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CHAPTER I

INTRODUCTION

1.1 Rationale

Alumina (Al2O3) catalysts are widely used in different industrial chemical 

processes such as hydrodesulfurization, dehydration, cracking, etc. As transition 

alumina has higher surface area and chemical activity, it has been used extensively as 

a catalyst or catalyst support. because of the excellent properties such as high surface 

area, good catalytic activity, good mechanical strength, high hardness, and 

transparency. But, when it is used at higher temperature such as the catalytic

combustion of hydrocarbons and catalytic purification for the exhaust of vehicle, the 

superiority of alumina will lose in both structural grounds (transformation of active 

alumina to corundum) and textural grounds (loss of surface area and porosity). It is 

the reason that increasing physical properties and thermal stability of transition 

alumina is of primary industrial interest. Generally, the stabilization of alumina can be 

promoted by doping it with foreign elements such as alkaline-earth metals, rare-earth 

metals [1] and silicon [2-4], and by improving the synthesis method or by a 

combination of two means above [2-9]. 

Many methods can be used to synthesize alumina, such as the co-precipitation, 

sol–gel, cellulose templating, thermal decomposition, flame spray pyrolysis and so on. 

Every methods have its own advantages and disadvantages. The co-precipitation and 

sol–gel method are used to prepare metal oxide or composite metal oxide by the 

chemical reaction. These methods allow to control the pore size and the surface area 

by adjusting the main synthesis variables (e.g. pH, water content and solvent nature).

Their advantages lie in the fact of putting the homogeneous mixing of different 

ingredients into practice. Utilizing the sol–gel method, Horiuchi et al. [2-4] have 

prepared high surface area alumina aerogel, and Machida et al. [10] have prepared 

high surface area BaO·6Al2O3, after calcination at 1100 °C for 5 h the aerogel's 

surface area is 70–300 m2/ g and the BaO·6Al2O3's surface area is about 100 m2 /g. 
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But in their preparation methods an expensive alkoxide must be used as the primary 

materials and the treatment procedure for the samples is more complicated, which 

increases the complexity of preparing process and the costs of operation. As 

concerned above, the method of Keysar et al. [11] has the same advantage and 

disadvantage. In the cellulose templating method, the porous polymer mold is used as 

a template to prepare the porous materials, like the process of using the mold to 

prepare cast iron. The pore structures of oxide or composite oxide prepared will be 

influenced a lot by the template. As a template, the fibrous materials such as 

Whatman filter paper, cellulose microcrystalline powder, chromatography paper, 

weighing paper, cotton adsorbent, cellulose nitrate, cellulose colloidal, must have 

nano-pores and capillaries. With this method, Shigapov et al. [8] have prepared 

lanthanum-doped alumina and its surface area was 141 m2 /g after calcination at 

1050 °C for 12 h. Using the similar method above, Tsutsumi et al. [12] have got the 

multi-layered alumina thin films with crystalline anisotropy and high surface area 

from the ultra-fine particles of alumina, in which a multilayer cast film of double-

chain ammonium amphiphile was used as a molecular template.

Thermal decomposition of organic compounds in an organic media is an 

available method of preparing inorganic material. Using aluminum isopropoxide as 

primary material and 1-butanol as media, Inoue and co-workers [5, 6, 7, 13, 14, 15] 

have prepared porous silica modified alumina, and its surface area is 169 m2 / g after 

calcined at 1150 °C for 1 h. But this method must be performed under a certain 

temperature and pressure, that is to say, an operation condition is somewhat critical.

In the mid 1990s, the solvothermal synthesis was introduced in the field of 

synthesis of ceramic materials such as ZrO2, Ce2O3, and Al2O3 [13, 14]. This method 

could be surprisingly employed as an alternative to calcinations for promoting 

crystallization under mild temperature. Very recently, this process has been widely 

applied in the synthesis of zeolites and ceramic powders containing various metal 

oxides [14, 16]. The solvothermal synthesis  could be used to control grain size, 

particle morphology, crystalline phase and surface chemistry by regulating sol 

composition, reaction temperature, pressure, nature of solvent, additives, and aging 
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time [7, 13, 14, 16]. In particular, the particles prepared by the solvothermal method 

were reported to have larger surface area, smaller particle size, and were more stable 

than those obtained by other methods such as the sol–gel [17]. 

The potential of nano-sized clusters or particles has been recognized in recent 

years since processes for the synthesis of these entities and devices for nanoparticle 

characterization became established and new commercial applications were clearly 

identified [25-34]. Nano-grained materials or particles have distinctly different 

properties compared with bulk materials, because the number of surface atoms or 

molecules can become comparable to the number inside the particles [35]. Nano-sized 

powders can be synthesized by wetchemical routes and gas-phase processes. 

However, gas-phase processes are often advantageous compared to liquid-phase 

processes since washing, drying, and calcining process stages are redundant. 

Furthermore, the use of high liquid volumes and surfactants, which are necessary to 

produce high purity materials at high yields, can be avoided [36].

Today, flame reactors are widely used for the manufacture of commercial 

quantities of nanoparticles such as carbon black (made by Cabot, Columbia, Degussa., 

etc.), fumed silica (Cabot, Degussa., Wacker, etc.), pigmentary titania (DuPont, 

Ishihara, Millennium, Kerr-McGee, etc.) and optical fibers (Corning, Hereaus, 

Sumitomo, etc.) [26]. Industrial flame reactors are reasonably well understood for the 

synthesis of particles with closely controlled particle size characteristics through 

control of the particle concentration and residence time, temperature history, reactant 

mixing, external fields and additives [47, 48]. Interfacing particle dynamic models 

with computer fluid models [49] has led to the prediction of a product powder’s 

specific surface area within 3% even for industrial-scale systems [50].

1.2 Objective

The purpose of this thesis is the preparation of alumina by two different 

method and the characterization  the physical, chemical properties and catalytic 

activity of alumina product. 
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1.3 Scopes of work

1. Preparation conditions of alumina powder by solvothermal synthesis were 

varied concentration of precursor at 10-40 g ,temperature of synthesis 300 °C at 

holding time 2 h. and flame spray pyrolysis were prepared at liquid feed rate (3-8 

ml/min). 

 2. Characterize aluminas by techniques e.g. 

- X-ray diffraction (XRD). 

- Scanning electron microscopy (SEM). 

- Transmission electron microscope (TEM). 

- Temperature programe desorption (NH3-TPD).

- CO- chemisorption.

- Surface area measurement by BET method.

3. Reaction testing of alumina powders doped by silica (SiO2) and 

impregnated with palladium are made to investigated the catalytic activity for 

methane combustion reaction.
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CHAPTER II

THEORY

This chapter consists of two main sections.  Section 2.1 discusses basic 

knowledge and phase of transition of alumina in the research. Synthesis of such 

materials by solvothermal and flame spray pyrolysis method is described in Section 

2.2.

2.1 Alumina (Al2O3)

Aluminium oxide, aluminum oxide or alumina is a chemical compound of 

aluminium and oxygen with the chemical formula Al2O3. alumina has been 

considered as one of the most promising advanced materials for varieties of 

application for example  catalyst, catalyst support, wear-resistance material, ceramic, 

abrasives, insulators for spark plug, media balls, crucibles, medicinal material, and 

adsorbent, because of  its distinctive chemical, mechanical and thermal properties.

Aluminum trihydroxide (Al(OH)3) and aluminum monohydroxide (AlO(OH)) 

exhibit polymorphism and exist in many forms of structure. The structure of all 

aluminum hydroxides consists of double oxygen layers stacking with the aluminum 

cations located in octahedrally coordinated interstices. The packing of oxygen ions 

inside the layer can be either hexagonal or cubic, whereas the symmetry of the overall 

structure for each hydroxide is determined by the distribution of hydrogen. The 

relative distance between hydroxide is determined by the distribution of hydrogen. 

The relative distance between hydroxyl groups, both within and between the layers, 

has been suggested to control the mechanism of dehydration for the particular 

hydroxide.
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2.1.1 Structure of the aluminum (oxo)hydroxides

2.1.1.1 Gibbsite Al(OH)3 

Gibbsite is monoclinic (P21/n, a = 8.684 Å, b = 5.078 Å, c = 9.736 Å, = 

94.54 Å) with mostly a tabular pseudohexagonal habit. The structue can be visualized 

as sheets of hcp layers with open packing between successive sheets. In the lateral 

extension of the hexagonal closed packed sheets each Al cation is octahedrally 

coordinated by 6 OH groups and each hydroxyl group is coordinated by two Al 

cations with one octahedral site vacant [28,29]. This can also be visualized as double 

layers of OH groups with Al cations occupying two thirds of the interstices within the 

layers. Each double layer is positioned in such a way that the upper and lower 

neighboring layers have their hydroxyl groups directly opposite to each other and not 

in the position of the closest packing. This type of layer structure explains the perfect 

cleavage of gibbsite parallel to the basal plane (001).

2.1.1.2 Bayerite Al(OH)3

Bayerite is monoclinic (P21/a, a = 5.0626 Å, b = 8.6719 Å, c = 9.4254 Å, = 

90.26 Å) forming mostly very fine fibers in radiating hemispherical aggregates and 

sometimes flaky to tabular crystals to about 0.1 mm. The crystal lattice of bayerite is 

composed of layers of hydroxyl groups similar to those in gibbsite. These layers,

however, are arranged in an AB–AB–AB sequence; in other words, the hydroxyl 

groups of the third layer lie in the depressions between the hydroxyl positions of the 

second layer.

2.1.1.3 Boehmite AlO(OH)

Boehmite has the same structure as lepidocrocite ( -FeO-(OH)). The structure 

of boehmite consists of double layers of oxygen octahedral partially filled with Al 

cations [30]. Boehmite is orthorhombic with space group Amam (a = 3.6936 Å, b = 

12.214 Å, c = 2.8679 Å) [29,31]. The stacking arrangement of the three oxygen layers 

is such that the double octahedral layer is in cubic closed packing. Within the double 
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layer one can discriminate between two different types of oxygen. Each oxygen atom 

in the middle of the double layer is shared by four other octahedral, while the oxygen 

atoms on the outside are only shared by two octahedral. These outer oxygen atoms are 

hydrogen-bonded to two other similarly coordinated oxygen atoms in the neighboring 

double layers above and below. The stacking of the layers is such that the hydroxyl 

groups of one layer are located over the depression between the hydroxyl groups in 

the adjacent layer.

2.1.2 Crystal structure of active aluminas

Alumina can occurs in various crystallographic modification before 

transforming to the stable α-alumina (corundum form). α-alumina has a structure of 

hexagonal closest packing of oxide ion, with AL ion occupying two-thirds of the 

octahedral sites. It is prepared by heat treatment above 1470 K of aluminum 

hydroxides, oxyhydroxides, or aluminum hydrate, which are obtained by 

neutralization of solution of aluminum salts or hydrolysis of aluminum alkoxides. 

Heat treatment at lower temperature from various kinds of transition alumina 

designated by Greek letters chi(χ), kappa(к), eta(η), theta(θ), delta(δ), and gamma(γ)., 

depending on the precursorsand conditions of heat treatments (Figure3.1) 

Fig 3.1 Reaction pathways for gibbsite dehydration to alumina (modified from that in 
[14]). 
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2.1.3 Surface properties

Surface areas of aluminas obtained by calcination of alumina hydrates at 550 -

1100 K are usually 100-300 m2/g. The surface area of χ  and γ -alumina is 150-250 m2 

/g and that of α-alumina a few m2/g. For the former average micropore is commonly 

1-10 nm and pore volume  0.4-0.7 cm3/g. Pore size distribution can be controlled by 

varying the size of primary particles, for example, by a pH swing method. 

Incorporation of combustible small particles such as carbon or cellulose and 

subsequent calcination in air produces alumina with two maxima in pore-size 

distribution (bimodal).

Activity for adsorption and catalytic function of alumina is revealed by 

partial dehydroxylation of its surface. The isoelectric point has been reported to be 

about 7. Proton exchange was hardly observed in the reaction of alumina in aqueous 

solution of sodium acetate.

Adsorption properties have been widely studied. Water adsorbs physically 

(desorbing at 373-393 K), and chemically (ca. 104 molecules cm-2, desorbing at about 

573 K) and by surface hydroxylation. Complete dehydroxylation requires heat 

treatment at about 1300 K. NH3 molecules adsorb very strongly and extensively, the 

strength and the amount being comparable with silica-alumina. Most of NH3 adsorb 

by coordination to Al ion on the surface; a small part of them dissociates and forms 

NH2-Al and H-O. Pyridine also absorbs by coordination to Al ion. These are 

comfirmed by IR and demonstrate the Lewis acidity of the alumina surface as 

described later. Two different kind of adsorption of olefins are shown by temperature 

programmed desorption (TPD). Electron transfer to the surface occurs in the 

adsorption of polyacene molecules. Two different kinds of adsorption as well as 

lateral interaction between adsorbed CO were also indicated for CO adsorption. One 

is weak and reversible, giving and IR band at 2203-2215 cm-1. The other is strong 

adsorption with a band at 2244 cm-1 and perturb a basic OH band at 3786 cm-1. The 

number of adsorption sites are estimated to be ca. 2 x 1013 cm-2. TPD of H2 detected 

five different states of adsorbed H2. Recently, H2 and CH4 molecules which adsorbed
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in a polarized from on  η-Al2O3 were detected by IR at low temperature. As for the 

adsorption of CO2, the following six types have been indicated (The wave numbers 

characteristic of the species are also given in parentheses).

2.1.4 Acidic and basic properties

In the adsorption of ammonia and pyridine, most investigations agree that IR 

did not detect any protonated pyridine (BPy-band), but detected pyridine coordinated

to a Lewis acid site (LPy-band),  and weakly hydrogen-bonded pyridine (HPy-band). 

Therefore, at least strong Bronsted sites are absent on the surface of alumina. 

Bronsted sites indicated by NMR and IR of adsorbed pyridines are probably due to 

pyridine adsorbed on very weak acid sites or hydrogen-bonded pyridine. The same 

conclusion has been obtained by the absence or IR bands ascribable to NH4+ in the 

adsorption of NH3. The wave number of LPy-bands tend to increase with the increase 

of the acid strength of Lewis sites. 4-Methyl and 2,6-dimethyl pyridine adsorb more 

weakly than pyridine, although they are stronger bases than pyridine. This indicates 

the presence of steric hindrance of methyl groups adjacent to N atom in the adsorption 

of methylpyridines on γ-Al2O3, the following reaction has also been reported. 

Presence of Lewis acidity was demonstrated also for α-Al2O3 by the pyridine 

adsorption.

2.1.5 Transition phase of aluminas

Transition aluminas have large surface areas with reasonable mechanical 

strength and high thermal stability are widely used as catalyst supports in industry. 

For transition aluminas are usually in  catalyst supports such as χ, γ, η., depending on 

reaction.

-alumina is a modification of transition alumina [7]. It is characterized by 

the appearance of a diffraction peak at d= 0.212 nm, which cannot be explained by the 

spinel structure proposed for other transition aluminas, such as γ- and η- phase. χ-
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alumina is a crystallographic from of transition alumina, normally obtained by 

dehydration of gibbsite (<200 nm) [8]. 

γ- and η-Al2O3 have been described as defect spinel structure [29]. The 

ideal spinel structure AB2O4 is represented by 2x2x2 array of an fcc closet packing, 

with A and B cations occupying the 8a ( of the 64 available) tetrahedrally and the 16d 

(of 32) octahedrally coordinated interstitial sites. The symmetry of the spinel structure 

is described by the Fd3m space group [31]. The packing of the {111} oxygen layers 

forms an ABCABC sequence, whereas the packing of aluminum cations can be 

described by two type of alternating layers: either(i) layer containing only 

octahedrally coordinated cations or (ii) “mixed” layer containing both octahedrally 

and tetrahedrally coordinated cations. There are two types of tetrahedral coordinated 

sites: upward and downward.

2.2 Preparation of alumina

Solvothermal is developed from hydrothermal  for solvothermal use of organic 

solvent instead of water for hydrothermal treatment of gibbsite at 250 oC. This method 

involves heating the reactants in organic solvent at high pressure and high 

temperature. In addition, some or all of the reactants is pressure and temperature 

dependent. This enables reaction to take place in , or with the aid of liquid and/or 

vapor phase. The method is therefore particularly suited for the synthesis of phase that 

are unstable at high temperatures.

Solvothermal equipment  is  basically a tube, usually of steel or glass, closed 

at one end. The other end has a screw cap with a gasket of soft copper to provide a 

seal.

Recently, much attention has been denoted on the catalyst preparation.  One of  

the interesting processes is the flame aerosol synthesis.  Flame aerosol is an 

established synthesis technique for producing inexpensive nanoparticles in industrial 

scale, with its modern history dating as far bask as 1940s [19-23].  These reactors are 

routinely used in industry to make a variety of commodities (SiO2 , TiO2 , Al2O3 and 

other oxides) by combusting halide and hydrocarbon vapors. On the other hand, 
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combustion of sprays is quite attractive as it can utilize a broader spectrum of liquid 

precursors than conventional vapor flame reactors. Combustion of liquid precursor 

droplets has been used also in synthesis of mixed oxide powders by the so-called 

Flame Spray Pyrolysis (FSP) process.

Flame spray pyrolysis (FSP), also called liquid flame spray (LFS) is a 

promissing particle synthesis method because it can employ a wide range of 

precursors for synthesis of a broad spectrum of functional nanoparticles [20]. In flame 

spray pyrolysis, the precursor composition is a key parameter to control the particle 

properties The precursor release from the droplet and its evaporation, decomposition, 

and gas phase reaction plays an important role in the formation of the final product.

In flame spray pyrolysis reactors, particle are fomed by the rapid combustion 

and disintegration of solution droplets as they enter a high-energy flame. It is a 

flexible and scaleable technique for the production of pure and pristine nanoparticles 

with closely controlled characteristics [21]. Aerosol particles with high specific 

surface area and primary particle size in the nanometre range. Due to their size and 

shape, such particles have numerous applications in the manufacture of pigments, 

porous ceramic membranes and catalysts or catalyst carriers and other materials [22]. 

Their generation at high temperature may endow them with a much higher thermal 

stability than nano-particles made in aqueous solution by, e.g. the sol gel  techniques 

[23].

The advantages of FSP include the ability to dissolve the precursor directly in 

the fuel, simplicity of introduction of the precursor into the hot reaction zone (e.g. a 

flame), and flexibility in using the high-velocity spray jet for rapid quenching of 

aerosol formation [24].
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CHAPTER III

LITERATURE REVIEWS

This chapter is the survey of several studies involving alumina and alumina-

based binary metal oxide catalysts. Section 3.1 discusses the preparation of alumina in 

liquid phase. The preparation of alumina in gas phase as shown in Section 3.2. 

3.1 Preparation of alumina in liquid phase

Yamada et al. (1984) report yet another pathway, in which gibbsite dehydrates 

predominately via chi alumina in a FBC (Figure 2.1, main pathway). This χ-alumina 

then reacts to pseudo-gamma alumina in a pathway similar to that of Ingram-Jones et 

al.(1996). However, Yamada et al. did not detail how they characterised the materials, 

making it difficult to comment on the accuracy of their quantification methodology. 

As shall be shown, quantifying the so-called transition aluminas requires some care. 

Fig. 3.1 Alternate gibbsite dehydration pathway proposed by Yamada et al.for 

dehydration of gibbsite in a FBC.

Iler (1964) found that the addition of silicic acid to fibrillar colloidal boehmite 

increased the thermal stability of the resultant alumina. Yoldas (1976) examined the 

thermal stabilities of silica-modified aluminas prepared by a sol-gel method and 

reported that the alumina doped with 6% silica had the maximum temperature 1380 

°C. for α-alumina transformation.
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Prasertdham et al. (2000) studied the effect of organic solvent on the thermal 

stability of porous silica-modified alumina in liqiud phase synthesis. The catalysts 

were prepared by solvothermal method. The reaction was carried out at 25oC and 1 

atm in a stainless steel Parr autoclave. The results showed that the characteristics and 

thermal properties of the silica supported χ-alumina catalysts in liquid-phase synthesis 

were affected by various of organic solvent.

Murrell and Dispenziere (1988) studied that the alumina doped with 5% silica 

by reaction with tetraethyl orthosilicate (TEOS) led to marked stabilization against 

loss of the surface area by vanadium attack at high temperatures. Johnson and Beguin 

also prepared silica-modified alumina and confirmed the increase of the thermal 

stability of the resultant alumina by the addition of silica.

Inoue et al. (1992) reported that the glycothermal treatment the use of glycol 

instead of water for hydrothermal treatment of gibbsite at 250 C yielded the product 

having a structure of boehmite with glycol moieties incorporated between the 

boehmite layers with the covalent bonding. Inoue et al. also found that treatment of 

aluminum alkoxide in various glycols at 300 °C yielded the glycol derivatives of 

boehmite.

Inoue et al. (1995) prepared the silica-modified alumina by the reaction of 

aluminum isopropoxide (AIP) and tetraethyl orthosilicate (TEOS) in 1,4 butanediol at 

300 °C and found that the product with Al/Si ratio of 8 maintained large surface area 

even after calcination at high temperatures.

Fanelli (1989) studied the new polymerization catalyst system comprising an 

aluminum compound and a transition metal compound on an alumina-based aerogel 

support. Armor and Carlson (1989) prepared a catalyst composition of a uniform 

dispersion of individual metallic palladium particles. They (1989) also prepared high 

pore volume alumina by hydrolysis of AIP followed by supercritical removal of the 

fluid phase
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Mekasuwandumrong et al. (2005) studied the phase transformation behavior 

of χ-alumina via solvothermal synthesis. The catalysts were prepared by solvothermal 

method by hydrolysis of AIP in 100 ml mineral oil. The reaction was carried out at 25 
oC and 1 atm in a stainless steel Parr autoclave. The catalysts were characterized by 

TG-DTA, FT-IR, TEM, XRD, and BET surface area.

Mekasuwandumrong et al. (2003) studied the thermally stable micro spherical 

χ-alumina by thermal decomposition of aluminum isopropoxide in mineral oil. The 

catalysts were synthesis of aluminum isopropoxide (AIP) in mineral oil at 250–300 oC 

over a 2 h duration results in χ-alumina powders having high thermal stability. It was 

found that χ-alumina synthesized by this method transformed directly to -alumina at 

temperature higher than 1000 oC.

Pillai et al. (2002) studied maleic anhydride hydrogenation over Pd/Al2O3

catalyst under supercritical CO2 medium. The catalyst was prepared by wet 

impregnation of alumina pellets with palladium chloride solution. The experiments 

were carried out in stainless steel batch reactor and the reactions were studied at 

different temperature and pressure. The result showed that temperature is critical in 

obtaining the desired high γ-butyrolactone selectivity. However increasing the 

hydrogen partial pressure or temperature is found to favor the lactone formation. 

Furthermore, the selective hydrogenation of a low vapor pressure compound like 

maleic anhydride can be successfully carried out in supercritical CO2 medium.

Wei (1999) studied catalytic oxidation of methane over supports palladium 

catalysts. The palladium catalysts alumina supports prepared by incipient wetness 

impregnation of alumina pellets with palladium nitrate and palladium chloride 

solution. The result exhibited that the activity of Pd/Al2O3 is a strong function of the 

treatment history exposure of the catalyst to high temperatures (325 to 525°C) in the 

presence of methane and oxygen resulted in large increases in catalytic activity at 

lower temperatures.
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3.2 Preparation of alumina in gas phase

Nielsen et al. (1963) performed pioneering work in the field of the spray 

synthesis of metal oxides, mixed metal oxides, and ferrite powders from metal 

chloride, sulfate, acetate, and nitrate solutions. By atomizing the liquids into oxygen 

or air-fuel flames, they produced flakes, hollow-shaped, as well as submicron 

particles. The spray pyrolysis process took place over a wide range of conditions. A 

further distinction is made in the present paper between processes in which the 

powder is formed inside the droplet (spray pyrolysis) and processes where the 

precursor transport into the gas-phase occurs or the droplet explodes.

Pratsinis et al. (2004) studied gas phase synthesis of nanoparticles. The 

experimental studied at various precursor, fuel, and oxygen flow rates. Operation lines 

relating product particle size with reactant outlet conditions, burner size, and flame 

enthalpy are developed, showing how the different reactors can produce silica or 

alumina nanoparticles of the same size. A scale-up procedure developed for fumed 

silica is extended to the synthesis of titania nanoparticles covering production rates of 

2–200 g/h. At high fuel-oxidant velocity difference at the burner outlet, the operation 

of diffusion flame reactors converges to that of premixed ones.

Pratsinis et al. (2003) studied nanoparticles at high production rates by flame 

spray pyrolysis. The effect of powder production rate, dispersion gas 'ow rate and 

precursor (hexamethyldisiloxane, HMDSO) concentration on product particle size, 

morphology and carbon content is investigated. Droplet size distributions of the cold 

spray are measured by laser di6raction, while N2 adsorption (BET), transmission 

electron microscopy and thermogravimetric analysis coupled with a mass

spectrometer are employed to characterize the product powder. The product primary 

particle size was precisely controlled from 10 to 75 nm and compared to a well-

established vapor-fed flame aerosol reactor.
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Livbjerg et al. (1999) reported the mathematical model for the particle 

dynamics including the kinetics of coalescence and coagulation for the flame synthe 

sis of aluminas particles. The model is validated by comparison with an experimental 

study of the synthesis of alumina particles by combustion of Al-tri-sec-butoxide. Two 

parameters of the coalescence kinetics are estimated by regression of the model 

predictions to the measured specific surface area of the product particles. The 

estimated kinetics can be used to predict the surface area and shape of the particles for 

a wide range of synthesis conditions.

Livbjerg et al. (2003) studied Cu/ZnO/Al2O3 methanol catalysts prepared by 

flame combustion synthesis. The oxides are generated in a premixed flame from the 

acetylacetonate vapours of Cu, Zn, and Al mixed with the fuel and air prior to 

combustion. The flame-generated powder is examined by X-ray powder diffraction, 

determination of the specific surface area by the BET method, determination of the 

copper dispersion in the reduced catalyst by a novel N2O method, transmission 

electron microscopy, and testing of the catalytic properties in a catalytic microreactor. 

The result reported that flame combustion synthesis can generate a Cu/ZnO/Al2O3

catalyst for methanol synthesis with very high activity, selectivity, and stability. The 

study also demonstrates how the versatility of the flame reactor can be used to affect 

fast, systematic changes in catalyst composition and structure, which is useful in the 

study of how the structure of a catalyst affects its catalytic behaviour.

Baiker et al. (2003) studied behavior of Pd/Al2O3 synthesis via flame spray 

pyrolysis in enantioselective hydrogenation. The experimental synthesis of alumina-

supported palladium catalysts containing 1–7.5 wt% Pd. Precursor solutions of 

aluminum sec-butoxide and palladium acetylacetonate were sprayed and combusted, 

resulting in nanostructured materials that were characterized by high-resolution 

transmission electron microscopy, CO-pulse chemisorption, nitrogen adsorption, and 

X-ray diffraction. The FSP-derived alumina-supported palladium catalysts were 

chirally modified with cinchonine and tested for the enantioselective hydrogenation of 

4-methoxy-6-methyl -2-pyrone. 
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Baiker et al. (2003) studied Structural properties and behavior of Pt–Ba/Al2O3

catalysts made via flame spray pyrolysis. The catalysts was prepared using a two-

nozzle flame spray pyrolysis method. The structural properties and activities of these 

catalysts in NOx storage-reduction (NSR) were compared to corresponding standard 

Pt–Ba/Al2O3 catalysts prepared conventionally via wet impregnation. The catalysts 

were characterized by XRD, TEM, ESI, DRIFT, TG-MS, TPRD, and gas adsorption. 

The structural properties and NOx storage reduction behavior of these catalysts were 

compared to those of standard Pt–Ba/Al2O3 catalysts prepared by wet impregnation 

using model-type exhaust gas mixtures. Varying relative abundances of BaO, 

LTBaCO3, and HT-BaCO3 were found depending on the preparation method used. 

High Ba-loaded FM catalysts were virtually free of HT-BaCO3 and exhibited 

improved NOx storage capacity compared to wet impregnation catalysts with the 

same Ba content.
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CHAPTER IV

MATERIALS AND METHODS

This chapter discusses materials and methods employed in this research. The 

chapter is divided into three parts including catalyst preparation, catalyst 

characterization and in catalytic activity measurement.

Section 4.1 describes preparation of alumina by solvothermal (liquid phase)  

and flame spray pyrolysis (gas phase) synthesis. Section 4.2 discusses several 

characterization techniques for catalysts, including of X-ray diffractometry, Nitrogen 

adsorption, Scanning electron microscopy, Transmission electron microscopy, 

Ammonia Temperature programe desorption and CO-pulse chemisorption. Finally, 

the experimental apparatus and procedures used in evaluating the performance of the 

catalytic activites of methane combustion are explained in Section 4.3.

4.1 Preparation of catalysts

This section describes methods for preparation of alumina by solvothermal 

and FSP processes. 

4.1.1 Preparation of alumina and silica doping in liquid phase

Various concentrations of aluminum isopropoxide (AIP 98% Aldrich 

Chemical, Milwaukee, WI) and tetraehthylorthosilicate (TEOS 99.99% Aldrich)  were 

suspended in 100 ml of mineral oil (Ajax Finechem, Australia) in a test tube, which 

was then placed in the autoclave. The gap between the test tube and the autoclave wall 

was filled with 30 ml of the same solvent. The autoclave was purged completely by 

nitrogen (Thai Industrial Gas Co., Ltd.) and heated up to the desired temperature at a 

rate of 2.5 °C/min, and held at 2 h. After the mixture was cooled down, the resulting 

product was repeatedly washed with acetone and centrifuged. The amounts of starting 
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AIP were varied from 10-40g. The atomic percent of Si loading was varied from 5-

50%. 

4.1.2 Preparation of alumina and palladium doping in gas phase

Precursor solutions were prepared by dissolving appropriate amounts of 

aluminum tri sec-butoxide (Aldrich Chemical, Milwaukee, WI) and Palladium 

acetylacetonate (Aldrich Chemical, Milwaukee, WI) in xylene (Merck 

Co.,Ltd.,Germany). In a typical run, the liquid precursor was fed in the center of a 

methane/oxygen flame by a syringe pump and dispersed by oxygen (Thai Industrial 

Gas Co., Ltd.)  forming a fine spray. The precursor drop at the capillary tip was kept 

constant at 1.5 bar by adjusting the orifice gap area at the nozzle. The spray flame was 

surrounded and ignited by a small flame ring issuing from an annular gap. The total 

gas flow rate through this premixed methane/oxygen (Thai Industrial Gas Co., Ltd.) 

supporting flame ring was 1500/3500 ml/min. with a fuel/oxygen ratio of 0.92. A 

sintered metal plate ring (8 mm wide, starting at a radius of 8 mm) provided an 

additional sheath flow surrounding the spray flame. Calibrated mass-flow controllers 

(Aalborg) were electron used to monitor all gas flows. Product particles were 

collected on a glass mirofibre filter (Whatman)  with the aid of a vacumm pump.

4.1.3 Palladium Loading by incipient wetness impregnation.

In this experiment, incipient wetness impregnation is the methods used for 

loading palladium. Palladium nitrate (Aldrich Chemical, Milwaukee, WI)  is used as 

precursor in both methods.

The incipient wetness impregnation procedure is as following

            1.  The amount of palladium (2% loading) is introduced into the water which 

its volume equals to pore volume of catalyst.

            2.  Alumina and bi-metallic support is impregnated with aqueous solution of 

palladium. The palladium solution is dropped slowly to the support.

3. The catalyst is dried in the oven at 110oC overnight.

4. The catalyst is calcined in air at 500oC for 2 h.
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4.2 catalyst characterization

The fresh and spent catalysts were characterized by several techniques such as

4.2.1 N2 Physisorption

The surface area of solid, pore volumes, average pore size diameters and pore 

size distribution were determined by physisorption of nitrogen (N2) using BET 

BELSORP   (surface area and porosity analyzer)

4.2.2 X-ray Diffraction (XRD)

The bulk crystal structure and chemical phase composition were determined 

by diffraction of an X-ray beam as a function of the angle of the incident beam. The 

XRD spectrum of the catalyst is measured by using a SIEMENS D500 X-ray 

diffractometer and Cu K  radiation at Center of excellence on catalysis and catalytic 

reaction, Chulalongkorn university. The crystallite size was calculated from 

Scherrer’s equation.

4.2.3 Scanning Electron Microscopy (SEM)

Catalyst granule morphology was obtained using a JEOL CAMSCAN 

MAXIM 2000 scanning electron microscope operated at 20 kV at the Scientific and 

Technological Research Equipment Center, Silpakorn University.

4.2.4 Transmission Electron Microscopy (TEM) 

Catalyst crystallite sizes were obtained using the JEOL JEM 1020 which 

employs a LaB6 electron gun in the voltage range of 80 to 200 kV with an optical 

point to point resolution of 0.23 nm at Scientific and Technological Research 

Equipment Center, Kasetsart University. 
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            4.2.5 CO- Pulse Chemisorption

Palladium dispersion will be determined by pulsing carbon monoxide over the 

reduce catalyst.  Approximately 0.1 g of catalyst is filled in a quartz tube, 

incorporated in a temperature-controlled oven and connected to a thermal 

conductivity detector (TCD).  Prior to chemisoption, the catalyst is reduced in a flow 

of hydrogen (50cc/min) at room temperature for 2 hour afterward; the sample is 

purged with helium.  Carbon monoxide is pulse at room temperature over the reduced 

catalyst until the TCD signal is constant. Used at Center of excellence on catalysis 

and catalytic reaction, Chulalongkorn university.

4.2.6 NH3 Temperature Programmed Desorption (NH3 -TPD)

NH3 -TPD was used to determine the acidity of alumina. 0.1 g of catalyst was 

used in the operation temperature from 30°C to 650°C. The carrier gas was He.  Prior 

to NH3 -TPD, the catalyst was adsorbed NH3 at room temperature (30 ml/min) for 0.5 

h and the sample was purged with helium Used at Center of excellence on catalysis 

and catalytic reaction, Chulalongkorn university.

. 

4.3  The catalytic activity in Methane combustion

The material and experimental procedures employed to evaluate the 

performance of methane combustion reaction were described in this section.

4.3.1 Material

The reactant gas used for this study was methane (10%) in helium as supplied 

by Thai Industrial Gas Limited. The gas mixture contained 40 vol % oxygene in 

balance helium. Total flow rate of CH4/O2/He was 10:40:50 cc/min at CH4:O2 ratio is 

1:4.  
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4.3.2 Experiment procedure

0.1 g of catalyst was packed in a quartz tubular down flow reactor.  The 

catalyst bed length was about 0.6 cm.  The reactor was placed into the furnace and 

helium was introduced into the reactor in order to remove remaining air.  Prior to 

reaction, the catalyst was heated with 50 ml/min helium flow at a temperature of 

600°C and held at that temperature for 1 h.  Afterwards, the reactor was cooled down 

to room temperature in helium atmosphere.

The reactant was introduced at elevated temperature from 30 to 500ºC at 1 

atm, sampling was undertaken when the steady state of the system was reached, 

which was approximately within 1 h. Effluent gases were sampled to analyze the 

concentration of CH4 and O2 using GC-8A equipped with a TCD column, whereas 

concentration of CO2 and H2O was analyzed by GC-8AIT equipped with a TCD 

column.
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CHAPTER V

RESULTS AND DISCUSSION

In this study, the catalysts were prepared by two methods, solvothermal and 

flame spray pyrolysis method. The results and discussions in this chapter are divided 

into two parts. In the first part, the characteristics and catalytic properties of catalysts 

prepared by varying concentration and Si doping in solvothermal methods were 

investigated by methane combustion. The catalysts were characterized by several 

techniques such as SEM, TEM, N2 physisorption, XRD, NH3-TPD and CO-pulse 

chemisorption. The second part is about the catalysts prepared by flame spray 

pyrolysis method. 

5.1 Effect of concentration and Si doping prepared by solvothermal method

5.1.1 Effect of amounts of starting AIP

5.1.1.1 X-ray diffraction (XRD)

Bulk crystal structure and chemical phase composition of a crystalline material 

having crystal domains of greater than 10-15 nm can be detected by diffraction of an 

X-ray beam as a function of the angle of the incident beam. The measurements were 

carried out at the diffraction angles (2θ) between 20o and 80o. Broadening of the 

diffraction peaks was used to estimate crystallite diameter from Scherrer Equation.

The XRD patterns of thus-obtained alumina powders prepared by 

solvothermal reaction of AIP amounts (10-40 g) are shown in Figure 5.1.

Solvothermal reaction of 10-20g AIP gave pure χ-alumina, which clearly showed a 

peak at 2θ = 42.5o. This peak corresponds to the prohibited 321 diffraction of the 

spinel structure. The contamination of pseudoboehmite was observed as the amounts 

of starting AIP were increased from 30-40 g.
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To investigate the contamination of pseudoboehmite on alumina product, the 

solvothermal reaction mechanism was studies. From our previous works, the 

crystallization of χ-alumina by solvothermal method was occurred by the 

decomposition of AIP in inert organic solvents. The overall reaction can be written as 

follows:

Al(OCH(CH3)2)3 →     1/2Al2O3 + 3C3H6 + 3/2H2O

It is remarked that water is one of the products in this reaction. As previous 

study, when a large amount of water was added in the gap between the autoclave wall 

and the test tube, pseudoboehmite was formed by the hydrothermal reaction of AIP. 

Therefore, the contamination of pseudoboehmite was increased with the AIP content 

corresponding to increase of water from decomposition reaction of AIP to form χ-

alumina.
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10g

pseudoboehmite

χ-alumina 

Figure 5.1 XRD patterns of χ-alumina powders at various concentrations.
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5.1.1.2 Scanning Electron Microscopy (SEM)

Figure 5.2 shows SEM images of the secondary particles of thus-obtained 

alumina powders. All samples were spherical particles with a dense mass and seem to 

be formed by aggregations of the primary particles. SEM photographs indicate that 

the secondary particles are the separate microspheres. The increase of average sizes of 

these particles with the amounts of starting AIP is consistent with the work of Inoue et 

al. [74]. They synthesized alumina by glycothermal reaction of aluminum n-propoxide 

and reported that microsphere average size was increased by increasing the starting 

ANP concentration. The formation of microsphere χ-alumina has already been 

reported elsewhere [72, 75]. The crystallization mechanism can be explained by two 

steps in nucleation processes. The first step is the formation of tiny droplets of the 

intermediate complex during the partial decomposition of organic moieties. The 

decomposed intermediate is supersaturated in the solution and it is salted out forming 

the glassy droplets. Because the number of droplets formed in mineral oil is small, the 

droplets grow easily through their interaction and therefore large spherical particles 

are obtained [75]. In the present work, the concentration of AIP has been varied and 

plays an important role on the formation of spherical complex. With increasing the 

AIP contents, the number of small droplets increased and resulted in formation of a 

large size of intermediate complex.   
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(c)

(d)

Figure 5.2 SEM images of thus-obtained alumina powders with various amounts of 

starting AIP (a) 10 g (b) 20 g (c) 30 g (d) 40 g.
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5.1.1.3 Transmission Electron Microscopy (TEM)

TEM micrographs of alumina at various concentrations were obtained in order 

to physically measure the size of supports. TEM with diffraction modes was used to 

determine the crystallographic structure of the catalysts. These TEM micrographs are 

shown in Figure 5.3. The crystal size of alumina was constant and had average size 

around 10-13 nm even after increasing of the amounts of starting AIP. 

This value was in good agreement with the primary particle size observed by 

TEM. This indicates that each primary particle is a single crystal of χ-alumina.

(a)
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(b)

(c)
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(d)

Figure 5.3   TEM images of thus-obtained alumina powders with various amounts of 

starting AIP (a) 10 g (b) 20 g (c) 30 g (d) 40 g.

5.1.1.4 N2 Physisorption

BET surface areas were determined by N2 physisorption technique. They are 

shown in Table 5.1. The size of secondary and primary particles became larger from 

0.5 to 4 µm and from 10 to 15 nm, respectively, when the AIP content was increased 

from 10 to 40 g. This is corresponding to a decrease of BET surface area from 94 to 

75 m2/g. 
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Table 5.1 The physical properties of all thus-obtained products.

5.1.2 Effect of Si doping

5.1.2.1 X-ray diffraction (XRD)

The XRD patterns of the Si-doped aluminas are shown in figure 5.4. All of 

aluminas were prepared using 20 g of AIP. The χ-alumina was still observed without 

any contaminations at low concentration doping (5-20at.%), while the amorphous was 

obtained at 50at.% Si doping.

The products obtained by the reaction of 5-10% Si doping exhibited to the 

typical pattern for χ-alumina. This result indicates that the Si-Al content remained in 

the product after partial decomposition of AIP.

Sample

Crystallite 

phase

BET 

surface 

area (m2/g)

Crystal size 

d
XRD

 (nm) 

Average 

particle 

size

(µm)

10g χ-alumina 94 10 0.5

20g χ-alumina 90 12 3.3

30g χ-alumina   and 
pseudoboeh

mite

87 13 3.4

40g χ-alumina   and 
pseudoboeh

mite

75 15 4.8
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Figure 5.4 XRD patterns of silica-doped alumina at various Si contents

5.1.2.2 Scanning Electron Microscopy (SEM)

Figure 5.5 shows SEM images of thus-obtained Si-doped alumina powders. 

All samples were still spherical particles. The average sizes of these particles 

decreased from 3 to 1µm when the amount of Si contents was increased from 0 to 

50at.%. This result would be explained by differences of repulsive forces between 

atoms. They were calculated from Derjaguin-Landua-Verwey-Overbeek (DLVO) 

theory by changing the particle surface energy of alumina via adding the Si in the 

alumina lattice. It is noted that the change in surface energy was explained latter.
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(a)
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(c) 

(d)

Figure 5.5 SEM images of thus-obtained Si doping (5-50at.%) alumina powders (a)

5at.%  (b) 10at.%  (c) 20 at.%   (d) 50 at.%.  
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5.1.2.3 Transmission Electron Microscopy (TEM)

TEM with diffraction modes was used to determine the crystallographic 

structure of the catalysts. The TEM micrographs of thus-obtained Si-doped alumina 

powders are shown in Figure 5.6. The average sizes calculated by Scherrer equation 

were approximately 8-9 nm, which were in good agreement with the values observed 

by TEM. This result suggests that the individual Si-doped χ-alumina crystal observed 

by TEM was single crystal.

     (a)
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     (b)
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(d)

  Figure 5.6 TEM images of thus-obtained Si doping (5-20at.%) alumina powders

(a) 5at.%  (b) 10at.%  (c) 20 at.%   (d) 50 at.%.

5.1.2.4 N2 Physisorption

Table 5.2 summarizes the physical properties of thus-obtained Si-doped 

alumina powder.  The χ-alumina was still present without any contaminations at low 

concentration doping (5-20 at.%) while the amorphous was obtained at 50 at.% Si 

doping. The BET surface area was increased from 90 to196 m2/g as the crystallite size 

of alumina decreased from 12 to 9 nm after increasing Si loading from 0 to 20 at.%.  

On the other hand, BET surface area of 50 at.% Si-doped alumina was lowered to 7 

m2/g. These results suggest that the silicon dopants inhibit the crystallization and 

growth of the alumina nanocrystals. 
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Sample

Crystallite 

phase

BET

Surface area

(m2/g)

Crystal size 

d
XRD

(nm) 

Average 

diameter 

size

(µm)

5 at.%Si/20g 
χ-alumina

164 9 1.2

10 
at.%Si/20g 
χ-alumina

169 9 n.d.

20 
at.%Si/20g 
χ-alumina

196 8 3.1

50 
at.%Si/20g 
χ-alumina

Amorphous 7 n.d. 2.7

Table 5.2 The physical properties of Si-doping Al2O3 powder.

5.1.3 Effect of the calcinations on properties of alumina

Table 5.3 summarizes the crystallite size and BET surface area of calcined 

samples. The crystal size increased as the BET surface area decreased after 

calcination at higher temperature. The crystallite size of synthesized χ-alumina was 

around 10-13 nm and grew up to around critical point at around 16 nm by the 

calcination, before phase transformation to α-alumina took place. The final product, 

after phase transformation was complete, was polycrystalline α-alumina with much

larger crystallite size than the initial crystallite size of χ-alumina. This result is in 

good agreement with our previous report [72].
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Calcination Temperature(o
C) 

1000 1200 1400
Sample

d
X R D

(n m)

BET

(m2/g)

d
X R D

(n m)

BET

(m2/g)

d
X R D

(n m)

BET

(m2/g)

20g Al2O3

40g Al2O3

12( )
16( )

83
   67

13( )
16(χ)

80
   65

16( )
18( )

7
5

Table 5.3 The physical properties of calcined samples.

Figures 5.7 and 5.8 show the XRD patterns of thus-obtained and calcined 

alumina powders. Direct phase transformation of χ-alumina to α-alumina started at 

around 1200oC and essentially completed at 1400oC. With increasing of AIP, two 

mixed-alumina phases were observed after calcination. The χ-alumina and γ-alumina, 

transformed from pseudoboehmite, were observed together at 900oC. The χ-alumina 

directly transformed into α-alumina while γ-alumina transformed to θ-alumina and 

then to α-alumina.
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-alumina

Figure 5.7 The XRD patterns of thus-obtained and calcined alumina at 20 g of the 

starting AIP.
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1400°C

1200°C

1000°C

as-syn

Figure 5.8 The XRD patterns of thus-obtained and calcined alumina at 40 g of the 
starting AIP.

Figure 5.9 shows the XRD patterns of thus-obtained and calcined Si-doped 

alumina powders (5%at.). Direct phase transformation of χ-alumina to α-alumina was 

still observed at around 1400oC and essentially completed at 1500oC. 
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Figure 5.9 The XRD patterns of Si doping (5at.%) alumina powders.
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For 50 at%. Si-doped alumina, amorphous phase was directly transformed to 

mullite 2SiO2·3Al2O3 at 1000oC and maintained this phase even after calcination at 

1400oC. Mullite is a solid solution between SiO2 and Al2O3, which is usually formed 

at temperature above 1350oC [72]. In general, crystallization of mullite is dependent 

on the chemical homogeneity of Al and Si atom [10-11]. When the homogeneity of Si 

and Al was in nanometer range, Al2O3 and SiO2 can crystallize independently before 

the formation of mullite. However, mullite can crystallize directly at around 1000oC 

from the precursor of atomic-scale mixing of Al and Si atom [11]. This suggests the 

homogeneous incorporation of Si atom and alumina lattice by solvothermal synthesis

in mineral oil. Because of this homogeneity in low Si-doped (5-20 at.%) samples, the 

α-phase transformation temperature was elevated as shown in Table 5.4. The alumina 

surfaces are normally composed of hydroxyls or anionic vacancies to maintain charge 

neutrality of particles. Substitution of an aluminum ion by a silicon ion causes extra 

charge in the matrix, which allows one substitution of hydroxyl to oxide ion leading 

to reduce the surface energy of particles [13]. Transformation from transition alumina 

into α-alumina takes place via the nucleation-and-growth mechanism [76-79]. It is 

generally believed that nucleation occurs at the contact point between the particles by 

dehydration reaction of hydroxyls [79]. Since a number of hydroxyls on the Si-doped 

alumina products were less than those on the undoped one, the transformation into α-

alumina requires higher temperature.
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Figure 5.10 The XRD patterns of Si doping (50at.%) alumina powders. 
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Table 5.4 summarizes the crystallite size and BET surface area of calcined Si-

doped alumina samples. The increase of crystal size after calcination at higher 

temperature is consistent with the decrease of BET surface area. The BET surface 

area of 5 at.% Si doped alumina remained 50 m2/g after calcination at 1400oC. The 

crystallite size of synthesized Si-doped χ-alumina was around 8-9 nm and grew up to 

18-19 nm by the calcination before phase transformation to α-alumina at 1500oC. It 

was also found that the critical point for α-phase transformation of χ-alumina was 

increased as the Si contents were loaded. This result suggests that decrease of the 

surface energy of χ-alumina by homogeneous incorporation of silicon atom in 

alumina matrix affected the critical particle size following thermodynamic principle.

Table 5.4 The crystallite size and BET surface area of calcined Si-doped alumina

samples.

Calcination Temperature(o
C) 

1000 1200 1400 1500
Sample

d
XRD

(n m)

BET

(m2/g)

d
XRD

(nm)

BET

(m2/g)

d
XRD

(nm)

BET

(m2/g)

d
X R D

(n m)

BET

(m2/g)

5at.%Si/ 
Al2O3

10at.%Si/ 
Al2O3

50at.%Si/ 
Al2O3

12( )

10( )
-

115

 167
7

13( )

11( )
14(mullite)

115

  130
    9

18.8( )

18( )
12(mullite)

59

65
15

27( )

27.7( )
n.d.

10

11
n.d.
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5.1.4 Palladium loading and methane combustion reaction

5.1.4.1 X-ray diffraction (XRD)

The XRD pattern of Pd supported on solvothermal-made Si-doped alumina 

powders was shown in Figure 5.11. All powders exhibit all characteristic peaks of the 

χ-alumina showing definitely a peak at 2θ = 42.5o without any contaminations of 

other transition alumina phases. An additional peak for PdO was also observed at 2θ = 

34o. The XRD peaks became broader as the Si loading increased due to the decreasing 

of crystallite size.  
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-alumina          

          PdO    

Figure 5.11 The XRD pattern of Pd supported on solvothermal-made Si- doped 

alumina powders.
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5.1.4.2 Scanning Electron Microscopy (SEM)

SEM images of Pd supported on solvothermal-made Si-doped alumina are 

shown in Figure 5.12. The catalyst powders consisted of secondary particles with 

primarily uniformly spherical shape. The average sizes of these particles were in a 

range of 3 m for Si loading between 0 to 20at.%. This result was consistent with 

early works [15]. The formation of uniformly spherical secondary particles was 

already explained elsewhere [72, 73, 75].
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        (b)

                    (c)

Figure 5.12 SEM images of Pd supported on solvothermal-made Si-doped alumina (a) 

0at.%  (b) 10at.%  (c) 20 at.%. 
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5.1.4.3 Transmission Electron Microscopy (TEM)

TEM micrographs of Pd supported on solvothermal-made Si-doped alumina 

powders are shown in Figure 5.13. The catalyst powders consisted of particles with 

primarily spheroidal shape. The particle size for catalysts appears to be in the range of 

5 to 18 nm. The average sizes calculated by Scherrer equation were approximately 

around 8 to 12 nm, which were in good agreement with the values observed by TEM.  

This result suggests that the individual crystal observed by TEM was single crystal. 

PdO clusters are not distinguishable in the 2 wt.% Pd supported on solvothermal-

made Si-doped alumina powders due to poor contrast between the PdO and Al2O3

particle
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      (b)

(c)

Figure 5.13 TEM micrographs of Pd supported on solvothermal-made Si- doped 

alumina powders (a) 0at.%  (b) 10at.%  (c) 20 at.%.
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5.1.4.4 NH3 –Temperature Programmed Desorption

The strength and the amount of acid sites of alumina and Si-doped alumina 

were determined by temperature programmed desorption using ammonia as the probe 

molecule. NH3-TPD profiles of solvothermal-made Si-doped alumina and commercial 

alumina are shown in Figure 5.14. NH3-TPD profile of commercial γ-alumina 

exhibited the broad peak in a range of 30-150°C indicating the variety of acid sites on 

alumina surface. While the profile of solvothermal-made χ-alumina exhibited the two 

broad peaks in a range of 30-150°C and 300-500°C, respectively. With increasing the 

Si contents, the second peak became larger indicating the formation of strong acid 

sites on catalyst surface.

Figure 5.14 The NH3-TPD profile of Pd supported on solvothermal- made Si-doped 

alumina powders.
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5.1.4.5 Physical properties

Table 5.5 summarizes the physical properties of thus-obtained Si-doped 

alumina powder. The BET surface area was increased from 118 to176 m2/g as the 

crystallite size of alumina decreased from 10 to 8 nm after increasing Si loading from 

0 to 20 at.%. These results suggest that the silicon dopants inhibit the crystallization 

and growth of the alumina nanocrystals. The crystallite size of PdO decreased from 6 

to 4 nm as Si loading increased from 0 to 20at.%, which can be explained by the 

increase of support surface area resulting in promotion of the Pd metal dispersion. The 

relative amounts of active surface Pd metal on the catalyst samples were calculated 

from CO chemisorption experiments at room temperature. The CO chemisorption 

results and Pd metal dispersion are also reported in Table 5.5. The amounts of CO 

chemisorption seem to be constant at around 4�1018 to 6�1018 molecules/g cat 

corresponding to the dispersion percentage between 4 to 5.5.

Table 5.5 The physiochemical properties of of Pd supported on solvothermal-made 

Si-doped alumina powders.

Sample
BET Surface 

area
(m2/g)

Crystallite 
size of PdO

(nm)

Active sites
(sites/g.cat) % dispersion

2%wt.Pd/0%Si 
-Al2O3

118 6.5 5.5�1018 4.9

2%wt.Pd/5%Si
-Al2O3

168 6.1 4.8�1018 4.3

2%wt.Pd/10%Si
-Al2O3

174 5.2 6.1�1018 5.5

2%wt.Pd/20%Si
-Al2O3

176 4.4  4.5�1018 4.0

2%wt.Pd/γ-Al2O3

(Com.)
167 9.6  4.7�1018 4.1
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5.1.4.6 CH4 combustion

Plots between CH4 conversion and reaction temperature of all of the Pd 

supported on commercial γ-, solvothermal-made χ- and Si doped χ-aluminas are 

shown in Figure 5.15. The light-off temperature was determined at 50% conversion. 

All of the Pd supported on solvothermal-made powders exhibited lower light-off 

temperature than the Pd/commercial alumina. The light-off temperature decreased 

from 380 to 350oC as the Si loading increased from 0 to 20 at.%.

Figure 5.15 The plots between CH4 conversion and reaction temperature of the Pd 

catalysts
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5.2 Preparation of alumina in gas phase

5.2.1 Effect of precursor feed rate

5.2.1.1 X-ray diffraction (XRD)

The XRD patterns of alumina powders made by flame spray pyrolysis are 

shown in Figure 5.16. All powders exhibited all characteristic peaks of the -alumina 

showing definitely a peak at 2θ = 45.72o without any contaminations of other 

transition alumina phases. The crystallite size increased from 17 to 30 nm after 

increasing the precursor feed rate. This result suggests the rapid coagulation of crystal 

when increasing the precursor feed rate. 
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Figure 5.16 The XRD pattern of γ-alumina prepared by flame spray pyrolysis at 

various precursor feed rates.
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5.2.1.2 Scanning Electron Microscopy (SEM)

SEM images of γ-alumina prepared by flame spray pyrolysis are shown in 

Figure 5.17. The coagulation with small spherical particles established into irregular 

shape. The average sizes of these particles cannot find out directly from the figure.

  (a)

                  (b)
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   (c)

Figure 5.17 SEM images of γ-alumina prepared by flame spray pyrolysis with various 

precursor feed rates (a) 3ml/min, (b) 5ml/min, (c) 8ml/min.

5.2.1.3 Transmission Electron Microscopy (TEM)

TEM micrographs of alumina powders made by flame spray pyrolysis are 

shown in Figure 5.18. The catalyst powders consisted of particles with primarily 

spherical shape. The particle size for catalysts appears to be in the range of 20 to 30 

nm. The average sizes calculated by Scherrer equation were approximately around 17 

to 30 nm, which were in good agreement with the values observed by TEM.  This 

result suggests that the individual crystal observed by TEM was single crystal. 
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                  (a)

        (b)
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      (c)

Figure 5.18 TEM images of γ-alumina prepared by flame spray pyrolysis with various 

precursor feed rates (a) 3 ml/min, (b) 5 ml/min, (c) 8 ml/min.

5.2.1.4 Physical properties.

Table 5.6 summarizes the physiochemical properties of thus-obtained alumina 

powders. The BET surface area decreased from 117 to 66 m2/g as the crystallite size 

of alumina increased from 17 to 30 nm after increasing the precursor feed rate. These 

results suggest that the precursor feed rate affects crystallization and growth of the 

alumina nanocrystals. 

Sample BET surface area

(m2/g)

dXRD (nm) dTEM (nm) dBET (nm)

-Al2O3 (3ml/min) 117 17 20 17

-Al2O3 (5ml/min) 116 17 21 16

-Al2O3 (8ml/min) 66 30 30 29

Table 5.6 The physical properties of thus-obtained γ- alumina powders.
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5.2.2 Palladium loading and methane combustion

In this section, effect of palladium loading on the characteristics of Pd/γ-Al2O3

catalysts was investigated. The alumina was prepared by FSP method using the 

precursor feed rate of 5ml/min and palladium was loaded at 2 wt%. 

5.2.2.1 X-ray diffraction (XRD)

The XRD patterns of various Pd/γ-Al2O3 catalysts prepared by impregnation 

and mixture solution in flame spray pyrolysis method are shown in Figure 5.19. The 

XRD characteristic peaks of PdO at 2θ of ca. 34.12, 43.04, 50.32, 55, and 60.96o were 

observed for all catalysts. The average PdO crystallite sizes on Pd/γ-Al2O3-imp, Pd/γ-

Al2O3-mix and Pd/γ-Al2O3-com were calculated from the full width at half maximum 

of the XRD peak at 34.12o 2θ using Scherrer’s equation to be 6.1, 5.3 and 7 nm, 

respectively. They are shown in Table 5.7. 

20 30 40 50 60 70 80

2 theta

in
te

n
si

ty

Pd/Al2O3

(FSP Imp.)

Pd/Al2O3

(FSP Mix.)

Pd/Al2O3

(com.)

-Al2O3

PdO

Figure 5.19 The XRD patterns of various Pd/γ-Al2O3 catalysts prepared by impregnation 

and mixture solution in flame spray pyrolysis methods
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5.2.2.2 Physical properties

BET surface areas of the palladium catalyst alumina support were determined 

by N2 physisorption technique as shown in Table 5.7. The BET surface areas of Pd/γ-

Al2O3 increased from 116 to 181 after loading with Pd metal by impregnation. Similar 

to Pd/γ-Al2O3 prepared by flame spray pyrolysis of mixture solution as a precursor, 

the BET surface areas increased to 198 m2/g. The crystallite size of PdO prepared by 

impregnation and FSP was range around 5 to 6 nm. The relative amounts of active 

surface Pd metal on the catalyst samples were calculated from CO chemisorption 

experiments at room temperature. The CO chemisorption results and Pd metal 

dispersion are also reported in Table 5.5. The amounts of CO chemisorption increased 

from 5.1�1018 to 7.5�1018 molecules/g cat as the loading method was changed from 

impregnation to FSP. The amounts of CO chemisorption of Pd//γ-Al2O3 (com.) were 

4.7� 1018 molecules/g cat

Table 5.7 The physiochemical properties of Pd supported on flame spray pyrolysis 

made alumina powders.

5.2.2.3 Scanning Electron Microscopy (SEM)

SEM images of all Pd//γ-Al2O3 catalysts are shown in Figure 5.20. The 

agglomeration of palladium particles with small spherical particles of alumina was 

established into cluster. The average particle sizes of these particles cannot find out 

directly from this figure.

Sample
BET Surface 

area
(m2/g)

Crystallite 
size of PdO

(nm)

Active sites
(sites/g.cat) % dispersion

2%wt. Pd/γ-
Al2O3-imp.

181 6.1 5.1�1018 4.9

2%wt. Pd/γ-
Al2O3-mix.

198 5.3 7.5�1018 6.8

2%wt.Pd/γ-Al2O3

(Com.)
167 9.6 4.7�1018 4.1
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   (a)

                                                                  (b)

   ส
ำนกัหอ

สมุดกลาง



59

                                                                  (c)

Figure 5.20 SEM images of Pd/γ-alumina prepared by FSP and various palladium 

loading methods (a) Pd/γ-alumina(impegnation), (b) Pd/γ-alumina(mixture solution), 

(c) Pd/γ-alumina(commercial).

5.2.2.4 Transmission Electron Microscopy (TEM)

TEM micrographs of alumina powders made by flame spray pyrolysis with 

various precursor feed rates are shown in Figure 5.21. The catalyst powders consisted 

of particles with primarily spherical shape. The particle size for catalysts appears to be 

in a range of 20 and 30 nm. The average sizes calculated by Scherrer equation were 

around 5 to 7 nm, which were in good agreement with the values observed by TEM.  

This result suggests that the individual crystal observed by TEM was single crystal.
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                                                              (a)
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     (c)

Figure 5.21 TEM images of Pd/γ-alumina prepared by FSP and various palladium 

loading methods (a) Pd/γ-alumina(impegnation), (b) Pd/γ-alumina(mixture solution), 

(c) Pd/γ-alumina(commercial).

5.2.2.5 Reaction study in methane combustion

The catalytic reaction of Pd supported on commercial- and FSP-made γ-

alumina. The light-off temperature was determined at 50% conversion. All of the Pd 

supported on FSP-made powders exhibited lower light-off temperature than the 

Pd/commercial alumina. The light-off temperature decreased from 300 to 250oC 

dependent on methods of palladium loading.
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Figure 5.22 The plots between CH4 conversion and reaction temperature of all Pd 

catalysts
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

In this chapter, the conclusions are divided in two parts as following :

6.1.1 Preparation and characterization of alumina in liquid phase   

1. Nanocrystalline Pd supported on solvothermal-made χ-alumina and Si 

doped alumina catalyst was successfully prepared.

 2. The thermal stability of χ-alumina with Si doping (5. 10 and 20 at.%) was 

increased due to a little amount of hydroxyls by the homogeneous of Si atoms in 

alumina lattice.

3. Catalytic activities for CH4 combustion reaction was improved as the 

amount of Si contents increased. These results can be explained by the increasing of 

acid sites on χ-alumina after doping with Si atoms.

6.1.2 Preparation and characterization of alumina in gas phase   

1.  The crystal size of alumina increased with increasing the precursor feed  

rate.

2.   The methane combustion activity was followed by this order: 

Pd/γ-Al2O3-mix. > Pd/γ-Al2O3-imp. > Pd/γ-Al2O3-com. 

   ส
ำนกัหอ

สมุดกลาง



64

6.2 Recommendations

1.  More characterization will be made to prove the methane combustion

mechanism. 
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APPENDIX A

CALCULATION FOR CATALYST PREPARATION

Preparation of 2%Pd/Al2O3 catalysts by the incipient wetness impregnation is shown 

as follows:

Reagent:    - Palladium(II) nitrate monohydrate (98%)

Molecular weight.  =  263.44

- Support: Al2O3

Example Calculation for the preparation of 2%Pd/Al2O3

Based on 100 g of catalyst used, the composition of the catalyst will be as follows:

Palladium = 1 g

Alumina = 100-2 = 98 g

For 1 g of catalyst 

Palladium required = 1×(2/100) = 0.02 g

Palladium 0.02 g was prepared from Pd(NO3).H2O and molecular weight of Pd 

is 106.42

the Pd(NO3).H2O (98%)content = MW of Pd(NO3).H2O × Palladium required

MW of Pd × 0.98

     = (263.44/(106.42×0.98) )×0.02= 0.051 g
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APPENDIX B

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Scherrer equation

The crystallite size was calculated from the half-height width of the diffraction 

peak of XRD pattern using the Debye-Scherrer equation. 

From Scherrer equation:

D = 
θβ

λ

cos

K
                              (B.1)

            where     D   =   Crystallite size, Å

K   =   Crystallite-shape factor = 0.9

λ    =   X-ray wavelength, 1.5418 Å for CuKα

θ    =    Observed peak angle, degree

β    =    X-ray diffraction broadening, radian

The X-ray diffraction broadening (β) is the pure width of a powder diffraction 

free from all broadening due to the experimental equipment. α-Alumina is used as a 

standard sample to observe the instrumental broadening since its crystallite size is 

larger than 2000 Å. The X-ray diffraction broadening (β) can be obtained by using 

Warren’s formula.

From Warren’s formula:

β   =   22
SM

BB −                              (B.2)                          
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Where     BM   =    The measured peak width in radians at half peak height.

                            BS    =    The corresponding width of the standard material.

Example: Calculation of the crystallite size of Pd/γ-Al2O3-com.

The half-height width of 111 diffraction peak     =   0.89o (from the figure B.1)

                                                                                         =    (0.89xπ)/180

                                                          =   0.0155 radian

The corresponding half-height width of peak of α-alumina  (from the Bs value 

at the 2θ of 34.08o in figure B.2)    =   0.00405 radian   

The pure width, β   =     22
SM

BB −

        =     22 00405001550 ..

                    =      0.0151 radian

B       =       0.0151 radian

2θ      =      34.08o

θ        =      17.04o

λ        =      1.5418 Å

The crystallite size     =         
041701510

5418190

.cos.

.. x
      =           96.04 Å       

                                               =           9.6 nm 
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Figure B.1 The diffraction peak of Pd/Al2O3 for calculation of the crystallite  

size

0.89o

2θ=34.08
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Figure B.2 The plot indicating the value of line broadening due to the equipment.  The   

     data were obtained by using α-alumina as a standard

0.95°

   ส
ำนกัหอ

สมุดกลาง



80

APPENDIX C

CALCULATION FOR METAL ACTIVE SITES 

AND DISPERSION

Calculation of the metal active sites and metal dispersion of the catalyst measured by CO 
adsorption is as follows:

Let the weight of catalyst used =  W g

Integral area of CO peak after adsorption =  A unit

Integral area of 50 µl of standard CO peak =  B unit

Amounts of CO adsorbed on catalyst =  B-A   unit

Volume of CO adsorbed on catalyst = 50×[(B-A)/B] µl

Volume of 1 mole of CO at 30oC =  24.86×106
µl

Mole of CO adsorbed on catalyst  =  [(B-A)/B]×[40/24.86×106] mole

Molecule of CO adsorbed on catalyst  =  [1.61×10-6]× [6.02×1023]×[(B-A)/B] molecules

Metal active sites = 9.68×1017×[(B-A)/B]×[1/W]  molecules of CO/g of catalyst

Molecules of Pd loaded = [%wt of Pd ] ×[6.02×1023]/ [MW of Pd] molecules/g of catalyst

Metal dispersion (%) = 100×[molecules of Pd from CO adsorption/molecules of Pd loaded]
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APPENDIX D

CALCULATION OF METHANE CONVERSION          

The catalytic performance for the Methane (MA) Combustion was evaluated in 

terms of activity for methane conversion and.

Activity of the catalyst performed in term of methane conversion. methane 

conversion is defined as moles of methane converted with respect to methane in feed:

100
feedinMAofmole

productinMAofmole-feedinMAofmole
(%)conversionMA ×=     (D.1)
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