 nm 

Anal. (V%): Found: 1.29, Calculated 1.37 

XRD: 28: 6.6·, 7.6·, 12.1·,23.5·,30.0· 

[(n-C~9)4N]s[PW 10 V 20 40] 

UV -vis Amax (CH3CN): 250, 463 nm 

Anal. (V%): Found: 2.76, Calculated 2.84 

XRD: 28: 6.6·, 7.6·, 12.1·,23.5·,30.0· 

[(n-C~9)4N]dPW9 V3040] 

UV-vis Amax (CH3CN): 245,443 nm 

Anal. (V%): Found: 3.75, Calculated 3.88 

XRD: 28: 6.6·, 7.6·, 12.1·,23.5",30.0· 



4.3.5 [(n-CJI9)~)JI[PWllM(H20)039) where M = Mn, Co, Cu, Cr or Ni 

[96-97) 
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[(n-C4H9)4N]Jf[PWllCO(H20)039] was prepared by mixing Na2HP04 (9.1 

mmol), Na2 W04'2H20 (100 mmol) and after that the nitrate salt of the appropriate 

metal ion (12 mmol) in 200 mL of water, and the pH was adjusted to 5 with 

concentrated nitric acid. An aqueous solution of [(n-C4H9)4N]Br (45 mmol) in 20 mL 

was added dropwise, with stirring at 80·C. The precipitated salts were filtered off, 

washed with water and ethanol, and dried in vacuum at 50·C. The compounds were 

recrystallized from acetonitrile to give orange, pink and light green crystals. 

[(n-CJI9)4N)4H [PWllNi(H20 )039] 

UV-vis A.max (CH3CN): 256,416 nm 

Anal. (Ni%): Found 1.59, Calculated 1.57 

[(n-C4H9)4N)4H[PWIICo(H20)039) 

UV-vis A.max (CH3CN): 254,474 nm 

Anal. (Co%): Found 1.54, Calculated 1.73 

[(n-C4H9)~)4H[PW IlMn(HZO)039) (98) 

UV-vis A.max (CH3CN): 261, 379 nm 

Anal. (Mn%): Found 1.22, Calculated 1.46 

[(n-CJI9)4N)JI[PWllCU039) 

UV-vis A.max (CH3CN): 261, 625 nm 

Anal. (Cu %): Found 1.62, Calculated 1.71 

[(n-C4H9)4N)4[PW llCr(H20)039) 

UV-vis A.max (CH3CN): 256, 626 nm 

Anal. (Cr %): Found 1.50, Calculated 1.67 

XRD patterns of [(n-C4H9)4N]4H[PWlIM(H20)039], (M= Cll, Mn, Co, Cr and 

Ni) show similar diffraction peaks at; 28= 8.3·, 9.0·, 27.8· and 29.1 ·[99]. 
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4.4 Catalyst characterization 

The polyoxometalate catalysts were characterized spectroscopically by FTIR, 

XRD, TGA, NH3-TPD and H2-TPR techniques, and the results are given below. 

4.4.1 Fourier transform infrared spectroscopy (FfIR) 

Keggin-type polyoxotungstates give characteristic infrared bands in the 1100-

700 cm- I region [90, 92]. The results are collected in Table 4.1. 

Table 4.1 FTIR spectra of polyoxometalates 

Wavenumber (em-I) 
Catalyst 

Vas p-o v.sM=O, v.sM-Ob-M v.sM-Oc-M 

H3 [PMo 12040] 1064 964 867 788 

H3[PW 12040] 1080 988 890 805 

Na2H[PMo12040] 1063 970 860 787 

Na2H[PW 12040] 1077 983 889 789 

[(n-C4H9)4N]3[PMoI2040] 1070 965 870 804 

[(n-C4H9)4Nh[PW 12040] 1080 978 895 813 

[(n-C4H9)4N]4[PW II V040] 1073,1095 965 886 809 

[(n-C4H9)4Nh[PW 10 V 2040] 1065,1093 962 886 808 

[(n-C4H9)4N]6[PW 9 V 3040] 1065,1093 960 882 808 

[(n-C4H9 )4N]4H[PW II Ni(H20 )039] 1065 969 887 812 

[(n-C4H9)4N]4H[PW IICO(H2O)039] 1063 965 887 811 

[(n-C4H9)4N]4H[PW I I Mn(H20 )039] 1073,1057 967 887 818 

[(n-C4H9)4N]4H[PW II CU039] 1101,1067 966 887 816 

[(n-C4H9)4N]4[PWIICr(H2(»039] 1086,1051 965 885 815 

t = terminal, b = in comer shared octahedral, c = in edge shared octahedral 
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Figure 4.5 FTIR spectra of H3 [PW120 40] , Na2H[PW12040] and 

[( n-C4H9 )4Nh[PW 120 40]. 

The FTIR (KBr) results for H3 [PMo 12040] , H3[pW 12040], Na2H[pMo12040] 

and Na2H[PW12040] (Figure 4.6) show similar four band patterns consistent with the 

literature [94]. The catalysts containing Mo have lower frequencies than the catalysts 

containing W. The vibration frequencies of catalysts have previously been shown to 

depend on the nature of the cation. 

The P-O bands appear in the range of 1057-1080 em-I. It happens that this 

environment is distorted upon substitution of vanadium into the primary structure of 

Keggin POMs [100]. The bands at 960-988 cm-I may be associated with the 

terminal (Mo,W)=O bonds. The inter-octahedral (oxygen connecting two W06 . 

octahedra in a triad) W-Ob-W bands appeared in the range of 867-887 em-I, and the 

W-Oc-W(V) bands appeared at 787-818 em-I, which comprise the fingerprint region 

of Keggin POMs [101]. It is noteworthy that each IR band in the series of [(n­

C4H9)~4+x[PW 12-x V x040] catalysts shifted to a lower wave number with increasing 

vanadium substitution, in particular for the assigned W -Od vibration, in good 

agreement with previous results [92]. 

The FTIR spectra of the tetrabutylammonium salts of transition metal­

substituted polyoxotungstates show absorption bands which are slightly shifted to 

lower wave numbers compared to the Na+ or W salts, due to the weaker of 

interactions with their cations [99-103]. The p-o band values found for [(n-
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C4H9)4N]4H[pWllCU039] are higher, indicating that the distortion of the environment 

around copper in this anion is more pronounced than for the other metals [102]. The 

FTIR data indicate that all of the catalysts have Keggin structure frameworks. 

4.4.2 Nitrogen adsorption (Brunauer-Emmett-Teller method (BET» 

As it is known that salts of [PW12040r- with the cations like Na+ or W have 

low surface areas « 10 m2/g) [102-103], the BET surface areas for some 

representative new catalysts were determined. The results are shown in Table 4.2. 

Table 4.2 Surface area measurements of polyoxometalates 

Surface area Pore volume Mean pore 
Catalyst 

(m2/g) (cm3/g) diameter (nm) 

[(n-C4H9)4N]3[PMo12040] 3.3 2.8 33.0 

[(n-C4H9)4N]3[PW 120 40] 5.3 0.2 67.3 

[(n-C4H9)4N]4[PW\\V040] 3.3 0.1 60.3 

[(n-C4H9)4N]s[PW 10 V 2040] 5.1 4.8 37.5 

The Tetrabutylammonium salt catalysts gave surface areas in the range of 3.3-

5.3 m2/g. The catalysts with tetrabutylammonium as the cation possessed larger BET 

surface areas than the analogous acid and sodium salts. 
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4.4.3 Thermogravimetric analysis 

Thermogravimetric results for the phosphorus-containing speCIes indicated 

that the compounds decomposed according to the equation: 

for which M = Mo or W andn =4. 
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The thermogram of [(n-C4H9)4N]4H[PWl1Co(H20)039] catalyst exhibits three 

main ranges of weight loss as seen in Figure 4.7. The first one at ca. 160-350·C (1%) 

is due to the loss of physisorbed water and the second one at ca. 350-450·C (27%) 

corresponds to the loss of waters of hydration and due to the decomposition of the 

organic part [99]. At temperature above 450·C, it was the decomposition of mono­

substituted polyoxometalate to correspond metal oxide. For the other compounds, the 

similar results were obtained as collected in Table 4.3. 



76 

Table 4.3 Decomposition temperatures and percentage mass loss 

Decomposition Mass loss 
Catalyst 

temperature CC) (%) 

[(n-C4H9)4Nh[PMoI204o] 152-610 28.9 

[(n-C4H9)4N]3[PWI20 40] 154-650 20.7 

[(n-C~9)4N]~[PW IINi(H20)039] 187-648 28.1 

[(n-C4H9)4N]4H[PW IIMn(H2O)039] 150-595 26.3 

[(n-C~9)4N]4H[PW 11 CO(H20)039] 167-607 27.6 

4.4.4 Temperature program desorption (NH3-TPD) 

Temperature-programmed desorption of ammonia was used to investigate the 

acidities of the catalysts, and the results are as shown in Table 4.4. The temperature 

ranges were used to identify acid strength; weak acid sites appearing in the range 100-

300·C whereas strong acids will appear above 500·C. 

Table 4.4 Acidity of polyoxometalates 

Acidity distribution (mmol ofNHjg of catalyst) 
Catalyst 

Total Weak Strong 

H3 [PMo 12040] 2.4 1.3 1.2 

H3[PW 12040] 2.6 1.4 1.2 

Na2H[PMo12040] 2.3 1.0 1.3 

Na2H[PW 12040] 2.3 1.0 1.3 

[(n-C4H9)4NMPW 12040] 1.7 1.0 0.8 

[(n-C4H9)4N]4[PW II V040] 1.7 1.0 0.7 

[(n-C4H9)4Nh[PWloV2040] 1.0 0.1 0.9 

[(n-C4H9 )4N]4H[PW II Mn(H20 )039] 1.7 0.3 1.4 

[(n-C.JI9 )4N]4H[PW II Co(H20)039] 2.1 0.5 1.6 

[(n-C4H9)4N]4H[PW II Ni(H20 )039] 1.4 0.3 1.1 

From these results, the total acidity was maximized with W was the counter 

Ion and weak acidity or Bmnsted acidity was also height. The acidities of 
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polyoxotungstates are greater than those of polyoxomolybdates, in agreement with the 

higher negative charge on the oxygen atoms in polyoxomolybdates as compared to 

polyoxotungstates. In the series of tetrabutylammonium salts, when transition metals 

were substituted for a W atom, the total acidity decreased. In particular, in the case of 

[(n-C4H9)4N]s[PW lOY 2040], when two Y atoms were replaced with two W atoms, the 

total acidity clearly decreased. 

4.4.5 Temperature program reduction (112-TPR) 

The reduction temperatures of the catalysts were observed by H2-TPR, the 

results being shown in Table 4.5. 

Table 4.5 TPR of various polyoxometalates 

Catalyst TPRCC) 

[(n-C4H9)4Nh[PW 12040] 505-610,615-650 

[(n-C4H9)4N]4[PW 11 Y040] 570-585, 650-660 

[(n-C4H9)4N]s[PWlOY2040] 463-580, 590-685 

[(n-C4H9)4N]6[PW9Y3040] 443-585, 590-675 

[(n-C4H9)4N]4H[PW IINi(H20 )039] 580-590, 610-620 

[(n-C4H9)4N]4H[PW IIMn(H20 )039] 575-585, 595-610 

[( n-C4H9)~]4H[PW 11 CO(H20)039] 585-595, 610-625 

These results are in good agreement with earlier reports [103] that substitution 

of ~+ sites by y4+, Ne+, Mn2+ and Co2+ in the [PW12040]3- anion tends to decrease 

the reduction temperature. The lower electronegativities of the substituted transition 

metals in the polyoxoanions thus tended to higher reducibilities of the catalysts. 

4.4.6 Solubilities of the catalysts 

Acidic and sodium salts of polyoxometalates are soluble in water and 

acetonitrile. The catalysts with the tetrabutylammonium cation are soluble in 

acetonitrile. 
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4.5 Oxidation of ethylbenzene 

The catalytic oxidation of ethyl benzene was studied using mono-substituted 

polyoxometalates. The effects of temperature, effect of solvent, reaction time, types of 

catalyst, oxidant per substrate mole ratio (O/S), substrate per catalyst mole ratio (S/C) 

and catalyst reusabilities were investigated. 

ethylbenzene 
(ED) 

benzaldehyde 
(BZ) 

acetophenone 
(AP) 

I-phenylethanol 
(PE) 

Scheme 4.2 Reaction scheme for ethyl benzene oxidation. 

benzoic acid 
(BA) 

The catalyst, substrate and oxidant were placed in a round bottom flask 

equipped with a condenser in a silicone oil bath. The reaction mixture was heated to 

the desired temperature for the given reaction time. After the desired time, the catalyst 

was filtered from the reaction mixture. The liquid mixture was placed into a 25% 

H2S04 solution and extracted with diethyl ether. The mixture was neutralized with 

saturated NaHC03 solution and dried with anhydrous Na2S04. The oxygenated 

products and recovered substrate in the liquid mixture were qualitatively analyzed by 

gas chromatography using an internal standard. The mass balances of all samples 

were in the range of 95-105%, except for the case of cyclohexane, when it ranged 

from 87-99%. 



79 

4.5.1 Effect of temperature in solvent-free systems 

The effects of temperature on activities and product selectivities were 

observed in the range of 33 to 100·C using [(n-C4H9)4N]4H[PWIICO(H20)039] as the 

catalyst. 
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Effect of reaction temperature on conversion and selectivity. 

Reaction conditions: ethylbenzene 1 mmol, catalyst 0.01 mmol 

(0.037 g), H202 10 mmol, 24 h. 

When the reaction temperature increased, the conversion of ethyl benzene was 

enhanced. The maximum temperature utilized was 80·C, and the temperature did not 

affect acetophenone selectivity over all temperature range. 
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4.5.2 Effect of types of substituted metal in ethylbenzene oxidation 

The effects of metal incorporation in mono-substituted polyoxotungstate 

catalysts were studied and the results are collected in Table 4.6. 

Table 4.6 Effect of types of substituted metal in ethylbenzene oxidation 

Catalyst Conversion Product selectivity (%) 

(%) acetophenone I-phenylethanol 

[(n-C4H9)4N]4H[PW IINi(H20 )039] 

[(n-C4H9)4N]4H[PW I I Mn(H20 )039] 

[( n-C4H9 )4N]4H[PW II CU039] 

[( n-C4H9 )4N]4H[PW II CO(H20 )039] 

[(n-C4H9)4N]4H[pWIICO(H20)039t 

10 

16 

19 

18 

33 

95 5 

98 2 

91 9 

92 8 

92 8 

Reaction conditions: ethylbenzene 1 mmol, catalyst 0.01 mmol (0.037 g), H202 10 

mmol, 80·C, 24 h. 

a in CH3CN 5 mL 

When the reaction was conducted without a catalyst, no product was observed. 

In the solvent-free systems, and 

[(n-C4H9)~]4H[PWllCO(H20)039] catalysts gave higher ethyl benzene conversions 

but lower acetophenone selectivity. No benzoic acid formation was observed for any 

of the catalysts. Because of the low yield of oxygenated products in the solvent-free 

system, a solvent such as acetonitrile it was used as solvent since it can dissolve 

tetrabutylammonium salt of polyoxotungstate. However, [(n­

C4H9)4N]4[PWIICr(H20)039] showed no activity in this system. 

The higher catalytic reactivities in acetonitrile media usmg the [(n­

C4H9)4N]4H[PWllCO(H20)039] catalyst is attributed to the polarity of the solvent, 

which by dissolution of catalyst to form homogeneous liquid system, thereby 

promoting mass transfer [104]. The results showed that substitutions by transition 

metal enhance catalytic activity. 
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4.5.3 Effect of reaction time on the oxidation of ethylbenzene 

The effect of reaction time was investigated in the range of 12 to 72 h using 

[(n-C4H9)~]4H[PW\1Co(H20)039], with H20 2 as the oxidant, and the results are 

collected in Figure 4.8. 
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Effect of reaction time on ethyl benzene converSlon and product 

selectivity. 

Reaction conditions: ethyl benzene 1 mrnol, catalyst 0.01 mmol (0.037 

g), H202 10 mrnol, 80·C. 

Conversion of ethyl benzene increased rapidly at the first 24 h but then leveled 

off and ethylbenzene conversion remained almost constant. This might be due to the 

fact that the H20 2 had already decomposed in early stage and reaction was limited by 

lack of oxidizing agent. After a reaction time of 72 h, a small amount of benzoic acid 

was observed and might be from further oxidation of 1-phenylethanol. 
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4.5.4 Effects of oxidant per substrate mole ratio (O/S) and substrate per 

catalyst mole ratios (S/C) 

The effects of oxidant/substrate and substrate/catalyst concentration ratios 

were studied, and the results are collected and described in Table 4.7. 

Table 4.7 Effect of O/S and SIC mole ratios using [(n-

CJI9)4N]JI[PWllCO(H20)039] catalyst 

O/S SIC Conversion Product selectivity (%) 

(%) acetophenone I-phenylethanol benzoic acid 

10 100 18 93 7 

20 50 27 93 7 

20 100 19 90 9 1 

Reaction conditions: ethyl benzene 1 mmol, catalyst 0.01-0.02 mmol (0.037-0.074 g), 

H202 10-20 mmol, 80·C, 24 h. 

The results showed that the conversion of ethylbenzene and the distribution of 

the products depended on the concentrations of catalyst and oxidant. When the 

catalyst amount was increased (SIC = 50), the ethyl benzene conversion was enhanced 

from 19% to 27% with constant selectivity for acetophenone. However, when the 

oxidant amounts were increased acetophenone but higher I-phenylethanol 

selectivities were observed. 

4.5.5 Reusability of catalysts 

At the end of the reaction, the [(n-C4H9)4N]4H[pWllCO(H20)039] catalyst was 

separated by filtration. The absorbed hydrogen peroxide was removed by several 

washes with a large amount of water and subsequent heating at 110·C for 2 h. The 

catalyst was then used in another reaction. The results showed that the catalyst can be 

used four times with only a slight loss in activity (from 18% to 13%), which did not 

cause a change in AP selectivity (92%). 
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4.5.6 Effects of reaction conditions 

To investigate mechanism of ethylbenzene oxidation with H202 catalyzed by 

[(n-C4H9)4N]4H[PWllCO(H20)039], experiments were conducted under nitrogen 

atmosphere, in the dark and with radical scavenger (iodine). The results are given in 

Table 4.8. 

Table 4.8 Oxidation of ethylbenzene at various conditions 

Condition Conversion Product selectivity (%) 

matr 

in nitrogen 

in the dark 

in of iodine (1 mmol) 

(%) 

18 

18 

21 

acetophenone I-phenylethanol 

93 7 

92 8 

93 7 

Reaction conditions: ethylbenzene 1 mmol, catalyst 0.01 mmol (0.037 g), 

H202 10 mmol, 80·C, 24 h. 

benzoic acid 

When the catalytic oxidation was conducted under nitrogen atmosphere, a 

similar result as that in air was obtained. There was no reaction was observed when 

radical scavenger (iodine) was added. The conversion was increased in the dark and 

inhibited by iodine which acts as a radical trap. Thus it can be concluded that catalytic 

oxidation of ethyl benzene by H20 2 was a radical process mechanism. 
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4.6 Oxidation of cyclohexane 

The prepared mono-substituted polyoxometalate catalysts were studied for the 

oxidation of cyclohexane to cyclohexanone and cyclohexanol using H202 as the 

oxidant. First of all, the effect of oxidant was investigated using either the oxygen 

molecule itself or H202. The results showed that using the oxygen molecule at a 

pressure of 3 atm can allow for some catalyzed oxidation of cyclohexane, but only to 

the extent of 1 mol% at 80·C in CH)CN for 12 h. 

o 
Cyclohexane 

(CyH) 

OOH 

+ 

Cyclohexyl hydroperoxide 
(CyOOH) 

OH 

CyclohexanoI 
(CyOH) 

+ 

Cycl ohexanone 
(CyONE) 

Scheme 4.2 Reaction scheme for cyclohexane oxidation and the products found in 

this study. 

The catalytic oxidations of cyclohexane were monitored as functions of the 

types of metal, oxidant/substrate mole ratio (O/S) and substratelcatalyst mole ratio 

(SIC). 

4.6.1 Effect of types of substituted metal in cyclohexane oxidation 

The catalytic activities of the various mono-substituted Keggin compounds in 

homogeneous and biphasic system were studied in the pressure reactor. The results 

are collected in Table 4.9. 
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Table 4.9 Effect of types of substituted metal in cyclohexane oxidation 

Catalyst 
Product (mol%)a CyONE+CyOH 

CyONE/CyOH 
CyONE CyOH (mol%)a 

[(n-C4H9)4N]~[P~IINi(H20)039] 3.4 2.5 5.9 1.4 

[(n-C4H9)4N]4H[P~ II CO(H20)039] 2.9 4.1 7.0 0.7 

[(n-C4H9)4N]4H[P~ I I Mn(H20)039] 4.1 3.8 7.9 1.1 

[(n-C4H9)4N]~[P~IICU039] 4.2 7.0 11.2 0.6 

Reaction conditions: cyclohexane 18.5 mmol, catalyst 0.04 mmol (0.148 g) , H20 2 

39.5 mmol, CH3CN 5 mL, 80'C, 12 h. 

CyONE = cyclohexanone 

CyOH = cyclohexanol 

CyOOH = cyclohexyl hydroperoxide 

a based on substrate 

The phosphotungstate anion with incorporated Cu2
+ was preferable for 

cyclohexane oxidation than the other catalysts. [(n-C4H9)4N]4H[P~IICU039] as 

catalyst gave the highest CyONE+cyOH content (11.2%), with no cyclohexyl 

hydroperoxide observed. In this result, larger amounts of CyONE+CyOH were 

obtained than in the previous report by SimOes and co-workers [96]. In this study, we 

found that the Mn-containing catalyst, [(n-C4H9)4NhH[P~l1Mn(H20)039], gave low 

activities for cyclohexane oxidation. This result is in good agreement with a report by 

Nowinska and coworkers [64], who additionally found that K5[P~l1Mn039] and 

Mn2.5[P~IIMn039] showed low oxidative activities for propane oxidation. 

4.6.2 Effect of OIS and SIC mole ratios 

In this study the reaction conditions having SIC and O/S ratios of 463 and 2.0, 

respectively, were not optimal, giving low yields of cyclohexanone and cyclohexanol. 

However, the next experiment was designed to optimize the oxidation of cyclohexane, 

using [(n-C4H9)4N]4H[P~l1CU039] and H202 in the hope of increasing the yield of 

products. 
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Reaction conditions: cyclohexane 18.5 mmol, catalyst 0.04 mmol 

(0.148 g), CH3CN 5 mL, 80·C, 12 h. 

a based on substrate 

Since H202 acts as the oxidant in the conversion of cyclohexane, it is thus 

natural that no CyOH and CyONE are obtained without H20 2. The results showed no 

significant dependence of product selectivity on the O/S mole ratio. In this study, 

increases in the H20 2 concentration could be made in order to gain higher yields of 

the desired products, without apparent formation of CyOOH, which could be assayed 

through its reduction by PPh3, and quantified the amount from the increase of the 

CyOH content. 
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4.6.3 Effect of amount of catalyst 

The effect of the amount of catalyst in the cyclohexane was investigated in the 

range of 0.04-0. 14 g, and the results are as shown in Figure 4.10. 
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Figure 4.10 Effect of catalyst amount for cyclohexane conversion using 

[(n-C4H9)4N]4H[PW II CU039] ' 

tJ 

Reaction conditions: cyclohexane 18.5 mmol, H202 39.5 mmol, 

CH3CN 5 mL, 80·C, 12 h. 

a based on substrate 

A higher catalyst amount enhanced the product yield with no significant 

change in the CyONE/CyOH ratio. However, with 0.12 and 0.14 mmol of catalyst, the 

catalyst did not completely dissolve in the reaction mixture. The reaction was thus 

taking place in both heterogeneous and homogeneous phases, and as a result, little 

enhancement in cyclohexane conversion was observed. In addition, cyclohexanol is 

more active than cyclohexane in the presence of more catalyst (more active sites), and 

thus cyclohexanol can be converted to cyclohexanone easily, as described previously 

by Tian and co-workers [105]. 
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4.6.4 Effect of reaction time in cyclohexane oxidation 

Oxidation reactions using H20 2 as the oxidant are time dependent and thus the 

effects of reaction time on the catalyst performance and product selectivity were 

investigated. Since cyclohexanol and cyclohexanone are more reactive than 

cyclohexane, which can lead to further undesired oxidation processes, the reaction 

time could not be extended without leading to unfavorable results. The reaction time 

was therefore limited to the range of 3-24 h. 
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Figure 4.11 Effect of reaction time using [(n-C4H9)-tN]4H[PWlICU039]. 

Reaction conditions: cyclohexane 18.5 mmol, catalyst 0.04 mmol 

(0.148 g), H202 39.5 mmol, CH3CN 5 mL, 80·C. 

Figure 4.11 shows the effects of the reaction time on the catalytic oxidation of 

cyclohexane over [(n-C4H9)4N]4H[pWllCU039] using H202 as oxidant. The results 

indicated that the total yield increased with reaction time until 18 h. Increasing the 

reaction time further only slightly affected the amounts of cyclohexanone and 

cyclohexanol because some oxidant is consumed during the 18 h reaction period. 

However, the CyONE/CyOH ratio decreased significantly after 6 h, and the relative 

increase in cyclohexanone product perhaps can be attributed to the partial oxidation of 

cyclohexanol. After about 24 h the reaction practically stopped, because of the 

consumption of the hydrogen peroxide; however, further addition of H202 led to 

further oxidation of cyclohexane. Thus, the catalyst proved to be still active. 
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4.7 Stability of the catalyst 

After the reaction the used catalyst was separated and washed with water and 

dried, then it was characterization with XRD. The XRD patterns of the catalyst before 

and after reaction were compared in Figure 4.12. 

Before 

After 

5 15 25 35 45 55 
2-Theta (degree) 

Figure 4.12 XRD patterns of[(n-C.JI9)..N]4H[PWIICo(H20)039], before and after 

reaction in catalytic oxidation of cyclohexane. 

XRD patterns indicated that [(n-C4H9)4NhH[pWIICO(H20)039] catalyst did 

not show significant differences of characteristic peaks before and after use. 

4.8 Mechanism of cyclohexane oxidation with POMs 

The experiments with [(n-C4H9)4N]4H[PWIICU039] were repeated under an 

atmosphere of nitrogen. The results were not different from those obtained in air in 

agreement with previous report of Bulula and co-worker [80], using [(n­

C4H9)4N]4[PWIIFe(H20)039] in cyclooctane oxidation with H20 2. The experiment 

was also performed in the presence of iodine, a well-known radical scavenger and the 

oxidation of cyclohexane did not occur [96]. 
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In this case, the first step was assumed to be the coordination of H202 

molecule to metal (M), followed by the formation of HOO·. The HO· radicals were 

then generated by a reaction similar to that ofEq. (3), with reoxidation of metal. 

Catalytic oxidation of cyclohexane using H202 as oxidant was conducted by 

radical mechanism. The steps were described below. First of all, hydrogen peroxide 

was decomposed to radical in (1-2) at metal (M). Cy· radical was created in step (4) 

and it was changed to CyOH in step (5). Cy· was reacted with molecular oxygen (6) 

and it was changed to CyOOH by reacted with proton in step (7). Finally, CyONE 

was formed by further oxidation of CyOH (8). 

M2+ + H20 2 ~ M++HOO·+W (1) 

~+HOO· ~ M2++02+ W (2) 

M2+ + H20 2 ~ ~+HO·+HO- (3) 

CyH+ HO· ~ Cy· + H2O (4) 

Cy" + HO· ~ CyOH (5) 

Cy" + O2 ~ CyOO· (6) 

CyOO·+~+W ~ M2++CyOOH (7) 

CyOH+ H20 2 ~ CyONE+202 (8) 

4.9 Oxidation of cyclohexanol 

4.9.1 Oxidation of primary alcohols to carboxylic acid 

The conversion of primary alcohols into carboxylic acids is not a difficult task. 

Often, the same oxidant that has been used to oxidized alcohols to aldehydes is 

applicable for the oxidation to acids when used in appropriate amounts, in different 

solvents, at higher temperatures, or at longer reaction times. An example is the 

oxidation of primary alcohols with air or oxygen with platinum-on-charcoal or 

platinum dioxide as catalyst. 
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4.9.2 Oxidation of secondary alcohols to ketones 

All oxidants used for the oxidation of primary alcohols to aldehydes can be 

applied to secondary alcohols. Because the products, ketones, are much less sensitive 

to overoxidation than aldehydes, more intensive reaction conditions, such as an excess 

of the oxidant, higher temperatures, or longer reaction times, can be used. 

Secondary alcohols are converted into ketones in 70-98% isolated yields when 

refluxed with Raney nickel in benzene for 1-24 h with azeotropic removal of water. 

The addition of I-octene as a hydrogen acceptor does not affect the yields. Primary 

alcohols, under such reaction conditions, usually suffer decarbonylation and yield 

hydrocarbons with one less carbon. Catalytic oxidation is affected by passing oxygen 

through solutions of alcohols in the presence of metal catalysts. 

4.9.3 Oxidation of secondary alcohols to carboxylic acids 

The treatment of secondary alcohols with powerful oxidants such as nitric 

acid, chromium trioxide, or potassium permanganate results not only in oxidation to 

ketones but also in subsequent oxidation of the ketones to carboxylic acids. Thus 

cyclohexanol gives adipic acid, 4-isopropylcyclohexanol gives B-isopropyladipic acid, 

and 2-methylcyclohexanol gives 6-ketoenanthoic (o-acetylvaleric or heptanon-6-oic) 

acid. 

4.10 Literature reviews 

Many publications have appeared on the use of polyoxometalates in catalytic 

oxidations of alcohols, and are described below. 

In 1997, Neumann et al. [76] studied the catalytic oxidation of cyclohexanol 

using Nall[Ru2Zn3 WI90 6S]. The reaction was carried out in 30% H20 2 at 2SoC for 2 h, 

5% conversion of cyclohexanol was obtained with 100% selectivity of 

cyclohexanone. 

In 2000, Yang et al. [77] reported the preparation of CsnH.-n[PMOll V040] , 

n ~ 3. These catalysts were used in oxidation of ethanol to acetaldehyde, ethylene and 

diethyl ether, the feed gas consisted of ethanol 13%, oxygen 30% in nitrogen balance 



92 

(flow rate 15 mLirnin) at 250·C. For the CSn salt in which n < 3, acetaldehyde was the 

main product (> 95%). For n = 2-3, ethylene and diethyl ether selectivity were 

increased, while acetaldehyde selectivity was decreased « 40%). 

In 2005, Wang et al. [106] studied the catalytic oxidation of alcohols using 

N86[SiWIlM(H20 )04o]-12H20 (where M = V4+, Cr6+, Mn4+, Fe3+, C02+, Ni2+, Cu2+ 

and Zn2l. The reaction was carried out in water with H202:substrate = 1.5, 

substrate:catalyst = 670 at 90·C. The activity order was: Zn2+ > Mn4+ + ~+ + Mn6+ > 

Fe3+ + Fe2+ > C02+ > Cu2+. It was found that benzyl alcohol and cyclohexanol was 

converted to benzoic acid and cyclohexanone with 100% conversion and 100% 

selectivity in 2 and 7 h, respectively. The catalyst could be reused without loss of 

activity. 

In 2007, Weng et al. [107] reported the catalytic oxidation of benzyl alcohol 

by H202 in dimethyl acetate and acetonitrile with quaternary ammonium salts; 

[C7H7N(CH3)3t and [CH3(ClsH30)CsHsNt of polyoxotungstate anions; [PWI20 40f, 
[PWIl0 39f, [PW9040t, [P2WIS062]6-, [SiWII0 39]S- and [SiW IO0 36t. It was found 

that the activity of the catalysts with lacunary structure (~+ < 12 atoms) was higher 

than those with complete structure. The reaction catalyzed by the catalysts with P 

was faster than those with Si4+. The catalyst can be reused with slight decrease in 

activity (83.5% conversion in the third run) compared to 86.2%. 

In 2008, Egusquiza et al. [108] reported the catalytic oxidation of2-napthol to 

1, 2-naphthoquinone by H202 using KIO[(PW9034h~(H20)2] catalyst, where M = 

C02+, Zn2+ or Mn2+. The activity order was: C02+ > Mn2+ > Zn2+. The conversion was 

higher in acetonitrile than acetone. For Co catalyst, the yields of 1, 2 naphthoquinone 

were 89% in acetonitrile in 20 min at 80·C and 94% in acetone in 1 hat 56·C. 

The above reviewed literature, deal with the catalytic oxidation of alcohols 

and hydrocarbons with mono-substituted polyoxometalate. Using mono-substituted 

polyoxometalate, molecular oxygen and hydrogen peroxide for oxidation of 

cyclohexanol and catalytic function of polyoxometalate in the solid-state as well as in 

solution has attracted much attention in the catalytic research. 
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In this research, the system consists of environmentally oxidant, hydrogen 

peroxide to oxidize cyclohexane and cyclohexanol with polyoxometalates and mono­

substituted polyoxometalates catalysts. 

4.11 Catalytic study 

The prepared polyoxometalates as described earlier were used in catalytic 

oxidation of cyclohexanol with hydrogen peroxide as oxidant. Effect of reaction 

parameters were studied and presented below. 

4.11.1 Effect of reaction temperature 

Effect of temperature on the yield of cyclohexanol was studied by varying the 

temperature between 50 and 11 O·C, while other parameters were kept constant. 
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Figure 4.14 Effect of reaction temperature using [(n-C4H9)4Nh[PW12040]. 

Reaction conditions: cyclohexanol6.7 mmol, catalyst 0.01 mmol, 

90·C, 7 h. 

Conversion of cyclohexanol increased with the reaction temperature up to 

90·C and the conversion of cyclohexanol was decreased at 110·C. This may be due to 

faster rate of H202 decomposition [85]. Therefore temperature at 90·C was used for 

further study. 
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4.11.2 Effect of types of catalyst 

The activity of various polyoxometalates catalysts in oxidation of 

cyclohexanol with hydrogen peroxide as oxidant was investigated and compared 

under the same reaction condition. The results are shown in Table 4.10. 

Table 4.10 Oxidation of cyclohexanol with hydrogen peroxide 

Conversion 
Catalyst 

(%) 

H3[pMo120 40] 19 

H3[PW 12040] 48 

Na2H[PMo12040] 25 

Na2H[pW 12040] 56 

[(n-C4H9)4Nh [PMo I 2040] 30 

[(n-C4H9)4Nh[PW 120 40] 82 

[(n-CJl9)4N]4[PW II V040] 96 

[(n-C4H9)4N]s[PW 10 V 2040] 58 

[(n-C4H9)4N]6[PW9V3040] 60 

[(n-C4H9)4N]4H[PW II CO(H20 )039] 91 

[(n-C4H9)4N]J1[PWIINi(H20)039] 99 

[(n-C4H9)~4H[pWIIMn(H20)039] 89 

127 

321 

168 

375 

201 

549 

643 

389 

402 

610 

663 

596 

Reaction conditions: cyclohexanol 6.7 mmol, catalyst 10 /lmol, 90·C, 7 h. 

aTON = turnover number = mmol of products/mmol of catalyst 

It was observed that W-POM has higher activity than Mo-POM in every 

series, due to the higher acid strengths of polyoxotungstate [77,106]. These catalytic 

activity orders are corresponding to acidity of the polyoxometalate and salt effect. 

H3[PW120 40] is more acidic than H3[PMo12040]. 

Among various salts, tetrabutylammonium salt which it was not dissolved in 

the reaction mixture showed the activity in the order; [(n-C4H9)4Nh[PW12040] > 

Na2H[PW 12040] > H3[PW 12040]. This might be due to the reaction was carried out in 

biphasic system (solvent-free), tetrabutylammonium salts can be solvated by the 

substrate molecules and function as phase transfer catalyst between organic and 
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can be solvated by the substrate molecules and function as phase transfer catalyst 

between organic and aqueous phase. Thus, tetrabutylarnmonium salt showed the 

highest catalytic activity in this system. POM could catalyze in aqueolJ,S phase. 

Organic phase 

T 
c3 6 

Figure 4.15 Phase transfer catalysis mechanism [104]. 

As suggested in many publications [104], the oxidation of alcohols with phase 

transfer catalyst may be depicted as a catalytic cycle, as seen in Figure 4.15. This 

cycle consists of four basic steps: 

1. In the presence of H202, [(n-C4H9)4Nh[PW 12040] or tetrabutylammonium 

salt, the metal precursor is oxidized and dissociated to form peroxometal 

anion, [PWd02)040]3-. 

2. Tetrabutylammonium salts with large lipophilic cation can function as 

phase transfer catalyst and transfer the peroxometal into organic phase. 

3. In organic phase, alcohols are oxidized by peroxometal complex and form 

oxygenated product. 

4. The reduced oxo species returns to aqueous phase and restores the 

catalytic cycle. 

The replacement of W+ atoms by Vs+ to form [(n-C4H9)4N]3+x[PW12-xVx040] 

led to higher cyclohexanol conversion. However the conversions of cyclohexanol 

over [(n-C4H9)4N]3+x[PW12-xVx040] catalysts decreased with more vanadium 

substitution [(n-C4H9)~]4[PWllV040] > [(n-C4H9)4N]S[PWIOV2040] ~ [(n­

C4H9)4N]6[PW9V3040]. This could be due to wider ligand-to-metal charge transfer 

(LMCT) band gap which led to decrease in the catalytic activity [109] or due to the 
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poor stabilities of the corresponding peroxo intermediate speCles m the oxygen 

transfer reaction [110]. 

Mono-substitution ~+ atom in polyoxotungstate anions with transition metals 

such as Co, Ni and Mn achieved high conversion and comparatively high selectivity. 

This might be due to the increasing of the reducibility property of the catalyst, the 

activity was decreased in the order; [(n-C4H9)4N]4H[PWllNi(H20)039] > [(n­

C4H9)4N]4H[PW II CO(H20 )039] > [(n-C4H9)4N]4H[PW II Mn(H20)039]. 

4.12 Conclusion 

Mono-substituted polyoxometalate catalysts could catalyze the ethylbenzene 

and cyclohexane oxidation efficiently using hydrogen peroxide as oxidant. [(n­

C4H9)4N]4H[PWIICU039] and [(n-C4H9)4N]4H[PWllCO(H20)039] performed the high 

activity. The amount of alcohol and ketone increased with hydrogen peroxide 

concentration, catalyst amount and reaction time. Polyoxotungstate gave higher 

catalytic activity 10 cyclohexanol oxidation than polyoxomolybdate. 

Tetrabutylammonium salt showed the highest activity, the catalytic activity decreased 

in the order; [(n-C4H9)4Nh[PWI2040] > Na2H[PW12040] > H3[PW12040] at IIO·C. 

Tetrabutylammonium salt was the suitable cations in this system compared with 

sodium and acid salts due to this cation function as phase transfer catalyst. Mono­

substituted polyoxotungstate catalyst with Ni, Co and Mn showed higher activity than 

their parent. 



CHAPTER V 

OXIDATION OF CYCLOHEXANE USING TRANSITION 

METAL-INCORPORATED XEROGEL CATALYSTS 

In this chapter, metal-incorporated xerogel catalysts were synthesized and 

used in hydrocarbon oxidations with TBHP, molecular oxygen and air. 

5.1 Introduction 

The development of heterogeneous catalysts for the selective oxidation of 

hydrocarbons is a current challenge and has been studied extensively in recent years. 

Due to environmental and economic concerns, the development of highly efficient 

catalytic processes, which minimize the formation of side products and residues, is 

quite desirable. An interesting approach is supporting catalytically active metals on 

molecular sieves or related systems, thus enhancing the selectivity because the well­

defined porous systems have been successfully applied as heterogeneous oxidation 

catalysts in the liquid phase. Furthermore, various transition metals, e.g. Mn, Zr, Cr, 

Fe, Ni and Cu, have been incorporated into zeolites, silicalites, silicon aluminium 

phosphates (SAPOs) or aluminium phosphates (AIPOs) and used in oxidation 

reactions. However, the use of these materials as oxidation catalysts is restricted 

because of relatively low activity or of metal leaching from the molecular sieves. On 

the other hand, transition metals such as vanadium, when incorporated into xerogels, 

have been studied in cydohexane oxidation and showed to have considerable 

selectivity and activity [111]. Because of their excellent properties, silicon oxide 

based materials that have hydrophobic character favor the adsorption of hydrocarbons 

such as cydohexane. The hydrophobicity of these supports results in a low affmity for 

oxidation products, which are expelled from the catalytically aC,tive sites as soon as 

they are formed. Thus, over-oxidation of the products is reduced and high selectivities 

are maintained [112-113]. 

5.1.1 Sol-gel process 

The sol-gel process is particularly suitable for the preparation of oxide glasses 

and it is therefore of scientific and technological interest to study the structural 

developments occurring at various stages of the entire sol-gel to glass process and 
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investigate the factors influencing its structure and properties as shown in Figure 5.1 

[114-115]. 

Sol 

Figure 5.1 
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Ceramic fibers 0 
• 

The sol-gel process can be divided into the following steps: formation of a 

solution, gelation, aging, drying and densification. In the preparation of silica 

materials, one starts with an appropriate alkoxide, tetramethyl orthosilicate (TMOS) 

or tetraethyl orthosilicate (TEOS), which is mixed with water or solvent, such as 

methanol and ethanol? Hydrolysis leads to the formation of silanol groups (Si-OH). 

These species are intermediates as they react further by condensation to form siloxane 

groups (Si-O-Si). As the hydrolysis and condensation reactions continue, viscosity 

increases until the "sol" ceases to flow and forms a "gel". The reactions are 

summarized in equation below [116]. 

Hydrolysis: Si(OR)4 + nH20 ~ Si(OH)n(ORkn + nROH 

Condensation: 2Si(OH)n(ORkn ~ (OH)n-l(ORknSi-O-Si(OH)nC0Rh-n + ROH 
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When a wet gel is formed, the gel is converted into dense ceramic or glass 

particles by drying and heat-treatment. If the liquid in the wet gel is removed under 

supercritical conditions, a highly porous and extremely low density material called an 

aerogel forms. However, xerogels can be obtained by slowly drying a wet gel at a low 

temperature. 

The parameters which influence the hydrolysis and condensation reactions in 

the sol-gel process include the reactivity of metal alkoxide, water/alkoxide ratio, 

solution pH, temperature and nature of the solvent. 

In this chapter, silicates containing different types of transition metals such as 

Ni, Co, Cu, Mn and Cr were synthesized by sol-gel methods and the applications of 

these materials as catalysts in the oxidation of cyclohexane are presented. These 

catalysts are used in oxidation of hydrocarbons with TBPH and oxygen. The 

parameters such as amount of oxidant, types of metal, reaction time and types of 

solvent are investigated. 

5.2 Literatures review 

Some literature reports on the catalytic oxidation activities of the metal­

incorporated xerogels are as follows. 

In 2001, Jin et al. [112] reported the preparation of W03/Si02 catalysts by an 

alkoxide-sol-gel method using TEOS as the network-forming reagent. Sodium 

tungstate was added from 10-30 wt% into the alkoxide gel and it was calcined at 

550'C. The 15 wt% W03/Si02 catalyst showed high catalytic activity (100% 

conversion) in the oxidation of cyclopentene to glutaraldehyde by H20 2 in tert-butyl 

ethanol at 35"C for 24 h. 

In 2003, Riberio et al. [1l3] published catalytic oxidation activity of fructose 

to 2, 5-furandicarboxylic acid and 5-hydroxymethoyfurfural using cobalt 

acetylacetonate (Co(acac}3) in xerogel as the catalyst in air (20 atrn) at 160'C for 65 

min and water as solvent. Conversion was 46% with 83 and 17% selectivity of 2,5-

furandicarboxylic acid and 5-hydroxymethoyfurfural. 
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In 2004 Daparkar et al. [114] reported the synthesis of the mesoporous 

material MCM-41 containing vanadium (3.3 wt %) in the framework. The catalyst 

was used in the oxidation of cyclohexane in the presence of acetic acid and methyl 

ethyl ketone (MEK) at 100°C using H202 as oxidant. They found that methyl ethyl 

ketone worked as an initiator, giving 100% conversion in 12 h with 90% selectivity of 

cyclohexanol. 

In 200S Zhou et al. [lIS] reported the preparation of nanocrystalline cobalt 

oxide (SO nm) by precipitation of cobalt nitrate with N-cetyl-N,N,N-trimethyl 

ammonium bromide. The catalyst was used in the oxidation of cyclohexane in oxygen 

at 120°C for 6 h. The conversion of cyclohexane was 8%, the main products being 

cyclohexanol and cyclohexanone (minor products were cyclohexene and adipic acid). 

In 2006 Anand et al. [116], reported transition metal incorporation into the 

framework of a three-dimensional mesoporous silicate (M-TUD-l; M = Ti, Co, Fe 

and Cr). These catalysts were used in cyclohexane oxidation with TBHP, with the 

ratio ofTBHP/cyclohexane equal to O.S, at 70°C for 18 h. Cr- and Co-TUD-l gave the 

highest activities, 13.S and 9.S%. Cyclohexanone was the main product with more 

than 90% selectivity (minor products were cyclohexanol, cyclohexene and adipic 

acid). 

In 2007 Ebadi et al. [117], prepared S% wt. metallophthalocyanine supported 

on alumina materials (MPc/y-Ah03; M = Co, Fe and Mn). These catalyzed oxidation 

of cyclohexane with air (1 atm, 30 mUmin) at 340°C for 3 h. The order of catalytic 

activities is: CoPc/y-Ah03 > FePc/y-AI203 > MnPc/y-Ah03. The CoPcly-Ah03 

catalyst gave 33% conversion of cyclohexane with 37% selectivity of cyclohexanol 

and cyclohexanone and 17% of cyclohexene. When they increased the reaction 

temperature from 340 to 410°C, conversion of cyclohexane and selectivity of 

cyclohexanone and cyclohexanol decreased due to the lower stability of the catalyst at 

high temperature. 
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In 2008 Reddy et al. [118], reported the new cobalt encapsulated SBA-15 (2% 

wt. Co) catalysts were used in liquid phase oxidation of cyclohexane without solvent 

using oxygen as an oxidant (1 atm) at 160·C. The catalyst showed a 9.4% conversion 

of cyclohexane and 78% selectivity to cyclohexanone. 

In 2008 Wang, et al. [4], reported the preparation of metal-containing ZSM-5 

(M-ZSM-5) in which M = Ni, Fe, Co, Mn and Cu (2% by weight). These catalysts 

were used for cyclohexane oxidation with TBHP (85% in aqueous) in an ionic liquid, 

1-ethyl-3-methylimidazolium tetrafluoroborate (emim)BF4, at 90·C for 12 h. Using 

FeZSM-5, the maximum activity was obtained with 21 % conversion of cyclohexane. 

In 2008, Chen et al. [119], reported cobalt incorporation into the framework of 

hexagonal mesoporous silica (HMS) modified by organiC groups, 

methyltriethoxysilane (CoMeHMS), propyltrimethoxysilane (CoPrHMS) and 

phenyltriethoxysilane (CoPhHMS). These catalysts were used for the oxidation of 

cyclohexane with TBHP and oxygen (1 atm) at 115"C for 6 h. The highest conversion 

was found with CoPhHMS as catalyst with 7% conversion of cyclohexane. 

5.3 Preparation of metal incorporated xerogel catalysts 

Metal-incorporated xerogel catalysts were prepared by an acid-catalyzed sol­

gel method [120-121] as described below. 

To 49 mmol ofTEOS and 1 mmol ofCo(OAch'4H20 dissolved in 150 mmol 

of ethanol, placed in a beaker equipped with an efficient magnetic stirring bar, was 

added 18 mmol of 8 M HCI over a period of 15 min. The reaction mixture was stirred 

for 5 min and then allowed to stand at room temperature to remove the volatiles by 

slow evaporation. The resulting brittle xerogel was subsequently dried at 11 O·C in air 

for 24 h and thereafter cooled to room temperature. After that the material (glass like) 

was crushed and sieved (100 mesh particles). The other catalysts used the same 

procedure. 
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5.4 Characterization of metal-incorporated xerogel catalysts 

The synthesized catalysts were characterized with various techniques, the 

results being given below. 

5.4.1 Functional group analysis of metal-incorporated xerogel catalysts 

FTIR spectra showed the typical peaks for amorphous cobalt on silica xerogel 

catalysts. 

CoCh-xerogel 

Co(N03h-xerogel 

Co(OAc )2-xerogel 

4000 3500 3000 2500 2000 1500 1000 500 

Figure 5.2 FTIR spectra of cobalt incorporated xerogel catalysts. 

In Figure 5.2 one can observe a broad band between 3400-3500 em-I, which is 

the characteristic stretching vibration range for hydroxyl groups. The typical peaks for 

amorphous silicate materials prepared via the sol-gel method appeared at 1080, 950 
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and 790 cm- l
. The band at about 1650 cm- l corresponds to the bending mode of the 

water molecule. In Figure 5.2, for the Co(N03h-xerogel, the sharp band close to 1380 

cm- l is due to the presence of N03- ions [120-122]. FTIR spectra ofthe other samples 

are shown in appendix G. 

5.4.2 Phase analysis of metal-incorporated xerogels 

The XRD patterns of the xerogels containing metal salts showed only a broad 

peak characteristic of amorphous silica. 

10 20 30 40 50 60 

2-Theta (degree) 

Figure 5.3 XRD pattern ofCo(OAch-xerogel catalysts. 

The XRD pattern of metal-incorporated xerogels was obtained, and is shown 

in Figure 5.3. Only an amorphous phase was observed with no metal phase being 

apparent, presumably due to the low metal concentration. The XRD patterns of other 

catalysts have been collected in appendix H. 



104 

5.4.3 Diffuse reflectance ultraviolet-visible spectroscopy (DRUV) 

The diffuse reflectance spectra of the catalysts were obtained using a UV­

visible spectrophotometer to provide more information about the catalysts. The results 

are given in Table 5.1. 

Table 5.1 Absorption bands of metal-incorporated xerogel catalysts 

Catalyst Absorption band (nm) 

Ni(N03)2-xerogel 330-375, 500-600 

Cr(N03)3-xerogel 420-600 

Mn(N03)2-xerogel 250-275 

Cu(N03)2-xerogel 420-570 

Co(N 03)2-xerogel 440-550 

Co(OAc h-xerogel 300-410, 650-800 

Co(Clh-xerogel 300-410,720-800 

Ni(N03)2-xerogel 330-375, 500-630 

The Ni(N03)2-xerogel showed two broad absorption bands between 330-375 

nm and a broad band between 500-630 nm, which indicated the presence of Ni2+ in 

the sample [123]. The Cr(N03)3-xerogel showed the absorption band between 420-

600 nm, which indicated octahedral coordination of Cr3+ in the sample [120]. The 

Mn(N03h-xerogel showed peak between 250-275nm, which indicated the presence of 

Mn2
+ in the sample [124]. The Cu(N03h-xerogel exhibited absorptions between 420 

and 570 nm, and these absorptions can be assigned to 0 2. ---+ Cu2+ charge transfers 

[125]. Broad bands between 800 and 1200 nm are typical ofd-d transitions ofCu2
+ in 

an octahedral or square pyramidal environment. However, these bands are too broad 

to allow a detailed assignment of the absorptions. The Co(OAch-xerogel and CoCh­

xerogel showed broad absorption bands between 300-410 and 700-800 nm, which 

indicated tetrahedral coordination of Co2
+ [121]. The Co(N03h-xerogel sample 

showed an absorption peak at 500-560 nm, revealing octahedral coordination of Co2+. 
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5.4.4 Surface area measurement (Brunauer-Emmett-Teller method (BET» 

The surface properties of metal-incorporated xerogels were observed by the 

nitrogen adsorption technique, after the samples were pretreated at 100·C for 1 h. The 

results have been collected in Table 5.2. 

Table 5.2 Surface analysis of metal-incorporated xerogel catalysts 

Surface area Pore volume Mean pore 
Catalyst 

(m2/g) (cm3/g) diameter (nm) 

Ni(N03)z-xerogel 264 0.1 2.1 

Cr(N03)3-xerogel 418 0.2 2.1 

Mn(N03)2-xerogel 263 0.1 2.1 

Cu(N03)z-xerogel 430 0.1 2.0 

Co(N03)2-xerogel 279 0.2 2.2 

Co(OAc )z-xerogel 352 0.1 2.0 

CoClz-xerogel 308 0.2 2.1 

The results show that all samples have surface areas between about 263-430 

m2/g, with no significant differences of their pore volumes and mean pore diameters. 
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Figure 5.4 Adsorption and desorption isotherm ofCo(OAc)z-xerogel. 
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The adsorption isothenn is clearly of the Langmuir type indicating fairly small 

pores and a narrow pore-size distribution, the same result having been found earlier 

by Neumann and co-workers [126]. In this case Ti02(Cl)-xerogel was prepared which 

a surface area of 750 m2/g and an average pore diameter of 1.5 nm Rogovin and co­

workers [121] prepared metal-incorporated xerogel and found the same results; BET 

measurements showed surface areas of metal-incorporated xerogel were in the range 

of 650-750 m2/g with average pore diameters of 1.5 nm. 

5.5 Catalytic activity 

Metal-incorporated xerogel catalysts were studied with respect to the effect of 

metal and anion, types of anion, reaction time, air pressure, amount of methyl ethyl 

ketone, the extent of leaching, and reusability. No leaching of cobalt to the liquid 

phase was observed when anhydrous tert-butyl hydroperoxide was used. 

Nevertheless, the use of aqueous solutions of H202 (30%) or tert-butyl hydroperoxide 

(70%) resulted in considerable metal leaching [121]. Thus, in this study 6 M TBHP in 

decane was used and the results from the catalytic oxidation of cyclohexane using 

metal-incorporated xerogels are described below. 

General oxidation procedure of cyclohexane in Parr reactor with 6 M TBHP in 

decane is described in details as follow. The catalyst, substrate and oxidant placed in 

the stainless steel reactor located in the electrical heater. In case of oxidant is air the 

reactor is purged for 3 times. The stainless steel reactor is heated to the desired 

temperature and reaction time. After the desired reaction time, the reaction mixture is 

cooled down and the catalyst is filtered off. The liquid mixture is added 25% H2S04 

solution and extract with diethyl ether. The liquid mixture is neutralized with 

saturated NaHC03 solution and dried over Na2S04 anhydrous. The oxygenated 

products and recovered substrate in a liquid mixture are qualitatively analyzed by gas 

chromatography using the internal standard method. The mass balance of all samples 

is in the range 87-99%. The oxygenated products found in this study from the 

cyclohexane oxidation are shown in Scheme 5.1. 
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Scheme 5.1 Reaction scheme of cyclohexane oxidation and its products found in 

this study. 

5.5.1 Effect of types of metal 

The prepared metal-incorporated xerogels were used for the oxidation of 

cyclohexane with 6 M TBHP in decane under fixed conditions with a 

TBHP/cyclohexane mol ratio of 0.65. The results are shown in Table 5.3. 

Table 5.3 Oxidation of cyclohexane using metal-incorporated xerogel catalysts 

Product (mol%t CyONE+CyOH 
Catalyst CyONE/CyOH 

CyONE CyOH CyOOH (mol%t 

Ni(N03n-xerogel 7.0 4.3 trace 11.3 1.6 

Cr(N0 3kxeroge 7.6 5.4 trace 13 .0 1.4 

Mn(N03)rxerogel 10.8 5.4 trace 16.2 2.0 

Cu(N03)2-xerogel 12.9 4.3 trace 17.2 3.0 

Co(N03n-xerogel 16.2 5.4 trace 21.6 3.0 

Reaction conditions: cyclohexane 18.5 mmol, catalyst 0.05 g, TBHP 12 mmol (6 M in 

decane), 70·C, 24 h. 

CyONE = cyclohexanone 

CyOH = cyclohexanol 

CyOOH = cyclohexyl hydroperoxide 

trace = less than 0.05 mol% 

a based on mole of substrate 

The blank experiment without catalyst gave only a negligible amount of 

cyclohexanone and cyclohexanol. For the oxidation of cyclohexane using metal­

incorporated xerogel with TBHP, the Co(N03)2-xerogel gave the highest activity, 
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with the products yield being 21.6 mol% and CyONE/CyOH ratio being 3.0. These 

results indicated that cyclohexanone was the main product for all metal-incorporated 

catalysts. CyOOH was quantitatively reduced by triphenylphosphine (PPh3) to yield 

cyclohexanol. 

5.5.2 Effect of types of anion 

Several types of cobalt salts were studied: chloride, nitrate and acetate, and the 

results for cyclohexane oxidation have been collected in Table 5.4. 

Table 5.4 Oxidation of cyclohexane using cobalt xerogel catalysts 

Product (mol%)a CyONE+CyOH 
Catalyst 

CyONE CyOH CyOOH (mol%)a 
CyONE/CyOH 

CoCh-xerogel 11.9 4.9 trace 16.8 2.4 

Co(N03h-xerogel 16.2 5.4 trace 21.6 3.0 

Co(OAc h-xerogel 18.9 7.0 trace 25.9 2.7 

Reaction conditions: cyclohexane 18.5 mmol, catalyst 0.05 g, TBHP 12 mmol (6 M in 

decane), 70°C, 24 h. 

CyONE = cyclohexanone 

CyOH = cyclohexanol 

CyOOH = cyclohexyl hydroperoxide 

trace = less than 0.05 mol% 

a based on mole of substrate 

Cobalt xerogel catalysts with acetate anion gave the better conversions than 

those with chloride and nitrate anions; the higher activities of Co(OAch-xerogels 

were in fact previously reported by Rogovin and coworker [121]. The activity order 

was CO(OAC)2-xerogel > Co(N03h-xerogel > CoCh-xerogel. 

5.5.3 Effect of reaction time 

The CO(OAc)2-xerogel catalyst was chosen for the study of the effect of the 

reaction time on the selectivity of cyclohexanone and cyclohexanol in cyclohexane 

oxidation with 6 M TBHP in decane. The time dependence of the product 

distributions using Co(OAch-xerogel catalyst are given below. 
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Figure 5.5 Effect of reaction time on cyclohexane oxidation using 

Co( 0 Ac h-xerogel. 

Reaction conditions: cyclohexane 18.5 mmol, catalyst 0.05 mg, TBHP 

12 mmol (6 M TBHP in decane, 70·C. 

a based on mole of substrate 

The ratio of cyclohexanone and cyclohexanol increased with reaction time. At 

the beginning (6-12 h), CyONE/CyOH ratio was 1.6 but, beyond 12 h the rate of 

cyclohexanol production decreased and the ratio of CyONE/CyOH was enhanced. 

This might be due to cyclohexanol being further oxidized to cyclohexanone. 



110 

5.5.4 Effect of air pressure 

To combine the effect of oxidant such air in the presence of TBHP in decane 

was observed in oxidation of cyclohexane. Air pressures of 1, 3 and 5 atm were used, 

with a fixed amount of TBHP (6 mmol). The results and discussions are provided 

below. 
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Reaction conditions: cyclohexane 46.9 mmol, catalyst 0.05 g, TBHP 6 

mmol (6 M TBHP in decane), MEK 5.6 mmol, 100·C, 6 h. 

a based on mole of substrate 

From Figure 5.6, one can observe that a higher amount of cyclohexyl 

hydroperoxide was produced when the reaction was carried out at high air pressure. 

The selectivity to products showed a remarkable change with the increase of air 

pressure. High pressures promoted formation of cyclohexanone as well as 

cyclohexanol. The maximum CyONE/CyOH ratio was observed at 3 atm. From the 

result, it can be concluded that air can be used as oxidant with metal-incorporated 

xerogel catalysts. 
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5.5.5 Effect of amount of TBHP 

To study the effect of the amount of TBHP (6 M in decane) on the 

cyclohexane oxidation in air, the reactions were done while keeping the other 

parameters constant. The results and discussion have been collected in Table 5.5. 

Table 5.5 Effect of the amount of TBHP in cyclohexane oxidation 

using Co( 0 Ac )2-xerogel 

TBHP Product (mol%)a CyONE+CyOH 
CyONE/CyOH 

(mmol) CyONE CyOH CyOOH (mol%)a 

0.6 0.8 0.8 trace 1.6 1.0 

3.0 1.9 1.7 trace 3.6 1.1 

6.0 3.2 2.1 trace 5.3 1.5 

Reaction conditions: cyclohexane 46.9 mmol, catalyst 0.05 g, TBHP 0.6-6.0 mmol 

(6 M in decane), MEK 5.6 mmol, air 3 atm, 100'C, 6 h. 

CyONE = cyclohexanone 

CyOH = cyclohexanol 

CyOOH = cyclohexyl hydroperoxide 

trace = less than 0.05 mol% 

a based on mole of substrate 

When the amount of TBHP was increased, the total product yields increased. 

More oxidant likely helps in generating more radicals. The selectivity of 

cyclohexanone increases with an increase in TBHP amount and the selectivity of 

cyclohexanol decreases, as described earlier by Kumar and co-workers [127]. This 

might be due to oxidation of cyclohexanol to cyclohexanone in the presence of excess 

amounts ofTBHP. 
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5.5.6 Effect of amount of methyl ethyl ketone 

Methyl ethyl ketone is the initiator in oxidation with air, thus the effect of the 

amount of methyl ethyl ketone (MEK) is observed for cyclohexane oxidation with 

TBHP (6 M in decane) and air. The results are in Table 5.6. 

Table 5.6 Effect of amount of MEK in cyclohexane oxidation using 

Co( 0 Ac )2-xerogel 

MEK Products (mol%t CyONE+cyOH 
CyONE/CyOH 

(mmol) CyONE CyOH CyOOH (mol%)8 

2.6 1.7 trace 4.3 1.5 

5.6 3.2 2.1 trace 5.3 1.5 

8.4 3.0 2.3 0.2 5.3 1.3 

11.2 2.8 1.7 0.2 4.5 1.6 

Reaction conditions: cyclohexane 46.9 mmol, catalyst 0.05 g, TBHP 6 mmol (6 M in 

decane), air 3 atm, 100·C, 6 h. 

CyONE = cyclohexanone 

CyOH = cyclohexanol 

CyOOH = cyclohexyl hydroperoxide 

trace = less than 0.05 mol% 

8 based on mole of substrate 

MEK worked as an initiator in the reaction due to the amount of 

cyclohexanone and cyclohexanol enhancment when MEK was added. However, the 

increased amount of MEK did not significantly affect the amount of cyclohexanone 

and cyclohexanol. A similar result has been described earlier in V -MCM41-catalyzed 

cyclohexane oxidation with H20 2 in acetic acid [128]. In addition, the use of 

cyclohexanone instead of MEK led to more products yields (cyclohexanone (3.4 

mol%) and cyclohexanol (3.0 mol%)), but the lower in cyclohexanone selectivity 

(CyONElCyOH = 1.1) was observed [129]. 
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5.5.7 Effect of the amount of catalyst 

The amount of CO(OAC)2-xerogel catalyst was varied in the range of 25-150 

mg for the cyclohexane oxidation with 6 M TBHP in decane and air in the presence of 

MEK. The results and discussions are given below. 
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Reaction conditions: cyclohexane 46.9 mrnol, catalyst 25-150 g, TBHP 

6 mrnol (6 M in decane), air 3 atm, MEK 5.6 mrnol, 100·C, 6 h. 

Figure 5.7 shows the effect of catalyst amount on the cyclohexane oxidation 

reaction. It can be seen that cyclohexanone and cyclohexanol increase with catalyst 

amount and a maximum point was obtained for 0.05 g of Co(OAch-xerogel catalyst. 

However, the observed reduction in desired products may be due to the presence of 

the excess catalyst. 
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5.6 Leaching test of metal-incorporated xerogel catalysts 

The extent of leaching in the metal-incorporated xerogel catalysts used for 

cyclohexane oxidation was observed in aqueous solution and decane. 

No leaching of cobalt species to the liquid phase was observed for TBHP. 

Nevertheless, the use of aqueous solutions of 30% H202 or 70% TBHP resulted in 

considerable metal leaching [121]. The UV-vis spectra from the leaching test of 

CO(OAC)2-xerogel indicated that this catalyst leached cobalt species only into aqueous 

solutions. However, ICP analysis indicated that the cobalt species concentration in 

non polar solvent such as decane was very low (less than 0.11 M) thus this catalyst 

was catalyzed with heterogeneous system using TBHP in decane and least leaching as 

described above. 

5.7 Conclusion 

The metal-incorporated xerogel catalysts could catalyze oxidation of 

cyclohexane in good yields. The Co(OAch-xerogel catalyst was the best catalyst in 

this study. In TBHP as oxidant more cyclohexanone is observed, the maximum mole 

ratio of cyclohexanone/cyclohexanol is 2.7, however in TBHP/airlMEK condition 

found the lower mole ratio of cyclohexanone/cyclohexanol which is 1.6 but the 

reaction time is shorter than in only TBHP as oxidant for 4 folds. When TBHP in 

decane was used as oxidant, there was no leaching of the metal into the reaction 

mixture. 
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APPENDIX A 

Adsorption and desorption isotherm of LDH and mixed metal oxide 
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Figure A.l Adsorption and desorption isotherm of the Ni4.8AI LDH. 
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Figure A.2 Adsorption and desorption isotherm of the CUl.oMg2.9AI LDH. 
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Figure A.3 Adsorption and desorption isotherm of the Cro.gMg2.4Al LDH. 
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APPENDIXB 

Fourier Transforms Infrared Spectroscopy (Ffffi) 
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Figure B.l FTIR spectrum ofNi4.9Al LDH. 
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Figure B.2 FTIR spectrum of Co4.SAl oxide. 
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APPENDIXC 

X-ray diffraction (XRD) 
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Figure C.I XRD pattern of Co4.8Cr oxide. 
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APPENDIXD 

Diffuse reflectance ultraviolet-visible spectroscopy (DRUV) 
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Figure D.I DRUV spectra ofNi4.sAl oxide. 
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Figure D.2 DRUV spectra of Co4.SAl oxide. 
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Figure D.3 DRUV spectra of Ct4.9A1 oxide. 
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Figure D.4 DRUV spectra ofNi5.1Cr oxide. 
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Figure D.S DRUV spectra of C04.8Cr oxide. 
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Figure D.6 DRUV spectrum ofNio.9M~.IAl oxide. 
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Figure D.7 DRUV spectrum ofCoo.8Mgl.~1 oxide. 
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Figure D.S DRUV spectrum of CUl.oM~.9Al oxide. 
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Figure D.9 DRUV spectrum of Mno.9Mg2.2A1 oxide. 
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Figure D.IO DRUV spectra of Cro.8M~.4Al oxide. 
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APPENDIXE 

PRODUCT ANALYSIS 
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Figure E.1 GC diagram of ethylbenzene oxidation and their oxygenated products 

using Ni4.8A1 oxide. 

Figure E.2 GC diagram of ethylbenzene oxidation and their oxygenated products 

using CUl .oM~.9Al oxide. 
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Figure E.3 GC diagram of ethylbenzene oxidation and their oxygenated products 

using CUl.oM~.9AI oxide in the presence of hydro quinone. 
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APPENDIXF 

Soluble basicity 

Table F.l Soluble basicity of binary LDHs and mixed metal oxide catalysts 

Catalyst 
Basicity 

(~oVg) 

Nis.oAI LDH 42 

COs.oAI LDH 39 

Nh.lAI oxide 20 

Nit.8Al oxide 48 

C04.5AI oxide 43 

C14.9AI oxide 88 

M~.9AI oxide 125 

Nis.1 Cr oxide 55 

C04.8Cr oxide 44 

M~.9Cr oxide 121 



APPENDIXG 

Fourier transform infrared spectroscopy (FfIR) 
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Figure G.t FTIR spectrum ofNi(N03)2-xerogel. 
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Figure G.2 FTIR spectrum of Cr(N03)3-xerogel. 
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Figure G.3 FTIR spectrum of Mn(N03)2-xerogel. 
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Figure G.4 FTIR spectrum of Cu(N03h- xerogel. 
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APPENDIXH 
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Figure H.I XRD pattern of Cu(N03)2-xerogel. 

o 10 20 30 40 50 60 
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Figure H.2 XRD pattern ofNi(N03h-xerogel. 
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APPENDIX I 
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Figure 1.1 DRUV spectrum ofNi(N03h-xerogel. 
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Figure 1.2 DRUV spectrum of Cr(N03)3-xerogel. 
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Figure 1.3 DRUV spectrum of Mn(N03h-xerogel. 
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Figure 1.4 DRUV spectrum of Cu(N03)2-xerogel. 
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Figure 1.5 DRUV spectrum of Co(N03h-xerogel. 
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Figure 1.6 DRUV spectrum ofCo(OAc)rxerogel. 
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Figure 1.7 DRUV spectrum ofCoCh-xerogel. 
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