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CHAPTER I

INTRODUCTION

Titanium (IV) oxide (TiO2 or titania) has been known to be an excellent

catalyst support in industrial process, (Matsuda and Kato, 1983; Inomata et al., 1980;

Luck., 1991) e.g., as a support in a commercial vanadium (V) oxide catalyst for

selective catalytic reduction (SCR) of nitrogen oxides (NOx) with ammonia. Due to

stricter regulations, a higher level of removal of NOx is now required and one of the

most effective approaches to meet the new goals is to use a TiO2 support having a

larger surface area. Generally, large surface areas are required for catalyst. Since the

catalyst is usually used at high temperature, high thermal stability, as well as large

surface area, is also important (Kominamiet al., 1999).

Titania is commercially very important as a white pigment because of its

maximum light scattering with virtually no absorption and because it is non toxic,

chemically inert, and a dielectric ceramic material for its higher dielectric constant

(Cheng et al., 1995). Recently, it has been suggested that monodisperse oxide

powders are preferable to ceramic raw materials (Ogihara et al., 1991). Titania is

know to have several natural polymorphs: Rutile is thermodynamically stable which

tends to be more stable at high temperatures and thus is sometimes found in igneous

rocks, but anatase is metastable at high temperatures (both belonging to the tetragonal

crystal system), and bookite is formed only under hydrothermal conditions or usually

found only in minirals and has a structure belonging to the orthorhombic crystal

system (Keesmann, 1966). Anatase type titania has been used as a catalyst for

photodecomposition and solar energy conversion, because of its high photoactivity

(Lason and Falconer, 1994; Kamat and Dimitrijevic, 1990; Herrmann et al., 1997;

Fox and Dulay, 1993; Fujishima et al.,1999). On the other hand, rutile-type titania has

been use for white pigment materials, because of its good scattering effect, which

protects materials form ultraviolet light. Anatase titnaia has been reported to be

unstable at high temperature and its transformation temperatures to be scattered in a

wide range (Zzandena et al., 1958; Yoganarasimhan and Rao, 1962). Polymorphic

transformation of ceramic materials generally depends on the grain size, impurities,
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composition, nature of the dopant, amount of dopant, and processing (Hirano et al.,

2002).

There are a lot of methods for preparing TiO2 (Kamal et al., 1992; Tadafumi et

al., 1992; Jones et al., 1992; Kutty et al., 1988; Hu et al., 1990).  Titanium (IV) oxide

is industrially produce generally by the so-called sulfate process and the so-called

chloride process. In the latter, the requirements for equipment and materials are very

harsh because of high reaction temperature (>1400 °C) and strong corrosiveness of

Cl2 at high temperature (Cheng et al., 1995).

Titania for catalytic applications is usually prepared from titanium oxysulfate

(TiO(SO4)), sulfate (TiO(SO4)2), or chloride (TiCl4) by the precipitation (or

hydrolysis) method. However, it is known that the counter anion of the starting

titanium salt remains in the product (Del Arco et al., 1986) and effect the activity of

the catalyst (Kurosaki et al., 1976). To avoid the contamination of the counter anion,

titanium alkoxide can be used as the starting material for catalysts, catalyst supports,

and photocatalysts (Kominami et al., 1999).

Nanocrystalline material and nano composites, characterized by an ultra fine

grain size (<50 nm). Nanocluster are subject of current interest because of their

unusual magnetic, optical, electronic properties, which often difference from their

bulk properties. Nanostructured metal-oxide thin film are receiving a growing

attention for the realization of gas sensors (NOx, CO, CO2, CH4 and aromatic

hydrocarbon) with enhance sensitivity and selectivity. Nanosize metallic powders

have been used for the production of gas tight materials, dense parts and porous

coating  (Ahmed, 1999). Nanometer-size particles have different physical and

chemical properties from bulk materials. When used as catalysts, their catalytic

activity is expected to be enhanced not only because of their increased surface area,

but also because of the change of surface properties such as surface defect

(Popielarski, 1998).

The particle size of nanocrystalline titanium (IV) oxide plays an import role in

the physical and chemical behavior of the material because the specific surface area,

the chemical stability, and the chemical reactivity of the material are all highly

correlated with particle size. It has been shown that the adsorption of organics onto
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surface of nanocrystalline anatase is size-dependent and that the particle size is a

crucial factor in photocatalytic decomposition  of  chloroform by nanocrystalline

anatase titania (Zhang et al., 2000).

Nano-sized TiO2 have been prepared by several methods such as solvothermal

method, hydrothermal method, thermal decomposition, vapor-phase hydrolysis laser-

induced decomposition, sol-gel method, chemical vapor decomposition  method

(CVD) and molten salt method.  Wet chemical routes (sol-gel, precipitation) seem to

be more efficient in controlling the morphology and degree of agglomeration of

manocrystalline particles the dry methods such as chemical vapor deposition (CVD).

However, in the former methods, strong agglomerates can be easily formed among

nanoparticles, because of their large specific surface area, which may lead to a

degradation of properties. Titanium alkoxide and titanium chloride are usually used as

precursors for TiO2 (Bradley et al., 1978). The precipitation of hard agglomerates

often occurs during hydrolysis, because these reagent exhibit high reactivity with

water (Yang et al., 2001).

The sol-gel method, is one of the precipitation methods, affords titanias with

extremely high surface area (Zaharescu et al.,1997; Dagan and Tomkiewicz, 1994).

The method basically consists of the hydrolysis of an alkoxide to form a sol, followed

by gelling, ageing, drying and thermal stabilization. Each step can be controlled and

modified in order to obtain specific material, narrow pore size distribution, and

narrow particle size distribution (Montoya et al., 1992). However, the thus-obtained

titanias contained some amounts of the amorphous phase and their surface area

decrease drastically in calcination to improve the crystallinity (Iwamoto et a/., 2001),

moreover, several aqueous-based methods using metal salts as a precursor material,

such as the hydrolysis method and homogenous precipitation method have several

problem; the concentration of reaction species should be low and the reaction time

very long (Moon et al., 1995).

Hydrothermal Methods have been widely applied for the synthesis of a variety

of ceramic materials, while syntheses of metal oxides in organic solvents at

temperature high than their boiling points (Solvothermal synthesis) have been

experimente by only a few research groups (Bibby et al., 1985; Cruickshack et al.,
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1985; Fanelli et al., 1989; Inoue et al., 1991; Kominami et al.,1999). Inoue et al.

(1991) used organic media in place of water for hydrothermal method. They have

explored the synthesis of inorganic materials in glycols at temperature higher than

boiling point of the glycol, they call “Glycothermal Method”. By solvothermal

method, nanocrystalline titanium (IV) oxide produced but mechanism of reaction

occurred in several ways. At high temperature above supersaturation point, metal

oxide was crystallized or precipitated which products was different in properties,

morphology, crystalline etc.

Surface area is one of the important factors for the use of titania as catalyst

materals. However, large-surface area materials have high tendency for sintering

because of their surface energies. Thermal stability seriously affects the catalyst life,

titania having large surface area with reasonable thermal stability has been sought.

Thus, many studies having been devoted to improve the thermal stability of titnia

using additives such as Al (Martucci et al., 1999; Reddy et al., 2001), Si (Mahipal

Reddy et al., 1993; Jung et al., 2000), P ( Kohno et al., 2001), La (Sibu et al.,2002),

Zr (Hirano et al., 2002), Cr (Takeuchi et al., 2000) and others. The effects of these

additives are quite different by the procedures of the doping and the amount of the

additives, and the mechanisms for the stabilization effects of these dopants are not yet

fully elucidated (Iwamoto et al., 2000).

In previous, synthesized titania used many solvent for preparation by the

solvothermal method (Hydrothermal and Glycothermal method). But some work

interested in effect in solvent used to synthesis. In addition, the effect of metal doped

on titania synthesized in several solvent is less reported. In this work, the study will

focus on the different mechanism of  titania synthesize in different solvents such as

1,4 butanediol (glycothermal method) and toluene (solvothermal method). In addition,

the effect of the second element modified titania is synthesized in the two solvents.

After that, the physical properties of titania products are analyzed such as surface

area, crystalline size, thermal stability and compare the properties of the product

synthesized in the different solvents.
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Objective of the thesis

1. Study of synthesis method of titanium (IV) oxide and the effective factors

on synthesized titanium (IV) oxide properties.

2. Study of the effect of second element and synthesizing solvent on

synthesized titanium (IV) oxide.

The present study is arranged as follows:

Chapter II presents literature reviews of the previous works related to this

research.

Chapter III explains the basic theory about titania such as the general

properties of titania, the various preparation methods to obtain the ultrafine titania.

Chapter IV shows the experimental equipment and systems, and the

preparation method of titania by solvothermal method.

Chapter V exhibits the experimental results.

In the last chapter, the overall conclusions of this research are given.

Finally, the samples of calculation for the preparation of titania and crystallite

size are included in appendices at the end of this thesis.



CHAPTER II

LITERATURE REVIEWS

There have been several studied to synthesis of titania and improvement  of

titania properties. A researcher has been found the advantage and drawback  which

not only the synthesis method but also in  titania properties. Their works is very useful

to apply titania in several ways such as, the photocatalytic reaction, electronic

equipment, industrial etc. and learn to develop technical for modify and apply in the

future.

Montoya et al. (1992) studied the effects of the sol–gel synthesis parameters

on textural and structure characteristics of TiO2. They found that TiO2 had been

prepared by sol-gel method, variations in the synthesis conditions produced solids of

different characteristics. It was found that parameters such as type of solvent,

synthesis temperature, acid addition, alcohol/alkoxide and water/alkoxide molar ratios

influence the texture, structure and morphology of the sample. When they calcined the

samples at 500°C, its surface area decreased strongly. Microcrystalline anatase was

obtained after drying at 80°C in most of the samples. Calcinations at 500°C of

microcrystalline anatase brought about the coalescence of the fine material, producing

larger size particles. Amorphous titania crystallized  to anatase after calcinations at

400°C.

Inoue et al. (1992) studied reaction of aluminium alkoxides with various

glycols and the layer structure of their products. They synthesized  alumina products

by hydrothermal reaction of aluminium isopropoxide (AIP) in various glycol solvents,

instead of water for hydrothermal synthesis, such as 1,4 butanediol (1,4 1,4-BG), 1,3

propanediol (1,3 PG) and 1,6 hexanediol (1,6 HG), which the products were

amorphous or boehmite depended on type of glycol. When they prepared alumina

products by different starting materials in 1,4 1,4-BG, found that the product had

identical structure. In various glycol, they reported that the crystallite sizes increased

with increasing carbon number and the products had the glycol moieties

incorporation. They concluded that the glycol moieties were incorporated between the
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layers of boehmite resulting in enlargement of the basal spacing which the basal

spacing of the product increased with increasing carbon number of the glycol. They

found that a small amount of water may be present in the glycol sample and is

possibly formed by thermal decomposition of glycol.

Inoue et al. (1992) studied thermal transformation of χ-alumina formed by

thermal decomposition of aluminum alkoxide in organic solvent which they used of

organic media  in place of water for the hydrothermal method. They synthesized

alumina by  various aluminum alkoxide in toluene or other organic solvent such as

benzene, xylene. They reported that the products were crystal and/or amorphous

depend on starting material and solvent and reported that cleavage of C-O bonds was

the prime factor for the decomposition of  aluminum alkoxides. When aluminum tert-

butoxide decomposed in toluene the product was amorphous, they explained that its

low decomposition temperature, where the decomposed material dose not have

sufficient thermal energy for crystallization of  χ-alumina.

Yanggisawa et al. (1997) had synthesized anatase titanias were produced at

low temperature below 350°C by hydrothermal hot-pressing of amorphous titania

consisting of spherical particles prepared by hydrolysis of titanium tetraethoxide.

They found that water included in the starting powder was released to produce

hydrothermal conditions by heating and the hydrothermal treatment event at 100°C

accelerated crystallization of the amorphous titania to anatase. In various temperature,

the remarkable decrease in the surface area with the increase in reaction temperature

from 100°C to 150°C indicated that a large amount of amorphous parts remained in

the compacts produced at 100°C. In various reaction pressure, compressive pressure

from outside the autoclave, the crystallite size did not change with varying reaction

pressure, which suggested that the compression had no effect on the crystallization of

anatase.

Kominami et al. (1997) used titanium (IV) tetra-tert-butoxide (TTB) to

synthesized titania  by thermal decomposition reaction in organic solvent at 573 K,

the titania sample they prepared by this method will be called TD-TiO2 (thermal

decomposition). They found that TTB was completely decomposition at this condition
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which yielded anatase without contamination of any other phase. When they changed

solvent (toluene) in this reaction, they found that TTB was decomposed in toluene

even at 473 K to give anatase having quite large surface area. Since the BET surface

area of a sample synthesized at 523 K was larger than that calculated from its

crystalline size (they assumed the density of anatase to be 3.84 g cm-3), it suggested

that the product synthesized at lower temperature were contaminated with the

amorphous-like hydrated phase. In the effect of the structure of the alkyl group in the

starting alkoxide, they found that primary and secondary alkoxides of titanium (IV)

were not decomposed even at 573 K. This suggested that the process requires direct

cleavage of the C-O bonds in alkoxides, and therefore the thermal stability of the C-O

bond may be a decisive factor for the formation of TiO2 lattice. When TiO2 calcined

the transformation had occurred to partly  form rutile at 973 K and the loss of surface

area by calcination  was presumably because the as-prepared TiO2 was well-

crystallized having smaller tendency toward sintering and contained lesser amount of

amorphous-like phase to be crystallized into anatase upon calcinations.

Yoshinaka et al. (1997) studied in a formation and sintering of TiO2 (anatase )

solid solution in system TiO2-SiO2. As-synthesized titania was prepared by hydrazine

method, they had developed the new method using hydrazine monohydrate ((NH2)2·

H2O) in the hydrolysis reaction. The product was form anatase titania. When they

added SiO2 to synthesized titania, they found that transformation of anatase occurred

at higher temperature with increased SiO2 content and a linear decreased in specific

surface area was due to the formation of tightly bound aggregated in the primary

particles with in crease temperature. In the transformation of anatase to rutile they

suggest that anatase by transformation decomposed into rutile and amorphous SiO2,

no crystalline SiO2 was recognized throughout the heating process.

Park et al. (1997) studied effect of solvent on titania particle formation and

morphology in thermal hydrolysis of TiCl4. They synthesized titania powder by

thermal hydrolysis of titanium tetrachloride in mixed solvent of n-propanol and water.

They found that precipitates obtained with pure water were fine and highly

agglomerated. They reported that  a decrease in the dielectric constant of the solution

promotes the precipitation of titania  by reducing the solubility of the titania in the

solvent and promotes the supersaturation of titania in the solvent. In addition, they
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found that morphologies of titania depended on particle surface potential and the

dielectric constant which  the magnitude of the energy barrier and maximum repulsive

force was determined mainly by them. In nucleation, they reported that the particle

growth after nucleation can be also effect by the kinds of solvent, because the particle

interaction potential is different in each solvent. They proposed the particle growth in

three ways mechanism of  agglomerate of secondary particles (Figure 2.1 ).

Figure 2.1 Schematics of particle growth in the mixed solvent of alcohol and water.

(Park et al., 1997)

In some previous work found that washing powder (starting material of

ceramic material) with organic solvents is an effective way of avoiding the formation

of hard agglomerates. It is proposed that agglomerate strength is determined by the

extent to which water molecules, hydrogen-bonded to surface hydroxyl groups, are

able bridges between adjacent particles. Organic solvents can remove hydroxyl

groups and water and leads to reduction and/or elimination of hard agglomerates

[Readey et al. (1990); Kaliszewaki et al. (1990)]. Yin et al. (1998) studied

crystallization of titania in liquid media and photochemical propertied of crystallized

titania. They prepared titania from titanium tetraisopropoxide in i-propanol that

derived amorphous TiO2 gel. When heat treatments of the gels in water, n-hexane and

methanol crystallization occurred above 120 ºC which the rate of crystallization was

in the order in water >    n-hexane > methanol. On the other hand, they studied in the

crystallization behavior of the gels in methanol-water and n-hexane-water mixed
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solutions found that the rate increased with increased water fraction. The results

suggested that water is essential for crystallization of gel  and that the crystallization

proceeded via a dissolution-reprecipitation mechanism, where the gel dissolves as

hydrated ions by reaction with water absorbed on the surface.

Inoue et al. (1998) studied glycothermal synthesis of rare earth iron garnets.

They synthesized iron oxide products by glycothermal synthesis, the use of organic

media in place of water for the hydrothermal method, in 1,4 butanediol. They reported

that in the glycothermal reaction, thermal decomposition of the glycol moiety is

directly connected with the crystallization of the products, and therefore starting

materials with a high energy level provide a large driving force for the formation of

the products. They explained that because of the large driving force available in the

glycothermal reaction, crystal growth proceeds rapidly even though the lattice

parameter of the grown crystals is much larger than that of the seed crystals. So that,

the lattice strain caused by the epitaxial growth of a new crystal on a seed crystal

having different lattice parameters is released by edge dislocations and the creation of

a number of crystal defect is another characteristic of the glycothermal method. In the

same year, Inoue et al. (1998) studied reactions of rare earth acetates with aluminum

isopropoxide (AIP) in ethylene glycol. They found that modified-alumina had

synthesized by glycothermal method derived amorphous and/or crystal. They reported

that a formation of the amorphous product in the reaction can be interpreted by the

difficulty in the cleavage of the C-O bond of the intermediate glycoxide formed by the

reaction of AIP with ethylene glycol, where the ease in the cleavage of the C-O bond

seems to be the prime factor for the formation of crystalline garnets by the reaction in

1,4 1,4-BG.

Kominami et al. (1999) has synthesized titania by hydrolyzed titanium

alkoxide (titanium n-butoxide, TNB) in organic solvents at high temperatures and

developed novel method, i.e., hydrolysis of titania alkoxides with water

homogeneously formed from alcohols used as the solvent. The titania sample

prepared by the novel method was called ThyCA ( Transfer Hydrolytic Crystallization

in Alcohols) TiO2. the products prepared by this method was anatase with out

contamination of any other phase such as rutile or brookite and the products contained

a negligible amount of amorphous-like phase. In the effect of synthesis condition on
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the physical properties of ThyCA-TiO2, they prepared ThyCA-TiO2 under various

conditions such as vary alkoxide or vary alcohol. The reaction of TNB in 2-propanol,

microcrystalline titania was formed at 548 K while reaction at 523 K gave no solid

product, indicating that dehydration of 2-propanol required temperature higher than

523 K, when titanium isopropoxide (TIP) was dissolved  in a mixed solvent of 2-

propanol in toluene TIP was completely hydrolyzed to give anatase titania. When

calcination on ThyCA-TiO2 prepared in the TNB-2-propanol, phase transformation of

anatase occurred at 1173 K which induced  partial transformation onto the rutile. The

high thermal stability of ThyCA-TiO2, they assumed that the as-prepared ThyCA-

TiO2 consisted of single crystals and contained negligible amount of amorphous-like

phase to be crystallized into anatase and to induced sintering of crystallites upon

calcination . In the same year, Kominami et al. (1999) studied new synthesis method

for nanosized by hydrolysis of titanium n-butoxide (TNB) in toluene and add water in

the gap of autoclave. During the reaction, water in the gap was vaporized, dissolved in

toluene from the gas phase, and hydrolyzed TNB. Titania was prepaed in various

conditions, found that anatase and amorphous formed in the reaction. When they

calculate surface area in assumtion that the particles were nonporous spheres for

compared the specific surface area from BET measurement which test contaminate

amorphous phase in the as-prepared titania. They found that when the reaction time

was prolonged, the crystallite size was gradually increased and the effect of the

combustion heat of the organic moieties locally raises the surface temperature of

crystals, which can accelerate the crystallization and/or sintering of TiO2 crystals (or

particle) from the calcinations and the decrease in surface area from BET was

probably due to sintering of single crystals.

Martucci et al. (1999) studied crystallization of Al2O3-TiO2 sol-gel systems.

They found that the presence of a large amount of Al2O3 in the system has an

inhibitory effect on the crystallization of titania in both anatase ans rutile structures

which a shift in rutile crystallization temperature with increasing the Al2O3 content. In

the other hand, they reported that the formation of titania rutile phase in the films may

be attributed to be in great part due to the direct transformation amorphous-rutile,

rather than anatase-rutile. They had discussed the effect of Al2O3 on the

crystallization in two conclusions, fist, Al2O3 could prevent the nucleation of anatase

by interfering with the mutual contact between adjacent TiO2 particles, second, the
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presence in the film of nanometric TiO2 clusters allow the formation of mixed

Ti-O-Al bonds, localized at the surface of these clusters, which prevents the crystal

growth and the anatase phase transformation. In more content Al, they found that

sample was calcined at 1000ºC the metastable β-Al2TiO5 and α-Al2O3 were formed

they reported that α-Al2O3 was formed from amorphous Al2O3 and the metastable β-

Al2TiO5 was form from both amorphous titania and alumina in the film.

Iwamoto et al. (2000) studied the synthesis of large-surface area silica-

modified titania ultrafine particles by glycothermal method. They synthesized titania

products from titanium tetraisopropoxide (TIP) and  an appropriate amount of

tetraethyl orthisilicate were added to 1,4 butanediol. They found that the titania

products, were synthesized by this method, had quite large surface area and exhibited

high thermal stabilities. In the product obtained by the reaction of TIP alone, its

transformation temperature was much higher than that of the titania prepared by other

method. When small amount of TEOS added to the reaction mixture caused the

anatse-rutile phase transformation to shift markedly toward higher temperature and

increase amount of TEOS the temperature transformation of titania increase. They

reported that not only the temperature transformation increase but the specific surface

area also increase when added TEOS in the reaction.

Kim et al. (1999) studied homogenous precipitation of titania ultrafine powder

from aqueous TiOCl2 solution. They found the as-precipitated hydroxide was

amorphous at first and became crystalline as the heat-treatment temperature increased

and found that the precipitation was not determined by the heating rate but by heating

temperature and time. They reported that the homogenous precipitation method using

simple heating produced nanosized crystalline powder. In agglomeration of primary

particle, they found the increased agglomeration or growth of TiO2 primary particle

with increased in thermal energy in the reaction.

Jung et al. (2000) studied enhanced photocatalytivity of silica-embedded

titania particles prepared by sol-gel process. They found that the major phase of the

silica-titania particles prepared by sol-gel technique was pure anatase without other

contamination phase and silica crystal. They reported that the added silicon formed

segregated amorphous silica and embedded into anatase titania matrix which affect



13

the increase of thermal stability result in suppressing the phase transformation from

anatase to rutile, in addition, the degree of aggregation of primary particles decreased

with increasing the silica content.

Zhang et al. (2001) controlled the temperature of the hydrolysis of titanium

ethoxide to synthesize nanocrystalline and amorphous titania. By heating the

amorphous titania in air at 375 ºC to 550 ºC for 3 h, single-phase anatase powders

were prepared. They  had varied condition (synthesized at 0 ºC for 3h, large amount

batch at 0ºC, at 50 ºC for 3 h, at 70 ºC for 3 h) for synthesize titania and found that at

T > 375 ºC for pure amorphous titania, single phase anatase can be generated from

amorphous titania after heating for only 3 h or less. By heating various starting

material at different temperature for   3 h, they found that the average size of anatase

depends on the history of the starting material because the material history can effect

the transformation kinetics and thus the average particle size. Anatase particle form

by heating of the amorphous titania were spherical. They concluded that large anatase

particles may have grown by one of three pathways, First, large anatase particles may

form directly from aggregates of smaller amorphous titania particles. Second, large

anatase particles may grow by atom-by-atom recrystallization of smaller anatase

particles. Third, large anatase crystals may form by solid-state aggregation of adjacent

small anatase particles as the crystals adopt appropriate crystallographic orientations.

Iwamoto et al. (2001) studied preparation of the xerogels of nanocrystalline

titania by the removal of the glycol at the reaction temperature after the glycothermal

method and their enhanced photocatalytic activities. They synthesized titania products

by titanium tetraisopropoxide (TIP) and an appropriate amount of tetraethyl

orthosilicate (TEOS) were added to 100 ml of 1,4 butanediol at 300ºC and kept at that

temperature for 2 h (glycothermal method), in the second method, after the

glycothermal reaction, removed the organic vapor from the autoclave by flash

evaporation while keeping at 300ºC and its products formed anatase titania with non-

contamination of other phase or amorphous phase. In second method, when increasing

in the amount of the TEOS addition the crystallite size decrease which they reported

that the crystallization mechanism was not effected by the removal of the glycol at the

reaction temperature. In the other hand, the removal of the glycol at the reaction

temperature, the titania product (without TEOS in the reaction) had improvement of
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the thermal stabilities. In addition of TEOS  in the reaction both of the method, the

temperature transformation had shift, they reported that the silica-modification of

titania had been improve thermal stability both of the methods. They found that the

products, synthesized from second method, was the collapse of the coagulated

structure indicated that coagulation during drying of wet gels due to  the surface

tension of the liquid.

Hirano et al. (2002) studied direct formation of zirconia-doped titania with

stble anatase-type structure by thermal hydrolysis. They found that the ZrO2 content

in the starting solution increased, a shift of the diffraction peak of the as-precipitated

anatase-type TiO2 to lower diffraction angle was observed. In heat treatment, tyhey

found a small amount of tetragonal ZrO2 was detected after heat treatment at >950°C

and the anatase structure was fully maintained when ZrO2 was doped in the titania,

even after heat treatment at 1000°C. they reported that the hydrothermally

precipitated anatase particles with nanosized crystallites can produce solid solution

with large amount of ZrO2 than those with high crystallinity and large crystallite size

after heat treatment at 950° - 1000°C.

Kominami et al. (2002) studied synthesis of perovskite-type lanthanum iron

oxide by glycothermal reaction of a lanthanum-iron precursor. They prepared the

precursor by reacted a mixture of lanthanum (III) isopropoxide (LIP) and iron (III) n-

bitoxide (INB) in toluene, this process in toluene they call the solvothermal

decomposition process and they used the precursor reacted in 1,4 butanediol (1,4-

BG), this solvothermal process in 1,4-BG is called a glycothermal process. Formation

of the amorphous phase that prepared by solvothermal decomposition of  the mixture

of LIP and INB in toluene, they found that it suggested a relatively strong interaction

between two starting compounds and high homogeneity of lanthanum and iron

species in the precursor. When they prepared the product by direct glycothermal

reaction of  a mixture of LIP and INB without preparation of the precursor using the

solvothermal decomposition process they found that the starting materials, LIP and

INB, reacted independently under glycothermal condition and yielded each related

compound.
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Kongwudthti et al. (2002) synthesized the large-surface area of silica-modified

zirconia by the glycothermal method. They prepared the product from zirconium n-

butoxide and amount of tetraethyl orthosilicate in 1,4 butanediol, they found that the

tetragonal zirconia was fromed for all the products and they reported that the

crystallinity of  sample prepared by the glycothermal method was not effected by in

creasing of the Si ratio. All the product were composed of spherical paricle when

TEOS was added to the reaction, the spherical particle formed aggromerates but the

crystallite size of  all product not different, they suggested that the nucleation

frequency of product was scarcely affected by TEOS content added to the reaction. In

thermal stability, the tetragonal to monoclinic phase transformation temperature

shifted toward higher temperatures with the addition of TEOS.



CHAPTER III

THEORY

It is know that titanium (Ti) can be form a large number of addition

compounds by coordination other substances such as hydrogen, nitrogen, boron,

carbon, oxygen, and other system. Titanium (IV) oxide (titania) is titanium compound

that is the most important commercial form. Physical and chemical properties of

titania have been studied to include preparation procedure and its advantages.

3.1 Titanium (Ti)  (Sornnarong Theinkeaw, 2000)

Titamium (atomic number 22; ionization potentials: first 6.83 eV, second

13.67 eV, third 27.47 eV, fourth 43.24 eV) is the first member of Group IVB of the

periodic chart. It has four valance electrons, and Ti (IV) is most stable valence state.

The lower valence states Ti (II) and Ti (III) exist, but these are readily oxidized to the

tetravalent state by air, water, and other oxidizing agent. The ionization potentials

indicate that the Ti4++ ion would not be expected to exist and, indeed, Ti (IV)

compounds are generally covalent. Titanium is able to expand its outer group of

electrons and can form a large number of addition compounds by coordination other

substances having donor atom, e.g., oxygen or sulfur. The most important commercial

forms are titanium (IV) oxide and titanium metal.

 Thermochemical data

Thermochemical data of titanium (IV) oxide and other titanium compounds

are described. Data relating to changes of state of selected titanium compounds are

listed in Table 3.1. Table 3.2 gives values for heat of formation , free energy of

formation, and entropy of a number of titanium compound at two temperature, 298 K

and 1300K.
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Table 3.1 Thermal data for changes of state of titanium compounds

Compound Properties Temperature,K ∆H,kJ/mol

TiCL4 melting point 249.05 9.966
Boiling point 409 35.77

TiCL3 sublimation temperature         1104.1 166.15
TiCL2 sublimation temperature           1591.5 248.5
TiI4 melting point 428 19.23±0.63

Boiling point 652.6 56.48±2.09
TiF4 sublimation temperature 558.6 97.78±0.42
TiBr4 melting point 311.4 12.89

Boiling point 504.1 45.19
TiO2 phase change (anatase to rutile) ca-12.6

3.2 Titanium (IV) oxide (Sornnarong Theinkeaw, 2000 and Fujishima et al.,1999)

Physical and chemical properties

Titanium (IV) oxide occurs naturally in three crystalline forms: anatase, which

tends to be more stable at low temperature, brookite, which is usually found only in

minerals, and rutile, which tends to be more stable at higher temperatures and thus is

sometimes found in igneous rock. These crystals are substantially pure titanium (IV)

oxide but usually amounts of impurities, e.g., iron, chromium, or vanadium, which

darken them. A summary of the crystallographic properties of the three varieties is

given in Table 3.3.

Although anatase and rutile are both tetragonal, they are not isomorphous

(Figure 3.1). Anatase occurs usually in near-regular octahedral, and rutile forms

slender prismatic crystal, which are frequently twinned. Rutile is the thermally stable

form and is one of the two most important ores of titanium.

The three allotropic forms of titanium (IV) oxide have been prepared

artificially but only rutile, the thermally stable form, has been obtained in the form of

transparent   large single  crystal.   The   transformation   form   anatase  to   rutile   is
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accompanied by the evolution of ca. 12.6 kJ/mol (3.01 kcal/mol), but the rate of

transformation is greatly affected by temperature and by the presence of other

substance which may either catalyze of inhibit the reaction. The lowest temperature at

which conversion of anatase to rutile takes place at a measurable rate is ca. 700˚C, but

this is not a transition temperature. The change is not reversible; ∆G for the change

from anatase to rutile is always negative (see Table 3.1 and 3.2 for thermodynamic

data)

Figure 3.1 Crystal structure of TiO2. (Fujishima et al.,1999)

Brookite has been produced by heating amorphous titanium (IV) oxide,

prepared from an alkyl titanates of sodium titanate with sodium or potassium

hydroxide in an autoclave at 200 to 600˚C for several days. The important commercial

forms of titanium (IV) oxide are anatase and rutile, and these can readily be

distinguished by X-ray diffraction spectrometry.

Since both anatase and rutile are tetragonal, they are both anisotropic, and

their physical properties, e.g. refractive index, vary according to the direction relative

to the crystal axes. In most applications of these substances, the distinction between

crystallographic direction is lost because of the random orientation of large numbers

of  small particles, and it is mean value of the property that is significant.
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Table 3.3 Crystallographic properties of anatase, brookite, and rutile.

Properties Anatase Brookite Rutile

Crystal structure

Optical

Density, g/cm3

Harness, Mohs scale

Unit cell

Dimension, nm

a

b

c

Tetragonal

U n i a x i a l ,  

negative

3.9

51/2 – 6

D4a19.4TiO2

0.3758

0.9514

Orthorhombic

Biaxial, positive

4.0

51/2 – 6

D2h15.8TiO2

0.9166

0.5436

0.5135

Tetragonal

U n i a x i a l ,  

negative

4.23

7 – 71/2

D4h12.3TiO2

0.4584

2.953

Measurement of physical properties, in which the crystallographic directions

are taken into account, may be made of both natural and synthetic rutile, natural

anatase crystals, and natural brookite crystals. Measurements of the refractive index

of titanium (IV) oxide must be made by using a crystal that is suitably orientated with

respect to the crystallographic axis as a prism in a spectrometer. Crystals of suitable

size of all three modifications occur naturally and have been studied. However, rutile

is the only form that can be obtained in large artificial crystals from melts. The

refractive index of rutile is 2.75. The dielectric constant of rutile varies with direction

in the crystal and with any variation from the stoichiometric formula, TiO2; an

average value for rutile in powder from is 114. The dielectric constant of anatase

powder is 48.

Titanium (IV) oxide is thermally stable (mp 1855˚C) and very resistant to

chemical attack. When it is heated strongly under vacuum, there is a slight loss of

oxygen corresponding to a change in composition to TiO1.97. The product is dark blue

but reverts to the original white color when it is heated in air.

Hydrogen and carbon monoxide reduce it only partially at high temperatures,

yielding lower oxides or mixtures of carbide and lower oxides. At ca. 2000˚C and
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under vacuum, carbon reduces it to titanium carbide. Reduction by metal, e.g., Na, K,

Ca, and Mg, is not complete. Chlorination is only possible if a reducing agent is

present; the position of equilibrium in the system is

TiO2 + 2Cl2   TiCl4 + O2

The reactivity of titanium (IV) oxide towards acids is very dependant on the

temperature to which it has been heated. For example, titanium (IV) oxide that has

been prepared by precipitation from a titanium (IV) solution and gently heated to

remove water is soluble in concentrated hydrochloric acid. If the titanium (IV) oxide

is heated to ca. 900˚C, then its solubility in acids is considerably reduced. It is slowly

dissolved by hot concentrate sulfuric acid, the rate of salvation being increased by the

addition of ammonium sulfate, which raises the boiling point of the acid. The only

other acid in which it is soluble is hydrofluoric acid, which is used extensively in the

analysis of titanium (IV) oxide for trace elements. Aqueous alkalies have virtually no

effect, but molten sodium and potassium hydroxides, carbonates, and borates dissolve

titanium (IV) oxide readily. An equimolar molten mixture of sodium carbonate and

sodium borate is particularly effective as is molten potassium pyrosulfate.

3.3 Preparation procedure

large surface area titanium (IV) oxide powders have been prepared by several

methods. The physical and chemical properties of titanium (IV) oxides are quite

different by the process of preparation.

3.3.1 Chemical vapor deposition (CVD) method

Chemical vapor deposition (CVD) is a process to deposit solids in the form of

a film or particles, using gaseous components. Extensive effort has been devoted to

preparing ultrafine particles of metal, metal oxides and other inorganic compound. It

is usual for the synthesis of particles by CVD method, to carry out the reaction at

high-temperatures in order to avoid incomplete reaction. Attempts were made to use

metal organic compounds as the starting material in CVD, which may lower the

reaction temperature. One of the attractive features of the low temperature CVD is the
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possibility of producing a material possessing a structure, which is unstable at high

temperatures.

Ultrafine titanium (IV) oxide particles were prepared by chemical vapor

deposition of titanium tetra isopropoxide. The particle formation reaction being

catalyzed by titanium (IV) oxide deposit on the reaction wall, took place event at as

low a temperature as 250˚C, according to the stoichiometric relation as fellow:

Ti(C3H7O4) TiO2 + 4C3H6 + 2H2O

The titanium (IV) oxide particles were amorphous and porous, the specific

surface area of which reached 300 m2g-1.

3.3.2 Chloride process

Ultrafine titanium (IV) oxide particles are produced routinely on a large scale

by the oxidation of titanium tetrachloride (TiCl4) vapor, it is so called “chloride

process”. Reactions in the gas phase at the temperature range 700 to 1400˚C,

according to the stoichiometric relation of  TiCl4 + O2 2Cl2, result in the

formation and growth of fine titanium (IV) oxide particles. Titanium (IV) oxide

pigments that were produced by this method are used in coatings to provide maximum

light scattering with actually no absorption.

Titanium (IV) oxide production from titanium tetrachloride vapor has been the

force of experimental studies. Akntar et al. prepared titanium (IV) oxide particles

from the oxidation of TiCl4 in an aerosol reactor between 927 to 1450˚C. The effect of

process variables (reaction residence time, temperature and reactant concentration) on

powder size and phase characteristics was investigated. They found that titanium

particles were primarily anatase though the rutile weight fraction increase with

increasing reaction temperature and the average particle size increased with

increasing, inlet TiCl4 concentration, and residence time.



23

3.3.3 Precipitation method

Precipitation method involves the growth of crystals from a solvent of

different composition to the crystal. The solvent may be one of the constituents of the

desired crystals, e.g., crystallization of salt hydrate crystals using water as the solvent,

or the solvent may be entirely separate liquid element or compound in which the

crystals of interest are partially soluble, e.g., SiO2 and various high melting silicates

may be precipitated from low melting borate or halide melts. In these cases, the

solvent melts are sometimes referred to as fluxed since the effectively reduce the

melting point of the crystals by a considerable amount.

The method has recently been user to grow crystal of titanium (IV) oxide

using titanium tetrachloride as starting material. Titanium (IV) oxide which, after

washing and drying at 110˚C, can be calcined at 800˚C to remove combined water

and chloride, according to the stoichiometric relation as follow:

TiCl4 + 4NH4OH Ti(OH)4 + 4NH4Cl

This method used involves precipitation from titanium tetrachloride as

hydrated titanium (IV) oxide conversion of the precipitate to the double oxalate,

recrystallization of this from methanol and subsequent calcinations.

3.3.4 Sol-gel method

To prepare a solid using the sol-gel method, a sol is first prepared from a

suitable reactants in a suitable liquid. Sol preparation can either be simply the

dispersal of an insoluble solid or addition of a precursor which reacts with the solvent

to form a colloid product. A typical example of the first is the dispersal of oxides or

hydroxides in water with the pH adjusted so that the solid particles remain in

suspension rather than precipitate out. A typical example of the second method is the

addition of metal alkoxides to water. The alkoxides are hydrolyzed giving the oxide as

a colloidal product. The sol is then either treated or simply left to form a gel. To

obtain a final product, the gel is heated. This heating serves several purposes-it

removes the solvent, it decomposes anions such as alkoxides or carbonates to give



24

oxides, it allows rearrangement of the structure of the solid and it allows

crystallization to occur.

3.3.5 Hydrothermal method (West, 1999)

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

and temperatures. The water performs two roles, as a pressure-transmitting medium

and as a solvent, in which the solubility of the reactants is P, T-dependent. In addition,

some or all of the reactance are partially soluble in the water under pressure and this

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

these conditions, reactions may occur that, in the absence of water, would occur only

at much high temperatures. The method is therefore particularly suited for the

synthesis of phases that are unstable at higher temperatures. It is also a useful

technique for growth of single crystals; by arranging for a suitable temperature

gradient to be present in the reaction vessel, dissolution of the starting material may

occur at the hot end and reprecipitation at the cooler end.

The design of 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 then sealed and placed inside an oven at the required temperature,

usually at a temperature in the range 100-500°C. Pressure is controlled either

externally or by the degree of filling in a sealed bomb. By making use of the P/T

‘phase diagram’, Figure 3.3(a); curve AB is the saturated steam curve and separates

water (above) from steam (below); at temperatures above 374°C, point B, the water is

in the supercritical condition and there is no distinction between liquid and vapor

states.
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The applications of the hydrothermal method is:

(a) Synthesis of new phases: calcium silicate hydrate.

Hydrothermal methods have been used successfully for the synthesis

of many materials. 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 150 to 500°C and

pressure of 0.1 to 2 kbar. Each calcium silicate hydrate has, for its synthesis, optimum

preferred conditions of composition of starting mix, 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 in the range150 to 350°C.

(b) Growth of single crystals.

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

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

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

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

be present in the water. For instance, the solubility of quartz in water at 400°C and 2

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

within a reasonable space of time. On addition of NaOH as a mineralizer, however,

large quartz crystals may be readily grown. Using the following conditions, crystals of

kilogram size have been grown: quartz and 1.0 M NaOH solution are held at 400°C

and 1.7 kbar; at this temperature some of the quartz dissolves. A temperature gradient

is arranged to exist in the reaction vessel and at 360°C the solution is supersaturated

with respect to quartz, which precipitates onto a seed crystal. In summary, therefore,

quartz dissolves in the hottest part of the reaction vessel, is transported throughout the

vessel via convection currents and is precipitated in cooler parts of the vessel where

its solubility in water is lower. Quartz single crystals are use in many devices in radar

and sonar, as piezoelectric transducers, as monochromators in X-ray diffraction, etc.

Annual world production of quartz single crystals, using hydrothermal and other

methods, is currently a staggering 600 tons.
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Using similar methods, many substances have been prepared as high

quality single crystals, e.g. corundum (Al2O3) and ruby (Al2O3 doped with Cr3+).

Figure 3.2 (a) Pressure-temperature relations for water at constant volume, dashed

curves represent pressures developed inside a close vessel; numbers represent the

percentage degree of filling of the vessel by water at ordinary P, T. (b) Schematic

hydrothermal bomb used for crystal growth.

3.3.6 Glycothermal and solvothermal method

Glycothermal method and solvothermal method have been developed for

synthesis of metal oxide and binary metal oxide by using glycol and solvent as the

reaction medium, respectively. The use of glycol or solvent instead of water in the

hydrothermal method produced the different form of intermediate phase and the

stability of such intermediate phase was not strong. Instability of the intermediate

phase gives a large driving force to the formation of product under quite mild

condition. The preparation method is described in the experimental section, Chapter

IV.
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3.4 Single crystal (McGraw-Hill encyclopedia of science & technology, 1997)

In crystalline solids the atoms or molecules are stacked in a regular manner,

forming a three-dimensional pattern, which may be obtained by a three-dimensional

repetition of a certain pattern unit called a unit cell. When the periodicity of the

pattern extends throughout the certain piece of material, one speaks of a single crystal.

A single crystal is formed by the growth of a crystal nucleus without secondary

nucleation or impingement on other crystal.

3.4.1 Growth techniques

Among the most common methods of growing single crystals are those of P.

Bridgeman and J. Czochralski. In the Bridgeman method the material is melted in a

vertical cylindrical vessel, which tapers conically to a point at the bottom. The vessel

then is lowered slowly into a cold zone. Crystallization begins in the tip and continues

usually by growth from the first formed nucleus. In the Czochralski method a small

single crystal (seed) is introduced into the surface of the melt and then drawn slowly

upward into a cold zone. Single crystals of ultrahigh purity have been grown by zone

melting. Single crystals are also often grown by bathing a seed with a supersaturated

solution, the supersaturation being kept lower than necessary for sensible nucleation.

When grown from a melt, single crystals usually take the form of their

container. Crystals grown from solution (gas, liquid, or solid) often have a well-

defined form, which reflects the symmetry of the unit cell. For example, rock salt or

ammonium chloride crystals often grow from solutions in the form of cubes with

faces parallel to the 100 planes of the crystal, or in the form of octahedrons with faces

parallel to the 111 planes. The growth form of crystals is usually dictated by kinetic

factors and does not correspond necessarily to the equilibrium form.

3.4.2 Physical properties

Ideally, single crystals are free from internal boundaries. They give rise to a

characteristic x-ray diffraction pattern. For example, the Laue pattern of a single

crystal consists of a single characteristic set of sharp intensity maxima.
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Many types of single crystal exhibit anisotropy, that is, a variation of some of

their physical properties according to the direction along which they are measured.

For example, the electrical resistivity of a randomly oriented aggregate of graphite

crystallites is the same in all directions. The resistivity of a graphite single crystal is

different, however, when measured along crystal axes. This anisotropy exist both for

structure-sensitive properties, which are strongly affected by crystal imperfections

(such as cleavage and crystal growth rate), and structure-insensitive properties, which

are not affected by imperfections (such as elastic coefficients).

Anisotropy of a structure-insensitive property is described by a characteristic

set of coefficients, which can be combined to give the macroscopic property along

any particular direction in the crystal. The number of necessary coefficients can often

be reduced substantially by consideration of the crystal symmetry, whether

anisotropy, with respect to a given property, exists depends on crystal symmetry. The

structure-sensitive properties of crystals (for example, strength and diffusion

coefficients) seem governed by internal defects, often on an atomic scale.



CHAPTER IV

EXPERIMENTAL

The synthesis of titania by using organic solvent is explained in this chapter.

The chemicals and reaction apparatus are shown in sections 4.1 and 4.2, respectively.

In sections 4.3 and 4.4, the catalyst preparation and characterization are explained.

4.1 Chemicals

This synthesis mixtures are prepared with the following reagent:

1. Titanium (IV) tert-butoxide (TNB, Ti[O(CH2)3CH3]4) available from Aldrich, 97%

2. Tertraethyl orthosilicate (TEOS, Si(OC2H5)4) available from Aldrich, 98%

3. Aluminium isoproproxide (AIP, [(CH3)2CHO]3Al) available from Aldrich, 98+%

4. Triethyl phosphate (TEPP, C6H15O4P) available from Merck, >99%

5. 1,4 Butanediol (1,4-BG, HO(CH2)4OH) available from Aldrich, 99%

6. Toluene (C6H5CH3) available from APS Finechem, 100%

Table 4.1 Reagents used for the synthesis of titania

Reagents Weight/Volume

TNB (various starting material concentrations) 5, 7.5, 10, 15, 25 g

TEOSa (basis on TNB 15g)

For Si/Ti = 0.005 0.0445 g

Si/Ti = 0.04 0.3635 g

Si/Ti = 0.06 0.5344 g

Si/Ti = 0.08 0.7270 g

AIPa (basis on TNB 15g)

For Al/Ti = 0.005 0.0450 g

Al/Ti = 0.04 0.3601 g

Al/Ti = 0.06 0.5401 g

Al/Ti = 0.08 0.7201 g

a Calculation of  catalyst preparation, APPENDIX A
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Table 4.1 (cont.) Reagents used for the synthesis of titania

Reagents Weight/Volume

TEPPa (basis on TNB 15g)

For P/Ti = 0.005 0.0393 g

P/Ti = 0.04 0.3146 g

P/Ti = 0.06 0.4720 g

P/Ti = 0.08 0.6293 g

Organic solvents (1,4-BG, toluene)

In the synthesis mixtures 100 cm3

In the gap 30 cm3

a Calculation of  catalyst preparation, APPENDIX A

4.2 Equipment

The equipment for the synthesis of titania consisted of:

4.2.1 Autoclave reactor

- Made from stainless steel

- Volume of 1000 cm3

- 10 cm inside diameter

- Maximum temperature of 350oC

- Pressure gauge in the range of 0-140 bar

- Relief valve used to prevent runaway reaction

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

- Test tube was used to contain the reagent and glycol

The autoclave reactor is shown in Figure 4.1

4.2.2 Temperature program controller

A temperature program controller CHINO DB1000F was connected to a

thermocouple with 0.5 mm diameter attached to the reagent in the autoclave.
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Figure 4.1 Autoclave reactor

            4.2.3 Electrical furnace (Heater)

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

4.2.4 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 for synthesis of zirconia is shown in

Figure 4.2
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Figure 4.2 Diagram of the reaction equipment for the synthesis of titania

4.3 Preparation of titania

            Titania was prepared by using TNB for various starting material. The starting

material were suspended in 100 ml of solvent and in the test tube, and then set up in

an autoclave. In the gap between the test tube and autoclave wall, 30 ml of solvent

was added. After the autoclave was completely purged with nitrogen, the autoclave

was heated to desired temperature (200oC-300oC) at the rate of 2.5oC min-1 and held

at that temperature for 2 hours. In this study, beside the reaction temperature, the

reaction time was also varied from 0-4 hours. Autogeneous pressure during the

reaction gradually increased as the temperature was raised. After the reaction, the

autoclave was cooled to room temperature. The resulting powders were collected after

repeated washing with methanol by centrifugation. They were then air-dried.
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For the synthesis of second element modified titania, the method are the same

with that to obtain pure titania whereas the mixture of TNB 15 g and an amount of

TEOS at Si/Ti molar ratio of 0.005-0.08 or AIP at Al/Ti molar ratio of 0.005-0.08 or

TEPP at P/Ti molar ratio of 0.005-0.08 were used as the starting material (see

Appendix A).

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

The product was heated at a rate of 10oC min-1 to a desired temperature and held at

that temperature for 1 hour.

4.4 Characterization

4.4.1 X-ray diffraction spectroscopy (XRD)

The X-ray diffraction (XRD) patterns of powder were performed by Siemens

D5000  X-ray diffractometer at Center of Excellences on Catalysis and Catalytic

Reaction Engineering, Chulalongkorn University. The experiments were carried out

by using Ni-filtered CuKα radiation. The crystallite size was estimated from line

broadening according to the Scherrer equation (see Appendix B) and α-Al2O3 was

used as standard.

4.4.2 Scanning electron microscopy (SEM)

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

by Scanning electron microscopy (SEM). Model of SEM for experiments: JSM-

5410LV at the Scientific and Technological Research Equipment Center,

Chulalongkorn University (STREC).
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4.4.3 Surface area measurement

The multipoint BET surface area of the samples were measured by a

micromeritics medel ASAP 2000 using nitrogen as the adsorbate at the Analysis

Center of the Department of Chemical Engineering, Faculty of Engineering,

Chulalongkorn University. The operating conditions are as follows:

Sample weight                        ~ 0.3 g

 Degas temperature                  200oC for as-synthesized sample

300oC for calcined sample

Vacuum pressure  < 10 µmHg

4.4.5 Infrared Spectroscopy (IR)

The functional group in the samples was determined by using Infrared

spectroscopy. Before measurement, the sample was mixed with KBr and then was

formed into a thin wafer. Model of IR for experiments: Nicolet impact 400 at Center

of Excellences on Catalysis and Catalytic Reaction Engineering, Chulalongkorn

University

4.4.6 Thermalgravimetric analysis (TGA)

The weight loss pattern of the samples during heating up was analyzed by

Shimadzu TGA model 50. The sample was loaded in a platinum pan located in a

furnace. The purging gas were N2 with flow rate 30 ml./min and Air with flow rate

100 ml/min. The furnace temperature was programmed to rise from room temperature

to 600 °C at a constant rate of 10 °C/min. The data were displayed and record using a

microcomputer.



CHAPTER V

RESULTS AND DISCUSSION

The nanocrystal titanium (IV) oxide (titania) obtained in this work were

synthesized from Titanium tert-butoxide (TNB) mixed with organic solvents, 1,4

butanediol or toluene, in an autoclave under autogenous pressure. The procedure is

the so-call solvothermal method. Titania prepared in each organic solvent have

different physical properties and thermal stability (Sornnarong Theinkaew, 2000 : 70).

5.1 Formation of Titanium (IV) oxide

5.1.1 Synthesis in 1,4-butanediol

Titanium (IV) oxide has been synthesized in 1,4-BG at 300°C for  various

reaction times, Glycothermal Method. Under glycothermal conditions, titanium (IV)

tert-butoxide (TNB) was easily converted to glycoxide. Thermal decomposition of the

glycoxide molecule was occurred by intramolecular participation of the remaining

hydroxyl group of glycol moiety and subsequently a ≡Ti-O- anion was formed. The

nucleophilic attack of this titanate ion on another ion and crystallization of titanium

(IV) oxide were taken place. The mechanism of TNB in 1,4-BG can be depicted in

Figure 5.1.

Figure 5.1 Mechanism of glycothermal reaction for the anatase formation

(Sornnarong Theinkeaw, 2000 : 70).
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5.1.1.1 The effect of reaction time

The as-synthesized nanocrystallite titania products were synthesized by

reaction in 1,4-BG at 300°C for various reaction times (0, 0.25, 0.5, 1, 2, or 4 h).

XRD patterns indicated that the as-synthesized products were the anatase phase for all

of the products as shown in Figure 5.2. These confirmed that the reaction yielded the

anatase titania products and non-contaminate with other phases such as brookite or

rutile. Although the reaction time at 300°C was not hold, the product was still the

anatase titania. It was indicated that at this temperature the reaction decomposed

completely and yielded certainly the titania product. Drop of water into the clear

reacted solvent shown that the white fine particle not occurred. These confirmed

absolutely that the reaction was complete at this temperature. Because if the metal

alkoxide remains in the reacted solvent, it will react with water to form metal oxide

(Sornnarong Theinkeaw, 2000 : 71).

The titania products were characterized by SEM for analyzing morphology of

the products as shown in Figure 5.3. SEM results indicate that morphology of the

secondary particle which a shape was irregular particle is not change with increasing

the reaction time.

Table 5.1 shows the crystallite sizes calculated from XRD patterns at the 101

diffraction peak of anatase titania by Sherrer equation (Kominami et al., 1997; Yang

et al., 2001; Iwamoto et al., 2001) and the specific surface area of titania by BET

measurement. For no holding the reaction time, the crystallite size and BET surface

area of the as-synthesized product were 10 nm and 150 m2/g, respectively. When the

reaction time was prolonged, the crystallite size was gradually increase. It should be

noted that the growth of anatase crystal gradually proceeded in the reaction

(Kominami et al., 1997). Alternatively, the surface area which was calculated from

diameter size of the crystal, became 142 m2/g. It was noted that the equation was used

to calculate as 6/dρ on assumption that the crystal is nonporous spherical crystal

(Kominami et al., (1999). Interestingly, the obtained surface area was not different

from BET surface area. These identify that the titania product is not contaminate  with

amorphous-like phase or organic phase as shown through ratio of  S1/S2 in Table 5.1
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(S1 is BET surface area and S2 is surface area calculated). Kominami et al. (1997)

synthesized titania from the solvothermal method. They calculated the surface area

from the crystallite size by assuming the density of anatase to be 3.84 g cm-3. They

found that the surface area obtained from BET measurement was larger than that

calculated from the crystallite size and suggested that the product was contaminated

with the amorphous-like phase.

For other reaction times, the approximate unity of S1/S2 ratio implied that the

products were without the amorphous phase. When the reaction time was increased,

the specific surface area decreased but the crystallite size increased slightly.

Table 5.1 Crystallite size and surface area of titania products synthesized in 1,4-BG.

surface area (m2/g)Reaction time (hr) Crystallite size

(nm)

S1 a S2
b

S1/S2

0

0.25

0.5

1

2

4

10

9

9

11

13

15

150

170

166

128

110

100

154

171

171

140

118

103

1.0

1.0

1.0

0.9

0.9

1.0
a Specific BET surface area from BET measurement.
b Specific surface area calculated from equation of  6/dρ on assumption that the crystal is spherical

particle and the density of anatase titania is 3.9 g cm-3.

Figure 5.4 shows the relative pressure of N2 adsorption and desorption of the

titania products from BET measurement. These titanias showed type IV isotherm,

with hysteresis loop due to capillary condensation, which indicates that the secondary

particle of titania are mesoporous materials. The isotherms afforded by these materials

could be more precisely attributed to one of two subcategories in type IV isotherms:

H2, usually found in materials with cross-link porous system, and H3, normally

assigned to slit-shape pores (see APPENDIX C). Adsorption at low relative pressure

increased weakly, suggesting the presence of a small amount of micropores (Mariscal

et al., 2000). So that, the relative pressure of N2 adsorption and desorption showed
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that the products consisted of mesopores and micropores and that the pore were open-

end pore structure. For without holding the reaction time, the pore structure was

mainly a ink bottle pore. However, the pore structure was arranged to form cylinder

pore with increasing the reaction time (Gregg and Sing, 1982). These support that the

reaction time affected to pore structure of titania products.

Table 5.2 shows pore volumes and average pore diameters of the titania

products for various reaction times. When the reaction time was prolonged, the pores

were expanded. From this table, the pore volumes were constant and independent on

the reaction time. On the other hand, the average pore diameters slightly increased

with increasing the reaction time. These results were in agreement with the relative

pressure plots and the product was therefore arranged to be crystallite structure.

Table 5.2 Pore volume and average pore diameter of titania products synthesized in

1,4-BG for various reaction time.

Reaction time

(hr)

Pore volume (cc/g)a Average pore diameter (nm)b

0

0.25

0.5

1

2

4

0.3

0.4

0.4

0.4

0.4

0.4

5

6

7

10

11

13
a BJH cumulative desorption pore volume of pores
b BJH desorption average pore diameter (4V/A)
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Figure 5.5 shows pore size distributions of titania products in 1,4-BG for

various reaction times. When the reaction time was increased, the profile of pore size

distribution was shifted to a wider pore diameter. However, the pattern of distribution

curves were not changed. These results suggest that change of reaction time affected

directly the arrangement of pore structure.
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Figure 5.5 Pore size distribution of titania products synthesized in 1,4-BG for various

reaction times.

5.1.1.2 Effect of the starting material concentration

In this part, various TNB concentrations was used to react with 100 ml of 1,4-

BG at 300°C for 2 hrs. These concentrations were varied as 5, 7.5, 10, 15, and 25 g.

All of the as-synthesized titanias yielded the anatase titania products. Evidence was

obtained from XRD patterns of anatase phase without the other phases of titania as

illustrated in Figure 5.6. SEM morphology show that the secondary particle size was

not changed with increasing the TNB concentration as showed in Figure 5.7.

(Å)
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Table 5.3 shows the crystallite size and the specific surface areas of the titania

products. The crystallite size was increased with an increasing of the concentration of

the starting material. Alternatively, at the concentration more than 15 g the crystallite

size was constant as 13 nm. A little change of the BET surface area could confirm this

as well.

Table 5.3 Crystallite size and surface area of titania products synthesized for various

reactant concentration

surface area (m2/g)R e a c t a n t  

concentration 

(g/100ml)

Crystallite

size (nm)

S1
a S2

b

S1/S2

5

7.5

10

15

25

8

10

12

13

13

179

139

105

110

105

192

154

128

118

118

0.9

0.9

0.8

0.9

0.9
a Specific BET surface area from BET measurement.
b Specific surface area calculated from equation of  6/dρ on assumption that the crystal is spherical

particle and the density of anatase titania is 3.9 g cm-3.

Figure 5.8 shows the relative pressure of N2 adsorption and desorption in

various concentrations. The synthesized products in various concentrations contained

both mesopore and micropore, which their pore structure was open-end pore.

However, at low concentration the pore structure was ink bottle pore but at high

concentration it became cylinder pore. In addition, the lower concentration of starting

material, the smaller pore size.
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Table 5.4 shows pore volume and average pore diameter of titania products

synthesized in 1,4-BG for various concentrations. When concentration of starting

material was increased, the pore volume approach about 0.4 cc/g and was kept

constant at this value. Thus, the pore volume does not depend on the TNB

concentration. Alternatively, an increase of average pore diameter confirmed that the

titania was formed to single crystal or the titania product was segregated.

Table 5.4 Pore volume and average pore diameter of titania products synthesized in

1,4-BG for various concentrations.

R e a c t a n t

c onc e n t r a t ion  

(g/100ml)

Pore volume (cc/g)a Average pore diameter (nm)b

5

7.5

10

15

25

0.3

0.4

0.4

0.4

0.4

5

9

12

11

12
a BJH cumulative desorption pore volume of pores
b BJH desorption average pore diameter (4V/A)

Figure 5.9 shows the pore size distribution of titania synthesized in 1,4-BG for

various concentrations. When concentration of staring material was increased, pore

size of the product was shifted to the higher pore diameter. Alternatively, the pattern

of distribution curves did not change. An increase of average pore diameter suggested

aggregation of the crystal.
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Figure 5.9 Pore size distribution of titania products synthesized in 1,4-BG for various

concentrations.
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5.1.2 Synthesis in toluene

Titanium (IV) oxide has been synthesized in toluene at 300°C for various

reaction times (Solvothermal Method). In this work effect of reaction time and

reactant concentration were investigated. Under inert organic solvent condition,

thermal decomposition of TNB in toluene was occurred, yielding a  ≡Ti-O- anion. The

nucleophilic attack of  the titanate ion on another ion and crystallization was taken

place, finally yielding the anatase titania. The mechanism of TNB in toluene can be

depicted as shown in Figure 5.10.

Figure 5.10  Mechanism of reaction in toluene for the titania product (Sornnarong

Theinkeaw, 2000 : 71).

5.1.2.1 Effect of reaction time

Titania was synthesized for various reaction times (0, 0.25, 0.5, 1, 2, and 4 h).

As shown in Figure 5.11, XRD pattern of the products obtained from the reaction at

300°C indicated that the synthesized titania product without reaction time appeared

amorphous phase but for only 15 min of reaction time, titania product started to

become anatase phase without contamination of other phases such as brookite and

rutile, which denoted the anatase titania product was form at these temperature when

the reaction time was prolonged.
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Kondo et al. (1994) examined the hydrothermal treatment of alkoxide-derived

amorphous TiO2 particles and found that the crystallite size of anatase formed was

increased to 25 nm by the treatment at 250°C. Inoue et al. (1996) synthesized χ-

alumina from thermal decomposition of a mixture of aluminium isopropoxide and

tetraethoxysilcane in toluene at 300°C. The as-synthesized product was amorphous.

When thermal treatment of the as-synthesized product in various temperatures was

prolonged, the χ-alumina was formed. Yanagisawa et al. (1997) synthesized titania

from hydrothermal reaction by used titanium tetraethoxide and ethanol with water.

The resultant precipitate was amorphous hydrous titania. When it was heated in air, a

large weight loss was observed at 100°C and crystallization to anatase occurred at

about 400°C. The as-synthesized product was used to be the starting material to study

effect of a reaction pressure -compressive pressure from the outside the autoclave- on

the anatase titania product. On the other hand, in this study, the anatase titania was

formed due to the crystallization of amorphous under the reaction for holding time.

Addition of water to the supernatant after the reaction gave no precipitates

indicate that TNB was completely decomposed in toluene (Kominami et al., 1999).

From XRD pattern, the crystallite size of the anatase samples was calculated from the

half-height width of the 101 diffraction peak of anatase using the Scherrer equation.

The crystallite size at 0.25 hr of the reaction time was 9 nm and approached 13 nm at

4 hrs as shown in Table 5.5.

Table 5.5 shows the crystallite size and specific surface area. The crystallite

size increased slightly with increasing the reaction time. On the other hand, the

specific surface areas obtained from both BET measurement and calculation by

equation was decreased with increasing the reaction time.  S1/S2 ratio increased. A

decrease of the BET surface area with reaction time indicated that the amorphous was

formed into titania crystal. These suggested that the titania product synthesized in

toluene was crystallized from amorphous phase.



55

Table 5.5 Crystallite size and surface area of titania products synthesized in toluene

Crystalline surface area (m2/g)Reaction time (hr) Crystallite size

diameter (nm)

S1 a S2
b

S1/S2

0

0.25

0.5

1

2

4

amorphous

9

10

10

12

13

204

163

156

161

145

143

-

171

154

154

128

118

-

1.0

1.0

1.0

1.1

1.2
a Specific BET surface area from BET measurement.
b Specific surface area calculated from equation of  6/dρ on assumption that the crystal is spherical

particle and the density of anatase titania is 3.9 g cm-3.

As see in Figure 5.12, observation reveals that amorphous phase was changed

to anatase phase by crystallization and then agglomerated to secondary particle. The

secondary particle morphology from SEM showed the formation of spherical shape,

not only being a large size but also agglomerating with increasing the reaction time.

Figure 5.13 shows the relative pressure of N2 adsorption-desorption of titania

products synthesized in toluene for various times. This indicate that the pore

structures were mainly the ink bottle pore and reconstructed to form cylinder pore

when reaction time was prolonged. This shows that the reaction time is affect on the

pore structure of titania synthesized in toluene.

Table 5.6 shows the pore volume and the average pore diameter of titania

products synthesized in toluene for various reaction times. The pore volumes were

constant not depended on the reaction time, but the average pore diameter were

slightly increased with increasing the reaction time. These confirm the relative

pressure of N2 volume adsorbed-desorbed was increased with prolonging the reaction

times. Figure 5.14 shows the pore size distribution of titania products synthesized in

toluene for various reaction times. The pore volume and the pore diameter were

increased with increasing the reaction time. In addition, the wider distribution of pore

diameter presented at the longer reaction time.
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Table 5.6 Pore volume and average pore diameter of titania product synthesized in

toluene.

Reaction time

(hr)

Pore volume (cc/g)a Average pore diameter (nm)b

0

0.25

0.5

1

2

4

0.3

0.4

0.3

0.4

0.4

0.4

4

6

4

5

7

8
a BJH cumulative desorption pore volume of pores
b BJH desorption average pore diameter (4V/A)
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Figure 5.14 Size distributions of titania products synthesized in toluene for various

reaction times.
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5.1.2.2 Effect of reactant concentration

For all of concentrations of starting material synthesized in toluene at 300°C

for 2 h, it was found that the as-synthesized product was formed to be anatase titania

phase. The XRD patterns of the products prepared in different concentrations are

given in Figure 5.15. The relevant SEM micrographs of products are shown in Figure

5.16. The secondary particle morphology was changed when concentration of starting

material was increased. Concentration of starting material affected definitely the

agglomeration of secondary particle, which was formed to be spherical shape. This

should be proposed that the more amount of starting material may accelerated the

agglomeration of the particle.

The crystallite size and the specific surface area are shown in Table 5.7. At a

large amount of starting material, the crystallite size was rather large (12 nm) under

this reaction condition. The BET surface area decreases with an increase of the

reaction concentration. Consider the same crystallite size, a decrease of the surface

area indicated that the product contaminated with amorphous phase and was formed

to be crystal.

Table 5.7 Crystallite size and surface area of titania products synthesized in toluene

for various reactant concentration.

Crystalline surface area (m2/g)R e a c t a n t  

concentration 

(g/100ml)

Crystallite

size (nm)

S1 a S2
b

S1/S2

5

7.5

10

15

25

8

9

10

12

12

201

169

201

145

123

192

171

154

128

128

1.0

1.0

1.4

1.1

1.0
a Specific BET surface area from BET measurement.
b Specific surface area calculated from equation of  6/dρ on assumption that the crystal is spherical

particle and the density of anatase titania is 3.9 g cm-3.
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Figure 5.17 shows the relative pressure plot of titania products synthesized in

toluene for various reactant concentrations. The pore structures were mainly ink bottle

pores and consisted of both mesopores and micropores. The increase concentration of

the starting material did not affect the pore structure.

Table 5.8 shows the pore volume and average pore diameter in various

concentrations of starting material. The pore volume of products was independent on

concentration of starting material. This confirms again that the pore structure was not

changed for different concentrations. Average pore diameter increased slightly when

concentration was increased and was approximately constant at a large amount of

starting material. This is similar to the relationship between the crystallite size and

reactant concentration.

Table 5.8 Pore volume and average pore diameter of titania products synthesized in

toluene for various concentrations.

R e a c t a n t

c onc e n t r a t ion  

(g/100ml)

Pore volume (cc/g)a Average pore diameter (nm)b

5

7.5

10

15

25

0.3

0.3

0.4

0.4

0.3

4

5

5

7

6
a BJH cumulative desorption pore volume of pores
b BJH desorption average pore diameter (4V/A)

Figure 5.18 shows the pore size distribution of titania products synthesized in

toluene for various concentrations of starting material. When the reactant

concentration was increased, the pore volume was decreased but the average pore

diameter was increased. In addition, the distribution curve was wider with increasing

the reactant concentration.
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Figure 5.18 Pore size distribution of titania products synthesized in toluene for

various concentrations.
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5.1.3 Comparison of titania products synthesized in both solvents

In previous results, it was found that the as-synthesized titania products in two

solvents was distinctly different. When the reaction time was not held, the titania

product synthesized in 1,4-BG provided titania crystal having 10 nm of crystallite size

but that synthesized in toluene became amorphous phase. It was necessary to held

instantly reaction time for the crystal formation of titania synthesized in toluene. To

test the mechanisms, synthesis at 220°C in two solvents the titania was not formed, on

the other hand, titania products was synthesized at 250°C without reaction time. In

1,4-BG, the small amount product, which formed anatase titania, was fine particle in

liquid solvent. But in toluene, the small amount product was amorphous mixing in

reacted-solution. Figure 5.19 shows the XRD patterns of titania products synthesized

in both solvents at 250°C without reaction time. This suggested that the mechanism of

two reactions was different. It was proposed that the product synthesized in 1,4-BG

could form crystal immediately after supersaturation point. On the other hand, the

product synthesized in toluene formed amorphous titania, which formed was

produced free radical in the solution and precipitated from the solution and

crystallized to anatase. These should be propose that the mechanism of synthesized

titania in 1,4BG was directly crystallization, but, the mechanism of synthesized titania

in toluene proceeded via solid state reaction from precipitated amorphous.

10 20 30 40 50 60 70 80

2-theta

Figure 5.19 XRD pattern of titania products synthesized in two solvents at 250°C for

non-reaction time.

Toluene

1,4-BG
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Comparison of the growth of crystal, the titania synthesized in 1,4-BG was

grown due to the crystal from the nucleation but the titania synthesized in toluene the

crystal was grown due to crystallization of amorphous. So, the crystallite size of

titania products synthesized in 1,4-BG have more significant effect on reaction time

and concentration than that synthesized in toluene.

Comparing morphology of titania products synthesized in two solvents, it was

found that the secondary particle of the titania synthesized in toluene was spherical

particle but that synthesized in 1,4-BG was irregular fine particle. Park et al. (1997)

synthesized titania in thermal hydrolysis of TiCl4. They found that the secondary

particle shape depended on the dielectric constant of solvent and the particle potential.

The secondary particle synthesized in low dielectric constant solvent was spherical

shape, on the other hand, for high dielectric constant solvent, the secondary particle

was irregular shape.  Moreover, they proposed that the growth after nucleation can be

also affected by the kind of solvents, because the particle interaction potential is

different in each solvent. Table 5.9 shows the dielectric constant of two solvents.

These results confirmed morphology of the titania products in the different solvents.

The dielectric constant of 1,4-BG is higher than toluene so that secondary particle of

titania was irregular shape. The dielectric constant is proportion of the surface energy.

The titania synthesized in 1,4 BG have a high surface energy so the secondary particle

was irregular shape (Park et al., 1997).

Table 5.9 Dielectric constant of the two solvents (Dean, 1999).

Substances Dielectric constant,ε (25°

C)

1,4 Butanediol

Toluene

32

2.4

Considering S1/S2 values, which compared the BET surface areas with surface

areas that calculated from crystallite size. If the values were more than the unity, it

will be proposed in two assumptions; (1) the products were the single crystal and/or

(2) the products contaminated with amorphous phase and/or organic moiety. In 1,4-



70

BG, the S1/S2 values were estimate a unit without depend on the reaction conditions

such as the reaction time and concentration of starting material (Table 5.1 and 5.3).

Alternatively, in toluene, the values were increased with increasing the reaction time,

indicated that the products were possibly formed to the single crystal or free-flow

crystal, a crystal formed by the growth of a crystal nucleus without secondary

nucleation or impingement on other crystal (Table 5.5). However, titania synthesized

in toluene that the concentration approached to 25 g, the crystal was not the single

crystal so that the S1/S2 value is less than the value of the product that synthesized in

toluene at 15 g of starting material (Table 5.7).

In the relative pressure of  N2 absorption-desorption volume, at the crystallite

size was 9 nm of both solvents, for example, the relative pressure plot pattern of the

titanias, synthesized in both 1,4-BG and toluene, were similar. These indicate that the

pore structure of titania depended only on the crystallite size. For increased crystallite

size the pore structure were formed to cylinder pore. For pore size distribution, the

pore was shifted to higher pore diameter with increasing the reaction time or amount

of the starting material. These proposed that the reaction time and amount of the

starting material is affected on the pore structure of titania synthesized in

solvothermal reaction.

The XRD patterns of titania synthesized in both solvents as shown in Figure

5.20 and 5.21. Phase transformation of titania that synthesized in toluene was

beginning at 800°C, but in 1,4-BG, the phase transformation occurred at 900°C.

These confirmed that the product synthesized in toluene was contaminated with

amorphous-like phase so the phase transformation was occurred at low temperature

(Kominami et al., 1999).
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5.2 Effect of the second element

5.2.1 Effect of silicon on titania product

Silicon modified titania products were synthesized from mixing various molar

ratio of TEOS to TNB in 1,4-BG or toluene at 300°C for 2 hr. First, the TNB was

decomposed completely in 1,4-BG or toluene under the reaction condition. XRD

patterns of silicon modified titania products were shown in Figure 5.22 and 5.23.

Those indicated that titania products were formed anatase phase without the

contamination of other phase of titania and silica. This proposes that the silicon will

form to amorphous phase.

Sornnarong Thiemkaew (2000) synthesized silica modified titania products

with molar ratio of Si/Ti between 0.05 and 0.5 in either 1,4-BG or toluene. He found

that the XRD pattern showed a decrease of the peak intensities of anatase with

increasing silica content. This was due to transformation of the amorphous phase and

the anatase-rutile phase to shift markedly toward higher temperature when the amount

of TEOS was added to the reaction mixture.

 Table 5.10 shows the crystallite size and the specific surface area of silicon

modified titania products. In 1,4-BG, the crystallite size decreased with doping the

silicon content, however,  the crytallite size approximately constant in ratio of 0.04 –

0.08. In toluene, the crystallite size of silicon modified titania was smaller than the

pure titania and the crystallite size was approximately constant in ratio 0.005 – 0.08.

However, the specific surface areas of silicon modified titania synthesized in both

solvents decreased with an increase of the Si/Ti ratio. For S1/S2 value, in 1,4-BG, the

values estimate constant, but, in toluene, the values slightly increase with increasing

the content of silicon in starting material. These indicated that in toluene, the crystal

was formed to free-flow crystal when the silicon content was increased. On the other

hand, the surface area of titania synthesized in toluene was higher than the titania that

synthesized in 1,4-BG, at same crystallite size. these suggested that the products

synthesized in toluene was occurred through contamination of amorphous phase or

the products synthesized in 1,4-BG was formed by aggregation of crystal .



Figure 5.22 XRD patterns of as-synthesized silicon modified titania products

synthesized in 1,4-BG for various silicon  contents in molar ratio of Si/Ti. All as-

synthesized were anatase titania without contamination of other phase of titania and

silica phase.

Figure 5.23 XRD patterns of as-synthesized silicon modified titania products

synthesized in toluene for various silicon contents in molar ratio of Si/Ti. All as-

synthesized were anatase titania without contamination of other phase of titania and

silica phase.
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Table 5.10 The crystallite size and the specific surface area of silicon modified titania products that were synthesized in 1,4-BG or toluene for

various silicon contents of  molar ratio of Si/Ti.

1,4-BG Toluene

Surface area (m2/g) Surface area (m2/g)

Si/Ti in molar

ratioa Crystallite size

(nm)b S1 c S2 d
S1/S2 Crystallite size

(nm)b S1 c S2 d
S1/S2

0.000

0.005

0.04

0.06

0.08

13

12

9

8

9

110

112

155

173

175

118

128

171

192

171

0.9

0.9

0.9

0.9

1.0

12

11

10

11

10

145

155

187

201

199

128

140

154

140

154

1.1

1.1

1.2

1.4

1.3
a The titania products synthesized from mixed-reactant (TEOS and TNB) in molar ratio (Si/Ti) at 300°C in organic solvents.
b Crystallite size of anatase titania from the 101 diffraction peak by using Sherrer equation.
c Specific BET surface area from BET measurement.
d Specific surface area calculated from equation of  6/dρ on assumption that the crystal is spherical particle and the density of anatase titania is 3.9 g cm-3.
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SEM morphologies show the secondary particle of titania products that

synthesized in two solvents as shown in Figure 5.24. For 1,4-BG, the morphology of

silicon modified titania did not changed with increasing the content of silicon. The

shape of the secondary particle was an irregular particle. On the other hand, the size

of secondary particle of silicon modified titania products that was synthesized in

toluene was spherical shape. It was increased and formed to large size with increasing

the content of Si. For the morphology, in toluene, the agglomeration of the secondary

particles was affected by the content of silicon in the starting material.

Figures 5.25 and 5.26 show the relative pressure of N2 adsorption and

desorption of the silica modified titania products synthesized in two solvents. For both

synthetics, the pore structures were mesopore and micropore and formed the open-end

pore. In 1,4-BG, the pores were  mainly the cylinder pores and the pore structures did

not depend on the content of silica doped in the synthesis. On other hand, the pores of

silica modified titania products synthesized in toluene were mainly the ink bottle

pores with increasing the content of silica.

Table 5.11 shows the pore volume and the average pore diameter. The pore

volumes were approximately constant and do not depend on the content of silicon and

the solvents. The average pore diameter of silicon modified titania synthesized in both

solvents were smaller than that of pure titania synthesized in the same condition. The

average pore diameters were constant and independent on the silicon content because

the crystallite sizes were so small that the pores between the particles were small and

depended on the crystallite size.  Figures 5.27 and 5.28 show the pore size distribution

of silica modified titania. In 1,4-BG solvent, the pore size distribution was shifted to

smaller pore size diameter with increasing the content of the silica. Alternatively, the

pore size distribution of silica modified titania synthesized in toluene did not change

with increasing the content of silica. These results confirm the changing of the surface

area of silicon modified titanias that synthesized in both solvents, the surface area

increased when the content of silicon increased. This indicated that the products were

contaminated with amorphous depended on the content of silicon in the starting

material.



                   Pure titania, 1,4-BG                              Pure titania, toluene

       Si/Ti 0.005, 1,4-BG Si/Ti 0.005, toluene

       Si/Ti 0.04, 1,4-BG Si/Ti 0.04, toluene

       Si/Ti 0.08, 1,4-BG Si/Ti 0.08, toluene

Figure 5.24 SEM morphology of  silicon modified titania products synthesized in two

solvents of various silicon contents in molar ratio of Si/Ti. For synthesized in 1,4-BG,

the secondary particle were irregular shape and not depended on the content of

silicon. On the other hand, for synthesized in toluene, the secondary particles were

spherical shape and agglomerated to large size with increasing the amount of silicon.



Pure titania, 13 nm, the pore structure is mainly cylindrical pore.

                     Si/Ti 0.005, 12 nm, the pore structure is mainly cylindrical pore.

Figure 5.25 Relative pressure of N2 adsorption-desorption of silicon modified titania

product synthesized in 1,4-BG for various molar ratios of Si/Ti and crystallite sizes,

using BET surface measurement. (see APPENDIX C)
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Si/Ti 0.04, 9 nm, the pore structure is mainly cylindrical pore.

                       Si/Ti 0.06, 8 nm, the pore structure is mainly cylindrical pore.

Figure 5.25 (cont.) Relative pressure of N2 adsorption-desorption of silicon modified

titania product synthesized in 1,4-BG for various molar ratios of Si/Ti and crystallite

sizes, using BET surface measurement.
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    Si/Ti 0.08, 9 nm, the pore structure is mainly cylindrical pore.

Figure 5.25 (cont.) Relative pressure of N2 adsorption-desorption of silicon modified

titania product synthesized in 1,4-BG for various molar ratios of Si/Ti and crystallite

sizes, using BET surface measurement.

       Pure titania, 12 nm, the pore structure is ink bottle pore.

Figure 5.26 Relative pressure of N2 adsorption-desorption of silicon modified titania

product synthesized in toluene for various molar ratios of Si/Ti and crystallite sizes,

using BET surface measurement. (see APPENDIX C)
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Si/Ti 0.005, 11 nm, the pore structure is ink bottle pore.

  Si/Ti 0.04, 10 nm, the pore structure is ink bottle pore.

Figure 5.26 (cont.) Relative pressure of N2 adsorption-desorption of silicon modified

titania product synthesized in toluene for various molar ratios of Si/Ti and crystallite

sizes, using BET surface measurement.
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                     Si/Ti 0.06, 11 nm, the pore structure is ink bottle pore.

      Si/Ti 0.08, 10 nm, the pore structure is ink bottle pore.

Figure 5.26 (cont.) Relative pressure of N2 adsorption-desorption of silicon modified

titania product synthesized in toluene for various molar ratios of Si/Ti and crystallite

sizes, using BET surface measurement.
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Table 5.11 Pore volume and average pore diameter of the silica modified titania products synthesized in two solvents.

1,4 Butanediol TolueneSi/Ti molar ratio

Pore Volume (cc/g)a Average pore

diameterb (nm)

Pore Volume (cc/g)a Average pore

diameterb (nm)

0.000

0.005

0.040

0.060

0.080

0.4

0.4

0.4

0.5

0.4

11

11

8

8

7

0.4

0.3

0.4

0.4

0.4

7

6

5

6

6
a BJH cumulative desorption pore volume of pores
b BJH desorption average pore diameter (4V/A)



Figure 5.27 Pore size distribution of silica modified titania products synthesized in

1,4-BG for various contents of silica.

Figure 5.28 Pore size distribution of silica modified titania products synthesized in

toluene for various contents of silica.
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Figures 5.29 and 5.30 show weight loss of modified titania synthesized in two

solvents during calcination in air from ambient temperature to 600°C. For both

solvents, the weight losses were not different. These identify the contaminating of

water and organic moiety on the product which were not different. Montoya et al.

(1992) synthesized titania by sol-gel method. They found that the thermal gravimetric

of the products had two main zone, the first range at 70 - 200°C was assigned to the

elimination of the physically adsorbed water and alcohol, the second zone lied

between 260 and 460°C and  corresponded to the burning of the residual organic

material and chemically adsorbed water. In the study, the thermal gravimetric shows

the zone at 260 - 460°C.

Figures 5.31 and 5.32 show XRD patterns of the silicon modified titania

synthesized in 1,4-BG or toluene and calcinated at various temperatures. The phase

transformation of anatase to rutile of the silicon modified titania synthesized in

toluene began at 1000ºC. On the other hand, the phase transformation of the silicon

modified titania synthesized in 1,4-BG was not occurred at this temperature.

The FT-IR spectra of  silicon modified titania synthesized in both solvents for

various amount of silicon as shown in Figure 5.33 and 5.34. Transmittance band at ca.

1100 and 1200 cm-1 can be attributed to symmetric Si-O-Si stretching vibration while

titania-silica mixed oxide are characterized by a typical band at ca. 950 cm-1, assigned

to the distorted Si-O tetrahedron due to the presence of Ti-O-Si bands. (Imai et al.,

1999; Dean, 1999; Mariscal et al., 2000; Sornnarong Theinkeaw, 2000; Sibu et al.,

2002). Besides, the Ti-O-Ti bond are observed at 495-436 cm-1 (Musić et al., 1997),

but they were not observe in this modified titania. An increase of calcination

temperature of silicon modified titania were not effect on bonding of Si and Ti but the

organic bands were absent at high temperature. These results confirmed to the weight

loss due to the organic moiety were calcined at 400 - 600°C.



         
Temperature (°C)

Pure titania

            
Temperature (°C)

Si/Ti 0.04

Figure 5.29 Weight loss of silica modified titania products synthesized in 1,4-BG for

various ratios of Si/Ti and weight loss percentages under the calcinations condition.

dw/dt
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6%
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Temperature (°C)

Si/Ti 0.06

           
Temperature (°C)

Si/Ti 0.08

Figure 5.29 (cont.) Weight loss of silica modified titania products synthesized in 1,4-

BG for various ratio of Si/Ti and weight loss percentage under the calcinations

condition.
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Temperature (°C)

Si/Ti 0.04

Figure 5.30 Weight loss of silica modified titania products synthesized in toluene for

various ratios of Si/Ti and weight loss percentages under the calcinations condition.
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Si/Ti 0.08

Figure 5.30 (cont.) Weight loss of silica modified titania products synthesized in

toluene for various ratios of Si/Ti and weight loss percentages under the calcinations

condition.
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Figure 5.31 XRD pattern of silica modified titanias synthesized in 1,4-BG at molar

ratio of Si/Ti as 0.08 after calcination in various temperatures.

Figure 5.32 XRD pattern of silica modified titanias synthesized in toluene at molar

ratio of Si/Ti as 0.08 after calcination in various temperatures. The phase

transformation was starting at 1000°C.
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Figure 5.33 FT-IR spectra of silicon modified titania products synthesized in 1,4-BG

at molar ratio of Si/Ti as 0.08 after calcination in various temperatures.

Figure 5.34 FT-IR spectra of silicon modified titania products synthesized in toluene

at molar ratio of Si/Ti as 0.08 after calcination in various temperatures.
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5.2.2 Effect of aluminium on titania product

Aluminium modified titania products were synthesized in both solvents at

300°C for 2 hrs. XRD pattern of aluminium modified titania products were shown in

Figures 5.35 and 5.36. This indicated that the modified titanias were anatase phase

without contamination of other titania phase or alumina phase. Table 5.12 shows the

crystallite size and surface area of aluminium modified titania products that

synthesized in both organic solvents. For this table, in 1,4-BG, the crystallite size

slightly decreased with increasing the molar ratio of Al/Ti. On the other hand, the

BET surface area slightly increased with increasing the aluminium content. The S1/S2

values of aluminium modified titanias that synthesized in 1,4-BG were smaller than

the pure titania. This indicated that the aluminium modified titania crystals were

aggregated. For the synthesis in toluene, the crystallite sizes did not different with

increasing the Al/Ti molar ratio. The BET surface area, first, are slightly increased to

174 m2/g and slowly decreased with increasing the aluminium content. The S1/S2

values were slowly decreased. These indicate that the effect of amounts of aluminium

on the structure of titania that the crystals were aggregated with increasing the

aluminium contents. SEM morphology of the secondary particle of alumina modified

titania product show in Figure 5.37. For 1,4-BG, the secondary particle morphologies

did not change. The shape is irregular particle. Alternatively, in toluene, the secondary

particles were agglomerated. The particles size were incresed with increasing the

molar ratio.

Considering S1/S2 value of the synthetics in both solvents, the values

were decreased with increasing the aluminium content. This indicated that the

aluminium doped in the starting material was effecting on the product which the

surface area was loss due to the aggregation of the crystals. Comparing the S1/S2 of

the synthetics in both solvents was found that the aluminium modified titania

synthesized in toluene may be contaminated with amorphous phase or the crystal was

formed to the free-flow crystal.



Figure 5.35 XRD patterns of as-synthesized aluminium modified titania products

synthesized in 1,4-BG for various aluminium contents in molar ratio of Al/Ti. All as-

synthesized were anatase titania without contamination of other phase of titania and

silica phase.

Figure 5.36 XRD patterns of as-synthesized aluminium modified titania products

synthesized in toluene for various aluminium contents in molar ratio of Al/Ti. All as-

synthesized were anatase titania without contamination of other phase of titania and

silica phase.
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                   Pure titania, 1,4-BG                                Pure titania, toluene

        Al/Ti 0.005, 1,4-BG  Al/Ti 0.005, toluene

        Al/Ti 0.04, 1,4-BG Al/Ti 0.04, toluene

Al/Ti 0.08, 1,4-BG Al/Ti 0.08, toluene

Figure 5.37 SEM morphology of aluminium modified titania products synthesized in

two solvents of various aluminium contents in molar ratio of Al/Ti. For synthesized in

1,4-BG, the secondary particle were irregular shape and not depended on the content

of silicon. On the other hand, for synthesized in toluene, the secondary particles were

spherical shape and agglomerated with increasing the amount of aluminium.



Table 5.12 The crystallite sizes and the specific surface areas of aluminium modified titania products that were synthesized in 1,4-BG or toluene

for various aluminium contents of molar ratio of Al/Ti.

1,4-BG Toluene

Surface area (m2/g) Surface area (m2/g)

Al/Ti molar ratioa

Crystallite size

(nm)b S1 c S2 d
S1/S2 Crystallite size

(nm)b S1 c S2 d
S1/S2

0.000

0.005

0.04

0.06

0.08

13

13

10

10

9

110

116

121

125

138

118

118

154

154

171

0.9

1.0

0.8

0.8

0.8

12

11

10

11

11

145

155

174

152

149

128

140

154

140

140

1.1

1.1

1.1

1.1

1.1
a The titania products synthesized from mixed-reactant (AIP and TNB) in molar ratio (Al/Ti) at 300°C in organic solvents.
b Crystallite size of anatase titania from the 101 diffraction peak by using Sherrer equation.
c Specific BET surface area from BET measurement.
d Specific surface area calculated from equation of  6/dρ on assumption that the crystal is spherical particle and the density of anatase titania is 3.9 g cm-3.
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Relative pressure of N2 adsorption-desorption of modified titanias show in

Figure 5.38 and Figure 5.39. The pores of the titania products were mainly

microporous and some mesoporous. The pore structures were the open-end pore. The

products synthesized in toluene, the pore structures were mostly slit-side pore. On the

other hand, the aluminium modified titania synthesized in 1,4-BG, the pore structures

were mainly cylinder pore. For this synthetics, the relative pressures of N2 adsorbed

and desorbed did independent on the crystallite sizes which, in pure titania sample,

the relative pressure of N2 adsorbed and desorbed depended on the crystallite size. In

addition, the relative pressures of N2 adsorbed and desorbed did independent on the

content of aluminium which doped in the starting material of both synthetics. So that

the isortherms were not scarcely change.

Table 5.13 show the pore volume and average pore diameter of aluminium

modified titanias synthesized in both solvents. For the synthesis in toluene, the pore

volumes were slowly decreased with increasing the content of aluminium. This relate

to the crystallite size which the small size has been the small pore volume. For the

synthesis in 1,4-BG, the pore volumes were slightly increased with increasing the

aluminium content. The synthesis in toluene, the average pore diameter slightly

decreased with increasing the aluminium content. This confirmed the modified titania

crystals were aggregated. On the other hand, the synthesis in 1,4-BG, the average pore

diameters were constant not dependent on the aluminium content, about 16 – 14 nm.

Figures 5.40 and 5.41 show the pore size distributions of the aluminium modified

titania synthesized in both solvents. For the synthesis in 1,4-BG, the distribution curve

was widely curves and the pore volume was decreased with increasing the aluminium

content. On the other hand, the synthesis in toluene, the distribution curve was not

change but the pore volume decreased with increasing the aluminium content.

Figure 5.42 and 5.43 show weight loss of the aluminium modified titanias that

synthesis in both solvents. For increasing the content of aluminiumm, the weights

losses of the products were not difference. These indicated that the contamination of

organic moiety in sample had been small amount and not difference.



Pure titania, 13 nm, the pore structure is mainly cylindrical pore.

                      Al/Ti 0.005, 13 nm, the pore structure is mainly cylindrical pore.

Figure 5.38 Relative pressure of N2 adsorption-desorption of aluminium modified

titania product synthesized in 1,4-BG for various molar ratio of Al/Ti and crystallite

sizes using BET surface measurement. (see APPENDIX C)
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Al/Ti 0.04, 10 nm, the pore structure is mainly cylindrical pore.

                   Al/Ti 0.06, 10 nm, the pore structure is mainly cylindrical pore.

Figure 5.38 (cont.) Relative pressure of N2 adsorption-desorption of aluminium

modified titania product synthesized in 1,4-BG for various molar ratio of Al/Ti and

crystallite sizes using BET surface measurement.
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          Al/Ti 0.08, 9 nm, the pore structure is mainly cylindrical pore.

Figure 5.38 (cont.) Relative pressure of N2 adsorption-desorption of aluminium

modified titania product synthesized in 1,4-BG for various molar ratio of Al/Ti and

crystallite sizes using BET surface measurement.

              Pure titania, 12 nm, the pore structure is ink bottle pore.

Figure 5.39 Relative pressure of N2 adsorption-desorption of aluminium modified

titania product synthesized in toluene for various molar ratio of Al/Ti and crystallite

sizes, from BET surface measurement. (see APPENDIX C)
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Al/Ti 0.005, 11 nm, the pore structure is ink bottle pore.

      Al/Ti 0.04, 10 nm, the pore structure is ink bottle pore.

Figure 5.39 (cont.) Relative pressure of N2 adsorption-desorption of aluminium

modified titania product synthesized in toluene for various molar ratio of Al/Ti and

crystallite sizes, from BET surface measurement.
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                   Al/Ti 0.06, 11 nm, the pore structure is ink bottle pore.

Al/Ti 0.08, 11 nm, the pore structure is ink bottle pore.

Figure 5.39 (cont.) Relative pressure of N2 adsorption-desorption of aluminium

modified titania product synthesized in toluene for various molar ratio of Al/Ti and

crystallite sizes, from BET surface measurement.
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Table 5.13 Pore volumes and average pore diameters of the aluminium modified titania products synthesized in two solvents.

1,4 Butanediol TolueneAl/Ti molar ratio

Pore Volume (cc/g)a Average pore

diameterb (nm)

Pore Volume (cc/g)a Average pore

diameterb (nm)

0.000

0.005

0.040

0.060

0.080

0.4

0.4

0.5

0.4

0.6

11

10

12

10

11

0.4

0.3

0.3

0.4

0.3

7

6

5

7

6
a BJH cumulative desorption pore volume of pores
b BJH desorption average pore diameter (4V/A)



Figure 5.40 Pore size distribution of alumina modified titania products synthesized in

1,4-BG for various contents of alumina.

Figure 5.41 Pore size distribution of alumina modified titania products synthesized in

toluene for various contents of alumina.
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Figure 5.42 Weight loss of aluminium modified titania products synthesized in 1,4-

BG for various ratios of Al/Ti and weight loss percentages under the calcinations

condition.
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dw/dt

6%
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Al/Ti 0.06

             
Temperature (°C)

Al/Ti 0.08

Figure 5.42 (cont.) Weight loss of aluminium modified titania products synthesized

in 1,4-BG for various ratios of Al/Ti and weight loss percentages under the

calcinations condition.
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Figure 5.44 and 5.45 show the XRD pattern of aluminium modified titania

synthesized in both solvents. The phase transformation of the products synthesized in

toluene as anatase to rutile occurred at 900°C. But the synthesis in 1,4-BG, the phase

transformation occurred at 1000°C. The phase transformation of aluminium modified

titania was occurrence at high temperature than pure titania, synthetics of both

solvents. Comparing the phase transformation of the synthesis in both solvents, the

aluminium modified titania synthesized in toluene was easily  transforming  from

anatase to rutlie than the modified titania synthesized in 1,4-BG. This confirmed that

the modified titania synthesized in toluene was aggregation and/or contaminated with

amorphous-like phase.

Figure 5.46 and 5.47 show FT-IR spectra of aluminium modified titania

synthesized in both solvent after calcination in various temperatures. As-synthesized

products, synthetics in both solvent, the spectra show organic compound. For

calcination at high temperature, the organic compound was not appearance. Besides,

the band of other compound was not appearance assumed that some compound is

detected in other range wavenumber or the spectra is overlap on the appearance

spectra.



Figure 5.44 XRD pattern of aluminium modified titanias synthesized in 1,4-BG at

molar ratio of Al/Ti as 0.08 after calcination in various temperatures. The phase

transformation of anatase to rutile occurred at 1000°C.

Figure 5.45 XRD pattern of aluminium modified titanias synthesized in toluene at

molar ratio of Al/Ti as 0.08 after calcination in various temperatures. The phase

transformation of anatase to rutile occurred at 900°C.
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Figure 5.46 FT-IR spectra of aluminium modified titania products synthesized in 1,4-

BG at molar ratio of Al/Ti as 0.08 after calcination in various temperature.

Figure 5.47 FT-IR spectra of aluminium modified titania products synthesized in

toluene at molar ratio of Al/Ti as 0.08 after calcination in various temperature.
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5.2.3 Effect of phosphorous on titania product

As-synthesized phosphorous modified titania was synthesized in organic solvents,

BG or toluene, at 300°C for 2 hrs. The phosphorous modified titania products were

prepared in 1,4-BG at the molar ratio of phosphorous and titanium between 0.04 – 0.08.

The modified titania products were black-brown powder except the product synthesized

in the molar ratio at 0.005 was white powder. For toluene, the phosphorous modified

titania products were white powders. XRD patterns of the phosphorous modified titania

were shown in Figure 5.48 and 5.49. This identify the phosphorous modified titanias

were anatase titania without contamination of other phase.

Figure 5.50 shows the morphology of the titania products that were varied the

molar ratio of P/Ti. For 1,4-BG,  shape of secondary particle of phosphorous modified

titania products were irregular particles and did not change morphology with increasing

the content of phosphorous.  For toluene, the shape of secondary particle of phosphorous

modified titania products were spherical-like particle. The sizes of secondary particles

were decreased with increasing the content of phosphorous. This propose that the

dielectric constant of the solution was increased due to the increasing of TEPP which the

dielectric constant is higher than that, equal 13 at 25°C.

Table 5.14 show the crystallite size and surface area of the phosphorous modified

titania products that synthesized in both solvents. For doping the content of phosphorous

in molar ratio, the crystallite sizes of modified titania that synthesized in 1,4-BG

decreased as  smaller than pure titania and were constant   about  9 – 10 nm. The surface

area of modified titania that synthesized in both solvents, increased to 131 m2/g, 1,4-BG,

and 211 m2/g, toluene, at the similar molar ratio as 0.04. On the other hand, for the molar

ratio more than as 0.04, the surface areas were decreased with increasing the ratio. S1/S2

values of the product that synthesized in 1.4-BG identified the loss of surface area of the

phosphorous modified titania which the values were decreased with increasing the

content of phosphorous. The loss of surface area was the effect of the content of

phosphorous which the products were black-brown powder; it was the effect of

contamination of organic moiety on the products.



Figure 5.48 XRD patterns of as-synthesized phosphorous modified titania products

synthesized in 1,4-BG for various phosphorous contents in molar ratio of P/Ti. All as-

synthesized were anatase titania without contamination of other phase of titania and

phophorous phase.

Figure 5.49 XRD patterns of as-synthesized phosphorous modified titania products

synthesized in toluene for various phosphorous contents in molar ratio of P/Ti. All as-

synthesized were anatase titania without contamination of other phase of titania and

phosphorous phase.
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Figure 5.50  SEM morphology of phosphorous modified titania products synthesized

in two solvents of various phosphorous contents in molar ratio of P/Ti. For

synthesized in 1,4-BG, the secondary particle were irregular shape and not depended

on the content of silicon. On the other hand, for synthesized in toluene, the secondary

particles were spherical shape and formed to smaller particle with increasing the

Amount  of phosphorous.



Table 5.14 The crystallite size and the specific surface area of phosphorous modified titania products that were synthesized in 1,4-BG or toluene

for various phosphorous contents of molar ratio of P/Ti.

1,4-BG Toluene

Surface area (m2/g) Surface area (m2/g)

P/Ti molar ratioa

Crystallite size

(nm)b S1 c S2 d
S1/S2

e Crystallite size

(nm)b S1 c S2 d
S1/S2

e

0.000

0.005

0.04

0.06

0.08

13

11

11

10

10

110

122

131

122

65

118

140

140

154

154

0.9

0.9

0.9

0.8

0.4

12

9

9

9

10

145

165

211

212

175

128

171

171

171

154

1.1

1.0

1.2

1.2

1.1
a The titania products synthesized from mixed-reactant (TEPP and TNB) in molar ratio (P/Ti) at 300°C in organic solvents.
b Crystallite size of anatase titania from the 101 diffraction peak by using Sherrer equation.
c Specific BET surface area from BET measurement.
d Specific surface area calculated from equation of  6/dρ on assumption that the crystal is spherical particle and the density of anatase titania is 3.9 g cm-3.



Figures 5.51 and 5.52 show the relative pressure of N2 adsorption-desorption of

phosphorous modified titania products synthesized in both solvents for various the molar

ratio of P/Ti. For the synthetic in 1,4-BG, the increasing of molar ratio of phosphorous

with TNB affected on the pore structure of the phosphorous modified titania product

which the pore structure was changed from the cylinder-like pore to formed the slit-wall

pore. On the other hand, the pore structure of the phosphorous modified titania products

synthesized in toluene were not changed even the molar ratio increased, the pores

structure were mainly slit-wall pore.

Table 5.15 shows the pore volume and average pore diameter of phosphorous

modified titania products synthesized in both solvents. The pore volumes were decreased

with increasing the amount of phosphorous in the starting material. The average pore

diameter of modified titania synthesized in 1,4-BG was slowly decreased with increasing

the phosphorous content, but the modified titania synthesized in toluene, the average pore

diameter were approximately constant which not depend on the phosphorous content.

Figure 5.53 and 5.54 show the pore size distributions of phosphorous modified titania

products. The pore diameters were shifted to smaller pore and the distribution curve were

broader than pure titania with increasing the amount of phosphorous in the starting

material. In addition, the pore volumes were decreased with increasing the amount of

phosphorous. These indicate that the phosphorous modified titania products were

contaminate with the organic moiety.

Figures 5.55 and 5.56 show the weight loss of the modified titania synthesized in

both solvents. In the synthesis in 1,4-BG, the increasing of weight loss  were depended on

the amount the phosphorous in the starting material. For increasing the phosphorous

content, the modified titania products were contaminated with the organic moiety. This

confirmed the weight loss that increased with increasing the phosphorous content. On the

other hand, the modified titanias synthesized in toluene was low weight loss although the

content of phosphorous increased. This indicated that the modified titania products were

contaminated with organic moiety which were similarly amount.



   

         Pure titania, 13 nm, the pore structure is mainly cylindrical pore.

                      P/Ti 0.005, 11 nm, the pore structure is mainly cylindrical pore.

Figure 5.51 Relative pressure of N2 adsorption-desorption of phosphorous modified

titania products synthesized in 1,4-BG for various molar ratio of P/Ti and the

crystallite sizes using BET surface measurement. (see APPENDIX C)
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P/Ti 0.04, 11 nm, the pore structure is mainly cylindrical pore.

                    P/Ti 0.06, 10 nm, the pore structure is ink bottle pore.

Figure 5.51 (cont.) Relative pressure of N2 adsorption-desorption of phosphorous

modified titania products synthesized in 1,4-BG for various molar ratio of P/Ti and

the crystallite sizes using BET surface measurement.
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                     P/Ti 0.08, 10 nm, the pore structure is ink bottle pore.

Figure 5.51 (cont.) Relative pressure of N2 adsorption-desorption of phosphorous

modified titania products synthesized in 1,4-BG for various molar ratio of P/Ti and

the crystallite sizes using BET surface measurement.

                     Pure titania, 12 nm, the pore structure is ink bottle pore.

Figure 5.52 Relative pressure of N2 adsorption-desorption of phosphorous modified

titania product synthesized in toluene for various molar ratio of P/Ti and crystallite

sizes using BET surface measurement. (see APPENDIX C)
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P/Ti 0.005, 9 nm, the pore structure is ink bottle pore.

P/Ti 0.04, 9 nm, the pore structure is ink bottle pore.

Figure 5.52 (cont.) Relative pressure of N2 adsorption-desorption of phosphorous

modified titania product synthesized in toluene for various molar ratio of P/Ti and

crystallite sizes using BET surface measurement.
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P/Ti 0.06, 9 nm, the pore structure is ink bottle pore.

P/Ti 0.08, 10 nm, the pore structure is ink bottle pore.

Figure 5.52 (cont.) Relative pressure of N2 adsorption-desorption of phosphorous

modified titania product synthesized in toluene for various molar ratio of P/Ti and

crystallite sizes using BET surface measurement.
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Table 5.15 Pore volume and average pore diameter of the phosphorous modified titania products synthesized in two solvents.

1,4 Butanediol TolueneP/Ti molar ratio

Pore Volume (cc/g)a Average pore

diameterb (nm)

Pore Volume (cc/g)a Average pore

diameterb (nm)

0.000

0.005

0.040

0.060

0.080

0.4

0.4

0.3

0.2

0.1

11

10

8

6

6

0.4

0.3

0.4

0.3

0.3

7

4

5

5

5
a BJH cumulative desorption pore volume of pores
b BJH desorption average pore diameter (4V/A)



Figure 5.53 Pore size distribution of phosphorous modified titanias synthesized in

1,4-BG for various contents of phosphorous.

Figure 5.54 Pore size distribution of phosphorous modified titanias synthesized in

toluene for various contents of phosphorous.
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Figure 5.55 Weight loss of phophorous modified titania products synthesized in 1,4-

BG for various ratios of P/Ti and weight loss percentages under the calcinations

condition.
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Figure 5.55 (cont.) Weight loss of phosphorous modified titania products synthesized

in 1,4-BG for various ratios of P/Ti and weight loss percentages under the calcinations

condition.
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Figure 5.56 Weight loss of phosphorous modified titania products synthesized in

toluene for various ratios of P/Ti and weight loss percentages under the calcinations

condition.
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Figure 5.56 (cont.) Weight loss of phosphorous modified titania products synthesized

in toluene for various ratios of P/Ti and weight loss percentages under the calcinations

condition.
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Figures 5.57 and 5.58 show the XRD pattern of phosphorous modified titania

synthesized in both solvents. The phase transformation of the modified titania

synthesized in toluene that formed anatase to rutile was occurred at 900°C, which higher

than the phase transformation of pure titania. Alternatively, the phosphorous modified

titania synthesized in 1,4-BG was transformed from anatase to rutile at 1000°C which

higher than pure titania that synthesized in both solvents and modified titania synthesized

in toluene. At high temperature, the XRD patterns show intensity of PT compound, in

both synthesis solvents. The intensity appeared at > 800°C, in both synthetic solvents

(Kohno et al., 2001).

Figures 5.59 and 5.60 show the FT-IR spectra of phosphorous titania products

synthesized in two solvents. The spectra band show in range ca. 1350 – 1150 cm-1

indicated the P=O bond, and ca. 970 – 910 cm-1 indicated the P-O-P bond (Dean, 1999).

As-synthesized titanias  were prepared in both solvents not found the P=O and P-O-P

bonds. But at high calcination temperature, at > 800°C, the appearance of P=O and P-O-P

bonds were occurring. These confirm the XRD patterns which at >800°C, the PT

compound was formed. These propose that P-ion in the product migrate toward the

surface of the particle by calcination at high temperature.



Figure 5.57 XRD pattern of phosphorous modified titanias synthesized in 1,4-BG at

molar ration of P/Ti as 0.08 after calcination in various temperatures. The phase

transformation of anatase to rutile occurred at high temperature than 1000°C.

 Figure 5.58 XRD pattern of phosphorous modified titanias synthesized in toluene at

molar ratio of P/Ti as 0.08 after calcination in various temperatures. The phase

transformation of anatase to rutile  completely occurred at 1000C.
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Figure 5.59 FT-IR spectra of phosphorous modified titania products synthesized in

1,4-BG at molar ration of P/Ti as 0.08 after calcination in various temperatures.

Figure 5.60 FT-IR spectra of phosphorous modified titania products synthesized in

toluene at molar ratio of P/Ti as 0.08 after calcination in various temperatures.
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Consider about the second element modified titania, XRD pattern of as-

synthesized modified titania was not contaminated with other phase of second

element. This should be proposed that the present of second element on titania is

formed amorphous phase (Yoshinaka et al., 1997). The crystallite size of modified

titanias were smaller than the pure titania for both synthesized solvent. For

synthesized in 1,4-BG, the crystallite size was decreased with increasing the amount

of second element, on the other hand, synthesized in toluene, the crystallite size was

different with increasing the amount of second element. These should be proposed

that, the synthesized in 1,4-BG, the present of second element in the titania lattice

seem to contribute to the deceleration of grain growth of anatase. On the other,

synthesized in toluene, the crystal was form via solid state reaction of amorphous so

the present of second element is not affected on grain growth of anatase. All of as-

synthesized modified titania was affected by these factors.

For the synthesized in toluene, the secondary particle of silicon or aluminium

modified titania were agglomerated to formed the large particle with increasing the

amount of silicon or aluminium. On the other hand, the secondary particle of

phosphorous modified titania was formed smaller spherical shape than pure titania

with increasing the amount of phosphorous.  This is the effect of dielectric constant of

the solution which increase with increasing the amount of phosphorous. Because the

dielectric of precursor of phosphorous is higher than toluene so increasing the amount

of it, the dielectric of the solution increases.

The pore structure of silicon or aluminum modified titania not changed with

increasing the content, both synthesis. On the other hand, the phosphorous modified

titania synthesized in 1,4-BG was formed to ink bottle pore and the pore volume of it

decreased due to the contamination of organic functional group that increased with

increasing the content. The pore size distribution of silicon modified titania

synthesized in 1,4-BG was shifted but that synthesized in toluene not changed with

increasing the content of silicon. For aluminium modified titania, the pore size

distribution of modified titania synthesized in both solvent not changed with

increasing the amount of aluminium. The pore size distribution of phosphorous

modified titania synthesized in 1,4 BG was significant shifted to small pore and the

modified titania synthesized in toluene was slightly shifted to small pore with
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increasing the content of phosphorous. These show that the pore structure of modified

titania is affected by the mechanism of synthesized modified titania and the kind of

second element.

The phase transformation of modified titania synthesized in toluene was start

at lower temperature than that synthesized in 1,4-BG which not depend on the kind of

second element. These proposed that the phase transformation of modified titania

synthesized via the solid state reaction from precipitation amorphous transformed at

lower temperature than the modified titania synthesized from directly crystallization

process.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATION

6.1 Conclusions

The conclusions of the present research are the following:

1. The precipitated product shows the lower stability than crystallization

product even if the second element was doped.

2. Titanium (IV) oxide synthesized in toluene proceeds via solid state reaction

from precipitated amorphous, whereas that synthesized in 1,4 BG occurs directly

through the crystallization process of anatase titania.

6.2 Recommendation for the future studies

From the previous conclusions, the following recommendations for the future

studies are proposed.

1. Study of efficiency of titania product that synthesized in both solvents by

the oxidation reaction of organic material.

2. Study of the effect of second element bond on the modified titania products.

3. Study of effect of the morphology of secondary particle on the sintering of

titania at high temperature.

4. Study of the morphology of secondary particle by the effect of dielectric

constant of the solvent. By using the amorphous titania that synthesized in toluene as

the stating material of the synthesis in 1,4-BG.

5. Study of the effect of solvent on the pore structure of titania products.

6. Study of the effect of secondary particle shape on the phase transformation.

7. Study of titania synthesized at high temperature than that synthesized in this

study.

8. Study of the profile of titania product synthesized in precipitation

mechanism versus temperature.
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9. Study of the effect of pressure on the titania product at compress-pressure in

the reactor

10. Study of the effect of the crystallite size on the pore structure.

11. Study of the phase transformation of amorphous titania synthesized in

toluene at non holding time for calcine in various temperature.

12. Study of the titania product that synthesized by used the difference organic

solvent in the gab and in the tube.

13. Study of the second element modified titania crystal for the reaction time

is more than 4 h and compare the change of crystallite size of the titania synthesized

by precipitation mechanism and crystallization.

14. Study of the effect of amount of second element on the pore structure of

titania after calcination.

15. Study of the phenomena of the phase transformation of the titania

synthesized by the precipitation mechanium.

16. Study of the effect of second element  by other kind on the titania product.

17. Study of the other solvent used to synthesized titania and investigate the

mechanism phenomena.

18. Study of the effect of the elements that doped in the titania product.

19. Study of the effect of the second element function bond on the efficiency

of the titania by the photodecomposition.

20. Study of the organic function bond which is formed when dope TEPP in

the starting material for synthesize in 1,4-BG.
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APPENDX A

CALCULATION OF CATALYST PREPARETION

Calculation of the second element modified titanias.

In this study, the second element modified titanias were prepared in each

organic solvents have different M/Ti molar ratio, M represented as Si, Al and P, M/Ti

= 0, 0.005, 0.04, 0.06, 0.08.

1. Titanium (IV) tert-butoxide (TNB, Ti[O(CH2)3CH3]4) 97% has M.W. of 340.36 g.

2. Tertraethyl orthosilicate (TEOS, Si(OC2H5)4) 98% has M.W. of 208.33 g.

3. Aluminium isoproproxide (AIP, [(CH3)2CHO]3Al) 98+% has M.W. of 204.25 g

4. Triethyl phosphate (TEPP, C6H15O4P) >99% has M.W. of 182.16 g

Example: Calculation of preparation of titania with Si/Ti = 0.04 is shown as follow:

TNB 97% 15 g were used for preparation of  all M/Ti molar ratio

TNB15 g equal pure TNB: 14.55g or 0.04275 mol

TNB 1 mol has Ti 1 mol, so that, Ti has 0.04275 mol

Si/Ti = 0.04;

Si = 0.04 × 0.04257 = 1.70995 × 10-3 mol

Or, Silicon equal 1.70995 × 10-3 mol

TEOS 1 mol has Si 1 mol;

TEOS equal 1.70995 × 10-3 mol or 0.3563 g

For TEOS 98%;

TEOS was used 0.3635 g
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APPENDIX B

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Scherrer equation

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

peak of XRD pattern using the Debye-Scherrer equation.

From Scherrer equation:

D = 
θβ

λ
cos
K                                          (B.1)

            where     D   =   Crystallite size, Å

                           K   =   Crystallite-shape factor = 0.9

                           λ    =   X-ray wavelength, 1.5418 Å for CuKα

   θ    =    Observed peak angle, degree

   β    =    X-ray diffraction broadening, radian

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

free of all broadening due to the experimental equipment. Standard α-alumina is used

to observe the instrumental broadening since its crystallite size is larger than 2000 Å.

The X-ray diffraction broadening (β) can be obtained by using Warren’s formula.

From Warren’s formula:

β2  = 22
SM BB −                                 (B.2)

β   =   22
SM BB −

Where     BM   =    The measured peak width in radians at half peak height.

                            BS    =    The corresponding width of a standard material.
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Example: Calculation of the crystallite size of titania

The half-height width of 101 diffraction peak     =   0.93125o

                                                                              =   0.01625 radian

The corresponding half-height width of peak of α-alumina   =   0.004 radian

The pure width       =     22
SM BB −

        =     22 004.001625.0 −

        =      0.01577 radian

B       =       0.01577radian

   2θ      =      25.56 o

θ        =      12.78o

λ        =      1.5418 Å

The crystallite size     =         
78.12cos01577.0

5418.19.0 x       =           90.15Å

                                               =           9 nm

Figure B.1 The 101 diffraction peak of titania for calculation of the crystallite size

B = 0.93125°
    = 0.01625 radius

2θ = 25.56°
  θ = 12.78°
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Figure B.2 The plot indicating the value of line broadening due to the equipment. The

data were obtained by using α-alumina as standard

  B
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APPENDIX C

ISOTHERM PLOT OF NITROGEN

A manual entitled “Reporting Physisorption Data for Gas/Solid Systems with

Special Reference to the Determination of Surface Area and Porosity” has been

prepared as a “provisional” publication by Commission I.6 of the International Union

of Pure and Applied Chemistry (IUPAC). The purpose of the manual is to draw

attention to problems involved in reporting physisorption data and to provide

quidance on the evaluation and interpretation of isotherm data.

A new classification of hysteresis loops, as recommended in the IUPAC

manual, consist of the four types shown in the Figure below. To avoid confusion with

original de Boer classification, the characteristic types are now designated H1, H2, H3

and H4; but it is evident that the first three types correspond to type A, E and B,

respectively, in the original classification. It will be noted that H1 and H4 represent

extreme types: in the former the adsorption and desorption branches are almost

vertical and nearly parallel over an appreciable range of gas uptake, whereas in the

latter they are nearly horizontal and parallel over a wide range of relative pressure.

Type H2 and H3 may be regarded as intermediate between the two extreames.

As pointed out earlier, certain shapes of hysteresis loops are associated with

specific pore structure. Thus, type H1 loops are often obtained with agglomerates or

compacts of spheroidal particles of fairly uniform size and array. Some corpuscular

systems (e.g. certain silica gels) tend to give H2 loops, but in these cases the

distribution of pore size and shape is not well defined. Type H3 and H4 have been

obtained with adsorbents having silt-shape pores or plate-like particles (in the case of

H3). The type isotherm character associated with H4 is, of course, indicative of

microporosity. (Gregg and Sing, 1982)
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