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Thermal decomposition of aluminum isopropoxide (AIP) in toluene at 315oC for 

2 h gave χ-alumina product having the high thermal stability and while the reaction at 

lower temperature resulted in formation of an amorphous product. The thus-obtained χ-

alumina transformed directly to α-alumina at approximately1150oC, bypassing other 

transition alumina phases. The amorphous product transformed to γ-alumina then to θ-

alumina, after calcination at high temperature. It was found that when χ-alumina 

synthesized at 315oC was recovered by the removal of the solvent at the reaction 

temperature, the product showed the highest thermal stability. This procedure is 

convenient avoiding bothersome work-up process yielding large surface area and large 

pore volume alumina. Thermal decomposition of AIP in mineral oil at 250-300°C over a 

2 h duration results in χ-alumina powders having high thermal stability.  The mechanism 

of the process involves the formation of amorphous complex before further 

decomposition takes place.  Phase transformation of the obtained products was also 

investigated.  It was found that χ-alumina synthesized by this method transformed 

directly to α-alumina at temperature higher than 1000°C. χ-alumina prepared in both 

organic solvents attains a critical crystallite size around 15 nm through accretion on 

calcination and then transforms directly to α-alumina through nucleation and growth 

process.  
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CHAPTER I 

 

INTRODUCTION 
 

Many industrial solid catalysts are made up by active centers anchored on 

supports having high porosity and surface area, preferably with good mechanical strength 

and thermal stability. Transition aluminas are most widely used in industry because 

varieties of aluminas with such properties are commercially available. Recently, much 

attention has been paid to improve the properties of catalysts at high temperatures, 

especially in prevention of catalyst due to transformation of alumina phases and sintering. 

The surface area of the catalyst or the catalyst support must be unchanged by high 

reaction temperature, in order to avoid loss of active centers. 

 

Alumina is an important material in field of catalytic technology because of its 

good important properties. It has high surface area with the fine particle size, good 

adsorbent, catalytic activity, and high melting point (above 2000oC) which is also 

desirable for the support. Alumina can be used in three types: as catalyst, co-catalyst and 

support. For example, alumina is used as catalyst in the reaction of steam reforming and 

clause process at high temperature. Alumina is used as co-catalyst in the catalytic 

reforming of gasoline and as support in many cases, such as in catalytic converter, in 

membrane technology etc.  

 

It is understood that commercial alumina powders produced by the conventional 

Bayer procedures does not possess the required characteristics for most applications. 

Therefore, other preparation methods are developed to prepare alumina powders that 

possess the required characteristics. Some of these non-conventional methods may be 

mentioned as sol-gel synthesis [1], hydrothermal synthesis [2], microwave synthesis [3], 

emulsion evaporation [4], precipitation from solution [5], and solvothermal synthesis [6-

13]. In such methods, the required characteristics are obtained by controlling the crystal 

type, crystal size, particle shape, particle size distribution, agglomeration degree and 

porosity [14-17].   
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Sol-gel method exhibits many advantages on the material synthesis. One of the 

major advantages of the new processes appears to be much lower temperature required 

for obtaining products, than the conventional method. Furthermore, the obtained products 

are homogeneous. Sol-gel derived alumina offers a number of advantages such as well-

defined nanostructure, large surface area, and superior mechanical properties [1]  

 

In the method of precipitation from solution, the reactants may or may not be in 

the same phase before the precipitation takes place. If they are in the same phase, the 

precipitation is homogeneous, otherwise, it is heterogeneous. Most often the 

homogeneous precipitation is preferred because its behavior is more controllable [5]. 

Homogeneous precipitation of alumina precursors is carried out by heating the aqueous 

solution containing excess urea and aluminum salt approximately up to its boiling 

temperature [18-19] 

 

Solvothermal synthesis is one of the interesting methods. It is improved from the 

hydrothermal synthesis by using organic solvent instead water at elevated temperature 

(200-300oC) under autogeneous pressure of organics during the preparation process. The 

advantages of this method are reproducibility, no requirement of any precaution and 

purification of starting materials. Inoue et al. [6-13] has found that the reactions of metal 

alkoxide in organic solvent give the product with good properties such as: surface area, 

crystallinity, and thermal stability.        

 

The phase transformation of metastable alumina is one of the important properties. 

Normally it starts with aluminum hydroxide (Al(OH)3 and AlOOH) and  transforms to 

low-temperature phase (γ and χ) at temperature around 150-500oC, to high temperature-

phase (δ, θ, κ) at temperature around 650-1000oC. Finally, the thermodynamically stable 

phase, α-alumina, is formed at temperature around 1100-1200oC. It is generally believed 

that the α-phase transformation occurs through the nucleation and growth mechanism of 

high-temperature phase. Tucker [20] has demonstrated that the transformation to α-phase 

tends to begin at the neck region of sintered particles. This is consistent with the fact that 

such neck region should contain abundant anion vacancies created by the removal of 

hydroxyl groups by dehydroxylation. Johnson [21] has also reported that the surface 

hydroxyl groups come into play in the particle growth of transition alumina. He has 
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proposed that the particle growth occurs by successive elimination of water from two 

hydroxyl groups residing on adjacent particles, close to an area of contact. This generates 

an Al-O-Al bond and brings more hydroxyls into adjacency. With the progress of 

dehydroxylation, there are necks forms between particles and, finally, small particles 

grow to larger ones accompanied by significant surface area loss. 

 

In this work, we prepare the aluminas by the thermal decomposition of aluminum 

isopropoxide in various inert organic solvents.  

 

In this research, the obtained aluminas have been used to investigate: 

1. The crystallization mechanism of χ−alumina by thermal reaction of AIP in 

organic solvent. 

2. The effect of product recovery method on the physical properties and thermal 

stability of χ-alumina product. 

3. The formation of micro-spherical χ-alumina by the reaction of AIP in mineral 

oil.. 

4. The phase transformation behavior of χ-alumina. 

 

This thesis is organized as follow: 

 

Chapter II contains literature reviews of the structure of χ-alumina, preparation 

method, and the phase transformation behavior of transition alumina. 

 

Chapter III composes of the theory about the precursors, the structure and the 

phase transformation sequence of transition alumina. 

 

Description of experimental system, operation procedure and characterization are 

described in Chapter IV. 

 

Chapter V reveals the experimental results and the discussions of the 

crystallization process of χ-alumina, the effect of product recovery on the properties, the 

phase transformation behavior of χ-alumina and the formation of micro spherical particle 

of χ-alumina prepared by thermal decomposition of AIP in mineral oil.  
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The overall conclusions are presented in chapter VI. 

 

Finally, the sample of calculation of crystallite size and BET surface area are 

included in appendices at the end of this thesis. 



CHAPTER II 

 

LITERATUTRE REVIEWS 
 

Alumina (Al2O3) exists in many metastable phases before transformation to the 

stable α-Al2O3 (corundum form). The metastable alumina can be divided into two groups: 

the face-centered cubic (fcc) and the hexagonal close packing (hcp) arrangement of 

oxygen anions. The distribution of aluminum cations depends on the structure of the 

polymorphs [22]. The Al2O3 structures based on fcc packing of oxygen include γ-, η-

 (cubic), θ- (monoclinic), and δ- (tetragonal or orthorhombic) phases, whereas the Al2O3 

structures based on hcp packing of oxygen are the α (trigonal), κ (orthorhombic), and χ 

(hexagonal) phases. 

 

Because of their fine particle size, high surface area, good catalytic activity, 

distinctive chemical, mechanical and thermal properties, the transition alumina finds 

many applications in industry i.e. as absorbents, catalyst, catalyst support, coatings, and 

soft abrasives [23]. The excellent stoichiometry and stability of Al2O3 make it an 

important constituent of many protective oxide scales formed on the surface of high-

temperature metals and alloys. The dominant (and stable) phase in these scales is α-

Al2O3, whose occurrence also dominates the adhesion and coherence of the scale. Thus, 

understanding of the metastable intermediate polymorphic structures and the 

transformation mechanisms that result in the formation of α-Al2O3 is important for heat 

treatments for promotion of stable scale formation. Understanding of the mechanisms of 

polymorphic phase transformations is also important for the sintering of nanosized Al2O3 

powders, in which the starting materials are usually γ-Al2O3 and consequently transform 

to α-Al2O3 during sintering process. Both the sintering and the grain-growth behavior are 

related strongly to this phase transformation. 

  

 Boehmite is one of the polymorph of AlO(OH), and so-called pseudoboehmite is 

microcrystalline boehmite which has extra water content due to the surface hydroxyl 

groups. Pseudoboehmite, one of the most widely used precursors to produce alumina, is 

decomposed to form transition alumina, of which crystal phase of the product changes 



 6

with increasing temperatures, i.e. γ- to δ- to θ-  and finally α-phase at high temperature. 

From the corresponding variation of surface area and surface properties, the thermal 

stability of alumina supports has been discussed with regard to the phase transformation. 

It is generally accepted that the phase transformation is the cause for the loss of surface 

area [24].  

  

 χ-alumina is a modification of transition alumina [22, 25-26]. 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- phases. χ-

alumina is a crystallographic from of transition alumina, normally obtained by 

dehydration of gibbsite (<200 nm) [26-27].  Dollimore et al. [28] have reported that χ-

alumina is formed by the thermal decomposition of aluminum oxalate and that aluminum 

oxalate has a crystal structure similar to that of gibbsite. Normally, χ-alumina transforms 

into κ-alumina at temperature around 650-750oC with a loss in surface area by phase 

transformation. There are three different unit cells suggested for χ-alumina structure: 

cubic and two forms of hexagonal close packing with different lattice parameters [29-30]. 

 

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

the chemical products are important for living. Therefore the catalyst with the good 

properties is significant in the chemical process. As year passed, preparation procedures 

have been improved. One of the interesting processes is the synthesis of inorganic 

material using organic solvents. Inoue et al. has developed new synthesis method for 

inorganic materials by using organic media at elevated temperature (200-300oC) under 

autogeneous pressure of organics for many years (1988-2002) [6-13]. It has been found 

that many oxides and mixed oxides can be crystallized in organic media at temperatures 

lower than that required by the hydrothermal reaction. In 1988, they have reported that 

the glycothermal treatment (the use of glycol instead of water for hydrothermal treatment) 

of gibbsite at 250oC yielded glycol derivative of boehmite [6]. In the latter reaction, the 

crystallite size of the glycol derivative of boehmite is affected by the carbon number of 

glycols and increases in the following order [7-8]: HO(CH2)2OH < HO(CH2)3OH < 

HO(CH2)6OH < HO(CH2)4OH. This result can be explained by the heterolytic cleavage of 

the O-C bond of AlO(CH2)nOH formed by the alkoxyl exchange between aluminum 

alkoxide and glycol.   In 1992, they have found that the reaction of aluminum 
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isopropoxide (AIP) in toluene at 300oC results in χ-alumina [9]. Subsequently, they have 

prepared nanocrystalline tetragonal zirconia by the reaction of zirconium alkoxide in 

toluene and 1,4 butanediol [10-11]. In 1996 they have reported the formation of thermally 

stable porous silica-modified alumina via the glycothermal treatment of the mixture of 

AIP and tetraethyl orthosilicate (TEOS) in 1,4 butanediol [12]. Subsequently they have 

prepared the homogeneous mullite precursor, which decomposed to be high thermal 

stability mullite at 1000oC by the thermal decomposition of AIP and tetraethyl 

orthosilicate (TEOS) in toluene [13]. 

 

Kominami et al. have synthesized the nanocrystalline titanium (IV) oxide in the 

anatase form by thermal decomposition of titanium (IV) alkoxide in organic solvent [31].  

The products have high surface area (>100m2/g) even after calcination at 823K and show 

high activity in the photocatalytic mineralization of acetic acid in aerated aqueous 

solutions because of the high crystallinity and high surface area. Subsequently, they have 

synthesized the nanosized titanium (IV) oxide in the anatase form by hydrolysis of 

titanium (IV) alkoxide by adding small amount of water in the gap between a test tube 

and autoclave wall [32]. When the temperature rises, water evaporates and then dissolves 

in the organic solvent to hydrolyze the reactant. The rutile-transformation temperature of 

this titania is higher and the thermal stability is improved.  

 

Highly porous solids can be prepared by the removal of solvent from a wet gel at a 

temperature above critical temperature of the solvent. Over the recent years, many 

researchers have built up strong technical background in such materials. Fanelli and 

Burlew have found a new polymerization catalyst system comprising an aluminum 

compound and a transition metal compound on an alumina-based aerogel support [33]. 

Armor and Carlson have prepared a catalyst composed of uniform dispersion of 

individual metallic palladium particles [34]. Armor and Carlson prepared high pore 

volume alumina by hydrolysis of aluminum isopropoxide with hypercritically removal of 

the fluid phase [35]. Aerogel had good properties such as high pore volume, high surface 

area and high thermal stability. These properties are results from this method that obviates 

the inherent shrinkage or structural collapse that occurs when precursor gels are 

conventionally dried to a solid form. Such shrinkage or compaction is the result from the 

surface tension of residual liquid trapped within the fragile gel structure. Praserthdam et 



 8

al. have prepared the high thermally stable porous silica-modified alumina by the reaction 

of AIP and TEOS in toluene combined with the supercritical drying of organic solvents 

[36].    

  

 Normally, transition aluminas start to lose their surface area even at temperature 

below 800oC due to the elimination of micro-pores. However, drastic loss occurs at 

temperature higher than 1000oC when the crystallization to the thermodynamically stable 

α-Al2O3 occurs [37]. It has been suggested that initial stage of sintering at temperature as 

low as 600oC starts with the elimination of water between hydroxyl groups of the 

particles in contact [38-39]. Continuation of the heating causes growth of the neck formed 

and the pore enlargement occurs by the coalescence of grains in contact.    

 

The phase transformation of θ- to α-Al2O3 is believed to occur via a nucleation 

and growth process [40-41]. Investigations on the critical crystallite sizes of 

transformation have been reported previously [15, 42-47] although there is substantial 

discrepancy among them. Recent studies on the nanosized alumina powder have reported 

that the transformation process to α-Al2O3 requires critical size of θ-Al2O3 at the 

nucleation stage, which initiates the formation of the α-Al2O3 nucleus, and a primary size 

for α-Al2O3 at the growth stage, beyond which the transformation comes to a completion. 

During the transformation process the size of θ-crystallites increases to the critical size 

and remains as monodispersed crystallites before it transforms to α-Al2O3. The α-Al2O3 

nuclei grow drastically before the polycrystalline α-Al2O3 particles are formed [48-49]. 

  

Several studies have been carried out on the direct phase transformation of 

alumina. The mechanism of phase transformation and the direct phase transformation 

from γ-alumina to α-alumina involving the conversion of the cubic close packing of 

oxygen ions into a stable hexagonal close packing which have been examined [50-51]. 

Others have reported on methods of enhancing the rate of phase transformation [52]. The 

effect of defects on the transformation behavior has been reported in many papers. Shek 

et. al. [53] reported that the γ-alumina produced by a relaxation process of amorphous 

nano alumina transform to stable α-alumina directly. This behavior was explained by the 

reduction of defect and lattice distortion in the relaxation process, releases a large amount 

of energy and thus promotes nucleation of α-Al2O3. Dynys and Halloran [37] reported 
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that lattice damage in γ-alumina by ball-milling process increased the density of nuclei 

and the transformation rate of α-alumina.  

 

 In this thesis, the solvothermal method is applied to prepare χ-alumina by the 

thermal decomposition of AIP in the inert organic solvents. This result has been reported 

by Inoue et al. [9], but many points are remaining to be clarified and need more 

explanation i.e. the mechanism of crystallization, the effect reaction conditions and 

product recovery method on the physical properties. These effects on thermal stability 

and phase transformation have not been investigated. They are investigated in this thesis 

and present in next chapters. 

 

 

 

 

 

 

 

  



CHAPTER III 

 

BACKGROUND 

 
 The basic knowledge of alumina including its precursors, the structure, and 

phase transformation sequences of transitions alumina is described in the first section 

of this chapter. Next, the explanation on the sol-gel method is provided. Then, 

concept of conventional hydrothermal method is described in the third section. 

Finally, phase transformation of crystalline material is described in the last section of 

this chapter. 

 
3.1 Alumina (Al2O3) 

 

 Study of alumina has been subject of great interest for many decades. It is 

widely used as catalyst, catalyst support, wear-resistance material, ceramics, 

abrasives, medicinal material, and adsorbent [22-23], because of its distinctive 

chemical, mechanical and thermal properties. The details described in this part are 

based on review of Levin and Brandon [51] and text from Lippens and Steggerda 

[54]. The precursors of alumina are described in section 1). Alumina is prepared 

mostly by a thermal dehydration procedure. Because the properties of alumina are 

strongly related the structure and the morphology of precursors. These topics are dealt 

with in section 2). The structure and chemical properties of the alumina are 

summarized in section 3). 
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1) Precursors of Metastable Aluminas    

 

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

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

aluminum hydroxides consists of stacking of double oxygen layers 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 hydroxyl groups, both within and between the layers, has 

been suggested to control the mechanism of dehydration for the particular hydroxide. 

The structures of the most common alumina hydroxides are briefly summarized 

below. 

 

1.1) Aluminum Trihydroxides 

 

a) Gibbsite (hydrargillite) γ-Al(OH)3 

 

 Gibbsite is the best known trihydroxide. Technically it is the most important 

because it is an intermediate for the production of aluminum metal from bauxite 

(Bayer process). The crystal structure of gibbsite is based on double layer AB of 

closely-packed hydroxyl ions with aluminum cations sandwiched in octahedrally 

coordinated interstices between the layers , with an occupancy of 2/3 [55]. There are 

two such double layers in the gibbsite unit cell, which contains eight Al(OH)3 formula 

units. Each oxygen has one hydrogen atom attached to it forming hydroxyl ion. The 

number of O-O bonds in the gibbsite structure is less than the number of hydrogen 

atom to be accommodated. The resulting distribution of O-H bonds distorts the 

structure, resulting in monoclinic symmetry described by the space group P21/n. The 

lattice parameter are a = 8.62 Å, b = 5.06 Å, c = 9.7 Å, β = 94o. The stacking of the 

O-H layers can be described as AB-BA. The double layers are kept together by the 

hydrogen bonds between OH-ions.  The distance between two adjacent A-B layers is 

2.81 Å, while the distance between A and B is 2.03 Å. The real structure of gibbsite 

can be obtained by deforming and stacking in such a way that the double layers are 

displaced relative to each other over the short distance in the direction of a-axis, thus 
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OH-ions of two different double layers come just above each other and give the 

monoclinic lattice. 

 

b) Bayerite α-Al(OH)3 

 

   Bayerite is rarely found in nature, but it can be synthesized in the laboratory 

by many processing route [22]. The oxygen coordination in the bayerite structure is 

similar to that in gibbsite, except the distribution of hydrogen atom, forming an AB-

AB stacking sequence of the O-H layers. There is some controversy in the literature 

concerning the true symmetry of bayerite. Although both hexagonal and orthorhombic 

have been proposed for bayerite, base on XRD data [56], a later refinement of neutron 

powder diffraction spectra has resulted in an ambiguously monoclinic symmetry 

described by the space group of P21/n [57].Three of six symmetrically independent 

hydrogen atoms in the unit cell are located within a single oxygen layer, and rest are 

bounded to adjacent layers. 

 

1.2) Aluminum Monohydroxides 

 

  a) Boehmite γ-AlOOH 

 

 Boehmite is the major constituent of many bauxite minerals. It can also be 

synthesized in the laboratory, for instance, by neutralizing aluminum salts at 

temperature close to the boiling point of water by treating activated aluminum with 

boiling water or by hydrothermal reaction. The boehmite crystal structure consists of 

the cubic packed oxygen ions with the aluminum cations sandwiched between 

adjacent layers. The distribution of hydrogen atom results in an orthorhombic unit cell 

that has been described by the Cmcm space group. The lattice parameters of boehmite 

are a = 2.861 Å, b = 3.696 Å, and c = 12.233 Å [58]. 

 

 In addition to the stoichiometric crystal structure described above, the name of 

boehmite has been used to describe the product of aging aluminum hydroxide gel, 

better referred as pseudoboehmite or gelatinous boehmite [22]. A pseudoboehmite 

typically contains 15% excess water comparing to the stoichiometric composition 
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AlOOH. Controversy continues concerning the exact location of the excess water in 

this structure. In boehmite, Al atoms are surrounded by a distorted octahedral group 

of O atoms, which are linked together to form a complex layer structure. Van 

Osterhout (1960) [59] reported an easy method to describe the structures of the 

corresponding iron compound which can be used for the aluminum compounds as 

well.  

 

b) Diaspore α-AlOOH 

 

 Diaspore occurs in nature in type of clay and bauxite which is the interesting 

material for preparation of α-alumina. The structure consists of hexagonal layers of 

oxygen, which are significantly distorted. Aluminum cations are located in octahedral 

coordinated interstices between the adjacent oxygen layers. Diaspore possesses 

orthorhombic symmetry with the Pbnm space group and lattice parameters of a = 4.4 

Å, b = 9.43 Å, c = 2.84 Å. The structure has four formula units per unit cell [55]. 

 

 1.3)    Tohdite 5Al2O3.H2O 

 

 The crystal structure of tohdite, determined by Yamaguchi et al., [60-61] 

consists of close-packed of oxygen layers with approximately ABACBAC stacking. 

The hexagonal unit cell of tohdite has lattice parameters of a = 5.567 Å, and c = 8.768 

Å, and it contains ten aluminum cations, eight of which are in octahedrally 

coordinated and two in tetrahedrally coordinated interstices. The symmetry of this 

structure has been described by the hexagonal P63mc space group. The refined 

positions of oxygen and aluminum for this structure are given in Ref. 61, but the exact 

distribution of hydrogen atoms in the toldhite structure remains uncertain.  

 

 1.4)   Amorphous Anodic Al2O3 Films        

 

  Amorphous Al2O3 films can be formed by anodization of aluminum in acid 

solution. Nonporous Al2O3 films are formed in solutions that do not dissolved Al2O3, 

whereas Al2O3 films are developed in acid solutions, where partial solubility is 

possible [62]. The structure of Al2O3 films synthesized by anodization has been 
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studied by both X-ray adsorption fine structure (EXAFS) [63] and electron energy 

loss fine structure (EXELFS) techniques [64]. Amorphous Al2O3 films generally have 

been assumed to be a mixture of tetrahedrally and octahedrally coordinated 

aluminum. Results from both EXAFS and EXELFS have confirmed that dense Al2O3 

films contain 80% aluminum cations in octahedral sites and 20% in tetrahedral sites. 

The aluminum cations in the porous Al2O3 films predominantly have tetrahedral or 

even lower coordination. 

 

 1.5)    Alumina melt 

  

The radial distribution function for an Al2O3 melt recently have been reported 

by Ansell et al. [65] in the temperature range of 2200-2700 K using X-ray 

synchrotron radiation. Al2O3 undergoes structural rearrangement on melting with a 

change of the aluminum cations coordination from octahedral, in α-Al2O3, to 

predominantly tetrahedral in the Al2O3 melt. These results contradict those reported 

earlier by Waseda et al. [66], who found octahedrally coordinated aluminum as the 

fundamental cluster configuration in the melt. No explanation that might account for 

this discrepancy has been given. However, quenching experiments do support the 

proposed tetrahedral coordination above the melting point, because high cooling rates 

(>105 K/s) from the melt result in crystallization of either γ-alumina or various types 

of transition alumina phases, all containing tetrahedrally coordinated aluminum.       
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2) The formation and the crystal structure active aluminas 

 

 Metastable alumina phases are commonly obtained by one of the processing 

routes summarized in Table 3.1. Differences in the phase transformation sequence are 

result from the difference in the precursor structure [56, 67]. The temperature ranges 

of stability given for the transition aluminas are only approximate and depend upon 

the degree of crystallinity, impurities in the starting materials, and the subsequent 

thermal history. All the phases of transition alumina are reproducible and stable at 

room temperature. However, the transformation sequence is irreversible. The phase 

transformation sequences, from metastable Al2O3 structures to the final stable α-

alumina phase, reported in the literature on passing are also approximate.  

 

Table 3.1: Common processing routes resulting in formation of different metastable 

Al2O3 structures and sequences of phase transformation toward the stable α-alumina 
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 2.1) Dehydration Reactions      

  

Aluminas are usually obtained by dehydration of various hydroxides. Much 

controversy exists about the dehydration of various sequences, even in recent work 

[22-23]. Apart from difficulties in characterization of the obtained forms, most of the 

confusion arises from insufficient information concerning the reaction conditions. 

 

a) The dehydration of the trihydroxide 

 

 The dehydration of gibbsite in air and nitrogen give the sequence of products 

different from dehydration of bayerite and nordstrandite. Both crystallinity and 

particle size of gibbsite are much greater than those of bayerite and nordstrandite. Up 

to 25% of boehmite can be contaminated by the intergranular hydrothermal reactions 

in the dehydration product from gibbsite, whereas less than 5% is usually formed 

from bayerite and nordstrandite. However, very fine powders of bayerite [56] and 

gibbsite do not form any boehmite at all. 

 
 

  In the vacuum, three trihydroxide decompose at low temperatures into an 

almost completely amorphous product (ρ-alumina), which changes into γ- and η-

alumina and further into θ-alumina at high temperature.    

 

Gibbsite                 χ                κ               α 

Boehmite                    γ 

Bayerite and Nordstrandite               η               θ                α 

200oC               900oC        1200oC

180oC                                 450oC 
 
180oC 

230oC        850oC            1200oC 
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b) The dehydration of oxide hydroxide 

 

  Diaspore is only aluminum hydroxide that transforms directly into α-alumina 

[19], which initially has high surface area before recrystallization. 

 

  The dehydration sequence of boehmite depends on its crystallinity. Well 

crystallized boehmite (crystal sizes > 1 µ) decomposes according to : 

 

 
 

The δ phase is strongly dependent on the impurities and crystallinity of the boehmite. 

A small amount of Na favors the formation of θ-alumina, whereas Li and Mg stabilize 

δ-alumina and can prevent the formation of θ-alumina. If boehmite has low 

crystallinity, the formation of δ-alumina is retarded.  

 

 Gelatinous boehmite (pseudoboehmite) decomposes at temperature around 

300oC into alumina. Due to the poor crystallinity of the pseudoboehmite, formation of 

δ-alumina is hardly observed. Thus the dehydration scheme is:  

 

 
 

 

 

 

Well crystallized boehmite               γ                 δ               θ(+α)             α−Al2O3 
    450oC          700oC            1050oC                 1200o 

          Gelatinous boehmite               γ                 δ               θ+α             α−Al2O3 
    300oC          900oC            1000oC                 1200o 

Gibbsite 
Bayerite                ρ                     γ or η                      θ                       α 
Nonstrandite 

       200oC                                                          750oC                    1200oC 
 
 
 
      180oC

boehmite 
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 3.) The Structure of Aluminas 

 

 3.1) Structure of Al2O3 polymorphs based on face-centered cubic packing of 

oxygen anions 

 

 Al2O3 polymorphs based on fcc packing of oxygen are represented by eight X-

ray powder diffraction files, which are based on the experiments performed 30-40 

years ago. These files described structures denoted γ-, η-, δ-, and θ-phase with a few 

additional files in which the same phase notation is used for similar but not identical 

profiles. 

  

a) Cubic, spinel-type aluminas: γ- and η-Al2O3 

 

 γ- and η-Al2O3 have been described as defect spinel structure [22]. The ideal 

spinel structure AB2O4 is represented by 2×2×2 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 (Fig 3.1). The symmetry of the spinel 

structure is described by the mFd3  space group [68]. 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. 
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Figure 3.1: Three dimensional view of the spinel structure: White balls represent 

oxygen ions located at 32e Wyckoff positions. Large dark balls represent oxygen ions 

located at 16d, the smaller one represent 8a.  

 

The commonly accepted structural model of γ-Al2O3 is related to that of ideal 

spinel and it is assumed to contain oxygen ions in 32e Wyckoff positions, which are 

approximately close packed, while 64/3 aluminum cations (to satisfy Al2O3 

stoichiometry) are distributed over 16d octahedral and 8a tetrahedral sites [68]. In γ-

Al2O3, 8/3 aluminum vacancies have been assumed random distribution over the 

tetrahedral sites [67]. Therefore the cation sublattice is partially disordered, 

comparing with the ideal spinel. Despite this disorder, the symmetry relations 

between the equivalent cation positions remain mFd3 . 

 

 Shirasuka et al. [69] proposed that 62% of aluminum ions occupy 16-fold (16c 

and 16d) octahedral sites and assumed that the remaining aluminum ions distributed 

equally over the eightfold and the 48-fold tetrahedral sites. These results were 

confirmed by John et al. [70], who deduced that 62% of aluminum ions were in 

octahedral sites in η-Al2O3 according to the results from solid-state nuclear magnetic 

resonance (NMR). Recently, Zhou and Snyder [71] have applied Rietveld analysis of 

neutron diffraction profiles for the structure refinement of both γ- and η- structures. 

They have suggested that the presence of aluminum on abnormally coordinated 32e 
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sites in the surface layers of the both phases, but with no aluminum cations on the 

eight fold, tetrahedrally coordinated sites in η-Al2O3, in contradiction to the result by 

Shirasuka et al.  However, the Zhou and Snyder interpretation seems reasonable, 

because it is consistent with molecule dynamic simulations of γ-Al2O3 surface [72]. 

However, it is not clear how these results which are associated with the influence of 

surface ions are related to the bulk structure. 

 

    γ-Al2O3 obtained from thermal oxidation of aluminum containing alloys, by 

annealing of amorphous anodic Al2O3 films, or by plasma spraying shows preferred 

orientation (crystalline texture), with both <100>γ and <110>γ direction preferentially 

oriented parallel to the surface normal [73-74]. Recent molecular dynamic simulations 

of the surface structure of γ-Al2O3, which have included the non-integer number of 

cations in the unit cell, result in the following relation between the surface energies: 

γ{001} < γ{111} < γ{110} [72]. These results are consistent with a {100} preferential 

orientation. These calculations indicate that the surface energies of γ-Al2O3 are much 

lower than those for α-Al2O3, which is consistent with high specific surface area of γ-

Al2O3. 

 

 γ-Al2O3 developed by crystallization of anodic Al2O3 films or by thermal 

oxidation of aluminum and NiAl, contains a high density of {111} growth twins. 

These twins have been related to the platelike morphology of oxide scales [75-76] 

developed on the surface of NiAl during transient stages of thermal oxidation.      

  

b) Al2O3 structures with tetragonal-orthorhombic symmetry: δ-Al2O3 

 

 δ-Al2O3 has been described as a superlattice of the spinel structure with 

ordered cation vacancies [54]. The δ supercell has been confirmed to be a tripled unit 

cell of spinel with 160 ions per cell. Two possible unit cells have been suggested 

based on X-ray and SAD: either tetragonal with aδ = bδ = aγ, and  cδ = 3aγ [15−16] or 

orthorhombic with aδ = aγ, bδ = 1.5aγ, and  cδ = 2aγ [77-79]. 

 

 In all reports of the tetragonal δ unit cell, the structure has been derived from 

boehmite, whereas the orthorhombic δ unit cell has been observed for precursors 



 21

obtained by quenching the melt or by thermal oxidation. It is not clear whether either 

structures exist or the tetragonal structure is a misinterpretation of the experimental 

data. The SAD results available on the orthorhombic δ-Al2O3 structure provide 

convincing evidence for the existence of this polymorph [80], whereas X-ray data 

ascribed the tetragonal unit cell also could have been derived from orthorhombic unit 

cell [81].  

 

 Jayaram and Levi [80] have studied orthorhombic δ-Al2O3 by TEM. 

Convergent-beam electron diffraction (CBED) has been used to determine the space 

group and P212121 has been suggested.  

 

c) Al2O3 structures with monoclinic symmetry: θ, θ’’, λ, and θ’ Al2O3  

 

 The most studied Al2O3 polymorph with monoclinic symmetry is θ-Al2O3. 

This structure has the space group C2/m and contains 20 ions, with the aluminum 

cations equally distributed over octahedral and tetrahedral sites. In many reports, θ-

Al2O3 has been reported to be multiple twined, preliminary on the (001) plane [81]. 

Although the true symmetry of θ-Al2O3 has been determined to be monoclinic, this 

phase may also appear as orthorhombic due to polysynthetic twinning.  

 

 The existence of three additional monoclinic Al2O3 structure has been reported 

[82].   λ-Al2O3 has been observed in both plasma sprayed Al2O3 and thermally 

oxidized aluminum. θ’-Al2O3 has been found in annealed anodic Al2O3 films, and θ”- 

Al2O3 has been found in the plasma-sprayed Al2O3. Based on these results, all four 

monoclinic phase (θ-, θ”-, λ-, and θ’-Al2O3) are assumed to evolve from γ-Al2O3 by 

cation ordering on the interstitial sites of the oxygen subcell, which remains 

approximately undisturbed by these transformations. The lattice parameters and space 

groups of these four monoclinic Al2O3 phases, respected on γ-Al2O3 are summarized 

in Table 3.2. 
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Table 3.2: Metastable Al2O3 structures based on fcc packing oxygen anions 

 

Phase Lattice parameters Space group Cations/ 

unitcell 

Orientation relationship 

with respect to γ-Al2O3 

γ-Al2O3, 

η-Al2O3 

aγ ≈ 7.9 Å Fd3m 64/3  

θ-Al2O3 a ≈ 1.5aγ  

b = aγ √2/4 

c = aγ √2/2 

β = 104ο 

C2/m 8 (100)θ║ (001)γ 

[010]θ ║ [110]γ 

θ”-Al2O3 a ≈ 1.5aγ  

b = aγ √2 

c = aγ √2 

β = 104ο 

A12/n1t 64 (100)θ”║ (001)γ 

[010]θ” ║ [110]γ 

θ’-Al2O3 a ≈ aγ √3/2 

b ≈ aγ √2 

c ≈ aγ √2 

β ≈ 94ο 

C2/m 16 (010)θ’║ (110)γ 

[100]θ’ ║ [112]γ 

λ-Al2O3 a ≈ 3√2aγ/2 

b ≈ 2aγ  

c ≈ 1.5aγ  

β = 115ο 

P21/c 64 [010]λ║ [100]γ 

(100)λ ║ (013)γ 

δ-Al2O3 a ≈ aγ 

b ≈ 2aγ  

c ≈ 1.5aγ  

P212121 64 [100]δ║ [001]γ 

(100)δ ║ (100)γ 

δ’-Al2O3 a ≈ aγ 

c ≈ 3aγ  

P41 64 [001]δ’║ [001]γ 

(100)δ’ ║ (100)γ 
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3.2) Structure of Al2O3 polymorphs based on hexagonal close packing of 

oxygen anions. 

 

The common metastable Al2O3 crystal structures based on hcp close packing 

of the oxygen atom are κ- and χ-Al2O3. The existence of κ’-Al2O3 from the 

dehydration of tohdite has also been reported.  

 

The partial transformation of gibbsite into boehmite, which gives its own 

dehydration products upon further heating, greatly complicates the interpretation of 

X-ray measurements for the structure of κ- and χ-Al2O3. Three different unit cells 

have been proposed. Stumpth et al. [29] suggest that χ-alumina has a cubic (not 

spinel) unit cell of lattice parameter 7.95 Å, whereas other researchers [30] propose 

hexagonal unit cells with either a = 5.56 Å and c = 13.44 Å or a = 5.57 Å and c = 8.64 

Å. Hexagonal χ-alumina seems to possess a layer structure, the arrangement of anions 

being inherited from gibbsite, whereas the aluminum cations occupy octahedral sites 

with in the hexagonal oxygen layers. The stacking of the layers have strongly 

disordered in the c-direction. It is not yet clear whether all three of the above 

structures exist, or whether the differences among them are merely a matter of 

interpretation.   

 

κ’-Al2O3 has been described in terms of the hcp packing of oxygen anions 

(inherited from tohdite), with the random distribution of cations over both 

tetrahedrally and octahedrally coordinated positions [83]. This polymorph is 

considered to be a transient phase in the transformation of tohdite to κ-Al2O3. 

 

The structure of κ-Al2O3, which is considered important in the chemical vapor 

deposition (CVD) technology, had been believed for many years to be hexagonal [30, 

83]. However, a recent lattice image studied by Liu and Skogsmo [84] combined with 

CBED, shows that the true symmetry for this structure is orthorhombic. The 

pseudohexagonal symmetry then results from the coexistence of three twin-related 

orthorhombic variants rotated by 120o with respect to one another. The space group of 

κ-Al2O3 is Pna21 , and the lattice parameters are a = 4.69 Å, b = 8.18 Å and c = 8.87 
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Å. The proposed unit cell composes of 16 cations that are ordered on both 

tetrahedrally and octahedrally coordinated sites. 

      

 3.3) Structure of α-Al2O3  

 

α-Al2O3 posses trigonal symmetry with rhombohedral Bravis centering (space 

group R-3 c) and has 10 atoms in the unit cell. The crystallography of α-Al2O3 has 

been discussed in detail by Kronberg [85] and Bilde-Sorensen et al. [86]. The 

structure of α-Al2O3 can be considered as an hcp sublattice of oxygen anions, with 2/3 

of the octahedral interstices filled with aluminum cations in an ordered array. This 

simplified model describes the nature of the ion packing but is somewhat misleading, 

because it does not reflect true trigonal symmetry of the crystal. One consequence of 

the trigonal symmetry is the nonequivalence of cation layer translation along the 

[101 0] and [1 010] directions (using hexagonal indices), which has important 

implications for both basal slip and basal twinning in α-Al2O3, as discussed by 

Kaplan et al. [87] and Pirouz et a1. [88]. (In some cases this nonequivalence has been 

attributed incorrectly to the lack of an inversion center in α-Al2O3, which would be 

inconsistent with a -3  centrosymmetric point group.) 

 

The oxygen anions in α-A1203 occupy 18c Wyckoff positions (in the 

hexagonal description) with coordinates x,0,l/4 (x = 0.306), whereas the aluminum 

cations are located at 12c positions with coordinates 0,0,z (z = 0.347). Both x and z 

values deviate from the ideal value of 1/3, which would correspond to the atomic 

positions in the ideal close-packed structure. The aluminum cations are displaced 

along the [0001] direction toward the neighboring empty octahedral sites, resulting in 

a “puckering” of the cation layers. The cation displacements are accompanied by 

distortion of the oxygen sublattice. The hexagonal parameters for α-A1203, are c = 

1.297 nm and a = 0.475 nm, with c/a = 2.73 nm and corresponds to six oxygen layers 

along the c-axis of the unit cell. For the oxygen sublattice alone (three oxygen layers), 

c/a = 1.58, slightly smaller than the ideal value of 1.63 associated with a hard-sphere 

model. 
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3.2 Surface Area Measurement [38, 89]  

 

Surface area and pore size distribution are important properties of catalyst and 

catalyst support. These attributes are measured by the use of nitrogen 

adsorption/desorption isotherms at liquid nitrogen temperature and relative pressures 

(P/Po) ranging from 0.05-1.0.   

 

1) Total Surface Area  

 

The total to determine the method used to determine surface area, Table 1, 

showed that six of the respondents used a single point surface area of a catalyst can be 

measured by either a multipoint or single point technique. Results of a survey method, 

the remaining five respondents used a multipoint method. Most respondents used data 

points in the range of 0.05-.30 P/Po, only one used a P/Po below 0.05. In either the 

single point or multipoint method, the isotherm points are transformed with the BET 

equation: 

ommo P
P
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C

CWPPW
)1(1

]1)/[(
1 −

+=
−

 

where W is the weight of nitrogen adsorbed at a given P/Po, and Wm the weight of gas 

to give monolayer coverage and C, a constant that is related to the heat of adsorption. 

A linear relationship between 1/W[(Po/P)-1] and P/Po is required to obtain the 

quantity of nitrogen adsorbed. This linear portion of the curve is restricted to a limited 

portion of the isotherm, generally between 0.05-0.30. The slope and intercept are used 

to determine the quantity of nitrogen adsorbed in the monolayer and used to calculate 

the surface area. For a single point method, the intercept is taken as zero or a small 

positive value, and the slope from the BET plot used to calculate the surface area. The 

surface area reported will depend upon the method used, as well as the partial 

pressures at which the data are collected. 
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 2) Va-t plot 

 Various methods have been devised for comparing experimental isotherms 

with standard isotherm obtained on a suitable non-porous reference solid. The most 

convenient of these empirical methods is probably t method of Lippens and de Bore 

[89]. The t plot is a direct method for analyzing physical physical adsorption 

isotherms of gases and vapors. It is the plot of statistical thickness of the adsorbed 

film versus P/Po for nonporous adsorbents. 

  

 The statistical thickness is defined as the thickness of adsorbed nitrogen, 

calculated by assigning the same density of adsorbed layer as a capillary condensed 

liquid. This value obtained by dividing the volume of adsorbed nitrogen at a given 

relative pressure P/Po by the specific surface area: 

 

4
4

10)/).(4.22/(10
××=

×
= SVVM

S
Xt asp Å 

 where: 

 t is the statistical thickness of adsorbed layer; 

 X, the adsorbed volume in ml of liquid adsorbate; 

 S, the specific surface area in m2/g; 

 M, the molecular weight of adsorbate; 

 Vsp, the specific volume of the adsorbate in ml/g; and  

 Va, the specific volume of the adsorbate in ml gas STP/g of adsorbent. 

 For nitrogen we obtained 

 

SVt a /47.15=  
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 For S in this equation, we can estimate this value by BET surface area 

calculated from the volume of monolayer adsorbed Vm.  

 

mBET VS 37.4=  m2/g 

 

 Introducing to the equation of t we obtain: 

 

)/(54.3 ma VVt = Å 
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3.3 Hydrothermal method [90] 

 

The method involves heating the reactants in water/steam at high pressure and 

high temperature. Water performs two roles, i.e. as a pressure-transmitting medium 

and as solvent, in which the solubility of the reactants is pressure and temperature 

dependent. In addition, some or all of the reactant are soluble in the water under 

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

phases. Under these conditions, reactions that would occur only at much high 

temperatures in the absence of water may occur. The method is therefore particularly 

suited for the synthesis of phases that are unstable at higher temperatures. It is also a 

useful technique for growing single crystals. By arranging suitable temperature 

gradient in the reaction vessel, dissolution of the starting material may occur at the hot 

zone and reprecipitation at the cooler zone of the vessel. 

 

Hydrothermal equipment is basically a tube, usually of steel, closed at one 

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

Alternatively, the “bomb” may be connected directly to and independent pressure 

source, such as a hydraulic ram; this is known as the “cold seal” method. The reaction 

mixture and an appropriate amount of water are placed inside the bomb, which is then 

sealed and placed inside an oven at the required temperature, usually at a temperature 

in the range of 100-500oC. Pressure is controlled either externally or by the degree of 

filling in a sealed bomb. According to the P/T phase diagram, Figure 3.2, curve AB is 

saturation curve which separates liquid water (above) from steam (below). At 

temperatures above 374oC, (point B), the water is in the supercritical condition and 

there is no distinction between liquid and vapor states.  

 

The applications of the hydrothermal method are: 

 

1) Synthesis of new phases: calcium silicate hydrate. 

 

Hydrothermal methods have been used successfully for the synthesis of many 

kinds of material. A good example is the family of calcium silicate hydrates, many of 

which are important components of set cement and concrete. Typically, lime (CaO) 

and quartz (SiO2) are heated with water at temperatures in the range of 150 to 500oC 
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and pressure of 0.1 to 2 kbar. The synthesis of different from of calcium silicate 

hydrate requires different reaction conditions composition of starting mixture, 

temperature, pressure and time. For example, xonolite, Ca6Si6O17(OH)2, may be 

prepared by heating equimolar mixtures of CaO and SiO2 at saturated stream 

pressures and temperature in the range of l50 to 350oC. 

 

2) Growth of single crystals. 

 

For the growth of single crystals by hydrothermal methods, it is often 

necessary to add a mineralizer. A mineralizer is a compound added to the aqueous 

solution that speeds up the crystallization. It usually operates by increasing the 

solubility of the solute through the formation of soluble species that would not usually 

be in the water. For instance, the solubility of quartz in water at 400oC and 2 kbar is 

too small to permit the recrystallization of quartz, in a temperature gradient, within a 

reasonable time. With an addition of NaOH as a mineralizer, however, large quartz 

crystals can be readily grown. Using the following conditions, crystals of kilogram 

size have been grown: quartz and 1.0 M NaOH solution being held at 1.7 kbar and 

400oC where some of the quartz dissolves. Temperature gradient is arranged in the 

reaction vessel. At 360oC the solution is supersaturated with respect to quartz, which 

precipitates onto a seed crystal. Therefore, quartz dissolves in the hottest part of the 

reaction vessel and is transported throughout the vessel via convection currents. 

Finally, it precipitates in cooler part of the vessel where its solubility in water is 

lower. Quartz single crystals are used in many devices such as radar and sonar, 

piezoelectric transducers and as monochromators in X-ray diffraction. World 

production of quartz single crystals, using hydrothermal and other methods, is 

currently a staggering at 600 tons annually.  

 

Using similar method, many substances have been prepared as high quality 

single crystals, e.g. corundum (A12O3) and ruby (A12O3 doped with Cr3+). 
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Figure 3.2: (a) Pressure-temperature relations for water at constant volume, dashed 

curves represent pressures developed inside a close vessel by water at ordinary P, T. 

(b) Schematic hydrothermal bomb used for crystal growth. [90]     
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3.4 Sintering of crystalline materials 

 

 Sintering is a process of densification driven by interfacial energy. Material 

moves by viscous flow or diffusion in such a way to eliminate porosity and thereby 

reduce the solid/vapor interfacial area.  There are many excellent reviews on this 

subject, including the text by Kingery et al. [91]. Coble and Burke [92] described the 

physical principles of sintering, including early theoretical and experimental work. 

Theoretical and practical aspects of microstructural control sintering are discussed by 

Yan [93] 

 

As for viscous sintering, the driving force for densification of crystalline 

materials is surface energy. The surface energy is often higher than for glasses, typical 

values being ~1000-1200 ergs/cm2 [91] but are equally weakly dependent on 

temperature and composition. Material tends to move from regions of positive 

(convex) curvature to regions of negative (concave) curvature. This leads to the filling 

of necks between particles. One important aspect, in which crystalline and amorphous 

materials are different, is that the plane of contact between crystals, called the grain 

boundary, has a specific interfacial energy, γgb. This energy reflects the fact that the 

crystal planes in the respective particles do not match perfectly at the boundary. The 

existence of the grain boundary energy means that the energy gained by eliminating 

porosity is partially offset by the energy invested in creating necks between the grains.  

It also means that grains have a tendency to grow to reduce their energy by decreasing 

their surface-to-volume ratio.  The grain boundary energy dictates the shape of pores. 

Balance of forces requires that the surfaces of the grains meet at the grain boundary at 

the dihedral angle, ψ, where 

 

ψ = 2cos-1(γgb/γsυ) 

 

The pore will shrink if the surface of the grains is concave toward the pore. 

The tension created by curvature produces higher concentration of vacancies, so that 

atoms tend to diffuse from the grain boundary to the surface of pore. When many 

grains surround a pore, the requirement of preserving ψ at the grain boundary forces 

the grains to have positive curvature i.e. the center of curvature is within the solid 
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phase. This reduces the vacancy concentration at the surface of the pore, inducing 

diffusion away from the pore, causing it to grow. Whether a pore will shrink or grow 

thus depends on the value of ψ and the number of grains surrounding the pore [94] 

(the fewer neighbors, the more likely it is to shrink). Neither stable nor growing pores 

are thermodynamically favorable in amorphous systems. This is account in part for 

the relative ease of glasses sintering.  

 

 

 
Figure 3.3: Paths for material transport in sintering of crystalline materials [89] 

 

Several mechanisms and paths by which material can be transported are 

illustrated in Figure 3.3.  The easiest paths are (1) along the surface of the particle and 

(3) through the vapor phase. Both surface diffusion and evaporation/condensation      

carry material to the neck and thereby reduce the energy of the system, but neither 

mechanism produces densification. The same is true for path (2), which brings 

material from the convex surface to the neck by diffusion through the crystal lattice. 

Such processes coarsen the body by making the necks and possibly the pores, larger 

(see Figure 3.4). Shrinkage can only occur if material is removed from the point of 

contact (i.e., from the grain boundary), so that the centers of the particles can move 

toward one another. Paths (4) and (5) carry material from the grain boundary to the 

perimeter of the neck, resulting in shrinkage. The mobility of the atoms is high within 

the grain boundary, but the flux of atoms is small because the grain boundary is very 
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thin (~l nm).  Diffusion through the lattice is much slower, but the flux can pass 

through a much larger area. Thus, the net rate of transport by lattice diffusion may by 

greater. The size of the particles influences whether grain boundary diffusion or 

lattice diffusion (also called volume diffusion) is more important:  the smaller the 

grain, the larger the volume fraction occupied by the grain boundary.  In addition, the 

activation energy for grain boundary and surface diffusion are lower than the 

activation energy for lattice diffusion, so the latter tends to dominate at higher 

temperatures. The kinetics of sintering depend on which of these paths and transport 

mechanisms is dominant. The importance of grain boundaries in sintering of 

crystalline materials can hardly be overestimated. A pore that is not intersected by a 

grain boundary is, for all practical purposes, trapped. That is, a pore inside a grain 

cannot shrink without diffusion of atoms through the grain from some distance 

boundary. 

 

 
 
Figure 3.4 Coarsening is a growth in the neck between particles without any decrease 

in the distance between their centers. Densification requires removal of material from 

the grain boundary between particles. [89] 



 
CHAPTER IV 

 
EXPERIMENTAL 

 

The experimental system and the procedures for preparation of alumina are 

presented in this chapter. There are two different types of equipments explained in 

this chapter depend on the experiment done at Inoue laboratory Kyoto Japan (IL) or 

Catalysis laboratory Thailand (CL). The chemicals and the experimental equipment 

are shown in sections 1 and 2, respectively. The preparation and characterization of 

products are explained in section 3 and 4, respectively. 

 

4.1 Chemicals 

 

 The list of chemicals using in the experiment are shown in the following: 

1. Aluminum isopropoxide (98%+) (AIP, ((CH3)2CHO)3Al) available from 

Aldrich Chemical Company, USA.  

2. Toluene (99%) C6H5CH3 available from Merck Co., Ltd., Germany.  

3. Mineral oil available from Merck Co., Ltd., Germany. 

4. Ultra high purity nitrogen gas (99.99%vol.) with oxygen and moisture content 

less than 3 ppm available from Thai Industrial Gas Co., Ltd., Thailand. 
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4.2 Equipment 

 

All equipments using for the catalyst preparation consisted of: 

 

4.2.1) Autoclave reactor 

 

- Made from stainless steel 

- Volume of 1000 cm3 (IL) 200 cm3 (CL) 

- Maximum temperature of 350oC 

- Pressure gauge in the range of 0-140 bar (IL) and 0-300 bar (CL) 

- Relief valve used to prevent the runaway reaction (CL) 

- Iron jacket was used to reduce the volume of autoclave to be 300 cm3 (CL) 

- Test tube was used to contain the reagent and solvent 

- Cooling line was used to condense the solvent vaporizing from the 

autoclave  

 

The autoclave reactor is shown in Figure 4.1 

 

 
 

Figure 4.1: Autoclave reactor 
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4.2.2) Temperature program controller 

 

A temperature program controller was connected to a thermocouple attached 

to the reagent in the autoclave. 

 

            4.2.3) Electrical furnace (Heater) 

 

Electrical furnace supplied the required heat to the autoclave for the reaction.  

 

 

 

2.4) Gas controlling system 

 

Nitrogen was set with a pressure regulator (0-150 bar) and needle valves are 

used to release gas from autoclave. 

  

 The diagram of the reaction equipment is shown in Figure 4.2. 

 

 
 

 

Figure 4.2: Diagram of the reaction equipment for the catalyst preparation 
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4.3 Synthesis of alumina 

 

 Appropriate amount of aluminum isopropoxide (AIP) was dissolved on 100 

ml of inert organic solvent (toluene or mineral oil) 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 and heated up to the desired temperature at a rate of 2.5oC/min, and held at 

that temperature for a desired reaction time. After the mixture was cooled down, the 

resulting product was repeatedly washed with acetone and then dried in air.  

  

 For the experiment in Japan the same procedure was followed but only 60 ml 

of toluene was added in the beaker. 

 

 For some experiments in toluene, a different drying process was applied as 

follows.  After the reaction for 2 h, the valve of the autoclave was slightly opened to 

release the organic solvent from the autoclave by flash evaporation while keeping at 

the reaction temperature. The valve was opened until the pressure inside the autoclave 

was decreased to atmospheric level. The dry products were obtained directly after the 

assembly was cooled down without the step of washing by methanol and 

centrifugation. 

 

 The calcination of the thus-obtained product was carried out in a box furnace. 

The product was heated at a rate of 10oC/min to a desired temperature and held at that 

temperature for 1 h. 
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4.4 Characterization 

 

 4.4.1) X-ray diffraction (XRD) 

 

 In Thailand, the powder X-ray diffraction (XRD) was performed on a X-ray 

diffractometer SIEMENS D5000. The experiment was carried out by using Ni-filtered 

CuKα radiation, whereas a powder X-ray diffractometer (Shimadzu XD-D1, Kyoto, 

Japan) was operated using CuKα radiation and a carbon monochromator in Japan. 

Scans were performed over the 2θ ranges from 10o to 70o. The crystallite size was 

calculated from the Scherrer equation. The value of shape factor, K, was taken to be 

0.9 and α-alumina was used as an external standard. 

  

 4.4.2) Scanning electron microscopy (SEM) 

  

 The morphology and the size of secondary particle of the samples were 

observed on a JSM-5410LV scanning electron microscope at the Scientific and 

Technological Research Equipment Center, Chulalongkorn University (STREC). 

 

 4.4.3) Transmission electron microscope 

 

 The morphology and the size of primary particles of the samples were 

observed on a JEOL TEM-200cx transmission electron microscope, operated at 100 

kV at the Scientific and Technological Research Equipment Center, Chulalongkorn 

University (STREC). 

 

  4.4.4) Thermogravimetric analysis and Differential thermal analysis 

(TG&DTA) 

  

 The weight loss and thermal behavior of the samples were performed on a 

Shimadzu TG-50 thermal analyzer at a heating rate of 10oC min-1 in a 40 ml min-1 

flow of dried air. 
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 4.4.5) Infrared Spectroscopy 

 

 The functional group in the samples was determined by using an Infrared 

spectrometer Nicolet Impact 400 at Petrochemical Engineering Laboratory, 

Chulalongkorn University. Before measurement, the sample was mixed with KBr and 

then was formed into a thin wafer.  

 

 4.4.6) Surface area measurement 

  

 Nitrogen adsorption isotherms were determined on a gas sorption system 

(Quantachrome, Autosorb-1, Yuasa-Ionics, Tokyo, Japan). The pore size distribution 

was calculated by BJH method using desorption branch of the isotherm. 

 

 Specific surface area of the product was calculated using the BET single point 

method on the basis of nitrogen uptake measurement at 77 K. 

 



CHAPTER V 

 
RESULTS AND DISCUSSIONS 

 

 In this chapter, the experimental results and discussions are presented and 

divided into 4 sections. Effects of reaction conditions on the formation of χ-alumina 

prepared by the thermal reaction of AIP in toluene, which is important in the study of 

the crystallization mechanism of χ-alumina, is discussed in section 5.1. Section 5.2 is 

devoted to the effects of stirring and product recovery method on the properties of χ-

alumina, i.e., phase transformation behavior, pore size distribution, and pore volume. 

Thermal decomposition of AIP in mineral oil is presented in section 5.3. Finally, the 

phase transformation behavior of χ-alumina prepared in both solvent is proposed in 

section 5.4. 

 

5.1 Effect of reaction conditions on the formation of χ-alumina  

 
The XRD patterns of products obtained by the thermal decomposition of AIP 

in toluene under various conditions are shown in Figure 5.1.  The product obtained by 

the reaction at 300oC for 2 h (Al300C2h) was essentially amorphous, although weak 

peaks due to pseudoboehmite were apparently observed.  On the other hand, the XRD 

pattern of Al315C2h clearly showed a peak at 2θ = 42.5o.  This peak corresponds to 

the prohibited 321 diffraction of the spinel structure and clearly indicates the 

formation of χ-alumina [24, 26, 51].  An amorphous product was obtained when the 

reaction was quenched just after the autoclave temperature reached 315oC 

(Al315C0h).  This result suggests that crystallization of χ-alumina took place by a 

solid-state transformation mechanism from the amorphous product deposited from the 

solution.  
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Figure 5.1: XRD patterns of the product obtained by thermal decomposition of AIP in 

toluene under various conditions 

 

To examine the stoichiometry of the reaction, the recovered solvent was 

analyzed by gas chromatography. Only toluene was detected, but 2-prpanol was not 

found, indicating that the organic moiety of AIP decomposed into propene. Therefore, 

overall reaction can be written as follows:   

                     toluene 

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

 

When a large amount of water (5-10 ml) was added in the gap between the 

autoclave wall and the test tube, pseudoboehmite was formed by the hydrothermal 
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reaction of AIP.  However, a small amount of water (0.7 ml) did not affect the 

formation of χ-alumina, indicating that the presence of toluene in the reaction 

retarded the hydrothermal conversion into pseudoboehmite.  Note that this procedure 

avoids direct hydrolysis of AIP because water was not added to the reaction vessel.  

However, water dissolved in the reaction medium from the gas phase at high 

temperatures facilitates hydrothermal crystallization of the products.  This method 

was originally applied for the synthesis of large surface area zirconia from zirconium 

alkoxide [11].   

 

Physical properties of the as-synthesized products are summarized in Table 

5.1. Amorphous products (Al300C2h and Al315C0h) had higher surface areas and 

lower bulk densities and exhibited larger weight losses when compared with the χ-

alumina products.  Surface areas and crystallite sizes of the latter products fell within 

a relatively narrow range irrespective of the reaction conditions. 

 

Table 5.1: The physical properties of products obtained by the thermal decomposition 

of AIP in toluene with the different of reaction temperature and holding time 

 

Sample name BET surface area  

(m2/g) 

Crystallite size 

(nm) 

Bulk density 

(g/cm3) 

%Weight loss 

Al300C2h 292 - 0.34 28 

Al315C0h 291 - 0.35 36 

Al315C2h 201 10.3 0.6 12 

Al325C2h 211 10.7 0.64 18 

Al315C4h 213 10.8 0.67 11 

25Al315C2h 244 9.9 0.6 16 

 
Al300C2h means the product prepared by the reaction of AIP in toluene at 300oC for 2 h.  
Al315C0h means the product prepared by the reaction of AIP in toluene at 315oC for 0 h.  
Al315C2h means the product prepared by the reaction of AIP in toluene at 315oC for 2 h.  
Al325C2h means the product prepared by the reaction of AIP in toluene at 325oC for 2 h.  
Al315C4h means the product prepared by the reaction of AIP in toluene at 315oC for 4 h.  
25Al315C2h means the product prepared by the reaction of 25 g of AIP in toluene at 315oC for 2 h. 
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If one assumes that the primary particle of χ-alumina is a sphere having a 

diameter identical to the crystallite size (10 nm), and that the true density of χ-

alumina is 3.0, the specific surface area of the sphere is calculated to be 200 m2/g. 

This value is in good agreement with the observed surface areas of the products, 

indicating that each primary particle (crystallite) of the product exposes its entire 

surface to the adsorbate molecules (nitrogen). 

 

 It must be noted that χ-alumina (Al(25g)315C2h) was also obtained when a 

large amount of AIP (25 g) was charged to the reaction. This is important for a large-

scale production of χ-alumina. As shown in Table 5.1, the increase in the charged 

amount of AIP slightly decreased the crystallite size and increased the BET surface 

area of the product.  This result can be explained by the increase in the nucleation 

population in the homogeneous solution. 

 

 
 

. 

Figure 5.2: TG and DTA data of the products: (A) Al315C4h, (B) Al315C2h, (C) 

25Al315C2h, (D) Al325C2h, (E) Al315C0h, (F) Al300C2h 
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Results for thermal analysis of the products are shown in Figure 5.2. Two 

weight-decrease processes were detected, both of which were accompanied by 

endothermic peaks in DTA.  The first was observed below 160oC and is due to the 

desorption of physisorbed water. The second weight decrease occurred at 300-600oC 

and may be attributed to the dehydration of surface hydroxyl groups. However, if one 

assumes that the whole surface (200 m2/g) of the product is covered with surface 

hydroxyl groups, each of which occupies 7.8 x 10-2 nm2 (calculated from the cell 

dimension of gibbsite), the weight decrease due to the dehydration of the surface 

hydroxyl groups yielding surface anion vacancies and surface oxide ions is calculated 

to be 3.83%. The observed weight decrease at 300-600oC was 4.2-5.6% and exceeds 

the calculate value.  Therefore, the products seem to contain structural hydroxyl 

groups or strongly bound chemisorbed water.   

 

IR spectra of the products are shown in Figure 5.3.  Peaks characteristic of 

organic moieties such as isopropyl groups and aromatic rings were not observed, 

indicating that the organic moiety of AIP decomposed completely during the reaction 

and only hydroxyl groups was presented on the surface of products.  All the products 

exhibited weak bands due to boehmite [12]. Since the transition alumina had a broad, 

featureless band in the structural vibration region, presence of a small amount of 

boehmite can be detected by the IR spectra even though XRD patterns did not exhibit 

the peaks due to boehmite. 
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Figure 5.3: The IR spectra of as-synthesized products 
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Figure 5.4: The XRD patterns of the product obtained by the thermal decomposition 

of AIP in toluene at 300oC for 2 h and calcined product thereof at various 

temperatures. 
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Figure 5.5: The XRD patterns of the product obtained by the thermal decomposition 

of AIP in toluene at 315oC for 2 h and calcined product thereof at various 

temperatures. 
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Figure 5.6: The XRD patterns of the product obtained by the thermal decomposition 

of AIP in toluene at 325oC for 2 h and calcined product thereof at various 

temperatures. 
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Figure 5.7: The XRD patterns of products obtained by the thermal decomposition of 

AIP in toluene at 315oC without holding time calcined at various temperatures. 
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Figure 5.8: The XRD patterns of the product obtained by the thermal decomposition 

of AIP in toluene at 315oC for 4 h calcined at various temperatures. 
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The XRD patterns of Al300C2h calcined at various temperatures are shown 

in Figure 5.4.  From the amorphous product, γ-alumina crystallized at lower 

temperatures. The XRD peaks due to θ-alumina were observed for the sample 

calcined at 1100oC, and crystallization of α-alumina started at around this 

temperature. Note that the peak at 42.5o 2θ was not observed during the thermal 

transformation of the amorphous products. Since χ-alumina was not formed by 

thermal treatment of the amorphous phase, crystallization in the inert organic solvent 

seems to be essential for the formation of χ-alumina. 

 

Figure 5.5 shows the XRD patterns of the product obtained by the reaction of 

AIP in toluene at 315oC for 2 h (Al315C2h) and subsequently calcined at various 

temperatures. The direct phase transformation of χ-alumina to α-alumina started at 

calcination temperature around 1100oC and almost completely transformed at 1150oC. 

The XRD patterns of the products obtained by the thermal decomposition of AIP in 

toluene at 325oC for 2 h (Al325C2h) calcined at various temperatures are shown in 

Figure 5.6. It is clearly observed that the α phase transformation was not complete at 

1150oC.  

 

The XRD patterns of the calcined product obtained by the thermal 

decomposition of AIP in toluene at 315oC without holding time (Al315C0h) are 

shown in Figure 5.7. Phase transformation behavior of Al315C0h, as this product was 

amorphous, was similar to that of Al300C2h, although the amount of θ-alumina 

remaining after calcinations at 1150oC was smaller than that for Al300C2h.These 

results indicate that χ-alumina is not formed by thermal treatment of the amorphous 

phase. Instead, crystallization in inert organic solvent is essential for the formation of 

χ-alumina. The α phase transformation still occurred at around 1100oC and complete 

at 1150oC.  

 

Figure 5.8 shows the XRD patterns of Al315C4h calcined at various 

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

around 1100oC and essentially completed at 1150oC.  A small amount of θ-alumina 

was detected for the sample calcined at 1150oC, and this phase seems to be formed 

from contaminated pseudoboehmite detected by the IR spectrum.  Al315C2h 
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exhibited phase transformation behavior similar to that of Al315C4h.  

 
In general, χ-alumina obtained by the dehydration of gibbsite (<200 nm) 

transforms into α-alumina through κ-alumina [22, 24, 25, 26, 29]: 

 

gibbsite     χ-alumina     κ-alumina    α-alumina  

 

However, χ-alumina obtained by the thermal decomposition of AIP in toluene 

transformed to stable α-alumina directly, bypassing the formation of the high 

temperature transition alumina, i.e., κ-alumina.  

 

In the literature, direct transformation of low temperature transition aluminas 

(i.e., γ-, η- and χ-aluminas) into α-alumina without formation of high temperature 

transition aluminas (i.e., δ-, θ- and κ-phases) has been reported.  For example, Chou 

and Nieh synthesized nanocrystalline alumina thin films by radio-frequency reactive 

sputtering deposition, and reported that the nucleation of α-alumina occurred along 

{220} crystallographic plane of γ-alumina [95]. Johnston et al. reported that γ-alumina 

prepared by laser ablation of an aluminum target in an oxygen atmosphere directly 

transformed into α-alumina at 1200oC, and they suggested that this result was due to 

the lack of water in the as-synthesized powders [96]. Shek et al. reported that 

amorphous powders prepared by oxidation of pure aluminum metal crystallized to γ-

alumina, which directly transformed to α-alumina at 1370 K.  They attributed this 

result to facilitation of nucleation of α-alumina by the strain relaxation of the 

transition alumina lattice [53]. However, relaxation of the γ-alumina structure should 

decrease the energy level of γ-alumina and disturb the nucleation of more stable 

phases. Simpson et al. reported that samples prepared via electron-beam evaporation 

of alumina onto a sappier substrate held at room temperature crystallized into γ-

alumina, which transformed into α-alumina without formation of the other 

intermediate phases [50].  They attributed this result to the epitaxial growth of α-

alumina on the sapphire substrate. Ogihara et al. prepared monodispersed, spherical 

alumina by the controlled hydrolysis of aluminum alkoxide in a dilute solution 

containing octanol and acetonitrile [97].  They found that the amorphous product 
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crystallized to γ-alumina at 1000oC which converted to α-alumina at 1150oC without 

intermediate phases [97]; however they did not give any explanation to this result.  It 

is also reported that γ-alumina formed by thermal decomposition of aluminum sulfate 

transforms into α-alumina directly [98-100].  

 

Although we cannot draw common feature for the aluminas that directly 

transform into α-alumina, the following two points are addressed: 

 

1) Except those formed from aluminum sulfate, the transition aluminas that 

exhibited direct transformation into α-alumina were prepared from aluminum metal 

or alkoxide and therefore free from foreign ions.  

 

2) γ-Alumina crystallized at high temperatures has tendency to transform to 

α-alumina without formation of high temperature transition aluminas. 

 

 The first point would stabilize the low temperature transition alumina 

structure and disturb the crystallization of high temperature transition alumina, 

thereby facilitating direct crystallization of α-alumina. For the second point, γ-

alumina crystallized at high temperature would contain a lesser number of crystal 

defects than that crystallized at lower temperatures, since sufficient thermal energy is 

supplied at the crystallization stage.  This also lower the energy level of the transition 

alumina and prohibits the formation of high temperature transition aluminas. 

 

Gibbsite is usually contaminated with a small amount of Na+ ions [22, 24], 

and thermal dehydration of gibbsite yielding χ-alumina cannot eliminate the Na+ ions 

from the matrix.  Therefore, it exhibits very broad peaks in the XRD pattern due to the 

low crystallinity and many defects in the structure. It is possible that these defects in 

the χ-alumina structure promote the formation of κ-alumina.  On the other hands, χ-

alumina obtained by the thermal decomposition of AIP in toluene is not contaminated 

with Na+ ions.  Moreover, the presence of a small amount of water in the solvothermal 

reaction possibly increases the crystallinity of the product.  These situations stabilize 

the χ-alumina structure and disturb the formation of κ-alumina, facilitating direct 

transformation into α-alumina. 
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The BET surface areas of the calcined products are summarized in Table 5.2. 

Although the BET surface areas of the amorphous products (Al300C2h and 

Al315C0h) were higher than those of the χ-alumina products, they rapidly decreased, 

and ~50 m2/g of the surface area remained when the products were calcined at 

1100oC. On the other hand, Al325C2h exhibited higher thermal stability, and 

maintained a BET surface area of 85 m2/g after calcination at the same temperature.  

 

It is generally believed that the α-transformation occurs by the nucleation 

and growth mechanism [20, 37, 101]. Although phase transformation of an oriented γ-

alumina film was reported to proceed by a topotactic process [95], this result should 

be considered to be rather special case [51, 102], because topotactic transformation of 

transition aluminas in powder or pellet form has never been reported. Since formation 

α-alumina from transition alumina requires rearrangement of cubic oxygen-sublattice 

into hexagonal one, large activation energy is required. Nucleation of α-alumina is the 

rate-determining step and explosive crystal growth follows [20, 37, 101]. Because of 

the rapid crystal growth accompanied by α-alumina transformation, surface area of 

the product calacined at 1150oC abruptly decreased as shown in Table 5.2.  

 

Imamura et al. compared the catalytic activities of χ-alumina prepared by the 

present method and γ-alumina obtained by the hydrolysis of AIP, and found that these 

two catalysts had essentially identical activities for the isomerization of 1-butene, 

although the latter material had a higher surface area (261 m2/g) [103]. Moreover, 

they also reported that calcinations at 1000oC of the χ-alumina maintained 56% of the 

surface area of the as-synthesized product, while that of the γ-alumina decreased to 

37% [103].  This result is reasonable because the former compound did not suffer 

from the phase transformation, while the latter transformed into high temperature 

transition aluminas. 
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Table 5.2: BET surface area of the product products obtained by the thermal 

decomposition of AIP in toluene with the different of reaction temperature and 

holding time calcined at various temperatures 

 

BET surface area (m2/g) 
Sample name 

As-syn 1000oC 1100oC 1150oC 

Al300C2h 292 117 47 25 

Al315C0h 291 107 55 10 

Al315C2h 201 137 85 11 

Al325C2h 211 105 75 43 

Al315C4h 213 100 80 15 
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5.2 Effect of product recovery and stirring 

 

Figure 5.9 shows the XRD patterns of the products obtained by the reaction 

of AIP in toluene at 315oC with stirring (SAl315C2h) and/or with the removal of the 

solvent at the reaction temperature (SPAl315C2h and SAl315C2h) showed that all the 

products were χ-alumina.  The physical properties of the products are summarized in 

Table 5.3.  By the removal of the solvent at the reaction temperature, BET surface 

area slightly increased and total pore volume significantly enlarged, while bulk 

density of the product decreased.  These results can be attributed to the fact that this 

procedure avoided coagulation of the particles caused by surface tension of the liquid 

remaining among the particles [34], which takes place during the drying stage of the 

ordinary procedure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 5.3.  Effect of stirring and product recovery procedure on the physical properties of the as-synthesized product 

obtained by the thermal decomposition of AIP in toluene  

 

 

 

Sample  

BET 

surface area 

(m2/g) 

Crystallite

Size 

(nm) 

 

St
†

 

 (m2/g) 

Bulk 

density 

(g/cm3) 

Total pore  

volume‡  

(cc/g) 

Average pore 

diameter¶ 

 (nm) 

Mode pore 

diameter* 

 (nm) 

Al315C2h 201 10.3 203 0.6 0.709 14.1 

SAl315C2h 285 12.4 283 0.57 0.626 8.8 

PAl315C2h 255 8.3 243 0.1 1.899 23.5 

SPAl315C2h 281 9.3 281 0.12 2.321 33.1 

13.2 

7.4 

- 

- 

Al315C2h means product prepared by the reaction of AIP in toluene at 315oC for 2 h.  
SAl325C2h means product prepared by the reaction of AIP in toluene at 315oC for 2 h with stirring. 
PAl325C2h means product prepared by the reaction of AIP in toluene at 315oC for 2 h and recovered by super critical drying method.  
SAl325C2h means product prepared by the reaction of AIP in toluene at 315oC for 2 h with stirring and recovered by super critical drying 
method. 
†Calculated from the initial slope of the t-plot. ‡Total nitrogen uptake at relative pressure of 0.98. ¶Calculated from 
total pore volume and BET surface area assuming that the pore is tubular.  *Calculated from the desorption branch of 
the isotherm using the BJH method.   
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Figure 5.9: The XRD patterns of the products obtained by the reaction of AIP in 

toluene at 315oC by different reaction and product recovery conditions 
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Although the reaction temperature (315oC) was slightly lower than the 

critical point of toluene (318 oC), the fluid near the critical point has a nature similar 

to that of the supercritical fluid, and therefore this product recovery procedure can be 

considered as the supercritical drying method [34, 35]. By using this procedure we 

can conduct both the solvothermal reaction and supercritical drying in one pot, 

avoiding bothersome work up processes and coagulation of the products [36]. 

 

The XRD patterns of SAl315C2h calcined at various temperatures are shown 

in Figure 5.10. The phase transformation started at around 1100oC and completed at 

1150oC.  θ-Alumina was not detected during the phase transformation.  This result 

suggests that SAl315C2h is more homogeneous than Al315C2h.  Since water content 

in the gas phase is much higher than that in the reaction medium, particles formed 

near the surface of the medium can be affected by water in the gas phase.  Stirring 

during the reaction can avoid this effect, and therefore, more homogeneous product 

was obtained.   

 

BET surface areas of the calcined products are summarized in Table 5.4.  It 

must be noted that the stirring during the reaction had a minor effect on the physical 

properties of the calcined products, although SAl315C2h had a larger surface area 

than Al315C2h.  As discussed above, the reaction proceeds by initial formation of an 

amorphous phase through the deposition from a homogeneous solution followed by 

transformation into χ-alumina with the aid of adsorbed water.  The surface area of the 

χ-alumina products seems to be determined by the particle size of the amorphous 

phase, which was, in turn, determined by supersaturation degree of the system.  

Therefore, stirring scarcely affected the surface areas of the calcined products. 

 

Figures 5.11 and 5.12 show the XRD patterns of the products obtained by the 

reaction of AIP in toluene and the fluid phase was separated by the supercritical 

drying method with (SPAl315C2h) and without stirring (PAl315C2h) respectively. 

The phase transformation started at around 1150oC and almost completed at around 

1200oC. PAl315C2h showed essentially the same phase transformation behavior as 

SPA315C2h. Note that the transformation temperatures of the products obtained by 

supercritical drying were more than 50oC higher than those recovered by the ordinary 
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method.  This point will be discussed later. 

 

As is shown in Table IV, SPAl315C2h and PA315C2h maintained high 

surface areas of ~75 m2/g even after calcinations at 1150oC.  This result can be 

attributed to the fact that these products transformed into α-alumina at higher 

temperatures.  

 

 

Table 5.4: The BET surface areas of products calcined at various temperatures 

 

BET surface area (m2/g) 
Sample name 

As-syn 1000oC 1100oC 1150oC 1200oC 

Al315C2h 201 137 85 11 7 

SAl315C2h 285 132 85 13 8 

PAl315C2h 255 142 108 73 10 

SPAl315C2h 281 148 115 77 14 
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Figure 5.10: The XRD patterns of the product obtained by the reaction of AIP in 

toluene with stirring (SAl315C2h) and subsequently calcined at various temperatures. 
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Figure 5.11: The XRD patterns of the product obtained by the reaction of AIP in 

toluene and the fluid phase was separated by the supercritical drying method 

(PAl315C2h) and subsequently calcined at various temperatures. 
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Figure 5.12: The XRD patterns of the product obtained by the reaction of AIP in 

toluene and the fluid was separated by the supercritical drying method with stirring 

(SPAl315C2h) calcined at various temperatures. 
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The nitrogen adsorption isotherms of the as-synthesized products are shown 

in Figure 5.13.  The products recovered by the ordinary method (Al315C2h and 

SAl315C2h) exhibited a hysteresis loop characteristic of type E as classified by de 

Boer [104], which is explained by the presence of tabular or ink-bottle pores of 

varying radius [104].  Since this type of the hysteresis loop is commonly observed for 

shperoidal cavities or voids between close-packed spherical particles, the observed 

hysteresis loop seems to be due to the capillary condensation into the voids between 

the primary particles of χ-alumina.  

 

The t plots [105-106] derived from the isotherm are presented in Fig. 5.14. In 

all the cases, the first part of the plot was a straight line going through the origin, and 

from the slope of the line, total surface area, St, can be calculated.  When a sample has 

a micropore system, an abrupt decrease in the slope is detected [105-106]. The present 

products did not show any sign of the decrease in the slope in t plots indicating the 

absence of the micropore system.  Good agreement between SBET and St (Table 5.3) 

also supports this argument.  At higher relative pressures (higher t values), the 

deviation from the straight line occurred because of the capillary condensation in the 

mesopore system formed between the primary particles of χ-alumina.  The pore size 

distributions are shown in Fig. 5.15. Al315C2h and SAl315C2h had mode pore 

diameters in the mesopore range.   

 

When the supercritical drying was performed for the product recovery, the 

type E hysteresis loop disappeared, which is ascribed to enlargement of pore sizes. 

The mode pore diameters of PAl315C2h and SPAl315C2h (Fig. 5.15) were much 

larger than those observed for Al315C2h or SAl315C2h, indicating that the primary 

particles were packed quite loosely.  The supercritical drying method prevented the 

coagulation of the primary particles, and therefore PAl315C2h and SPAl315C2h had a 

macropore system formed between the loosely packed primary particles. 
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From the XRD and BET data, it is apparent that the products prepared by the 

one-pot synthesis (PAl315C2h and SPAl315C2h) had higher thermal stabilities. This 

can be explained by the increase in the pore size and the total pore volume (Table 

5.3). Transformation from transition alumina into α-alumina takes place by mean of 

the nucleation-and-growth mechanism [20, 37, 101] and it is generally believed that 

nucleation occurs at the contact point between the particles [53]. Since the product 

obtained by the supercritical drying had a lesser number of contact points, the 

transformation into α-alumina requires higher temperature.  Moreover, long distance 

mass transfer paths are required for the sintering of these products, which also 

contributes to their thermal stabilities [107]. 

 

Although sintering of the particles inevitably occurred, thermal treatment of 

the present products caused relatively small decrease in the surface area, because they 

did not suffer from the phase transformation to high temperature transition aluminas.  

Therefore, the present products have a potential use as catalyst materials for the use at 

relatively high temperatures. 
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Figure 5.13: The nitrogen adsorption isotherms of as-synthesized product：(A) 
Al315C2h, (B) SAl315C2h, (C) PAl315C2h, (D) SPAl315C2h 
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Figure 5.14: The V-t plot of as-synthesized product: (A) Al315C2h, (B) SAl315C2h, 

(C) PAl315C2h, (D) SPAl315C2h 
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Figure 5.15: Pore size distribution of as-synthesized product 
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5.3 Thermal decomposition of AIP in mineral oil 
 

The XRD patterns of as-synthesized powder are shown in Figure 5.16. The 

products obtained by the thermal reaction of AIP in mineral oil at 250 and 300oC with 

a holding time of 2 h and 6 h exhibited the typical pattern for χ-alumina. On the other 

hand, the product obtained by quenching the reaction just after the reaction 

temperature reached 250oC and product of the reaction at 250 oC for 1 h exhibited the 

typical pattern for an amorphous product. The crystallite sizes of all the crystalline 

products calculated from Scherrer equation are summarized in Table 5.5.  

 

Table 5.5: The crystallite size of the as-synthesized and calcined products calculated 

by the Scherrer equation 

 

Crystallite size of alumina (nm) Reaction 

Temperature (oC) 

Holding 

time (h) As-syn 1000 1100 1150 1200 

250 0 - 6.2γ 16.5γ, 31.1α 33.7α - 

 2 9χ 9.2χ 9.6χ 12.3χ, 36.4α 68α 

270 2 10.2χ 9.4χ 10.3 χ 15.6χ, 33.5α 97.5α 

300 2 9.4χ 10.8χ 14.2χ, 39.5α 14.6χ, 41.3α 44.7α 
χ means χ-alumina, γ means γ-alumina and α means α-alumina     

 

The IR spectra of the products are shown in Figure 5.17. The as-synthesized 

powder shows two absorption bands attributed to adsorbed water: 3500-3200 cm-1 

(υ(OH)) and 1640 cm-1 (δ(OH)) [108]. The amorphous powder obtained by quenching 

after reaction temperature reached 250oC shows strong absorption bands due to the  

iso-propyl groups [108]. With increasing in holding time and reaction temperature, 

intensity of the absorption band due to the organic group decreased and eventually 

disappeared. The characteristic peaks of boehmite were observed at 773 and 615 cm-1 

[14] in the products obtained by the reaction at 250 and 300oC with holding time for 2 

h. This observation can be explained by the presence of water in the reaction system.  
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Figure 5.16: The XRD patterns of the powders synthesized by the reaction of AIP in 

mineral oil under various reaction conditions. 

 

 
Figure 5.17: IR spectra of aluminas prepared in mineral under various conditions. 
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Figure 5.18: TG and DTA data of the as-synthesized products prepared by quenching 

reaction at 250oC.  

 

TGA and DTG profile of the powder prepared by quenching the reaction in 

mineral oil after temperature reached 250oC is shown in Figure 5.18. Two weight 

decrease processes were detected. The first step at around 80-200oC is attributed to 

the desorption of physisorbed water. The second step with a sharp DTG peak at 

around 300oC is attributed to the combustion of organic moiety. The weight loss of 

this sample was around 45%, which was lower than theoretical loss for AIP 

decomposition (75%). This result indicates that the organic moieties remained in the 

product after partial decomposition of AIP.  
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The nitrogen adsorption isotherms of as-synthesized products are shown in 

Figure 5.19. All the crystalline samples exhibited the hysteresis loop characteristic of 

type A, which assigned for the presence of two-ended tabular pore structure. On the 

other hand, the amorphous product have the hysteresis loop characteristic of type E, 

which is the indication for the presence of tabular, through short pores with winded 

parts of various widths. These pores are formed among the primary particles of χ-

alumina. Moreover, amount of N2 adsorbed on the amorphous product was much 

smaller than that adsorbed on the crystalline products. 

 

The V-t plots derived from the isotherm are presented in Figure 5.20. Total 

surface area of all sample are calculated by slope of a straight line at the first part of 

curves. If the sample consists of a micropore system, an abrupt decrease in the slope 

will be detected. The present products clearly show the indication of the decrease in 

the slope. It indicates the formation of micropore system in the products.  At higher 

relative pressure (higher t values), the deviation from the straight line occurs because 

of the capillary condensation pressure in pore system. The pore size distributions are 

shown in Figure 5.21. All products exhibited the typical characteristic of mesopore 

system with the narrow size distribution. 

 

Particle properties of the as-synthesized products are summarized in Table 

5.6. Amorphous product prepared by quenching reaction when temperature reached 

250oC (MAl250C0h) had the lowest BET surface area and pore volume. On the other 

hand, χ-alumina obtained by the reaction at 250oC for 2 h (MAl250C2h) had the 

highest BET surface area and pore volume. With increasing reaction temperature and 

holding time, BET surface area and pore volume decreased by the coagulation of 

primary particles by thermal effect. 
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Table 5.6: Particle properties of as-synthesized products prepared in mineral oil 

calculated by BET calculation, Va-t plot and pore size distribution 

 

Sample name SBET (m2/g) St (m2/g) Pore volume 

(cc/g) 

Mode pore 

diameter (nm) 

MAl250C0h 

MAl250C2h 

MAl250C6h 

MAl270C2h 

MAl300C2h 

7 

192 

149 

180 

124 

7 

186 

189 

210 

138 

0.03 

0.64 

0.43 

0.52 

0.45 

11.8 

13.3 

11.5 

11.5 

14.2 
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Figure 5.19: The nitrogen adsorption isotherms of the products prepared by the 

reaction of AIP in mineral oil under the conditions of: (a) at 250oC for 0 h, (b) at 

250oC for 2 h, (c) at 250oC for 6 h, (d) at 270oC for 2 h, (e) at 300oC for 2 h.   
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Figure 5.20: The V-t plot of the products prepared by the reaction of AIP in mineral 

oil under the conditions of: (a) at 250oC for 0 h, (b) at 250oC for 2 h, (c) at 250oC for 

6 h, (d) at 270oC for 2 h, (e) at 300oC for 2 h.   
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Figure 5.21: Pore size distribution of as-synthesized product prepared by the reaction 

of AIP in mineral oil under various reaction conditions.   
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Figure 5.22: The XRD patterns of the product prepared by quenching reaction of AIP 

in mineral oil after reaction reached 250oC and subsequently calcined at various 

temperatures; ● (α-alumina) and ∆(γ-alumina). 

 

 
Figure 5.23: The XRD patterns of the product prepared by thermal reaction of AIP in 

mineral oil at 250oC for 2 h and subsequently calcined at various temperatures; ● (α-

alumina) and ○ (χ-alumina). 
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Figure 5.24: The XRD patterns of the product prepared by thermal reaction of AIP in 

mineral oil at 250oC for 6 h and subsequently calcined at various temperatures; ● (α-

alumina) and ○ (χ-alumina). 

 

 
Figure 5.25: The XRD patterns of the product prepared by thermal reaction of AIP in 

mineral oil at 300oC for 2 h and subsequently calcined at various temperatures; ● (α-

alumina) and ○(χ-alumina). 
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The XRD patterns of the powders obtained by quenching reaction of AIP in 

mineral oil after reaction temperature reached 250oC and subsequent calcination at 

various temperatures are shown in Figure 5.22. The product remained amorphous 

even after calcination at 600oC. After calcination at 1000oC, the amorphous product 

transformed to γ-alumina, which start direct transformation to α-alumina at 1100oC 

and complete at 1150oC. Note that the peak at 42.5o is absent indicating that χ-

alumina is not formed by calcination of amorphous product. This result suggests that 

the formation of χ-alumina occurs only in the solvent.  

 

 The XRD patterns of the powders obtained by thermal reaction of AIP in 

mineral oil at various temperatures for 2 and 6 h and subsequent calcination at various 

temperatures are shown in Figure 5.23-5.25. χ-alumina obtained in every condition 

transformed to α-alumina by passing the formation of κ-phase, starting at calcination 

temperature around 1150oC. The transformation is completed at temperature around 

1200oC.  

 

Morphologies of as-synthesized and calcined samples observed by SEM are 

shown in Figure 5.26. The spherical particles with average diameter around 1.8 µm 

were observed for the amorphous products prepared by quenching the reaction after 

the temperature reached 250oC. When the holding time was prolonged to 2 h, 

spherical particle still remained but the average size decreased to1.2 µm (as shown in 

Figure 5.26); these particles consisted of aggregates of nanocrystalline primary 

particles of χ-alumina, which were observed by TEM (see in Figure 5.27). Moreover, 

with increasing in reaction temperature, particle size decreased to 1 µm (see in Figure 

5.26). We speculate that AIP decomposes stepwise in the solvent leading to an 

intermediate complex suspended in mineral oil. We believe that the particles of this 

complex deposited from the solvent have already a spherical shape. When holding 

time was prolonged, this complex decomposes giving the nanocrystalline χ-alumina 

aggregated in a spherical particle. Thus the, decrease of particle size with an increase 

in holding time and temperature should be due to the loss of the organic moiety in the 

complex by further decomposition. 
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Figure 5.26: SEM images: (a) as-synthesized product prepared by quenching the 

reaction in mineral oil after temperature reached at 250oC, (b) as-synthesized product 

prepared in mineral oil at 250oC for 2h, (c) as-synthesized product prepared in mineral 

oil at 300oC for 2h, (d) product (b) calcined at 1150oC, (e) product (c) calcined at 

1150oC. 

 

Transmission electron micrographs of the as-obtained powder and calcined 

powder are shown in Figure 5.27. The as–synthesized χ-alumina products are 

spherical of primary particles having average diameter around 10 nm comprised 

agglomerates. The crystallite size calculated by the Scherrer equation was 9 nm. Good 

agreement between both values indicates that each primary particle observed by TEM 

is a single crystal of χ-alumina.   
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Figure 5.27: TEM images: (a) as-synthesized product prepared in mineral oil at 250oC 

for 2 h, (b) as-synthesized product prepared in mineral oil at 300oC for 2 h, (c) 

product (a) calcined at 1150oC, (d) product (a) calcined at 1150oC, (e) product (b) 

calcined at 1150oC. 

 

When the sample was calcined at high temperature, the spherical shape of 

secondary particles is still observed with the same average size even after phase 

transformation (see Figure 5.26). Some finger-like shape of primary particles 

aggregates on the spherical secondary particles after calcination at 1150oC. TEM 

micrographs of calcined samples clearly showed that after phase transformation, two 

types of primary particles are observed. First, the spherical χ-alumina particles, which 

did not transform to α-alumina, remained in the sample. These particles had crystallite 

size calculated from the Scherrer equation that was same as particle size observed by 

using TEM (seen in Figure 5.27c and 5.27e). Second, the finger-like α-alumina (see in 

Figure 5.27d) obtained from the nucleation and growth mechanism of low-

100 nm100 nm
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temperature transition alumina nano-crystals. 

 

The direct phase transformation of χ-alumina to α-alumina is a specific 

property for the powders prepared by the reaction of AIP in an inert organic solvent. 

In our previous chapter, we explained this phenomenon by the absence of cation 

contamination and high crystallinity due to the small amount of water adsorbed on the 

surface. It is generally known that the contamination of cations and crystallinity of 

alumina affected on the transformation sequence of transition alumina. For example, 

traces of sodium favor the formation of θ-alumina in the transformation sequence of 

boehmite and increase the rate of formation κ-alumina from χ-alumina. While Li and 

Mg stabilize δ-alumina and prevent the formation of θ-alumina [54]. In the case of 

crystallinity, when boehmite is less crystalline, the formation of δ-alumina is retarded 

[54]. Therefore, we prepared our samples by the reaction of AIP in organic solvent 

which eliminate the contaminations of cations. Moreover, when we compare peaks of 

χ-alumina in the sample prepared by calcination of gibbsite, the peaks in our sample 

were more intense which is due to higher crystallinity of the present products. 

     

From data in Table 5.5, the initial crystallite size of χ-alumina obtained is 

around 9-10 nm and grows to 16 nm after calcination at high temperature. We 

speculate that χ-alumina grows to the critical size and then abruptly transforms into an 

α-alumina. This observation is similar to phase transformation from θ- to α-alumina 

reported by Wen and Yen [48] and Chang et al. [49].  They discovered that phase 

transformation of θ-alumina nano-crystals resulted in finger-like polycrystalline α-

alumina, which was the result from the growth of α-alumina nano-crystals by a 

sintering process.  Moreover, they reported that θ-alumina grew to certain size before 

transformed into α-alumina, after which the crystallite size increased abruptly [48-

49].  This behavior was explained by a nucleation and growth mechanism, in which 

nucleation was triggered by phase transformation from θ- to α-alumina and followed 

by crystal growth due to sintering  [11-12].  In this work, for χ-alumina, similar 

behavior was also observed.  According to data in Table 5.6, the crystallite size of 

synthesized χ-alumina was around 9-10 nm and grew up to around 16 nm by the 

calcination, before phase transformation to α-alumina took place, regardless of the 
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temperature which the α-phase transformation started.  The final product, after phase 

transformation was complete, was single crystal of α-alumina with much larger 

crystallite size than the initial crystallite size of χ-alumina.  Results from our 

preliminary results also confirmed this observation.  χ-alumina with crystallite size 

greater than 16 nm has never been observed in our work. This same behavior was 

found for the χ-alumina prepared by the thermal decomposition of AIP in toluene in 

next chapter. 
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5.4 Phase transformation behavior of χ-alumina prepared by thermal reaction of 

AIP in inert organic solvents. 

 

XRD patterns of the products, prepared in toluene (TA) and mineral oil (MA) 

followed by calcination at various temperatures, are shown in Figures 5.28a and 5.28b 

respectively.  The XRD pattern of the powder obtained by reaction at 315oC for 2 h. 

shows a peak at 2θ = 42.5o. This peak corresponds to the prohibited (321) diffraction 

of the spinel structure and it is an indicator of the formation of χ-alumina. With 

increasing calcination temperature, both samples exhibited the XRD patterns 

corresponding to χ-alumina together with small amount of α-alumina and θ-alumina, 

which might be derived from boehmite, a contaminant of our sample. The α-phase 

transformation was completed at 1180oC. Interestingly, χ-alumina obtained from the 

thermal decomposition of AIP in both the solvents transformed to stable α-alumina 

directly, bypassing the formation of κ-alumina. In general, χ-alumina obtained by 

dehydration of gibbsite (<200 nm) transforms into α-alumina through κ-alumina in 

the sequence as follows: 

gibbsite - χ-alumina - κ-alumina - α-alumina. 
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(a) 

 

 
(b) 

 

 
Figure 5.28: The XRD patterns of alumina products calcined at various temperatures: 
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(a) preparing in toluene and (b) preparing in mineral oil: ● is χ-alumina, ○ is α-

alumina and ∆ is θ-alumina. 

Direct transformation of a low-temperature transition alumina (χ-alumina) into 

α-alumina is specific property of the alumina formed by thermal decomposition of 

aluminum alkoxide in inert organic solvents. Gibbsite is always contaminated with a 

small amount of cations such as Na+, and thermal dehydration yielding χ-alumina can 

not eliminate such ions from the matrix. Therefore, it exhibits very broad peaks in its 

XRD pattern due to low crystallinity and many defects in its structure. Several 

researchers have reported that addition of cations into the alumina matrix affected the 

phase transformation behavior [99-102]. Apparently, cations in χ-alumina matrix 

promote the formation of κ-alumina at high calcination temperature. On the other 

hand, χ-alumina obtained by the thermal decomposition of AIP in toluene is not 

contaminated with cations. Moreover, the presence of a small amount of water during 

the decomposition process increases the crystallinity of the product. This stabilizes the 

χ-alumina structure and prohibits the formation of κ-alumina. It seems that the direct 

transformation to α-alumina can be explained by the absence of cations and fewer 

defects in the crystal structure.  

 

The effect of cations was tested by adding Na+ ions to the alumina matrix 

(the atomic ratio of Na/Al = 0.03) by adding sodium tert-butoxide in the reaction 

system. The XRD patterns of the powder obtained, calcined at various temperatures, 

are shown in Figure 5.29. It is clearly seen that the χ-alumina did not transform 

directly to α-alumina at high calcination temperatures.  

 

The physical properties of powders produced are summarized in Table 5.7. 

The product obtained by the reaction in toluene had higher BET surface area with the 

same crystallite size due to the more compaction of primary particle.  
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Figure 5.29: The XRD patterns of alumina with sodium contamination (Na/Al atom 

=0.03) products calcined at various temperatures, ● is χ-alumina, ○ is α-alumina and 
∆ is θ-alumina. 

. 

 

 

Table 5.7: The physical properties of as-synthesized products   

Sample ID  BET surface area  

(m2/g) 

Crystallite size 

(nm) 

Crystallite size at 

1180oC (nm) 

Bulk density 

(g/cm3) 

%Weight 

loss 

Al315C2h 201 10.3 36.5 0.6 14 

MAl315C2h 178 10.2 107.5 0.36 12 
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Thermal analysis results of the as-synthesized products are shown in Figure 

5.30. Two weight decrease process were detected, both of which were accompanied 

by endothermic peaks in DTA. The first step at 80oC is attributed to the desorption of 

physisorbed water. The second step at 100-500oC is attributed to the dehydration of 

surface hydroxyl groups. 

 

 
 

Figure 5.30: TG and DTA data of the as-synthesized products: (— ) preparing in 

toluene and    (------) preparing in mineral oil. 
 

 

Transmission Electron Micrographs of the as-synthesized and calcined 

samples prepared in both the organic solvents are shown in Figure 5.31. The as–

synthesized χ-alumina powders were comprised of agglomerated primary particles 

having diameter of 6 to 13 nm. The crystallite sizes of the products from the reaction 

in toluene and mineral oil, calculated by Scherrer equation were 10.4 and 10.2 nm 

respectively. The particle size calculated from the measured surface area, on the basis 

of an assumption that the powders consist of uniform spherical particle have a specific 

gravity of 3 g/cm3, was 10 nm, which is in good agreement with crystallite size 

prepared in toluene. On the other hands, the surface area of MA315C2h is 178 m2/g, 
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calculated particle size should be slightly smaller than this value. This suggests that 

each primary particle observed by TEM is a single crystal of χ-alumina. When 

powders were heated to higher temperature, the size of primary particles increased 

and α-alumina was detected. Interestingly, the TEM images clearly show two 

different types of the particles in the α-alumina: vermicular shape (around 100-200 

nm) and small spherical particles (around 15-20 nm). We believe the latter are a χ-

alumina at a critical size (16 nm). At this size a nucleation process within the particle 

converts it to nucleated α-alumina sizes, calculated from the Scherrer equation, are 

summarized in Table 5.8. Generally, the mechanism for the transformation of alumina 

to α-phase consists of nucleation and growth mechanism. During the phase 

transformation, α-alumina nuclei occur at contact point of χ-alumina particles by 

thermal expansion, followed by the growth of nuclei into the surrounding matrix. To 

confirm this argument, the product synthesized in toluene was calcined in various 

conditions and the crystallite sizes of χ-alumina and α-alumina were measured. 

Results are summarized in Table 5.8. The results clearly show that the crystallite size 

of χ-alumina grows up from 10 to 16 nm then disappears. These results suggests that 

χ-alumina has a critical size (around 16 nm) beyond which it is unstable and 

undergoes the phase transformation into the α- form which grows up drastically. 

 

Table 5.8: The crystallite size of the alumina products calcined at various conditions. 

 

Sample ID Calcination 

temperature (oC) 

Calcination 

time (h) 

Crystallite size of 

χ-alumina (nm) 

Crystallite size of 

α-alumina (nm) 

TAl 1100 1 10.2 - 

  4 15.2 31.9 

  6 15.4 36 

 1150 1 15.9 28 

 1180 1 - 36.5 

MAl 1100 1 10.2 - 

 1150 1 15.7 21.5 

 1180 1 - 107.5 
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From the TEM images, particles having average sizes between 30-100 nm 

were not detected. This suggests that the growth stage of α-phase direct 

transformation from χ-alumina occurs rapidly and might be the results from a 

sintering process between smaller particles occurring in the liquid boundaries of the 

particles, in which the diffusion is the rate limiting step. Iler [107] proposed that the 

mechanism of phase transformation involved the intermediate phase having the 

appearance of a viscous fluid which connected the diminishing to θ crystals to α-

alumina. When accretion occurs in the liquid medium, small particles dissolve and 

larger particles grow by adding the new atom in the interface. Thus, for the grain 

growth process, the interface structure is very important. For the spherical particles, 

the interface structure was atomically rough. The arrival atom could get in the crystal 

lattice without the energy barrier. Therefore, the grain growth process was controlled 

by diffusion [108]. 
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(c) 
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Figure 5.31: TEM images of alumina products: (a) as-synthesized product 

prepared in toluene, (b) product prepared in toluene calcined at 1180oC, (c) as-

synthesized product prepared in mineral oil, (d) product prepared in mineral oil 

calcined at 1180oC. 

100 nm100 nm

100 nm100 nm
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Morphologies of as-synthesized and calcined samples observed by SEM are 

shown in Figure 5.32. It was found that the primary particles of powders obtained in 

mineral oil agglomerated during heating and formed bigger and more nearly spherical 

particles. These particles remained spherical even after the α-phase transformation. It 

appears that the α-phase transformation does not affect the morphologies of particles. 

On the other hand, in case of reaction in toluene, irregular aggregates made up of 

nanometer particles were observed (see Fig. 5.32a). When α-phase transformation 

occurred after the aggregates were heated to high temperature, the nano particles grew 

significantly and can be identified as individual vermicular particles that are sintered 

into a large mass. 
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(a) 

 

 

(b) 
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(c) 

 

(d) 

 

Figure 5.32: SEM images of alumina products: (a) as-synthesized product 

prepared in toluene, (b) product prepared in toluene calcined at 1180oC, (c) as-

synthesized product prepared in mineral oil, (d) product prepared in mineral oil 

calcined at 1180oC. 



CHAPTER VI 

 

CONCLUSIONS AND RECOMENDATION 

 
6.1 Conclusions 

 

 In this research, the crystallization and the phase transformation behavior is 

investigated by using XRD, IR, TG-DTA, SEM and TEM technique. The conclusions 

of these results are summarized as follow: 

 

1. χ-Alumina was formed by the reaction of AIP in the inert organic solvent at 

high temperature. 

 

2. The increase of the pore volume and pore size, caused by the preventing of the 

coagulation of the alumina particles by using the supercritical drying method, 

contributed to the higher thermal stability of the χ-alumina product. 

 

3. AIP decomposed in mineral yielding amorphous spherical particles through 

stepwise decomposition in the solvent, these particles shed organic moieties 

and χ-alumina forms. 

 

4. The direct transformation to α-alumina can be explained by the absence of 

cations and fewer defects in the crystal structure, whereby disturbing the 

crystallization of the high-temperature transition alumina (κ-phase). 

 

5. There is a critical size of χ-alumina (around 16 nm) beyond which χ-alumina 

becomes unstable and undergoes the phase transformation into the α- form 

which grew up drastically. 
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6.2 Recommendation 

 

 From the previous conclusion, the following recommendation for the future 

studied can be the following: 

 

1. Because the direct phase transformation to α- alumina is interesting, further 

investigation is desired.  

 

2. In this work, the critical size of χ-alumina before the a-phase transformation is 

proposed and it is interesting to prove this assumption. 

 

3. The morphology change affected by the using solvent is interesting, therefore 

the study of this effect should be done.     
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APPENDIX A 
 

PROCEDURE OF t-PLOT ANALYSIS 

 

 The statistical thickness can be transformed from N2 isotherm measured at 77 

K by converting relative pressure (P/Po) in to t value by equation A1: [109] 

 

                                          t = [13.99/(log(Po/P) + 0.034)]0.5                                    (A1) 

 

 Example A.1: Find t-plot of MA300C2h 

 

Relative 

pressure (P/Po) 

Volume adsorbed 
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Statistical thickness 
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6.876544 

9.27901 
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15.43112 

16.45974 
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18.74503 
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Relative 

pressure (P/Po) 

Volume adsorbed 

(cc/g STP) 

Statistical thickness 

(Å) 

0.9948 

0.9832 
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0.9622 

0.9409 
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Figure A.1 Isotherm plot of MA300C2h 
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Figure A.2 t-plot of MA300C2h 
 
 
 The external surface area can be calculated by equation A2: [89] 
 

                                                 
                                                          St =  15.47Va/t                                                (A2) 

 
                                                          St =  15.47*8.9118 

             St (MA300C2h)  =  139 m2/g                                                 
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APPENDIX B 
 

TEM EXPERIMENTAL 

 

 B.1 Procedure of specimen preparation 

  

 Appropriate amounts of powder were diffused on ethanol in a test tube, which 

was then place in the sonic baht for 15 minute. The obtained solution was dropped on 

the specimen film and dried with air.       

  

 B.2 Measurement of particle sizes by TEM image 

 

Particle sizes measured from TEM photograph of the as-synthesized products 

and calcined products of the metal oxides were estimated as follows, 

 

Example B.1: The measurement of crystallite size from TEM photograph 

 

 
 

Figure B.1 TEM photograph of as-synthesized metal oxide (x150000) 

 



 119

 

At X150000 magnification, the scale is 

150 mm = 1 µm 

 =  1000 nm 

 

From TEM photograph, it was found that the crystallite size of the particles 

closed to each other and that was 0.8 mm. Therefore, the crystallite size observed by 

TEM is 

Crystallite size = mm8.0
mm150
nm1000

×  

Crystallite size = 5.33 nm 
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APPENDIX C 

 
EXPERIMENTAL DETAILS OF SUPER 

CRITICAL DRYING METHOD 

 

 
Figure C.1 Diagram of the cooling line for the supercritical drying 

 

  

 First, the cooling line was connected with the autoclave. The cooling water 

was feed in the cooling tube and the cooling coin was merged in a glass of ice. 

  

 After the reaction finished, the valve of autoclave was slightly opened to 

release the organic solvent from the autoclave by flash evaporation while keeping at 

the reaction temperature. The valve was opened until the pressure inside the autoclave 

was decreased to atmospheric level. The organic solvent was condensed and kept in a 

beaker. The dry products were obtained directly after the assembly was cooled down 

without the step of washing. 

  
 
 
 

Gas inlet from 
autoclave 

Inlet cooling 
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