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Abstract

Project Code: BRG4680013

Project Title:  “Study of a synthetic method and application of TiO,-Si0O, as mixed matrix
membrane”
Investigator:  Ms. Sujitra Wongkasemijit

The Petroleum and Petrochemical College, Chulalongkorn University

E-mail Address : dsuijitra@chula.ac.th
Project Period : 3 Years

A much milder, simpler and more straightforward reaction to titanium
glycolate and titanium triisopropanolamine products is successiully investigated using low
cost starting materials via the oxide one pot synthesis (QOPS} process. XRD patterns of
pyrolyzed products show the morpholegy change from anatase to rutile as increasing
calcination temperature from 500° to 1100°C, while at 300°C totally amorphous phase is
formed. The mesoporous nanocrystalline titanium dioxide was prepared via the sol-gel
technigue using titanium‘glycolate as precursor in 1M HCI solution at various HCI:H,O ratios.
XRD analysis indicates the anatase phase forms at calcination temperatures in the range
600°-800°C. The highest specific surface area (BET) obtained is 125 mzlg at the HCLH,O
ratio of 0.28. The material calcined at 800°C is found tc be consist primarily of spherical
particles with diameters smaller than 1 gm. Application of the Winter rheological criteria for
the gel point indicates that the gelation time increases with an increase of the HCIH,O
volume ratio. The fractal dimension of the critical gel clusier decreases with acid ratio,
whereas the gel strength increases with acid ratio. Thus, the increase of acidity leads to a
less dense but stronger network structure. From the rheological study of different titania
gelling systems using HCl:alkoxide molar ratios of 0.8, 0.9, 1.0 and 1.1, the viscoelastic
properties are investigated. As evaluated by Winter et al., the gelation time increases as
increasing HCl:alkoxide molar ratio. The gel strength increases as a function of acid ratio
and the fractal dimension determined from the frequency scaling exponent of the modulus at

the gel point indicates a tight structure at low acid ratio.
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TS-1 with high Ti loading is successfully synthesized using moisture-stable
precursors, viz. titanium glycolate and silatrane. The microwave instrument is used as a
heating source for the synthesis. The effects of the compositions (TPA", NaOH, H,0) and
conditions (aging time, reaction temperature, reaction time) are studied. The Si:Ti molar ratio
and the ability of Ti incorporated into the zeoclite framework are also studied. Small amount of
extra-framework titanium dioxide is identified at 5.0 SiiTi molar ratio. Photocatalytic
decomposition (PCD) of 4-NP is used to test the activity of TS-1 samples and the results of
alt samples show high efficiency in PCD. .

I-n addition, photocatalytic membranes are successfully prepared using an
efficient, high surface arsa TiO, catalyst, dispersed into different polymeric matrices, viz.
cellulose acetate, polyacrylonitrile and polyvinyl acetate. The catalyst is directly synthesized
using titanium triisopropanclamine as the precursor. We find that polyacrylonitrile provides
the most effective matrix, showing the highest stability and the lowest permeate flux. The
amount of TiO, loaded in the membrane was varied between 1, 3 and 5 wit% to explore the
activity and stability of membranes in the photocatalytic reaction of 4-NP. As expected, the
higher the TiO, loading, the higher the resulting catalytic activity.

Al the works described above have been nationally patented and published in three
international journals, viz. Journal of Mesoporous and Microporous Materials, Journal of
Materials Chemistry and Physics and Applied Organcmetallic Chemistry Journal, and one
national journal. Moreover, there is also one proceeding presented in an international

conference in ltaly.

Key words: Titanium glycolate, Titanium triisopropanolamine, TS-1, Photocatalytic

decomposition, Rheology



Executive Summary

1. Research Title

(English). "Study of a synthetic method and application of TiO,-SiO, as mixed matrix
membrane®
(Thai):  "msAnmAEnsdaassd ussnisdssgyndansinindlavlagenles-

danaulasenlemfie i sususunlamiBmArlunsuanans”

2. Objectives

1. Study of a method for synthesizing and characterizing titanium glycolate and
titanium triisopropanciamine precursors.

2. Study of the sol-gei process and viscoelastic property of titanium glycolate.

3. Study of the sol-gel process of mixed titanium glycolate and silatrane precursors.

4. Preparation of a mixed matrix membrane to study its photo-catalytic property,

selectivity and permeability.
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CHAPTERI1
INTRODUCTION

Titanium dioxide (TiO,) is widely used in the field of catalysis, as filters or
adsorbents or membrane to remove organics from wastewaters (catalytic wet oxidation)
and structural and electronic promoters to improve the activity, selectivity and thermal
stability of catalysts. Transitional metal substituted zeolite frameworks have received
considerable attention in recent years due to their catalytic activity in a number of
important industrial processes. The titanivm doped TS-1 zeolite with the MFI type
framework is a well-known catalyst for the selective oxidation of many organic and
inorganic compounds with H>O, in mild conditions. The reaction is of interest since
water is detrimental to conventional titania-silica catalysts and no environmentally
undesirable side products are formed from hydrogen peroxide reactions.

Nowadays, industrial wastewater becomes more and more important problem
due to increasing trend of many industries. With the same intention, many researchers
have been studying to obtain the efficient wastewater treatment to mineralize all the
toxic species present in the wastewater without leaving behind any hazardous residues
and with low cost. There are many technologies developed for the wastewater
treatment, such as, air stripping, granular activated carbon, biological degradation,
chemical oxidation and heterogeneous photocatalysis, having been found to be effective
for complete mineralization of many toxic, bacteria and bio-resistant organic
compounds in wastewaters at such a milder experimental condition. TiO; is one of the
famous catalysts for photocatalytic degradation due to its effective activity, chemical
stability and non-toxic properties. A practical utilization of photocatalysis process
generates the main drawback. involving expensive liquid-solid separation process due tc
the formation of milky dispersions after mixing the powder catalyst in water

Currently, this drawback has been solved by the use of highly dispersed fine
particles in a porous material using TiO; membrane. Titania membranes attract a great
attention in recent years due to their unique characteristics, such as high water flux,
semiconducting properties, photocatalysis and chemical resistances over other
membrane materials, such as silica and y-alumina. Many different types of existing

membranes consist of a variety of materials, such as, polymers, metals, mixed solid



oxides and porous inorganic materials. However, mixed matrix membrane (MMM), a
microencapsulated membrane, becomes more interesting because of its high selectivity
combined with an outstanding separation performance of the catalysts, the processing
capabilities and low cost of polymers used as matrix.

The important factor to produce titania with good properties is the purity of
metal alkoxide precursors. The titanium dioxide has most often been carried out using
the titanium alkoxide, however, the synthesis of metal alkoxides i greatly challenging
to scientists due to their extreme moisture sensitivity because they contain an
unsaturated Ti" center which is highly reactive to air and moisture, therefore the
reaction must be carried out under inert gas. Another reason is that they used very
expensive starting materials

From that worthy knowledge, it brings up an idea to study how to improve the
special features, such as, its redox/oxidation properties and its high oxygen mobility.
Key point is how to increase specific surface area with homogeneous distribution of
pore size. Sol-gel processing has become one of the most successful techniques for
preparing nanocrystalline metallic oxide materials. In general, this method involves the
hydrolysis and polycondensation of a metal alkoxide, to ultimately yield hydroxide or
oxide under well-specified reaction conditions. A gel is -defined as a two- or
multicomponent system of semisolid nature, rich in liquid and consisting of continuous
solid and fluid phases of colloidal dimensions. It contains a stable cross-linked or
entangled network structure infiltrated with liquid. The network structure is formed
using chemical or physical gelation processes. Chemical gelation produces branched
structures based on covalent bonds between the molecules and the network subunits,
whereas the physical gelation is determined by forces (Van der Waals, electrostatic,
hydrogen bonding) that generate reversible intermoiccular associations. The key
advantage of preparing metallic oxides by the sol-gel method is the possibility to control
their microstructure and homogeneity. Furthermore, the product after sol-gel processing
and sintering is easy to be prepared in different forms, such as, powder, monoliths, thin
film and membranes. To obtain homogeneous nanoscale macromolecular oxide
networks via sol-gel processing, control of hydrolysis is essential. The properties and
rature of the product are controlled by the particular alkoxide used, the presence of
acidic or basic additives, the solvent and various other processing conditions (e.g.

temperature). The calcination temperature is also a key factor, too low a temperature



results in incomplete combustion and too high a temperature causes phase
transformation.

Although much of the work done to characterize the sol-to-gel transition has

used spectroscopic techniques, most of these techniques do not provide information
about molecular weights. However, a precise experimental determination of the exact
transition point is rather difficult because of its divergent nature. On the other hand,
_theological measurements are sensitive to the structural and textural evolution of gels
and are complementary to spectroscopic experiments. Oscillatory measurement has
received great attention among researchers around the world because of its ability to
assess and provide important information on the vhysical structure and rheological
properties of materials without disturbing the material configuration. Knowledge of the
evolution in rheological properties during sol-gel processing is a useful guide to the
manufacturer when formulating dispersion to optimize the physical properties required
in the final product. The shear rheology is an ideal tool for detecting the gel point, using
the self-similarity of the structure, which implies that both linear viscoelastic moduli G’
and G” follow the same power law with frequency. It is generally accepted that
polymeric materials as well as many dispersed particles are viscoelastic. Therefore, the
steady shear measurement alone could not fully characterize the rheological behavior of
these materials. Consequently, there is a growing need to carry out the rheological
dynamic measurement, which can fully characterize both the viscous and the elastic
components of the dispersions.

In this work titanium glycolate (Ti(OCH;CH,0),) and titanium triisopropanol
amine (Ti(OCHCH;CH;);N(CH,CHCH;0H)); were synthesized using the Oxide One
Pot Synthesis (OOPS) method and low cost starting materials. Ti(OCH,CH,0); is a
novel crystalline complex with infinite one-dimensional chains and exhibits outstanding
high stability not only in alcohol but also in water. The high surface area TiO; was
prepared from the synthesized precursor using the sol-gel process followed by
calcinations. The rheological properties of titania were measured at different conditions
to study the gelation time and gel strength. The microwave treatment of titanium
glycolate and silatrane precursors in basic solution was studied to prepare TS-1 zeolite
with high percentage of titanium incorporated in the zeolite framework. The application
of titania as a photocatalytic membrane reactor was studied by varying the types of

polymer membrane and the amount of titanium loading.



CHAPTER 11
LITERATURE SURVEY

2.1 Synthesis of Metal Alkoxides

The metal alkoxide precursors for catalyst synthesis are of interest to study
because of their remarkable ability as precursor for electroceramic materials.
Apparently, the synthesis of new metal alkoxides possessing unique structures and
properties is of great significance for the investigation of sol-gel process as well as the
evolution of metal alkoxide chemistry. However, there are some disadvantages of metal
alkoxides that make it difficult to study their structures and properties thoroughly, such
as, the extreme moisture sensitivity and the tendency to form mixtures of structurally
complex species upon hydroiysis. From these reasons, many literatures tried to improve
the properties of metal alkoxide, such as, the synthesis of anionic titanium
tris(glycolate) complex from reaction of titanium dioxide or titanium isopropoxide with

glycol in the presence of alkali metal hydroxide, as shown in scheme 2.1."

JprOH

TiO'Pr); + 2MOH + xsCyH,(OH), T~
-H,0 \'ﬁ
1—0
TiO, t 2MOH  +  x's C,H,(OH), { \/|
M=Naor K

Scheme 2.1 The preparation of synthesized anionic titanium tris(glycolate) complex.

The hydrothermal reaction of titanium tetraethoxide, n-butylamine and glycol to
obtain titanium glycolate complex was successful after the reaction at 160°-180°C for 5
days. The product exhibited outstanding high stability not only in alcohol, but also in
water (scheme 2.2)°.
Ti(OC,Hs), + x's HOCH,CH,OH + CH,;(CH,);NH, ——— I:O‘Tl/ ©
Scheme 2.2 The preparation of titanium glycolate complex by reacting titanium

tetracthoxide with glycol.



The silatrane complex was synthesized by direct reaction of SiO; and
triisopropanolamines. The precursor exhibited the outstanding high stability not only in
alcohol but also in water and was synthesized from inexpensive starting materials as

scheme 2.3°,

S10; + N(CH,CHCH,0H); + H,NCH,>(CH,NHCH,),CH,NH, + HOCH,CH,OH

/7—((\_\\+/—\1\R /_°_>RN

/
-5i— HO
[ ) NP
Scheme 2.3 The preparation of silatrane complexes by Wongasemyjit’s method.

The oxide one pot synthesis (OOPS) process was used to investigate a
straightforward and low-cost route to produce alkoxide precursors by direct reactions of
a stoichiometric mixture of silica and group I metal hydroxide with ethylene glycol, as

shown in scheme 2.4%,

198°C 0 SO
280, + 2MOH  + SHOCH,CH.O0H —————= 2M si OH
-4H.0
o 2

130°C/ vacuum
-HOCH,CH.OH

o

Scheme 2.4 The preparation of siloxane complex by the reaction of SiO; and glycol.

The synthesis of titanium tetraethoxide (Ti(OEt)s) and titanium tetrapropoxide
(Ti(OPr"),) was studied by the reaction of hydrous titanium dioxide (TiQ..nH,O,
n=0.15-1.23) and dialkyl carbonates using various alkali-metal hydroxide catalysts
(LiOH, NaOH, KOH and CsOH) as scheme 2.5. The reaction was carried out in
autoclave at a heating rate of 90 Kh™'. It was reported that use of sodium hydroxide gave
the highest yield compared to the others®,



TiOpnH)O + (2+n)ROC(=0)OR'" ————— Ti(OR), + (2+n)CO, + 2nR'OH

(when R'= Et, Pr")

Scheme 2.5 The preparation of titanium tetraethoxide (Ti(OEt),) and titanium
tetrapropoxide (Ti(OPr)s).

2.2 Sol-gel Process of Metal alkoxides

Sol-gel technique has been extensively used to prepare amorphous and
crystalline materials. In general, the sol-gel process is the synthesis of an inorganic
network at low temperatures by a chemical reaction in solution. This technique involves
the transition characterized by a relatively rapid change from a liquid (solution or

colloidal solution) into a solid (gel-like state).

Generally, the precursor is dissolved in a suitable organic solvent in order to
form a solution. The solvent must be carefully selected so that a solution with high
concentration of the required component can be obtained. Metal oxide network

formation involves the following steps:

1. precursor formation

2 hydrolysis to form solution {sol)

3 polycondensation

4.  film and gel formation

S organic pyrolysis by heat treatment

6 densification and crystallization by annealing process

There are two important reactions in polymeric gel formation. These reactions
are partial hydrolysis, followed by condensation polymerization. Polymerization steps

via hydrolysis and condensation reaction are illustrated, as follows®:

Hydrolysis M(OR),+ H,0 &—2 M(OR),.(OH) + ROH (2.1)
Condensation M(OR), + M(OR),.,(OH) g—= M;0(OR)z,.,+ ROH (2.2)
M(OR),.1(OH) + M(OR)».1(OH) &— M;0(OR)2;.+ H2O (2.3)

The M-O-M network product is formed by polycondensation reactions, as

shown in Reactions 2.2 and 2.3 in which alcohol and water are produced as the by-



products. These reactions lead to a degree of gelation regarding to the appropriate
amount of water. Other critical parameters usually considered are viscosity of the
solutions. Therefore, many applications of controlled hydrolysis to obtain a desired
molecular structure and appropriate viscosity of the solution are employed to improve
spin ability and coating ability. In addition, solution concentration, viscosity, surface
tension of the solution and the deposition technique determine the film thickness and
uniformity.

In general, the sol-gel process gives high surface area, pore structure,
homogeneous property of the products, and moreover, it is a2 low-temperature method
for converting metal alkoxide to metal oxide. There are many works investigated the
sol-gel process using various types of precursors for certain properties.

Previously, the mesoporous nanocrystalline TiO, was prepared by a sol-gel
technique using butanediol mixed with tetrapropylorthotitanate and aged in ambient
temperature for 1-8 weeks. The highest surface area of 97 m*/g with diameter of 10 nm
was obtained after calcination at 400°C for 2h. The aging time and calcination
temperature influence the phase transformation of nanophase titanium dioxide which
the phase transition of anatase to rutile began at 630°C and was complete at 730°C’.

The forced hydrolysis of boiling reflux method of Ti(SO,)> solution in the
presence of a small amount of H,SO, was used to prepare nanodispersed spherical TiO,.
The particle size distribution was over 100 nm. The inhibition of H,SO4 to phase
transformation causes the nucleation rate to slow down. When the concentration of
H,S0O; continues to rise, the particle size increases and the production of TiO» powder is
reduced drarnaticallyg.

The MOCVD (molecular chemical vapor deposition) technology was used to
synthesize nanosized anatase titania. The titanium tetrabutoxide was pyrolyzed in an
oxygen-containing atmosphere and the average grain size ranging from 7.4 to 15.2 nm
was observed. The preparation temperatures not only accelerate the nucleation rate, but
also the particle growth rate. The smallest average grain size 7.4 nm and the highest
surface area 180 m?g were obtained at 700°C. The anatase-rutile transformation
temperatures were about 700°-1000°C°,

The hydrolysis of titanium tetraisopropoxide (TTIP) in the aqueous cores of
water/NP-5/cyclohexane microemulsion was used to synthesize ultrafine titania

particles. With increasing calcination temperature from 300° to 700°C, the specific



surface area of the TiO; particles decreased from 325.6 to 5.9 m%/g, whereas the average
pore radius increased from 1.4 to 25.1 nm. The particles calcined up to 300°C indicated
that they are amorphous and upon increasing the temperature to 650°C, the rutile peaks
appeared'.

The sol-hydrothermal method using titanium n-butoxide (TNB) precursor in
various acidic media (HC]l, HNOs;, H,SO, and CH3COOH) was used to synthesize
nanocrystalline titanium dioxide. The nanocrystals of pure rutile with size < 10 nm were .
obtained at higher HCI concentrations under mild c01;ditions. The propensity of acidic
medium for rutile formation is shown as follows: HCl > HNQ; > H,S0,> HAc'!,

The mesoporous spherical titania particles were prepared via hydrolysis of pure
titanium tetra-isopropoxide in n-heptane solution. Calcination of hydrolyzed product
produced pure anatase at 400°-600°C and rutile at 800°C. The highest specific surface
area of 132 m?%/g and pore size of 10 nm were obtained at 400°C which are higher than
that of material calcined at 600°C (58.5 m*/g) and much higher than that of the material
calcined at 800°C (5.0 m¥/g)"2.

Nanosized titanium (IV) oxide in the anatase form was synthesized by
hydrolysis of titanium n-butoxide in toluene with water at high temperature (150°-300
°C). The crystalline size of the anatase was gradually increased with reaction
temperature and reaction time. The surface area of 71 m?%g was received after
calcination at 700 °C and the transformation temperature from anatase to rutile was at
around 1000°C".

2.3 Rheological Study of Metal Alkoxides

Chambon and Winter'® proposed a constitutive equation for linear

viscoelasticity of incipient gels, which they called the gel equation.
f
8 = S [ - yyde (2.4)

where & is the shear stress, vy is the rate of deformation tensor, n is the relaxation
exponent and S is the gel strength parameter (with dimensions Pa.s"), which depends on

the cross-linking density and the molecular chain flexibility., A more general version of



this model has been developed, where the model proposed by Winter and Chambon'*

constitutes a special case.

The storage modulus G’ and the loss modulus G” at the gel point both will

follow similar power laws in frequency,
G = G"and = So"I'(l-n)cosd (2.5)

where I'(1-n) is the gamma function. The phase angle between stress (3) and strain is

independent of frequency but proportional to the relaxation exponent,
6 = nn/2 (2.6)

This result suggests that the power law behavior of the dynamic moduli can be

expressed as
G'(o) ~ G"(@) ~ o" 2.7

Theoretical models have been elaborated to rationalize values of the relaxation
exponent in the physical accessible range 0 < n < 1. In the theoretical advances, based
on the fractal concept, the dynamic exponent n is associated with information about the

molecular structure and connectivity of the incipient gel.

The structure may be described by a fractal dimension dy, which is defined by
R% ~ M, where R is the radius of gyration and M is the mass of a molecular cluster. On
the basis of the percolation approach, the Rouse model, which assumes no
hydrodynamic interaction between polymeric clusters, predicts n = d/(d¢ + 2) and with d
=3 (the space dimension) and dr = 2.5 (percolation statistics) n assumes a value of 0.67.
In the electrical analogy, a suggested isomorphism between the complex modulus and
the electrical conductivity of a percolation network with randomly distributed resistors

and capacitors yields a value of n=0.72.

If we consider a situation where the strand length between cross-linking points
of the incipient gel varies, one may anticipate that increasing strand length should
enhance the excluded volume effect. In order to take this into account, Muthukumar'’
suggested that if the excluded volume interaction is fully screened, the scaling exponent

can be expressed as

n = d(d+2-2dy/2(d+2-dp (2.8)
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Quite recently, the relation between the viscoelastic and structural properties
of systems of cross-linking polymers near the gel point was considered in the
framework of a mechanical ladder model, which predicts a scaling law for the complex
shear modulus with an exponent 0 < n < 0.5. It was shown that the parameter n is

related to the spectral dimension d; = 1 of the fractal through the relationship.

n o= 1-d2 2.9)

2.4 Synthesis of TS-1 Zeolite

Since Taramasso et al'® discovered the TS-1 zeolite, there are many researchers
tried to synthesize TS-1 with improving the Ti containing in the zeolite framework by
different methods and materials because of the high efficiency and molecular selectivity
in oxidation reactions employing H,0O,, such as the conversion of ammonia to
hydroxylamine, secondary alcohols to ketones, secondary amines to
dialklyhydroxylamines, or reactions, such as the hydroxylation, the olefin epoxidation,
or the cyclohexanone ammoximation'”.

The effect of organic amine to the formation of TS-1 zeolite was studied with
various types of amine which are n-butylamine, TEAOH, TBAOH, 1,6-hexanediamine,
ethylenediamine, diethylamine and triethanolamine. To decrease the cost, TPABr was
used as a template instead of TPAOH. The Ti(OC4Hg), was used as the titanium source
with the ratio of Si/Ti = 33. They found that the organic amine cannot act as a template
in the presence of TPA". It can only regulate the basicity of the gel. The order of the
template effect of different templates is as follows: TPA™>TBA™>TEA™>>organic
amine®.

The synthesis of TS-1 in fluoride medium was prepared by two ditferent
methods, mixed alkoxide and wetness-impregnation. The preparation of a sol or a gel
containing Si-O-Ti bonds prior to fluoride addition is the key step of the synthesis. The
mixed alkoxide method used TPAOH+HF and the wetness-impregnation used
TPABr+NH,F and the mixture after addition of fluoride was transferred to Teflon-lined
autoclave at 170°C for 5 days. DR-UV result of mixed alkoxide method showed that the
samples at the Si/Ti ratio of 42 showed only the band at 220 nm, indicating that all the
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titanium is in the zeolite framework. For the wetness-impregnation method, the sample
with the Si/Ti ratio of 90 exhibited only a strong band at 220 nm'®,

Titanium silicate-1 (TS-1) was synthesized in the presence of small amount of
TPAOH, as nonionic surfactant. The mixture was crystallized at 140°C for 18h under
autogeneous pressure at the Si/Ti ratio of 33. The result from DR-UV showed a charge
transfer band at 220 nm, which is a characteristic of isolated framework of Ti*'. The
sample prepared without the use of surfactant, on the other hand, showed the band at
330 nm, which suggest the presence of extra framework of TiQ,".

The crystallization kinetics of TS-1 zeolite using quaternary ammonium halides
(TEACI+TBACI) as template was studied. TEOS and TROT were used as sources of
silica and titanium and the crystallization was carried out statically at 160°C for 6-10
days. From the kinetics study of crystallization, as increasing the temperature of
crystallization the induction period decreased and the crystallization rate increased.
With the increase of the Si/Ti ratio in the reaction mixture, the crystallization rate
increased and the mean crystal size decreased gradually. The crystallization rate was
also depended on the (TEA+TBA)/Si ratio. Increasing the (TEA+TBA)/Si ratio leads to
the increase of crystallization rate, indicating that more template molecules are
advantageous to the crystalhization of TS-1. The dilution of the sol mixture with water
decreased the rate of crystallization and increased the average crystal size. When
increasing the NH3/Si ratio, both the rate of crystallization and the crystallinity of the
final product were increased’’.

Microwave-assisted synthesis of molecular sieves 1s a relatively new area of
research. It offers many distinct advantages over conventional synthesis. They include
rapid heating, resulting in homogeneous nucleation, fast supersaturation by the rapid
dissolution of precipitated gels, and eventually a shorter crystallization time compared
to those of conventional autoclave heating. Furthermore, it is energy-efficient and
economical®’, It has been postulated that the major mechanism of microwave heating is
due to dipole orientation and ionic conduction. However, if one is pressed to explain the
mechanism of microwave heating for a given compound, one cannot clearly explain it
with the kind of motion of polar molecules and/or ions?.

Aluminophosphate molecular sieves (AIPO4’s) were prepared by microwave

heating without using organic template reagent. The microwave enhanced the
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crystallization of aluminophosphate gels, and AIPO4 were successfully obtained as
single phase in a relatively short reaction time™.

Aggromerated uniformly sized zeolite Y was prepared in a microwave oven in
10 min, whereas 10-15 h was required for the conventional heating technique,
depending on the lattice Si/Al ratio. Relatively high Sj/Al ratio, up to 5, could be
obtained from hydrogels containing low aluminum contents without crystallization of
undesired phases. ZSM-5 could also be synthesized in 30 min at 140°C by this
technique®,

Effect of the variation in alkoxide precursor ratio and templating agent
concentration on the production of titanium silicate (TS-1) was investigated through
analysis techniques. Across the range of compositions studied, x-ray diffraction
indicated that all the samples have the MFI crystalline structure, and Raman
demonstrated incorporation of titanium in the zeolite framework. Energy dispersive X-
ray analysis showed that samples produced using an ultra-low alkali metal content
templating agent generally resulted in a higher degree of titanium incorporation in the
zeolite framework®. IR spectra showed the characteristic of TS-1 at 960 cm™' and DR-
UV at 210 nm which is attributed to tetra-coordinted titanium?.

2.5 Photocatalytic membrane reactor

The nanostructured mixed matrix membranes were synthesized using the
method based on interfacial crosslinking or copolymerization. To prepare the capsules,
an AB-type block copolymer surfactant, consisting of ten methylmethacrylate and eight
methacrylic acid units (MMA,;,MAAg) was employed. At high pH, MMA \MAAg is
soluble in water and stabilizes w/o emulsions. Capsules were prepared by crosslinking
the MAA group of neighbouring surfactants with hexanediamine. The membrane was
formed using polymerization of capsules comtaining monomers of 70%MMA and
30%MAA combined with the interfacial crosslinking encapsulation method. The
polymerization reaction was initiated by photo-initiator DMPA in combination with
UV-light. The capsules containing films were prepared by dispersing the dry
MMA ;oMAAg capsules in the MMA/MAA mixture®®.

The accessible pore system of polymeric ultrafiltration membranes was modified

by titanium dioxide and treated further with palladium acetate to yield catalytically
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active, porous nanofiltration membrane. To overcome the drawback of low thermal
stability of common polymeric membranes, the inorganic filler was added to the
membrane casting solution. Polyacrylonitrile (PAN), polyetherimide (PEI) and
polyamideimide (PAI) were chosen as polymer matrix. The pore system of membranes
was modified by two-step procedure to produce catalytically active membranes for
heterogeneous catalysis in gas or liquid phase. In the first step, the pore system was
narrowed by creating an inorganic titanium oxide layer on the inner surface of the pores
by‘dipping into a solution of 3.5 wt.% tetraethyl titanate in n-hexane. The second step
produced an active layer of palladium on the top of these inorganic modified pores of
the membrane. The introduction of the catalyst was performed by treating the titanium
dioxide modified membrane with a solution of 3 wt.% palladium acetate in methyl ethyl
ketone (MEK)?'.

Random copolymers of 2-hydroxyethyl acrylate (HEA) and methyl acrylate
(MA) and homopolymer PHEA were prepared by free radical polymerization. The
hydroxyl groups of PHEA were reacted with 3-(triethoxysilyl)propyl isocyanate to
introduce triethoxysilyl (TREOS) groups. Co-hydrolysis and condensation of the TEQOS
groups with titanium tetrabutoxide yielded polymer/SiO./TiO, hybrid materials. At
TiO; less than or equal to 7.4%, the hybrid membranes produced were transparent. Ti-
specific imaging demonstrated that the TiO, phase was nano-sized and distributed
uniformly inside the polymer matrix. Water vapor permeability across such hybrid
membranes could be changed by varying the PHEA content and was very high for
PHEA/Si0; membranes. The incorporation of MA into the hybrid allowed to reduce
membrane swelling by water at no cost to membrane brittleness”.

Mixed matrix membranes of 6FDA-6FpDA-DABA, a glassy polyimide and
modified zeolites (ZSM-2) were fabricated. The ZSM-2 zeolites were functionalized
with amine groups by reacting them with aminopropyltrimethoxysilane in toluene. The
amine-ethered zeolites interacted through secondary forces with the carboxylic groups
along the polymer backbone, as documented by FTIR. Band shifts associated with
hydrogen bonding of the carbonyl and amine groups were observed in the spectra.
These interactions promoted adhesion between the two components. The solubility
coefficient for each gas {CO,, O3, N3, He and CH,) increased, except for N», which was

largely unchanged. The changes in permeability for each gas correlated well with the
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change in the diffusion coefficient. The permeabilities of He, CO, and CH, all
decreased, while O and N; increased®.

The photocatalytic membrane reactors for degradation of organic pollutants in
water were prepared by using 4-nitrophenol (4NP) as a probe polluting agent and
titanium dioxide in suspension was used as catalyst. The commercial membranes were;
NTR7410 and NTR7450 (Nitto enko), N30F and NF-PES-010 (Hoechst),
MPCBO0OOOR98 (SEPAREM). The measured permeate flux was in the range of 5-30 V'h
m’ at 4 bar and all membranes showed both a rejection and capacity to adsorb the
pollutant with a transitory phase varing from 80 to 400 min at 4 bar. Three factors, viz.
rejection, photocatalvtic degradation and adsorption, were able to maintain 4NP
concentration in the permeate at very low values™.

The purification of bilge water by a combination of ultrafiltration and
photocatalytic process was studied. The separation of oil from bilge water was
performed on a laboratory-scale ultrafiltration pilot plant with tubular membranes made
from poly(vinyl chloride) (PVC), polyacrylonitrile (PAN) and polyvinylidene fluoride
(PVDF). The examined membranes with MWCO 70 kD for PVC and PAN and 100 kD
fo PVDF produced a permeate with an oil content less than 15 ppm. The photocatalytic
process was carried out using titanium dioxide based catalyst. The complete
decomposition of oil was achieved after 2h for UV illumination using a K-TiO;
photocatalyst with content amount of 0.8 g/dm®, and after 3h of UV illumination using
0.8g/dm’ of KOH/TiO, photocatalyst®’.

The preparation of polycrystalline Ti0O; samples impregnated with a modified
Cu(Il)-phthalocyanine (TiO;-CuPc¢) was reported along with an investigation on the
photocatalytic behavior of this system compared with bare TiO; (both in the anatanse
and rutile forms) and with TiO; samples impregnated with not functionalized
commercial phthalocyanine (TiO,-CuPc) or with metal free phthalocvanine (Ti0Q,-Pc).
The photocatalytic degradation of 4-nitrophenol was studied as a probe reaction. The
presence of modified CuPc showed to be beneficial only for TiO, (anatase) while the
commercial not functionalized CuPc also slightly showed for both TiO, (anatase) and
TiO; (rutile). The metal free Pc did not show any beneficial influence on the
photoactivity. A tentative explanation of the beneficial effect due to the presence of the

Cu(Il)-phthalocyanines both on the initial reaction rate and on the mineralization
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process was provided by taking into account intrinsic electronic and physico-chemical

properties®Z.
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CHAPTER 111
OBJECTIVES

The objectives of this is work are;

1. Study of a method for synthesizing and characterizing titanium glycolate and
titanium triisopropanoclamine precursors. .

2. Study of the sol-gel process and viscoelastic property of titanium glycolate.

3. Study of the sol—ge} process of mixed titanium glycolate and silatrane
precursors.

4. Preparation of a mixed matrix membrane to study its photo-catalytic property,

selectivity and permeability.
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CHAPTER IV
OXIDE ONE POT SYNTHESIS OF A NOVEL TITANIUM GLYCOLATE AND
ITS PYROLYSIS

Abstract

A much mifder, simpler and more straightforward reaction to titanium glycolate
product was successfully investigated by the reaction of titanium dioxide, ethylene
glycol and triethylenetetramine using the oxide one pot synthesis (OOPS) process. FT-
IR spectrum demonstrates the characteristics of titanium glycolate at 619 and 1080 cm’™
assigned to Ti-O stretching and C-O-Ti stretching vibration, respectively. '*C-solid state
NMR spectrum gives two peaks at 75.9 and 79.8 ppm due to the relaxation of the
crystalline spirotitanate product. The percentage of carbon and hydrogen from elemental
analysis are 28.6 and 4.8, respectively. Thermal analysis study from TGA exhibits one
sharp transition at 340°C, corresponding to the decomposition transition of organic
ligand, and giving a ceramic yield of 46.95% which is close to the theoretical yield of
47.5%. XRD patterns show the morphology change of its pyrolyzed product from
anatase to rutile as increasing calcination temperatures from 500° to 1100°C while at

300°C the amorphous phase is formed.

Keywords: Titanium Dioxide, Titanium Glycolate, Oxide One Pot Synthesis,
Pyrolysis, Phase Transformation
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Introduction

Titania is a very useful material and has received a great attention in recent years
for its humidity- and gas-sensitive behavior, excellent dielectric property, as well as
catalysis applications.' The important factor to produce titania with good properties is
the purity of titanium alkoxide precursor. However, the synthesis of titanium alkoxides
is greatly challenging to scientists due to their extreme moisture sensitivity and very
expensive starting materials. In this work a great interest in titanium glycolate,
Ti(OCH>CH;0),, is owing to its difference from most crystalline titanium alkoxides,
generally having low polymeric O-dimensional molecular. Nevertheless,
Ti(OCH>CH;0); 1s a novel crystalline complex with infinite one-dimensional chains,
and exhibits outstanding high stability not only in alcohol, but also in water.’

The method required for the synthesis of alkoxy derivatives of an element
generally depends on its electronegativity. In the case of comparatively less active
metals, a catalyst is generally employed for successful synthesis of metal alkoxides.
Wang et al’® synthesized Ti(OCH,CH,O), from very expensive starting material,
tetracthyl orthotitanate to react with ethylene glycol using n-butylamine as a catalyst.
The reaction took place under a very vigorous condition. It occurred in a Teflon-lined
stainless steel autoclave at 160°-180 °C for 5 days. The alkalinity of the initial reaction
mixture is a dominant factor of the product. The ethylene glycol served as both a
solvent and a bidentate chelate occupying sites on titanium coordination sphere so as to
bridge adjacent titanium atoms and formed the one-dimensional structure.

Gainsford et al®* studied the synthesis and characterization of the soluble
titanium glycolate complexes obtained from the reaction of titanium dioxide or titanium
isopropoxide with glycol in the presence of alkali metal hydroxides. The reaction of
Ti(O-i-Pr); with 2 equivalent of sodium or potassium hydroxides provided
tris(glycolate) salts, which were highly crystalline, hygroscopic materials, crysta!lized
as salts and solvated with varying numbers of glycol molecules.

Suzuki ez al.’ synthesized titanium tetraalkoxides from hydrous titanium dioxide
(TiO,.nH,0) and dialkyl carbonates in an autoclave at a heating rate of 90Kh™. The
effect of reaction temperature was studied. At temperature range of 495-533 K,
practically completed conversion of hydrous titanium dioxide to Ti(OEt)s could be
attained. LiOH, NaOH, KOH, and CsOH were used as catalysts which NaOH gave the
highest yield of Ti(OEt)s. The effect of the molar ratios of diethyl carbonate/hydrous
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titanium dioxide was studied. As high molar ratio of 10 was required to obtain a high
yield of Ti(OEt);.

Related metalloglycolates formed from alkaline glycol were reported for
aluminium and titanium®'', Potassium and sodium tris(glycotitanate) complexes were
obtained from the reaction of titanium dioxide or titanium tetraisopropoxide with
ethylene glycol in the presence of alkali metal hydroxides.>

Laine et al. investigated a straightforward, low-cost rcute to alkoxide precursors
by direct reactions of a ;toichiomeuic mixture of silica and group I metal hydroxide
with ethylene glycol. This route, termed the ‘oxide one pot synthesis’ (OOPS) process,

provides processable precursors, as shown in Scheme 1.1

0
28i0p + 2MOH + SHOCHpCH20H - 28°C , [ si” 7 o
-4H20

130°C/ vacuum
-HOCH2CH20H

s ere s

Scheme 1

Recently, Jitchum er @l synthesized neutral alkoxysilanes, tetracoordinated
spirosilicates, directly from silica and ethylene glycol or ethylene glycol derivatives,
using triethylenetetramine as catalyst, in the absence or presence of potassium

hydroxide as co-catalyst (Scheme 2).13

TETA/2000C O~ O
Si0y + HOCH7CH20H [ sic” j + H20
w or w/o KOH o~ \0

Scheme 2
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The OOPS method is simple, low-cost and can produce new chemicals in only
one step. Thus, the objective of this work is to use the OOPS process to synthesize
titanium glycolate. The phase transformation of its pyrolyzed product is studied, as well.

Experimental
Materials
UHP grade nitrogen; 99.99% purity, was obtained from Thai Industrial Gases

Public Company Limited (TIG). Titanium dioxide was purchased from Sigma-Aldrich
Chemical Co. Inc. (USA) and used as received. Ethylene glycol (EG), purchased from
Malinckrodt Baker, Inc. (USA) was purified by fractional distillation under nitrogen at
atmospheric pressure, 200°C before use. Triethylenetetramine (TETA) was purchased
from Facai Polytech. Co. Ltd. (Bangkok, Thailand) and distilled under vacuum (0.1
mm/Hg) at 130°C prior to use. Acetonitrile was purchased from Lab-Scan Company
Co. Ltd. and purified by standard distilling over calcium hydride powder.
Instrumentai

Fourier transform infrared spectra (FT-IR) were recorded on a VECOR3.0
BRUKER spectrometer with a spectral resolution of 4 cm™ using transparent KBr
pellets containing 0.001 g of the sample was ground and mixed with 0.06 g of KBr.
Thermal gravimetric analysis (TGA) was carried out using a Perkin Elmer thermal
analysis system with a heating rate of 10 °C/min over 30°-800°C temperature range.
Mass spectrum using the positive fast atom bombardment mode (FAB'-MS) was
measured on a Fison Instrument (VG Autospec-ultima 707E) with VG data system
using glycerol as the matrix, cesium gun as initiator, and cesium iodide (Csl) as a
standard for peak calibration. *C- solid state NMR spectroscopy modeled Bruker
AVANCE DPX-300 MAS-NMR was used to determine peak position of carbon
containing in the product. Elemental analysis (EA) was carried out on a C/H/0 Analyser
(Perkin Elmer PE2400 series II). X-ray diffraction patterns were analyzed using a
D/MAX-2200H Rigaku equipped with Cu X-ray generator.
Methodology

The titanium glycolate was synthesized by the OOPS method, see Scheme 3. A
mixture of TiO; (2g, 0.025 mol) and TETA (3.65g, 0.0074 mol) was stirred vigorously
in excess EG (25 cm3) and heated at the boiling point of EG under N; atmosphere. After
heating for 24 h the solution was centifuged to separate the unreacted TiO; from the
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solution part. The excess EG and TETA were removed by vacuum distillation to obtain

crude precipitate product. The white solid product was washed with acetonitrile and

dried in a vacuum desiccator.

TiO2 + HOCH2CH20H —» E;\/ @ + 2H0
200 °C

Scheme 3

Results and Discussion
Synthesis

The reaction of titanium dioxide, triethylenetetramine catalyst and ethylene
glycol used as both solvent and reactant was achieved by heating in a simple distillation
apparatus. The glycol was slowly distilled off along with water generated during the
condensation reaction to drive the reaction forward. The resulting product was isolated
by distilling off glycol, followed by addition of acetronitrile to remove residual glycol
and TETA. The final product, titanium glycolate, was moisture-stable.

Characterization

FT-IR spectrum of titanium glycolate is shown in Figure 1. As compared with
the work done by Wang?, the result clearly shows the characteristics of titanium
alkoxide at 1080 and 619 cm™ bands, corresponding to C-O-Ti and Ti-O stretching,
respectively. Moreover, the band at 2927-2855 ¢cm™ is assigned to the C-H stretching of

ethylene glycol ligand.
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Due to the insolubility of the product in organic solvent, >C-solid state NMR
was employed. The obtained spectrum, see Figure 2, gives two peaks at 74.8 and 79.2
ppm. It is due to the crystalline phase of titanium glycolate, causing the peak to split

during relaxation time of nuclei, as discussed by Wang.’

L d T T T T T
140 130 100 a0 a0 -0 =20 o

Figure 2 13C-Solid state NMR spectrum of the synthesized Ti(OCH,CH,O),

To confirm the structure of the desired product, both elemental analysis and
mass spectroscopy techniques are carried out. The results are shown in Tables 1 and 2,
respectively. The obtained C/H percentages are close to those calculated theoretically.
The proposed fragmentation and structures presented in Table 2 also confirms the

expected structure of the titanium glycolate product.

Tablel Percentages of C and H presented in the synthesized Ti(OCH,CH,0),

Element (%) | Theoretical | Experimental
C 27.9 28.6
H 5.6 4.8




Table 2 Proposed fragmentation and product structures of Ti(OCH,CH,0),
M/e %intensity Proposed structure
169 8.5 @T@
+ H'
04 73.5 O-Ti-OCH,
45 63.5 CH,CH,OH
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As for its thermal stability, Figure 3 shows the same TGA thermogram as

obtained by Wang’. The result exhibits one sharp transition at 340°C, corresponding to

the decomposition transition of the glycol ligand. The final ceramic yield obtained is

46.95% that is close to the theoretical yield of 47.5%.

Phase transformation
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Figure 3: TGA curve of Ti(OCH,;CH,0),

The TGA result indicats the oxidation of organic compound at 340 °C, and the

crystallization at 500 °C. Study of the phase transformation was conducted at the

calcinations temperature ranging from 300° to 1100°C. The crystalline titanium

glycolate decomposed and changed to amorphous phase at 300 °C (Figure 4). As
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increasing the calcination temperature, the XRD pattern gives anatase phase at 500 °C

to 900 °C and completely changes to rutile phase at 1100°C.
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Figure 4 XRD patterns of Ti{OCH2CH;0); at different temperatures: a) ambient,
b) 300°, ¢} 500°, d) 700°, €) 900° and f) 1100°C.

Conclusions

Titanium glycolate is successfully synthesized using low cost starting materials,
and a much simpler and milder reaction condition. The product shows good property in
moisture stability. The results from spectroscopy, namely, FT-IR, EA, Solid state
NMR, and TGA, confirm the product structure. The transformation from anatase to
rutile phase indicates the anatase stability up to 900°C. The stability of the synthesized

product remarkably provides researchers to make use in many applications.

References
1. Ding, X.Z., and Liu, X.H. Materials Science and Engineering A224. 1997, 210-
215

2. Wang, D., Yu, R., Kumada, N. Chem. Mater. 1999, 11, 2008-2012.
3. Gainsford, G.J., Kemmitt, T., Lensink, C., and Milestone, N.B. Inorg. Chem.
1995, 34, 746-748.



10.

11.
12.

13.

14.

15.

27

Gainsford, J.G., Kemmitt, T., and Milestone, B.N. Inorg. Chem. 1995, 34, 5244-
5251.

Suzuki, E., Kusano, S., Hatayama, H., Okamoto, M., and Ono, Y. J.Mater.Chem
1997, 7(10), 2049-2051.

Bickmore, C.R., Waldner, K.F., Baranwal, R., Hinklin, T., Freadwell, D.R., and
Laine, R.M. Journal of the European ceramic Society, 1998, 18, 287-297.

Yang, J., MEI S., and Ferreira, J.JM.F. Materials Science and Engineering C
2001, 15, 183-185.

Laine, R.M.; Youngdahl, K.A.; Nardi, P. Washington Research Foundation,
U.S. Pat. No. 5,099,052, 1992,

Laine, R.M.; Youngdahl, K.A. Washington Research Foundation, U.S. Pat. No.
5,216,155, 1993.

Day, V.W., Eberspacher, .A., Frey, M.H., Klemperer, W.G., Liang, S. and
Payne, D.A. Chem Mater 1996, 8, 330-332.

Duan, Z., Thomas, L.M., and Verkade, J.G. Polyhedran 1997, 16, 635-641.
Laine, R.M.; Blohowiak, K.Y .; Robinson, T.R.; Hoppe, M.L.; Nardi, P.; Kampf,
J.: Uhm, J. Nature 1991, 353, 642,

Blohowiak, K.Y.; Laine, R.M.; Robinson, T.R.; Hope, M,L.; Kampf, J.L
Inorganic and Organometallic Polymers with Special Properites; ACS:
Netherland, 1992.

Bickmore, C.;Hoppe, M.L.; Laine, R.M. Mat.Res.Soc.Symp.Proc. 1992, 249,
81.

Jitchum, V.; Chivin, S.; Wongkasemjit S.; Ishida, H. Tetrahedron 2001, 57,
3997.



27

CHAPTERY
STRUCTURAL AND RHEOLOGICAL ASPECT OF MESOPOROUS
NANOCRYSTALLINE TiO; SYNTHESIZED VIA SOL-GEL PROCESS

Abstract

Mesoporous nanocrystalline titanium dioxide was prepared via ‘*he sol-gel
technique using titanium glycolate as pre‘cursor in 1M HCI solution at various HC1:H,O
ratios. XRD analysis indicates the anatase phase forms at calcination temperatures in the
range 600°-800°C. From the average grain sizes, we deduce that the nucleation rate
dominates the kinetics at lower temperature, and growth rate becomes the controlling
factor at higher temperature for materials prepared at HC1:H>O ratios of 0.28 and 0.33.
At higher volume ratios, the growth rate appears to be the dominant factor at ail
temperatures. The highest specific surface area (BET) obtained was 125 m%/g at the
HCIL:H,O0 ratio of 0.28. A small decrease of specific surface area was observed from low
to high acid ratio and a substantial decrease from lower to higher temperature. The
material calcined at 800°C was found to consist primarily of spherical particles with
diameters smaller than 1 p. Application of the Winter rheological critéria for the gel
point indicates that the gelation time increases with increase of the HCi:H,O volume
ratio. The fractal dimension of the critical gel cluster decreases with acid ratio, whereas
the gel strength increases with acid ratio. Thus increase of acidity leads to a less dense

but stronger network structure.

Keywords: Titanium glycolate, Titania, Rheology, Sol-gel process and Viscoelastic

properties
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Introduction

Titanium dioxide or titania, TiO,, is widely used in the field of catalysis, as
filters, adsorbents, and catalyst supports' 2. The porous anatase form, as compared to the
rutile phase, is of greater importance and interest due to its better catalytic properties.
Therefore, a key goal is to prepare anatase nanoparticles, with high surface area,
uniform particle size and pore structure, and a high anatase-rutile transformation

te:mpeljature3 .

Sol-gel processing has become one of the most successful techniques for
preparing nanocrystalline metallic oxide materials. In general, this method involves the
hydrolysis and polycondensation of a metal alkoxide, to u.timately yield hydroxide or
oxide under well-specified reaction conditions’. The key advantage of preparing
metallic oxides by the sol-gel method is the possibility to control their microstructure
and homogeneity. To obtain homogeneous nanoscale macromolecular oxide networks
via sol-gel processing, control of hydrolysis is essential. The properties and nature of
the product are controlled by the particular alkoxide used, the presence of acidic or
basic additives, the solvent, and various other processing conditions (e.g. temperature).
The calcination temperature is also a key factor, especially for titania preparation. Too
low a temperature results in incomplete combustion and too high a temperature-causes
phase transformation.

Many studies have been directed to prepare titania powder with increased
textural and structural stability. For example, Zhang et al.” prepared and studied
mesoporous nanocrystalline TiO, by a sol-gel technique using butanediol mixed with
tetrapropylorthotitanate. A surface area of 97 m?’/g was obtained after calcination at
400°C for 2h. Wei er al.® prepared nanodisperse spherical TiO, particles by forced
hydrolysis using boiling reflux Ti{SO4); solution in the presence of H,SO,4. The particle
size distribution was in the range 70-100 nm. Sun er al.” prepared nanosized anatase
titania with average grain sizes ranging from 7.4 to 15.2 nm using MOCVD technology
to pyrolyze titanium tetrabutoxide in an oxygen containing atmosphere. The smallest
average grain size and the highest surface area were obtained at 700°C. Kim et al®
synthesized ultrafine titania particles by hydrolysis of titanium tetraisopropoxide (TTIP)
in the aqueous cores of water/NP-5/cyclohexane microemulsions with increasing
calcination temperature from 300° to 700°C, the specific surface area of the TiO;

particles decreased from 325.6 to 5.9 m*/g, whereas the average pore radius increased
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from 1.4 to 25.1 nm. Wu ez al.? synthesized nanocrystalline titanium dioxide using the
sol-hydrothermal method with titanium n-butoxide (TNB) as precursor, in various
acidic media (HCl, HNO;, H;SO4, and CH;COOH). Nanocrystals of pure rutile with
size < 10 nm were obtained at higher HC] concentrations under mild conditions. The
propensity of acidic medium for rutile formation is shown as follows: HCI > HNO; >
H>SO4> HAc.

Knowledge of the evolution in rheological properties during sol-gel processing
is a useful guide to the manufacturer when formulatiné dispersions to optimize the
physical properties required in the final product'®. Thus, in this work, our aims are to
synthesize high surface area anatase TiO; and to study the rheological properties of
titanium glycolate synthesized directly from inexpensive and widely available TiO; and
ethylene glycol via the Oxide One Pot Synthesis (OOPS) method''. We also investigate
the influence of the acid concentration used in acid-catalyzed hydrolysis, the effect of
calcination temperature on morphology and phase transformation, and gain some insight

into the gel mechanism.

Experimental

Materials

Titanium dioxide (surface area 12 m?%g) was purchased from Sigma-Aldrich
Chemical Co. Inc. (USA) and used as received. Ethylene glycol (EG) was purchased
from Malinckrodt Baker, Inc. (USA) and purified by fractional distillation at 200°C
under nitrogen at atmospheric pressure, before use. Triethylenetetramine (TETA) was
purchased from Facai Polytech. Co. Ltd. (Bangkok, Thailand) and distilled under
vacuum (0.1 mm/Hg) at 130°C prior to use. Acetenitrile was purchased from Lab-Scan
Company Co. Ltd. and purified by distilling over calcium hydride powder.

Instrumental

Fourier transform infrared spectra (FT-IR) were recorded on a VECOR3.0
BRUKER spectrometer with a spectral resolution of 4 cm™ using transparent KBr
pellets containing 0.001 g of sample mixed with 0.06 g of KBr. Thermal gravimetric
analysis (TGA) was carried out using a Perkin Elmer thermal analysis system with a
heating rate of 10°C/min over 30°-800°C temperature range. The mass spectrum was
obtained on a Fison Instrument (VG Autospec-ultima 707E) with VG data system, using
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the positive fast atomic bombardment mode (FAB*-MS) with glycerol as the matrix,
cesium gun as initiator, and cesium iodide (CsI) as a standard for peak calibration. *C-
solid state NMR spectroscopy was performed using a Bruker ADVANCE DPX-300
MAS-NMR. Elemental analysis (EA) was carried out on a C/H/N Analyser (Perkin
Elmer PE2400 series II).

Preparation of titanium glycolate

The procedure sdopted followed previous work''. A mixture of TiO, (2g, 0.025
mol) and TETA (3.65g, 0.0074 mol) was stirred vigorously in excess EG (25 ¢m®) and
heated to 200°C for 24 h. The resulting solution was centrifuged to separate the
unreacted TiQ;. The excess EG and TETA were removed by vacuum d.stillation to
obtain a crude precipitate. The white solid product was washed with acetonitrile, dried
in a vacuum desiccator and characterized using FTIR, BC-solid state NMR, EA, FAB'-
MS, and TGA.

FTIR: 2927-2855 cm™ (vC-H), 1080 cm™ (vC-O-Ti bond), and 619 cm™ (vTi-O
bond). *C-solid state NMR: two peaks at 74.8 and 79.2 ppm. EA: 28.6% C and 4.8% H.
FAB'-MS: approximately 8.5% of the highest m/e at 169 of [Ti(OCH,CH;0);JH", 73%
intensity at 94 of [OTiOCH:] and 63.5% intensity at m/e 45 of [CHCH,OH]. TGA: one
sharp transition at 340°C and 46.95% ceramic yield corresponding to Ti(OCH;CH,0),.

Sol-gel processing of titanium glycolate

The hydrolysis of titanium glycolate (0.026 g) was carried out via addition of
160 gl of IM HCI mixed with distilled water in volume ratios of HCI:H,O 0.45, 0.39,
0.33, and 0.28. The mixtures were magnetically stirred and heated in a water bath at
50°C until a clear gel was obtained. The gels were calcined for 2 h at 600°, 700°, and
800°C.
Rheological study of titanium glycolate

Gelation occurs when aggregation of particles or molecules takes place in a
liquid, under the action of Van der Waals forces or via the formation of covalent or
noncovalent bonds'2. The process can be conveniently monitored using rheological
measurement techniques'®. The rheometric measurements were conducted using an
ARES rheometer with parallel plate geometry, 25 mm in diameter. The storage (G’) and
loss {G”) moduli were determined using oscillatory shear at frequencies in the range

0.2-6.4 rad/s. The strain amplitude was small enough to ensure that all experiments
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were conducted within the linear viscoelastic region, where G* and G” are independent
of the strain amplitude. Titanium glycolate 0.026 g was hydrolyzed at different
HCI:H;O volume ratios of 0.45, 0.39, 0.33 or 0.28. The hydrolysis temperature was
selected to be 30°C. The mixtures were stirred until homogeneous before being
transferred to the rheometer.
Characterization of calcined materials

Crystallinity and average grain sizes were characterized using a D/MAX-2200H
Rigaku diffractometer with CuKa radiation on specimens prepared by packing sample
powder into a glass holder. The diffracted intensity was measured by step scanning in
the 26 range between 5° to 90°. Specific surface area, nitrogen adsorption-desorption,
and pore size distribution were determined using an Autosorp-1 gas sorption system
(Quantachrome Corporation) via the Brunauer-Emmett-Teller (BET) method. A
gaseous mixture of nitrogen and helium was allowed to flow through the analyzer at a
constant rate of 30 cc/min. Nitrogen was used to calibrate the analyzer, and also as the
adsorbate at liquid nitrogen temperature. The samples were throughly outgassed for 2h
at 150°C, prior to exposure to the adsorbent gas. Material morphology was observed
using a JEOL 5200-2AE(MP 15152001) scanning electron microscope. Samples were
prepared for SEM analysis by attachment to aluminum stubs, after pyrolysis at 800°C.
Prior to analysis, the specimens were dried in a vacuum oven at 70°C for 5 h followed
by coating with gold via vapor deposition. Micrographs of the pyrolyzed sample

surfaces were obtained at x10,000 magnification.

Results and discussion

The investigation of the hydrolysis reaction of titanium glycolate precursor
using FTIR is illustrated in figure 1. The spectra show an increase in the peak intensity
of Ti-O-Ti stretching at approximately 500-800 cm™ due to hydrolysis of the precursor.
The peak at 1000-1100 ¢cm™, corresponding to C-O stretching of ethylene glycol also
increases, reflecting the production of ethylene glycol during the hydrolysis reaction. In
the case of higher acid ratio (0.45), the degree of crosslinking is greater than those
obtained from the hydrolysis in lower acid ratios. The acid can act as a catalyst to

hydrolyze the alkoxide by protonating the ethoxy ligands during hydrolysis. Thus, the
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elimination of the protonated ethoxy ligand leaving group is no longer the rate limiting

step, and, as a result, the hydrolysis occurs more rapidly.
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Figure 1 FT-IR spectra of titania gel at HC1:H,O volume ratios of a) 0.28, b)
0.33,¢) 0.39 and d) 0.45

Calcination is a treatment commonly used to improve the crystallinity of TiO;
powder. When Ti0O; is calcined at higher temperature, a transformation to rutile phase
usually occurs'® and comprises anatase, rutile, and brookite. XRD patterns (Fig. 2) show
the phase transformations encountered when titanium glycolate precursor is calcined at
temperatures 1n the range 300°-1100°C. Amorphous material is obtained at the lowest
temperature (300°C) whereas at 500°C broader anatasc peaks appear. As the calcination
temperature increases, the intensity of anatase peaks becomes stronger and well
resolved. However, if the calcination temperature is increased to 900°C, small rutile

peaks are found, indicating the onset of the transformation to rutile.
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Figure 2 XRD patterns of uncalcined and calcined titanium glycolate precursor

at different temperatures.

The synthesis procedure was changed to obtain porous anatase for better
catalytic properties. Specimens obtained via the sol-gel process at different volume
ratios of HCL:H,O, viz. 0.45, 0.39, 0.33, and 0.28, were subjected to calcination at 600°,
700°, and 800°C, to obtain porous anatase titania’. Fig. 3 shows the XRD patterns of
anatase formation in a specimen at the HCI:H.O volume ratio of 0.28. Qur results
indicate that the synthesized anatase is stable up to calcination temperatures of 800°C,
which is a little higher than previous studies, which report the transformation of anatase

to rutile in the range of 600°-700°C" 1314,
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As can be seen in Fig. 4, at 0.28 and 0.33 ratios, the average grain size decreases
significantly from 600°C (18.8 and 17.1 nm) to 700°C (13.9 and 14.2 nm) and then
increases substantially again at 800°C (31.3 and 29.8 nm). These results are reminiscent
of observations by Sun et al’ of the temperature dependence of grain sizes of anatase
produced by the MOCVD method. The size variation was interpreted in terms of the
rate of particle growth relative to the rate of particle nucleation. Use of elevated
temperatures accelerates not only the nucleation rate but aiso the particle growth rate.
For acid:water ratio's of 0.28 and 0.33, at lower temperatures, the nucleation rate is
dominant, whereas the growth rate becomes the controlling factor at higher temperature.
Acid:water ratios of 0.39 and 0.45 ratios show a slightly different pattern, in which
grain size increases mildly between 600° and 700°C, and then more dramatically at

800°C, suggest that the growth rate is dominant at all temperatures.
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Figure 4 The average grain sizes of the particles prepared at different volume

ratios of HC1:H,O (0.28, 0.33, 0.39, 0.45, respectively) and different

calcination temperatures (600°, 700° and 800°C).

Coincidentally, the nitrogen adsorption-desorption isotherm of the material
obtained at 0.28 HCI:H,O volume ratio and calcined at 600°C for 2h indicates a

mesoporous structure, as seen in figure 5(a). The isotherm is of type IV, characteristic



of mesoporous material. The hysteresis loop exhibited by the specimen is mainly of
type H2. The pore size distribution in figure 5(b) shows a major porosity in the range of
4-18 nm. To confirm an increase in crystallinity as temperature increases, specific
surface area measurements were carried out and, as expected, we find that the higher the
calcined temperature, the lower the specific surface area. The powders become dense
and predominantly nonporous when the precursor is calcined at 800°C. It is known that
a lower acid concentration results in a higher specific surface area due to an increasing
in the cross-linking level’. This is consistent with our observation that the specific
surface area decreases in the following order; 0.28 > 0.33 > 0.39 > 0.45 (Table 1). It can
be concluded that sol-gel processing indeed provides a larger specific surface area

which decreases with increasing calcinations temperature and acid concentration.
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and Pore size distribution (b.) for the material obtained from 0.28
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BET surface area {(Sggr, m*/ g) of titania at various HCI:H,O volume

Table 1
ratios and calcinations temperatures.
2 .
Temperature (°C) Surface area (m“/g)/ HCI:H,O

0.28 0.33 0.39 0.45
600 125 111 107 105
700 60 59 55 50
800 20 18 17 15

* Surface area of the starting material TiO; = 20 m*/g
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The particle morphology of the samples obtained using a HC1:H,O ratio of 0.33,
when calcined at temperatures in the range 600°-800°C, is shown in Fig. 6. At the
lowest two temperatures, Figs. 6(a) and 6(b), the material consists of particles of large
size, whereas the micrograph (Fig. 6¢) of the material calcined at 800°C shows a finely-
divided morphology in the anatase form consisting of spherical particles approximately

1 gm in size.

Figure 6 SEM micrographs of titania powder prepared at 0.33 volume ratio of

HCI:H,O and calcined at a.) 600°, b.} 700° and ¢.) 800°C

Viscoelastic studies of the four different gelling systems (volume ratios of 0.28,
0.33, 0.39, and 0.45 of HCIL:H,O, respectively) were carried out using the criteria
proposed by Winter and Chambon'® to determine the gel point, as tl;e gelation time
where a frequency-independent value of tand in observed. The variation in the
frequency-dependence of tand with gelation time is shown in fig. 7, and indeed
indicates tand become frequency independent at a particular gelation time. The shortest
gelation time was observed for the system at 0.28 volume ratio (365 s) and the longest
gelation time for the system of 0.45 volume ratio (870 s). An alternative method'® to
determine the gel point is to plot the time evolution of the apparent viscoelastic
exponents n’ and n”’ obtained from the frequency-dependence of the modulus (G’ < ",
G” < "), as shown in fig. 8 for the system at 0.45 volume ratio. The gel point is
identified as the time where a crossover n’=n"=n is observed. The points of intersection

(tge1) are found to be the same as those deduced from the plot of tand versus time.
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It is important to note that these gelling systems are highly elastic even well
before the gel point, as evidenced by the fact that tand << 1. Also, the system rheology
evolves relatively slowly in the vicinity of the gel point, as seen by plotting the
frequency dependence of G’ (Pa), G” (Pa) at pregel .stage, gel point, and postgel stage,
shown in fig. 9. The data are shifted horizontally by a factor B. A similar trend is
observed for all systems in that G’ is higher than G”, i.e. elastic behavior predominates
before as well as after the gel point. We attribute this behavior to the fact that we are
dealing with a concentrated colloidal dispersion, which is converted to a gel by
hydrolysis from the outer surfaces of the colloidal particles. Despite this heterogeneous
structure, at the gel point, the systems fulfill the Winter criteria that n’=n’=ng, and tand

= tan(ng,n/2) are superimposedls'w. The viscoelastic exponent ng of the system as
shown in table 2 has its highest value at 0.45 volume acid ratio and the value decreases

as the volume acid ratio decreases. Figure 10 shows the effect of HC1:H;O volume ratio



