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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



13

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.

References

1. a). Gainsford, G.J., Kemmitt, T., Lensink, C., and Milestone, N.B. Inorg. Chem.
1995, 34, 746-748; b). Gainsford, J.G., Kemmitt, T., and Milestone, B.N. Inorg.
Chem. 1995, 34, 5244-5251. ‘

2. Wang, D., Yu, R., Kumada N. (1999) Hydrothermal synthesis and
characterization of a novel one-dimensional titanium glycolate complex single
crystal: (Ti(OCH;CH,0),, Chemistry of Materials, 11, 2008-2012.

3. P. Piboonchaisit, S. Wongkasemjit and R. Laine, “A Novel Route to
Tris(silatranyloxy-i-propyl)amine Directly from Silica and
Triisopropanoclamine”, Sci. Asia, 25, 113-119 (1999).

4. a). Bickmore, C.R., Waldner, K.F., Baranwal, R., Hinklin, T., Freadwell, D.R.,
Laine R.M. (1998) Ultrafine titania by flame spray pyrolysis of a titanatrane
complex. European Ploymer Journal, 18, 287-297; b). 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.

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

6. Yi, G., Sayer, M., Ceram. Bulletin., 1991, 70, 1173.

7. Zhang, Y., Weidenkaff, A., Reller A. (2002) Mesoporous structure and phase
transition of nanocrystalline Ti0O,. Materials Letters, 54, 375-381.

8. Wei, Y., Wy, R, Zhang Y. {(1999) Preparation of monodispersed spherical TiO;
powder by forced hydrolysis of Ti(SOs); solution. Matenals Letter,41, 101-103.

9. Sun, Y., Li, A,, Qi, M., Zhang, L., Yao, X. (2001} High surface area anatase
titania nanoparticles prepared by MOCVD. Material Science and Engineering:
B, 86, 185-188.

10.Kim, E.J., Hahn, S.H. (2001) Microstructural changes of microemulsion-
mediated TiO; particles during calcinations. Materials Letters, 49, 244-249.



11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22,

16

Wu, M., Lin, G., Chen, D., Wang, G., He, D., Feng, S., Xu R. (2002) Sol-
hydrothermal synthesis and hydrothermally structure evolution of nanocrystal
titanium dioxide. Chemistry of Material, 14, 1974-1980,

Khalil, K.M.S and Zaki, M.I. (2001) Preparation and characterization of sol-gel
derived mesoporous iitania spheroids. Powder Technology, 120, 256-263.
Kominami, H., Kohno, M., Takada, Y., Inoue, M., Inui, T., Kera, Y. (1999)
Hydrolysis od titanium alkoxide in organic solvent at high temperaturas: A new
synthetic method for nanosized, thermally stable titanium (IV) oxide.Industrial
and Engineering Chemistry Research,38, 3925-3931.

Winter, H.H., Chambon, F. (1986) Analysis of linear viscoelasticity of a
crosslinking polymer at the gel point. Journal of Rhelogy, 30, 367-382.

Muthukumar M, (1989) Screening effect on viscoelasticity near the gel point.
Macromeocules, 22, 4656-4658.

M. Taramasso, G. Perego, B. Notari, US Patent 4410501 (1983).

Marra, G.L., Artioli, G., Fitch, A.N., Milanesio, M., Lamberti, C. (2000)
Orthorhombic to monoclinic phase transition in high-Ti-loaded TS-1: an attempt
to locate Ti in the MFI framework by low temperature XRD. Microporous and
mesoporous Materials, 40, 85-94.

Grieneisen, J.L., Kessler, H., Fache, E., Le Govic, A.M. (2000) Synthesis of TS-
1 in fluoride medium. A new way to a cheap and efficient catalyst for phenol
hydroxylation. Microporous and Mesoporous Materials, 37, 379-386.

Khomane, R.B., Kulkarni, B.D., Paraskar, A., Sainkar, S.R. (2002) Synthesis,
characterization and catalytic performance of titanium silicate-1 prepared in
micellar media. Materials Chemistry and Physics, 76, 99-103.

Xia, Q.H. and Gao, Z. (1997) Crystallization Kinetics of pure TS-1 zeolite using
quaternary ammonium halides as templates. Materials Chemistry and Physics,
47, 225-230.

Newalkar, B.L., Olanrewaju, J., Komarneni, S. (2001) Direct synthesis of
titanium substituted mesoporous SBA-15 molecular sieve under microwave-
hydrothermal conditions. Chemistry of Materials, 13, 552-557.

Ohgushi, T., Komameni, S., Bhalla, A.S. (2001) Mechanism of microwave
heating of zeolite A. Journal of Porous Materials, 8, 23-35.



23.

24.

25.

26.

27.

28.

29.

30.

31

17

Kunii, K., Narahara, K., Yamanaka, S. (2002) Template-free synthesis of
AlPO4-H1, -H2, and —H3 by microwave heating. Microporous and Mesoporous
Materials, 52, 159-167.

Arafat, A, Jansen, J.C., Ebaid, A.R., Bekkum, H.V. (1993) Microwave
preparation of zeolite Y and ZSM-5. Zeolites, 13, 162-165.

Li, Y.G., Lee, Y.M., Porter, J.F. (2002) The synthesis and characterization of
titanium silicate-1. Journal of Materials Science, 37, 1959-1965.

Figoli: A., Sager, W., Wessling, M. (2002) Synthesis of novel nanostructured
mixed matrix membranes. Desalination, 148, 401-405.

Ziegler, S., Theis, J., Fritsch, D. (2001) Palladium modified porous polymeric
membranes and their performance mn selective hydrogenation of propyne.
Journal of Membrane Science, 187, 71-84.

Lu, Z., Liu, G., Duncan, S. (2003) Poly(2-hydroxyethyl acrylate-co-methyl
acrylate)/Si0,/TiO; hybrid membranes. Journal of Membrane Science, 221,
113-122.

Pechar, T.W., Tsapatsis, M., Marand, E., Davis, R. (2002) Preparation and
characterization of a glassy fluorinated polyimide zeolite-mixed matrix
membrane. Desalination, 146, 3-9.

Molinari, R., Palmisano, L., Drioli, E., Schiavello, M. (2002) Studies on various
reactor configueations for coupling photocatalysis and membrane processes in
water purification. Journal of Membrane Science, 206, 399-415.

Karakulski, K., Morawski, W.A., Grzechulska, J. (1998) Purification of bilge
water by hybrid ultrafiltration and photocatalytic processes. Separation and
Purification Technology, 14, 163-173.

. Mele, G., Ciccarella, G., Vasapollo, G., Garcia-Lopez, E., Palmisano, L.,

Schiavello, M. (2002) Photocatalytic degradation of 4-notrophenol in aqueous
suspension by using polycrystalline TiQ, samples impregnated with Cu(1I)-
phthalocyanine. Applied Catalysis B: Environmental, 38, 309-319.



18

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.
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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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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
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on the gel strength parameter, S, evaluated from the rcslationship“s"9 G'(w) = I'u-

ncos(nn/2)Sw" where I'¢-n) is the Legendre I' function. It is evident that the gel strength

increases with increasing acid ratio and reaches its highest value acid ratio = 0.39, then

decreases slightly. Thus, at low acid ratio, the critical gel cluster is relatively weak, at

high acid ratio it is stronger.
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Figure 10 The plot of gel strength 10
parameter S at the gel %
point as a function of d
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According to the model of Muthukumar® the fractal dimension of the critical
gel cluster can be obtained from the viscoelastic exponent n as n = d(d+2-2ds)/2(d+2-dy)
where d = spatial dimension = 3. The effect of acid ratio on the fractal dimension of
inciptent gel is shown in fig. 11 and table 2. The fractal dimension decreases with

increasing the acid ratio. A lower fractal dimension mean that the molecular weight

grows slower with radius, i.e. M~R“ . Thus the critical gel at high acid ratio has a more
open structure than at low acid ratio. This is somewhat surprising since we expect the
cross-link density to be higher at higher acid ratio. Again we attribute this result to the
heterogeneous character of the system at the gel point. The particles which comprise the
gel network at low acid ratio are less hydrated and hence more dense than those at

higher acid ratio.
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Table 2 Summary of viscoelastic exponent, fractal dimension, and gelation

time(s) at various HCI:H,O volume ratios.

Acid ratio n de Gelation time (s)
0.28 0.05 2.46 365
0.33 0.07 2.44 428
0.39 0.19 2.33 647
0.45 0.20 2.32 870

Figure 17 shows the frequency dependence of the dynamic viscosity at pregel
stage, gel point, and postgel stage. Consistent with the highly elastic behavior evident in
figure 9, at all stages 1*(w) exhibits power law frequency dependence with an exponent
at the gel point of n-1. The time dependence of the complex viscosity at low frequency
(w = 0.4 rad/s) is illustrated in fig. 13. The location of the gel point for each system as

determined by the Winter criteria'®'®

are indicated by arrows. At low acid ratio, the
viscosity is initially high but approaches an asymptotic value which is relatively low. At
high acid ratio, the viscosity is initially low but reaches a high asymptotic value. Thus,
the gel strength and asymptotic complex viscosity are self-consistent and indicate that
the gel becomes stronger under high acidity conditions. We interpret these results as
indicating that at low acid, the precursor particles are poorly hydrated and form a more
heterogeneous weak gel structure. At high acid, the particles are well solvated and form

a less heterogeneous {(more open) yet stronger network.
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Conclusions

Anatase TiO, nanoparticles were successfully prepared by sol-gel technology,
using inexpensive and moisture-stable titanium glycolate as precursor in 1M HCI
solution. The calcination temperature and the HC1:H,O volume ratio has a substantial
influence on the surface area, phase transformation, and morphology of the products.
Anatase titania is produced at calcination temperatures in the range 600° to 800°C,
above which transformation to rutile occurs. Increase of temperature results in anatase
of higher crystallinity but lower specific surface area, and induces a morphological
change from large irregular agglomerates to more homogeneous particles of spherical
shape. From XRD measurements of average grain sizes, we deduce that nucleation rate
dominates the kinetics at low temperatures, and growth rate becomes the controlling
factor at high temperature and low HC1:H,O ratios. Increase of HCI:H,O ratio results in
a small but significant decrease in porosity. The highest specific surface area 125 m*/g
is obtained at lowest HC1:H,O ratio 0.28 and lowest calcination temperature (600°C).
Yrom rheological analysis, as evaluated by the Winter criteria, the gelation time
increases with increase of HCI:H,O volume ratio. The fractal dimension determined
from the frequency scaling exponent of the modulus at the gel point indicates a denses
critical gel structure at low acid ratio. However the complex viscosity and gel strength
increase as a function of acid ratio. We interpret this behavior as indicative that, at low
acidity, the gel is composed of poorly hydrated particles forming a dense but weak
structure. Increased acidity increases hydration and cross-link density leading to a more

open and stronger gel network.
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CHAPTER VI
STRUCTURAL AND CRYSTALLIZATION OF HIGH Ti LOADED TS-1
ZEOLITE

Abstract

The TS-1 with high Ti loading was successfully synthesized using low cost and
moisture-stable precursors, titanium glycolate and silatrane. The microwave instrument
was used as a heating source for synthesis. The effects of the compositions (TPA",
NaQOH, H,0) and conditions (aging time, react.on temperature, reaction time) were
studied. The Si:Ti molar ratios werc varied from 109.00-5.00 and the ability of Ti
incorporated into the zeolite framework was studied. The XRD, FT-IR, SEM and DR-
UV were used to characterize the TS-1 samples and all samples showed the
characteristic of MFI type. The small amount of extra-framework titanium dioxide was
also identified at 5.0 Si:T1 molar ratio. The photocatalytic decomposition of 4-NP was
used to test the activity of TS-1 samples and the results of all samples showed high

efficiency in photocatalytic decomposition (PCD).

Keywords: Photocatalytic decomposition, Silatrane, Titanium glycolate, TS-1 and

Zeolite
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Introduction

Titantumn silicate-1 (TS-1), a Ti-containing zeolite with the MFI structure, is a
highly selective and active crystalline microporous heterogeneous oxidation catalyst
employing H,0O; under mild conditions. The titanium in TS-1 isomorphously replaces
silicon in a tetrahedral site of the MFI silicate lattice. It combines the advantages of the
high coordination ability of Ti** ions with the hydrophobicity of the siliate framework,
while retaining the spatial selectivity and speciﬁp local geometry of the active site: of
the molecular sieve structure'. The catalytic properties of titanosilicate are unique with a
variety of liquid-phase oxidation, such as phenol hydroxylation, olefin epoxidation,
cyclohexanone ammoximation and the oxidation of saturated hydrocarbons and
alcohol?. With H,0, solvolysis produces TiOOH and SiOH with the former giving
rise to the active catalytic oxidation center.

After year 1983 which Taramasso et al * reported the hydrothermal synthesis of
TS-1 for the first time, there are many researches tried to increase the amount of Ti'" in
the zeolite framework. A major problem often encountered the synthesis of TS-1
molecular sieve is the precipitation of oxide of the titanium outside the lattice
framework, leading to samples, inactivity for oxidation reactions®. The synthesis of
materials containing isolated tetrahedral Ti is rather difficult, given its strong tehdency
to polymerize in aqueous systems which often resulting in the formation of separate
titanium dioxide phase'. Two methods to synthesize were described in the original
patent using different Si sources, tetraethylorthositicate (TEOS) and Ludox colloidal
silica. TS-1 1s usually synthesized using tetrapropylammonium hydroxide (TPAOH)
solution, which acts as the structure directing agent and provides the alkalinity
necessary for the crystallization of the zeolite®. From many previous works, maximum
amount of Ti'" that can incorporated in the zeolite framework is at Si:Ti less than 35'°,

Microwave-assisted-hydrothermal synthesis is the process has been used for the
rapid synthesis of numerous ceramic oxides and porous materials. It offers many
advantages over conventional synthesis, including the increase of temperature of the
reactant to a desired range quickly in a few minutes, homogeneous nucleation, fast
supersaturation by the rapid dissolution of precipitated gels and shorter crystallization
time. The heat is supposedly induced by the friction of molecular rotation enhanced by
microwave irradiation, thus, it is possible to heat the reactants selectively and

homogeneously from inside. Furthermore, It is energy efficient and economical’®,
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In this work, we synthesized the TS-1 zeolite from moisture stable and low cost
starting materials, silatrane and titanium glycolate, used for silica and titanium dioxide
sources, and TPABr as a template. The hydrothermal treatment by microwave heating
and various amounts of Ti incorporated in the zeolite framework were studied. The
samples were characterized using XRD, SEM, FT-IR and DR-UV. The photocatalytic

decomposttion of 4-NP was used to test the activity of TS-1 samples.

Experimental

Materials

Titanium dioxide (surface area 12 m®/g) was purchased tiom Sigma-Aldrich
Chemical Co. Inc. (USA) and used as received. Ethylenc glycol (EG) was purchased
from Malinckrodt Baker, Inc. (USA) and purified by fractional distillation at 200°C
under nitrogen atmosphere, 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 distilling over calcium hydride powder. 4-Nitrophenol was
purchased from Sigma-Aldrich Chemical Co. Inc. (USA).

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.

Preparation of titanium glycolate

The procedure adopted 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 em’) and
heated to 200°C for 24 h. The resulting solution was centrifuged to separate the
unreacted TiO;. The excess EG and TETA were removed by vacuum distillation to
obtain a crude precipitate. The white solid product was washed with acetonitrile, dried

in a vacuum desiccator and characterized using FTIR and TGA.
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FTIR: 2927-2855 cm™ (vC-H), 1080 cm™ (vC-O-Ti bond), and 619 cm™ (vTi-O
bond). TGA: one sharp transition at 340°C with 46.95% ceramic yield corresponding to
Ti(OCH2CH;0);.

Preparation of silatrane’

A mixture of Si(OH), (6g, 0.1 mol) and TEA (18.648g, 0.125 mol) was stirred
vigorously in excess EG (100 cm?) and heated to 200°C for 10 h. The resulting solution
was vacuumed to remove EG to obtain a crude precipitate. The wl:ite solid product was
washed with acetonitrile, dried in a vacuum desiccator and characterized using FTIR
and TGA.

Fr-IR : 3422 cm-1 (v O-H), 2986-2861 cm-1 (v C-H), 2697 c¢cm-1 (v N-Si),
1459-1445 c¢cm-1 (6 C-H), 1351 em-1 (& C-N), 1082 cm-1 (6 Si-O-C), 579 cm-1 (v N-
Si). TGA: one sharp transition at 380°C with 21.6% ceramic yield corresponding to
N[CH:CH,0]3Si0CH,CH,;N(CH,CH,OH);.

Preparation of TS-1 zeolite

Hydrothermal syntheses were carried out using microwave irradiation. The TS-1
solution with the initial molar composition of gel is equal to
SiOZ:O.lTiOz:O.lTPA+:O.4NaC_)H:114H20. The effects of conditions were studied by
varying the aging time (20, 60, 70, 90, 110, 130, 150, 170h), reaction time (5, 10, 15,
20h) and reaction temperature (120, 150, 180°C), amounts of TPA*, NaOH and H,O.
For the study of the Ti incorporated in the zeolite framework, the
Si03:xTi0,:0.3TPA™:0.4NaOH: 114H,0 ( x = 0.1, 0.3, 0.5, 0.7, 1.0, 1.3, 1.7,2.0) was
used. The solution was then aged at room temperature for 110h. After aging, the
solution was transferred into Teflon vessel and heated under microwave irradiation at
150°C for various reaction times. The obtained TS-1 zeolite was washed several times
with distilled water, dried at 60°C overnight and calcined at 550°C for 2h (0.5°C/min).

Photocatalytic decomposition of 4-nitrophenol

Photocatalytic reactions were carried out in a 250 ml batch reactor with a gas
inlet and outlet at the flow rate of O, gas 20 mV/min. The cooling water jacket was used
to control the temperature at 30°C. The suspensions were illuminated by using a Hg
Philip UV lamp. The concentration of 4-NP was 40 ppm and the solution was
continuous magnetically stirred. The TS-1 zeolite prepared at Si/Ti molar ratios of
100.00, 14.29, 7.69 and 5.00 was added in the solution with 0.8 g/l of catalyst, 10
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mmol/l H,O, was then slowly dropped. The samples were taken out and analyzed the
concentration of 4-NP using Shimadzu UV-240 spectrophotometer.
IS-1 characterization

TS-1 samples were characterized by various techniques. XRD patterns 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 20 range between 5° to 50°, Fourier
transformn 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. Samples were prepared lor
SEM analysis by attachment to aluminum stubs, after pyrolysis at 550°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 x7,500 magnification. Diffuse reflectance ultraviolet-visible (DR-UV)

spectra were analyzed

Results and Discussion
Synthesis of TS-1

T8-1 is successfully synthesized by microwave hydrothermal treatment using
silatrane and titanium glycolate as precursors in the condition with NaOH and TPABr.
The XRD pattern (figure 1) shows the characteristic of MFI structure as reported by

: 0-11
many literatures'~'

. The single peaks at 20 = 24.4° indicate a change from
monoclinic symmetry (silicate) to orthorhombic symmetry (TS-1)""'?. The FT-IR
spectra of TS-1 in the framework Ti-O-Si bond stretching region shows an absorption
band located at 960 cm™' (figure 2). This band has been also observed in Ti-containing
zeolites, being mainly assigned to the stretching mode of [S104] tetrahedral bond with
Ti atoms'>™"*, However, such assignment has been interpreted in term of Si-OH groups
with many defect structures'®. The bands at 550 and 800 cm™ are assigned to 8(Si-O-Si)
and v(Si-O-Si), respectively. The diffuse reflectance spectra as figure 3 shows only one
absorption band with a maximum at 210 nm, attribute to tetra-coordinated titanium, and

there is no peak at 330 nm which is the peak of titanium dioxide extra-framework.
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The effect of reaction temperature is studied by varying the temperature at 120°,
150° and 180°C. The synthesis formula is $1:0.1Ti:0.4NaOH: 0.1TPA:114H,0. Figure
4 shows the XRD patterns of all samples, the intensity of peak increases as the reaction
temperature. Its mean that when increasing the reaction temperature lead to the higher
rate of crystallization. From the SEM micrograph of calcined samples, the crystal size
increases with the reaction temperature. At 120°C (figure 5.1), the crystals have round
shape and not uniform (0.5-2.5um). As increasing the temperature to 150°C (figure
5.2), the crystals are uniform with cubic structure (1.um). The largest crystal size (4um)
is observed at 180°C (figure 5.3) and indicates larger growth in ¢ direction with
hexagonal shape. When rising the temperature to 180°C, the degradation of the organic
template is occurred. From the result, the suitable reaction temperature for a smallest

and uniformly crystal is at 150°C.

20000

15000 1 ¢

% Figure 4 The XRD pattern of
% 10000 TS-1 samples at

é b various reaction

temperatures of a)
120°, b) 150° and c)
170°C.

Figure 5. The SEM micrograph of TS-1 sample at various reaction temperatures of
a) 120°, b) 150° and ¢) 170°C.

2 Effect of reaction time
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The Si:0.1T1:0.4NaOH:0.1TPA:114H,0 formula is used to study the effect of
reaction time to the crystallization of TS-1 zeolite. The reaction times are varies from 5,
10, 15 and 20 h at reaction temperature 150°C. The results show that at low reaction
time the amorphous phase occurs and the conversion to TS-1 zeolite is lower than at
higher time. It is mean that increasing the reaction time causes the increasing of the rate
of crystallization. The SEM micrograph (figure 6) shows the large crystal size (5um) at
5h and the size decreases dramatically to 1.3um at 15h, the crystals have unifornily
cubic shape. Increasing the reaction time to 20 h causes the larger crystal size and has a

higher growth in b direction.

b | )
e 2= eg ak

Figure 6. The SEM micrograph of TS-1 samples at various reaction times of a) 5,

b) 10, c) 15 and d) 20h.

3 Effect of Aging time

The TS-1 samples at varies aging times (20, 60, 70, 90, 110, 130, 150 and 170h)
are carried out at Si:0.1Ti:0.4NaOH:0.1TPA:114H;0, reaction temperature 150°C and
reaction time 15h. From the SEM micrographs in figure 7, at lower aging time, the large
crystal sizes are formed with lower conversion to the TS-1 zeolite and present the large
amount of amorphous phase. When the time increases, the crystal size becomes smaller

until at aging time 130h the size increases again. The hydrolysis and condensation
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reactions of silatrane and titanium precursors cause the polymerization to form the
network and initially at low aging time the hydrolysis of precursor does not involve all
the alkyl ligand, therefore, some organic ligands still present in the solution. The
remaining organic ligand can participate with the organic template and form a primary
unit, then the primary units are agglomerate and the nucleation occurs. At longer aging
time, the large amount of primary particles occurs and results in the higher
agglomeration and crystallization rate caused the smaller size with higher formation of
zeolite after hydrothermal synthesis, which the growth rate is dominant. At longer aging
time (130h), the limit of the primary unit formation occurs, therefore, the agglomeration
occurs at the former nuclei.

4 Effect of NaOH:Si

The effect of NaOH:Si is studied at varying ratio from 0.1 to 1.0 mol ratio at
aging time 110h, reaction time 15h and reaction temperature 150°C. At 0.1 mol ratio,
the product is amorphous as shown in the SEM micrograph (figure 8). When increasing
the ratio to 0.3, a very large crystal size of TS-1 zeolite is occurred (10um) with many
secondary growths on the crystals (figure7.2). As the Si1:NaOH miolar ratio increases to
0.4, the uniform and smaller crystals (1.3um) are formed (figure 7.3). Increasing the
ratios to 0.5 causes the larger size and 0.7 molar ratio has many secondary growths on
the crystals (figures 7.4 and 7.5). Until at 1.0 molar ratio (figure 7.6), the particles loss
the cubic shape. The increasing of NaGH causes the increasing in the concentration of
reactive species available in solution for zeolite nucleation which NaOH accelerates the
hydrolysis rate, after that the condensation occurs and starts 1o form a zeolite network
with greater numbers of nuclei are generated and smaller particle size products are
formed (0.3 molar ratio). At large amount of NaOH, the hydrolysis increases and the
large crystals with secondary growths are formed (0.5 and 0.7 molar ratios). When
increasing to a very high amount of NaOH, the sodium will efficiently occupy the
surface of the silica gel particles cause the retardation of the nucleation because the
TPA-Silica interaction is greatly reduced. A large part of the silica is in the core of the

gel bodies and not accessible for nucleation formation'.
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Figure 7. The SEM micrograph of TS-1 samples at various aging times of a) 20, b)
60, ¢) 70, d) 90, e) 110, f) 130, g) 150 and h) 170h.
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Figure 8. The SEM micrographs of TS-1 samples at various NaOH:S1 molar ratios
ofa)0.1,b) 0.3, ¢)0.4,d) 0.5, e) 0.7 and f) 1.0.

S Effect of TPA:Si

The steric stabilization of nuclear-sized entities, is also critically dependent on
the cation balance. The TPA" cation is widely used in the synthesizing of zeolite, the
bulky quaternary ammonium cations adsorbed on to particle surfaces provide steric
stabilization, preventing aggregation upon collision'®. There are many types of template
use for synthesize the zeolite such as TPAOH, TBABr, 1,6-hexanediamine and TPABT.
Wang et al.° found that the synthesis by using TBABr will produce a favorable effect on
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the formation of ZSM-11 and synthesize by 1,6-hexanediamine can use only for low
titanium content which increasing the amount of titanium leads to a decrease of
crystallinity. To decrease the cost of synthesis, TPAOH is replaced by TPABr. From
many works TPABr showed a good selective oxidation reaction®'2.

In our work, TPABr is used to synthesize TS-1 zeolite and the effect of TPA™ is
studied at Si:0.1Ti:0.4NaOH: xTPA™:114H,0 (x = 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5). The
crystallization conditions are at aging time 110 h, reaction time 15h and reaction
temperature 150°C. Figure 9 shows the SEM micrograph represented the study of the
effect of TPA™:Si at aging time 110h, reaction time 15h, 150°C and 0.4 Si:NaOH molar
ratio. At low molar ratio {2.05), the large crystals are formed (10um). Increasing the
amount of TPA" causes the decreasing of the crystal size (1.2um at 0.3 molar ratio) but
at large amount of TPA”, the secondary growths occur (0.4 and 0.5 molar ratios). From
the explanation of the Koegler et al.'’, the nucleation starts to occur on the surface of
the large gel sphere; both TPA" and silica are abundance, into the gel sphere. TPA™ will
transport from solution to the crystal/gel interface, the crystal growing and formed a
perfected cubic shape. Its mean that if we increase the amount of TPA™, it will lead to
the higher nucleation as shown here. At higher TPA”, the dendritic growth occurs at the

surface of zeolite. This is indicative of very high supersaturation.

Figure 9. The SEM micrographs of TS-1 samples at various TPA:Si molar ratios
of a) 0.05,b) 0.1,¢) 0.2, d) 0.3, €) 0.4 and £) 0.5.
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6 Effect of H;0:Si ratio

The dilution is studied at $1:0.1Ti:0.4NaOH:0.3TPA:xH,O (x = 80, 114, 140,
170 and 200). The reaction time is 15h, 150°C and aging time 110h. From the SEM
micrograph as figure 10, at lower H,O:Si shows a non-uniform crystal structure. As

increasing the ratio to 114, the uniform and completely cubic structures are formed but

when further increasing to higher ratio the crystal size are larger and have many defects.

Figure 10.  The SEM micrographsof TS-1 samples at various H,O:Si molar ratios of
a) 80, b) 114, ¢) 140, d) 170 and e) 200.

7 Effect of Si:Ti ratio

The effect of Si:Ti on the crystallization of TS-1 is carry out at
8i:xTi:0.4NaOH:0.3TPA:114H,0 (x = 100.00, 33.33, 20.00, 14.29, 10.00, 7.69, 5.88
and 5.0). The reaction temperature is 150°C, aging time 110h and reaction times are
varied fromi 15 to 35 h depending on the Ti loading (Table 1). We find that at high Ti
loading, increasing the reaction time leads to the higher Ti incorporation. Figure 11
illustrates the FT-IR spectia of TS-1 samples A-H. The peak at 960 cm” attributes to a
stretching mode of an [SiOs) unit bonded to a Ti*" jon. (O3SiOTi)"? represents the
incorporation of titanium in the MFI framework. A strong band at 550cm™ is the
characteristic of MFI structure®. The DR-UV spectra of the samples A-H are shown in
figure 12. The strong peak at 210 nm has been assigned to the tetra-coordinate of
titanium in the zeolite framework. The broad band peak at 280 nm indicates the partially
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polymerized hexa-coordinated Ti species, which contain Ti-O-Ti and belong to a

silicon-rich amorphous phase'®. The band at 330 nm, which assigns to the extra-

framework anatase phase, is shown as a little peak in sample H. The peaks at both 210

and 280 nm are increase from sample A to H as higher titanium content and the band

shift to higher wavelengths at sample with lower Si/Ti ratio because of the higher

proportion of hexa-cooordinate species. The peak at 280 nm increases stronger than 210

nm at sample F that means the hexa-coordinated Ti species will form at higher titanium

loaded. The SEM micrograph and XRD of TS-1 samples A-H are shown in figures 13

and 14, all of the samples show the characteristic of TS-1 zeolite with the MFI structure.

Tablel The TS-1 samples at varies Si:Ti molar ratios and reaction time (h).
Sample Si/Ti molar ratio Reaction time (h)
a 100.00 15
b 3333 15
c 20.00 20
d 14.29 25
€ 10.00 25
f 7.69 35
g 5.88 35
h 5.00 B 35 N
12
. h Figure 11 The FT-IR spectra of TS-
¢ ’ T:— 1 sample at various Si:Ti
g j _::_"-— ey mola? ratios of a) 100.00,
| ¢ N - b) 33.33, ¢) 20.00, d)
212 ~ 14.29, ¢) 10.00, 1) 7.69, g)
Yeoe 000 2008 19ee 5.88 and h) 5.00.
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Figure 12 The DR-UV spectra of
TS-1 sample at various
Si:Ti molar ratios of a)
100.00, b) 33.33, ¢)
20.00, d) 14.29, e) 10.00,
) 7.69, g) 5.88 and h)

Figure 13 The XRD pattern of TS-1

sample at various Si:Ti
molar ratios of a) 100.00,
b) 33.33, ¢) 20.00, d)
14.29, e) 10.00, f) 7.69,
g) 5:88 and h) 5.00.

The SEM micrograph of TS-1 sample at various Si:Ti molar ratios of a)

100.00, b) 33.33, c) 20.00, d) 14.29, €) 10.00, f) 7.69, g) 5.88 and h)

5.00.
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Photocatalytic decomposition of 4-nitrophenol

From the discussion of Lee er al and Lea ef al?®?!, the photocatalytic
decomposition of 4-NP was completely in the presence of H,O, and UV irradiation. The
photodecomposition of 4-NP -is governed by "OH radical reactions. The “OH can be
easily to formed from titanium-hydroperoxide species, Thus, in our work we carried out
the PCD of 4-NP at 1.0 mmol/l of H,O, under UV irradiate. Table 2 shows the results
from PCD of 4-NP with TS-1 zeolite at various Si/Ti molar ratios. The PCD increases
with the amount of titanium incorporated in the zeolite and the fastest complete

decomposition is at 5.0 Si:Ti molar ratio.

Table2 Photocatalytic degradation of 4-nitrophenol
Si/Ti (molar Time for completely photocatalytic
ratio) decomposition of 4-NP (h)
100.00 4.00
14.29 2.00
7.69 1.30
5.00 1.00
Conclusions

The TS-1 with highly titanium incorporated in the zeolite framework was
synthesized from low cost and moisture-stable precursors, silatrane and titanium
glycolate, under microwave instrument. The effect of the compositions (TPA*, NaOH
and H,O) and conditions (aging time, reaction time and reaction temperature) were
studied. The suitable condition for synthesizing TS-1 was
$i:0.1Ti:0.4NaOH:0.3TPA:114H,0 at aging time 110h, reaction time 15h and reaction
temperature 150°C. The Si:Ti molar ratio 100.00-5.00 was studied and the results from
XRD, FT-IR, SEM and DR-UV indicated that from this route highly crystalline and the
Ti atoms are occupying in the zeolite framework. The reaction times were varied at
different Ti loaded, which at higher titanium loading the higher reaction time was an
important factor. The photocatalytic decomposition of 4-NP was used to test the activity



of prepared TS-1 samples. The samples showed high efficiency in PCD of 4-NP and the

PCD increased with amount of titanium loading.
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CHAPTER VII
PHOTOCATALYTIC MEMBRANE REACTOR OF A NOVEL HIGH
SURFACE AREA TiO,

Abstract

Photocatalytic membranes were successfully prepared using on efficient TiO;
catalyst with high surface area, dispersed into different polymeric matrices, viz.
cellulose acetate, polyacrylonitrile and polyvinyl acetate. The catalyst was directly
synthesized using titanium triisopropanolamine as precursor. The membranes were
characterized using FT-IR, SEM and their photocatalytic performance was tested, viz.
stability, permeate flux and photocatalytic degradation of 4-nitrophenol (4-NP). 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 wt% to explore the activity and stability of membranes in the
photocatalytic reaction of 4-NP. As expected, the higher the loading of TiO; loaded, the
higher the resulting catalytic activity.

Keywords: Mixed Matrix Membrane, Photocatalytic Reactor, 4-Nitrophenol

and Titanium Triisopropanolamine
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Introduction

Purification of industrial wastewater has become an increasingly important
issue, and many researchers are engaged in developing methodology to obtain efficient,
low cost wastewater treatment to render harmless of all toxic species present without
leaving hazardous residues. Many technologies developed for wastewater treatment,
including air stripping, the use of granular activated carbon, biological degradation',
chemical oxidation and heterogeneous photocatalysis®, have been demonstrated to be
effective for complete mineralization of many toxic, bacteria and bio-resistant organic
compounds in wastewaier under mild experimental conditions*’. The heterogeneous
photocatalysis process hamesses radiant energy from natural or artificial light sources to
degrade organic pollutants into their mineral componentss. TiO; is a well-established
catalyst for photocatalytic degradation due to its combination of high activity, chemical
stability and non-toxic properties. Photocatalytic degradation generally occurs via
production of OH" radicals. When semiconductive TiO; is illuminated by radiation of
appropriate energy, electrons and holes are generated within the TiO, structure. In the
presence of O,, OH’ radicals are formed by reaction between the valence band holes and
activated OH groups, e.g from adsorbed H,O on the TiO. surface. To accelerate the
oxidation reaction, efficient scavenging of & by O, is necessary. The organic pollutant
is attacked by hydroxy! radicals and generates organic radicals or intermediates®'2. The
main drawback to practical implementation of the photocatalysis method arises from the
need for an expensive liquid-solid separation process, due to the formation of milky
dispersions upon mixing the catalyst powder with water'*.

Currently, this drawback is solved by the use of a Ti0» membrane, consisting of
fine Ti0; particles dispersed in a porous matrix. Such titania membranes have attracted
a great deal of attention in recent years due to their unique characteristics, including
high water flux, semiconducting properties, efficient photocatalysis and chemical
resistance relative to other membrane materials, such as silica and y-alumina'®,

Many techniques have been explored for the fixation of titania powder,
including sputtering on glass, silicon or alumina'®, coating via sol-gel processing on

16-19 were studied. However, the use of

porous stainless steel plate, a-Al;O03 or zeolites
mixed matrix membranes (MMM), i.e. membranes containing microencapsulated Ti0s,,
becomes of increasing interest because of their high selectivity combined with

outstanding separation performance, processing capabilities, and low cost, when



polymers are used as the matrix. Many researchers?®?’ have explored ways to develop
and facilitate the separation process, using very thin microencapsulated membranes to
allow for high fluxes. Such a membrane must have a high volume fraction of
homogeneously distributed encapsulated particles in a defect- and void-free polymer
matrix?®. Polymeric membranes are not appropriate for use in membrane reactor
applications where high temperatures are needed for reaction. Thus, application of
MMM for catalysis of low temperature reactions has become a main topic for many
researchers, for examples, hydrogenation of propyne”, photomineralization of n-
alkanoic acids®®, wet air oxidation of dyeing wastewater, and photocatalytic
oxidations® . )

To obtain a high photocatalytic activity, the surface area of catalyst is very
important. Thus, in our work, thermally stable TiQO; with high surface area is
synthesized from moisture-stable titanium triisoﬁfopanolamine. The performance of this
material as a component of an MMM was evaluated in a photocatalytic membrane
reactor, using 4-nitrophenol as a model substrate, with regard to stability tests, effect of
membrane type (PAN, PVac, CA), and TiO; loading. A comparison is made between

as-prepared and commercial TiO,.

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 atmosphere 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. Triisopropanolamine (TIS) and 4-nitrophenoi were
purchased from Sigma-Aldrich Chemical Co. Inc. (USA).

Titanium tri-isopropanolamine precursor preparation

A mixture of TiO; (2g, 0.025 mol), TIS (9.55g, 0.05 mol) and TETA (3.65g,
0.0074 mol) was stirred vigorously in excess EG (25 ¢cm®) and heated to 200°C for 24 h.
The resulting solution was centrifuged to separate the unreacted TiO,. The excess EG

and TETA were removed by vacuum distillation at 150°C to obtain a crude precipitate.
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The product was characterized using FTIR, FAB"-MS and TGA. Fourier transform
infrared spectra (FT-IR) were recorded on a VECOR3.0 BRUKER spectrometer with a
spectral resolution of 4 cm™. 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) using the positive fast atomic bombardment mode (FAB*-MS)
with glycerol as the matrix, cesium gun as ini*iator, and cesium iodide (Csl) as a
standard for p;eak calibration.

High surface area TiO; preparation

After removal of any excess solvent from titanium triisopropanolamine
precursor, the precursor was transferred to a crucible and calcined at 600°C for 2h at
heating rate of 0.25°C/min. The white powder was ground and stored in a desiccator for
further use.

Membrane preparation

Polyacrylonitrile membrane
A 10 wt% mixture of polyacrylonitrile powder in dimethyl formamide

(DMF) was vigorously stirred at 50°C until homogeneous. A specified amount of TiO,
was added to the stirred polymer solution. Partial vacuum was applied for a brief
duration to ensure the removal of air bubbles. The mixture was then coated on a clean
glass plate using a casting knife. The resulting membrane was allowed to set for 2 min
before being dried in a vacuum oven at 40°C overnight following by 60°C for 2h and
80°C for 2h. The prepared membrane was cut into a circular shape with a diameter of 6
cm and thickness of 15 pm.

Cellulose acetate membrane

The membrane preparation was followed Kunprathippanja’s method®. To a
suspension of Ti0,, cellulose acetate was added. A partial vacuum was applied for a
brief duration to ensure the removal of air bubbles, while the suspension was stirred to
obtain a homogeneous suspension. The solution was then coated on the surface of a
clean glass plate. The membrane was allowed to set for 2 min, followed by submersion
in an ice water bath for 2 min. The membrane was then soaked in a hot water bath at
90°C for 1h before being dried. The obtained membrane was cut into a circular shape

with a diameter of 6 cm and thickness of 15 um,
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Polyvinyl acetate membrane
The polymer was dissolved at 56°C in tetrahydrofuran (THF) and stirred
until all the polymer had dissolved in the solvent. TiO, was then added to the stirring

polymer solution, followed by degassing to remove air bubbles. The mixture was -
transferred to a teflon flat sheet and cast to the desired thickness. The prepared
membrane was left overnight at room temperature to slowly evaporate solvent and then
dried in a vacuum oven at 40°C for 2h. The membrane was cut into a circular shape
with a diameter of 6 cm and thickness of 15 pm.
Stability test of prepared membranes

The prepared polymeric meirbranes (PAN, CA and PVAc) were placed in the
membrane reactor and irradiated under UV irradiation for 15 h. The concentration of 4-
NP used was 140 ppm. The samples were withdrawn and analyzed for total organic
carbon (TOC) to verify that the organic components were released from the prepared
membrane. SEM was used to investigate the presence of defects in membranes before
and after the stability test.
Photocatalytic decomposition of 4-nitrophenol

~ The photocatalytic reactions were carried out in a 500 ml continuous batch glass
reactor, figure 1, with a gas inlet and outlet at an O, flow rate of 20 m/min. A cooling
water jacket was used to maintain the temperature at 30°C. The suspensions and
membrane were illuminated using a 100 Watt Hg Philip UV lamp. The concentration of
4-NP used was 140 ppm and the solution was continuously stirred. The obtained
permeate was removed at 1h intervals and analyzed to determine the concentration of 4-

NP using a Shimadzu UV-240 spectrophotometer.
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Figure 1 The schematic diagram of photocatalytic membrane reactor (F,

flowmeter; R, reactor; R, permeate reservoir; R,, recirculating tank and

P, peristaltic pump).

Titanium triisopropanclamine and TiO; catalysi characterization

High surface area TiO, was characterized by various techniques. The XRD
pattern was obtained 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 of 5° to 90°. Fourier
transform infrared spectra (FT-IR) were recorded on a VECOR3.0 BRUKER
spectrometer with a spectral resolution of 4 cm™. Samples pyrolyzed at 600°C were
analyzed using SEM by attachment onto aluminum stubs afier coating with gold via
vapor deposition. Micrographs of the pyrolyzed sample surfaces were obtained at
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x7,500 magnification. Specific surface area and nitrogen adsorption-desorption 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 thoroughly outgassed for 2h at 150°C, prior to exposure to the

adsorbent gas.

Membrane characterization

Three different types of membranes made from PAN, CA and PVAc were
characterized using SEM, FT-IR and DIX-UV. The morphology of membranes was
analyzed by attachment onto aluminum stubs and coated with gold via vapor deposition.
The membranes were frozen in liquid nitrogen and fractured to examine the cross-
sectional areas. The samples were characterized on a JEOL 5200-2AE(MP 15152001)
scanning electron microscope. Fourier transform infrared spectra (FT-IR) were recorded
on a VECOR3.0 BRUKER spectrometer with a spectral resolution of 4 ecm™ using
transparent KBr pellets containing 0.001 g of sample mixed with 0.06 g of KBr. The
samples were also analyzed to determine the amount of TiQ, using a Shimadzu UV-240

spectrophotometer.

Results and discussion
Titanium triisopropanolamine precursor characterization

The synthesized titanium triisopropanolamine was characterized using FT-IR,
TGA, MS and SEM. The IR spectrum (fig 2.) of the product shows bands at 3400 cm™
(OH group), 2927-2855 cm™ (C-H stretching), 146C cm™ (C-H bending of CH, group),
1379 cm™ (C-H bending of CH; group), 1085 cm™ (C-O-Ti stretching), 1020 cm™ (C-N
bending) and 554 cm” (Ti-O stretching). The TGA thermogram, as seen in figure 3,
shows two transitions, at 280° and 365°C, corresponding to the decomposition of
unreacted triisopropanolamine and the triisopropanolamine ligand, respectively,
reflecting the use of excess triisopropanolamine in the reaction and no purification of
the obtained product. The final ceramic yield of the product was calculated from the
starting point of the second decomposition transition, and was found to be 16.60%,
close to the theoretical ceramic yield of 18.65%. The results of mass spectral analysis,
summarized in tablel, confirm the prepared sample has the desired structure.
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Table 1 The proposed structure and fragments of the synthesized titanium
triisopropanolamine.
| M/e %intensity ( Proposed structure
|
42; 0 | H {HOCH;CHCH,]N[CH,CH;CHO],TilOCHCH;CH,]>N[
CH,CHCH;OH]JH"
a10 5 [CH3CH,CH;IN[CH,CHCH;0],TifOCHCH3CH; ;N
[CH,CHCH;0H)
214 58 [HaNCHCH;CH,0], Ti[OH]}
192 100 H+N[CH,CHCH;0H];
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TiO; catalyst characterization

The calcined product was characterized using XRD, BET surface area and SEM
- to confirm the presence of the active anatase phase of TiO,. The XRD pattern shown in
fig. 4, exhibits diffraction peaks at 20 = 25.28, 37.66, 47.90, 54.64, 62.58, 69.76, 75.26
and 82.72, and the particle morphology (fig. 5) shows irregularly-shaped particles,
characteristic of the anatase phase of TiO,, as previously reported®. The surface area
measurement of a sémple calcined at 600°C for 2h shows a high surface area of 163

m?/g. Also, the nitrogen adsorption-desorption isotherm of this material exhibits type IV

character (fig. 6.) indicative of a mesoporous structure.
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Membranes characterization

The prepared mixed matrix membranes were characterized with respect to their
functional groups using FT-IR, their morphology using scanning electron microscopy
(SEM) and the amount of TiQO; loaded in the membrane using diffuse reflectance UV.
The membrane stability test was also carried out to demonstrate that the obtained
material is suitable for use as a membrane.

The FT-IR spectrum of CA (fig. 7a) shows the characteristic absc:ption bands of
C=0, C-O-C and C-C bonds at 1780, 1174 and 1020 cm’', respectively. The peak in the
region of 800-500 cm™' is associated with the vibration of the Ti-O bond®. For the PAN
membrane (fig 7b), the band at 2260 cm’' is characteristic of the CN bond while the
spectrum of PVAc in fig. 7c shows bands at 1780 and 1200 cm™ representing the C=0
and C-C bonds, respectively.
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Figure 7 FT-IR spectra of the prepared membranes using 1wt%TiO; mixed in

a). cellulose acetate, b}, polyacrylonitrile and ¢). polyvinyl acetate.

SEM micrographs of the fracture surfaces of all three types of membranes are
shown in figure 8. The CA membrane (fig. 8a.) presents a porous surface distinctly
different from the surfaces of PAN and PVAc (fig.8b. and 8c.). The TiO; particles are
immobilized within the polymeric matrix. No significant ioss of particles was observed

during the membrane formation process on the glass plate. The micrographs reveal no
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evidence for the presence of voids between the polymer and TiO,. TiO; particles are
well distributed across the surface and do not agglomerate.

Figure 8 SEM micrographs of mixed matrix membranes using a.) cellulose

acetate, b.) polyacrylonitrile and ¢.) polyviny! acetate.

The PAN membrane type was selected to study the effect of TiO, loading,
varying the percentage of TiO; between 1, 3 and 5 wt%. Figure 9 shows the DR-UV
spectra of the prepared membranes. As expected, the absorbance at 320 nm, which is
characteristic of TiO,, increases with the amount of TiO,. Morphological analysis by
SEM, shown in fig. 10, indicates that TiO, particles are well dispersed throughout the
PAN matrix at all loadings.

1.2
1.0
0.8 j ¢.)
[-F]
[+
=
£ b
5 0.6} .)
w
£
-« .
0.4 N 1 2)
[l
0.2 ™,
0.0 T T ™ 2 .
250 300 350 400 450 500
Wavelength (mm)

Figure 9 DR-UYV spectra of polyacrylonitrile membranes at various
percentages of TiO; a) 1, b) 3 and ¢) Swt%.
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Figure 10 SEM micrographs of polyacrylonitrile merabranes at various

percentages of TiO»; a) 1, b) 3 and ¢) S5wt%

The stability of the prepared membranes was tested using UV illumination and
exposure to 4-NP for 15h, and evaluation by TCC, as summarized in table 2. The PAN
and CA membranes were stable under these conditions, as indicated by essentially no
change in TOC values. However, the PVAc membrane showed a higher TOC value,

indicative that the PV Ac membrane was not stable and undergoes decomposition.

Table 2 The stability tests of the prepared membranes.
rMembrane type TOC (at initial) TOC (after 15h)
PAN 22.39 22.68
CA 22.63 22.57
PVAc 22.35 32.22

Photocatalytic degradation of 4-nitrophenol

The photocatalytic activities of the three membrane types were assessed using
the photoreactor shown in fig. 1, employing 1 wt% immobilized phiotocatalyst TiO,,
oxygen flow rate of 20 ml/min, 4-NP flow rate of 30 ml/min and 4-NP concentration of
140 ppm. The permeation flux data (fig. 11) shows that CA and PAN membranes have
constant low permeate flux levels, 12.38 and 5.31 Vh m?, respectively, whereas the
PVAc membrane shows a steep increase in permeate flux from 10.62 to 120 I/h m* as
reaction time increases from 1 to 2h. The higher permeate flux of CA membrane than
PAN is consistent with the SEM observation in fig. 8, that the CA membrane is more
porous than the PAN membrane. The dramatic increase in permeate flux of the PVAc

membrane occurs because of the decomposition of this membrane, which generates
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defects during the reaction, as confirmed by the SEM micrograph in figure12. The holes
generated in the polymer matrix cause an increase in the flux and a decrease in the
photodegradation -activity. The efficiencies of the PAN and CA membranes for
photocatalytic degradation of 4-NP are illustrated in fig. 13, which indicates, at 1 wt%
Ti loading, no substantive differences in the rate of degradation of 4-NP between the
PAN and CA membranes. During the first hour of UV illumination, the concentration of
4-NP permeating. through the PAN membrane is higher than through the CA membrane.
This is unexpected and may reflect experimental uncertainty, since, in view of the
higher permeate flux of the CA membrane, more 4-NP molecules should penetrate
through the CA membrane. However, after 7hr of illumination, each membrane shows
similar activity, as expected at such low TiO; loadings. For the PVAc membrane, the
reaction could not be monitored through 7hr because the defects produced by

degradation causing an extremely high flux, as discussed above.

140

—@- PAN
— Ca
120 —b— Pvac
"E 100 1
=
= 80
=
=
§ o
g Figure 11 The permeate flux versus
S 40
=%

reaction time of all three

R e
0 B types of the prepared
0 2 4 6 8 membranes.
Time (h)

Figure 12 SEM micrograph
showing the defect of

polyvinyl acetate membrane

Magn H—— 2im
S000x%

after the reaction.



75

160
—.— PAN
140 1 - CA
E 120 -
=
_g_ 100
E
g ® Figure 13 The degradation of 4-
g o0 NP with the reaction time
B
Z - o
I of polyacrylonitrile and
20 A
- cellulose acetate
0 T 7 v
0 2 4 6 8 membranes.

Time (h}

Effect of various amounts of TiO; in PAN membrane on the photocatalytic
degradation of 4-nitrophenol

The PAN membrane was selected to invéstigate the effect of TiO; loading on the
efficiency of photocatalytic degradation because of its stability and the fact that it
exhibits the lowest permeant flux. Figure 14 shows the permeant flux of PAN
membranes at the three loading levels, 1, 3 and 5 wt% of TiO,. We find that the flux is
constant for all three samples, and increases with the amount of TiO; from 5.31, to 8.13
to 12.73 Vh m?, respectively. In fig. 15, the efficiency of degradation of 4-NP at the-
three loading levels of TiO; is reported. Initially, the decrease of 4-NP at 3 and 5%
loadings appears to be faster than at 1%. As for Fig. 13, however, this may be
experimental error. At long times, there appears to be no significant differences in the
concentrations of 4-NP measured. The reason may be that the percentage of TiO; is too
low to see any differences in the degree of degradation of 4-NP. However, when
compared with literature results®, performed at much higher loading levels of TiO», it

appears that these membranes show a higher level of catalytic activity.
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Figure 14 The permeate flux versus

A—h—A—A——A——A——A reaction time of
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with the reaction time of
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Commercial TiO; (Degussa P25) is also studied to compare with our TiO, at
loading level of 3wt%. The result, see fig. 16, indicates no permeation of 4-NP through
membrane prepared using commercial TiO; and the efficiency of degradation of 4-NP
measured from the retentate of two membranes shows that the degradation of 4-NP in

the membrane prepared using our TiO; is distinguishably lower.
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=
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g 20
=
*)
B
Z
< 10 1
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Time (h)

Figure 16  Effect of TiO; type mixed in the polyacrylonitrile membrane on the
degradation of 4-NP.
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Conclusions

The titanium triisopropanolamine precursor can be prepared by a very simple
method (the oxide one pot synthesis) from low cost starting materials, and yields a TiO;
catalyst with high surface area was obtained after calcinations of the precursor at 600°C
for 2h. Polymeric membranes loaded with the astprepared TiO, catalyst show an
impressively high efficiency for the photocatalytic degradation of 4-NP. Examination of
the properties of three different types of membrane (PAN, CA and PV Ac) indicates that
the highest stability and lowest permeate flux is observed with. the PAN membrane and
the poor stability occurs with the PV Ac membrane. The photocatalytic degradation of 4-

NP increases with increased percentage of TiO» loaded in the PAN membrane.
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CHAPTER VIII
CONCLUSIONS

Titanium glycolate and titanium triisopropanolamine are successfully
synthesized using low cost starting materials, and a much simpler and milder reaction
condition. The products show gnod 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 phases of calcined titanium
glycolate indicates the anatase stability up to 900°C. The stability of the synthesized
product remarkably provides researchers to make use in many applications. Anatase
TiO; nanoparticles were successfully prepared by the sol-gel technology, using
moisture-stable titanium glycolate as precursor in 1M HCI solution. The calcination
temperature and the HC1:H,O volume ratio have a substantial influence on the surface
area, phase transformation and morphology of the products. Anatase titania is produced
at calcination temperatures in the range of 600° to 800°C, above which transformation
to rutile occurs. Increase of temperature results in anatase of higher crystallinity but
lower specific surface area, and induces a morphological change from large irregular
agglomerates to more homogeneous particles of spherical shape. From XRD
measurements of average grain sizes, we deduce that nucleation rate dominates the
kinetics at low temperatures, and growth rate becomes the controlling factor at high
temperature and low HCI:H,O ratios. Increase of HCI:H,O ratio results in a small but
significant decrease in porosity. The highest specific surface area 125 m?/g is obtained
at the lowest HCI:H,O ratio of 0.28 and the lowest calcination temperature (600°C).
From rheological analysis, as evaluated by the Winter criteria, the gelation time
increases with increase of HC!:H,O volume ratio. The fractal dimension determined
from the frequency scaling exponent of the modulus at the gel point indicates a denses
critical gel structure at low acid ratio. However, the complex viscosity and gel strength
increase as a function of acid ratio. We interpret this behavior as indicative that, at low
acidity, the gel is composed of poorly hydrated particles forming a dense but weak
structure. Increase in acidity increases hydration and cross-link density leading to a
more open and stronger gel network. From the rheological study of different ceria
gelling system using HCl:alkoxide molar ratio of 0.8, 0.9, 1.0 and 1.1, as evalunated by
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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 indicate a tight structure
at low acid ratio. The TS-1 with highly titanium incorporated in the zeolite framework
was synthesized from moisture-stabie precursors, silatrane and titanium glycolate, under
microwave treatment. The effects of the compositions (TPA', NaOH and H,0) and
conditions (aging time, reaction time and reaction temperature) showed that the suitable
condition for synthesizing TS-1 was Si:0.1Ti:0.4NaOH:0.3TPA:1 14H2(5 at aging time
110h, 15h reaction time and reaction temperature of 150°C. As for the Si:Ti molar ratio,
from XRD, FT-IR, SEM and DR-UYV results, it is indicated that high crystallinity and
the Ti atoms are occupying in the zeolite framework. Moreover, at higher titanium
loading the higher reaction time was an important factor. It is also important to the
photocatalytic decomposition of 4-NP. The samples showed high efficiency in PCD of
4-NP and the PCD increased with amount of titanium loading.

The titanium triisopropanolamine precursor was successfully prepared using the
same method, and yields a TiO; catalyst with high surface area after calcinations of the
crude precursor at 600°C for 2h. Polymeric membranes loaded with the as-prepared
TiO; catalyst show an impressively high efficiency for the photocatalytic degradation of
4-NP. Examination of the properties of three different types of membrane (PAN, CA
and PV Ac) indicates that the highest stability and the lowest permeate flux are observed
with the PAN membrane and the poor stability occurs with the PVAc membrane. The
photocatalytic degradation of 4-NP increases with increasing percentage of TiO; loaded
in the PAN membrane.
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Photocatalytic membrane of a novel high surface area
TiO; synthesized from titanium triisopropanolamine

precursor
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Photocatalytic membrane was successfully prepared using an efficiently high surface area TiO;
catalyst, dispersed Inw polyacrylonitrile matrix. The catalyst was directly synthesized using titanium
tritsopropanolamine as a precursor. The membranes were charactesdzed using FT-IR, TGA, SEM and
their photocatalytic performance tested, viz. stablility, permeate flux and photocaralytic degradation of
4-NP. We find that polyacrylonitrile Is an effective matdx, showing high stability and low permeate
flux. The amount of TiO; loaded in the membrane was varied between 1, 3 and 5 wts w explore the
activity and stability of membranes in the photocatatytic reaction of 4-NP. As expecied, the higher
the loading of TiO; loaded, the higher the resuliing caralytic activity. Copyright © 2006 John Wiley &

Sons, Ltd.

KEYWORDS: mixed matrix membrane; photocatalysis; 4-nitrophendl; titanium trisopropanolamine

INTRODUCTION

The use of mixed matrix membranes (MMM), i.e. membrancs
containing microencapsulared TiO,, is of increasing interest
because of their high selectivity combined with outstanding
separation performance, processing capabilities and low' cost,
when polymers are used as the matrix. Many researchers'™
have explored ways to develop and fadilitate the separation
process, using very thin microencapsulated membrancs
to alow for high fluws. Such a membrane must have
a high volume Rraction of homogencously distributed
encapsulawed particles in & defect- and void-free polymer
matrix.! Polymeric membrars are not appropriate for use
in membrane roactor applications where high wemperaturce
are needed for reacton. Thus, application of MMM for
catalysis of Jow temperature reactions has become a main
topic for many researchers, @xamples baing hydrogenation

'Corrur)mlm to; 5. Wongkasemjit, The Petroleum and Petro-
d‘mu. College, Chulalongkom University, Bangkolk, Thailand,
B-oall: dny
: Pos

MMMMTW
Contract/grant spansor: Raschadapisake Sompate
Contract/ grant spansor: m%mw
Contract /grant wporwor: Thailand Fund.

Copyright © 2006 John Wiley & Sons, Lad.

of propyne,* photomineralization of n-alkanoic acids,” wet
alr oxidation of dyelng wastewater, and photocatalytic
oxidations. > !

The heterogeneous photocatalysis procsss harnesses radi-
ant energy from natural or artificial kght sources to degrade
organic pollutants into their mineral components.” TiOz is a
well-established catalyst for photocatalytic degradation due
to its combination of high activity, chemical stability and
non-toxic properties. Photovatalytic degradation generally
occurs via production of OH radicals. The organic potlubsnt
is attacked by hydraxyl radicals and generates ocganic rad-
wals or intermadiates.-% The main drawback to practical
implementation of the photocatalysis method arises from the
roed for an expenaive liquid —solid separation process due to
the formation of milky dispersions upon mining the catalyst
powder with water,”

Currently, this drawback is solved by the use of a TiO;
membrane, consisting of fne TiD; particles dispersed in
a porous matrix. Such Htania membranes have atirackd a
groat deal of atention in recent years dua to thelr unique

ralative to other mombeane maturials, such as silica and
y-alumina, ®

%m:rsclgnce'

Clba VLI BENETY bu RORAT

ERbaEnsEE YR AREE RS YRIRE



L-N-CR B P I RV

19

PRECE L ESELESELHEEYEYRKEESN S YENRREBRER

N. Phonthamunacha) of ol

To obtain a high photocatalytic activity, the surface area of
catalyst is vacy important. Thus, in our work, thermally stable
TIO; with high surface ama is synthesized from moisture-
stable titantum trisopropanclamine. The performance of this
material as a component of an MMM was evaluated in
a photocatalytic membrane reactor, using 4-nitrophenol as
a el subsirate, with regard to stability tests and T¥O;
loading.

EXPERIMENTAL

Materials

Titanium dioxide (surface area 12 in/g) was purchased from
Sigma-Aldrich Chenuical Co. Inc. (USA) and used as roceived.
Ethylene glyocol (EG) was purchased from Malinckrodt Baker
Inc. (USA) and purified by fractional distllation at 200°C
under nitrogen atmosphere before use. Triethy lenetetramine
(TETA) was purchased from Facai Polywch. Co. Lid
(Bangkok, Thailand} and distilled under vacuum (0.1 mmHg)
at 130°C prior o use. Trisopropanolamine (T1S) was
purchased from Sigma-Aldrich Chemical Co. Inc. (USA). 4-
Nitrophenol was purchased from Sigma-Aldrich Chemical
Co. Inc. (USA).

Titanium tri-isopropanolamine precursor
preparation and characterization

A mixture of TiO; (2g. 0.025 mol), wrissopropanolamine
(9.55 g 0.05 mol) and tricthylenetetramine (3.65 g, 0.0074 mol)
was stirred vigorously in excess ethylene glycol (25 cm?) and
heated w0 200°C for 24 h. The resulting soluion was cen-
trifuged to separate the unreacted TIO,. The excess EG and
TET A were removed by vacuum distiflation at 150°C woobtain
a crude prodipitate. The product was characterized using
FIIR, FAB*-MS and TGA. Fourier transform infrared spectra
(FT-IR) were recorded on a VECOR3.0 Bruker spectrome-
ter with a spectral resolution of 4/cm. Thermal gravimetric
analysis {TGA) was carried out using a Perkin Elmer ther-
mal analysis svstem with a heating raw of 10°C/min over
a W.800°C temperature range. The mass spectrum was
obtained on a Fison Instrument (VG Autospec-ultima 707E)
using the positive fast atomic bembardswnt mode (FAB*-
MS} with glycerol as the matrix, cesium gun as initiator and
<esium iodide (Csl) as a standard for peak calibration.

FI.IR: 3400 (OH), 2927-2855 (C-H), 1460 (3C-H
of CH; group), 1379 (C-H of CH, group), 1085
(VC-O-Ti}, 1020 ($SC-N} and 554/cm (Y/Ti-O) TGA:
decomposition ansiion at 365°C with 16.60% ceramic
vield (theoretical ceramic yidd of 1R.65%); FAB*-MS
TIHOCHCH,CH,):NICHCHCH,OH])),2H* at m/¢ 428,

High surface area TiO; preparation and
characterization

Afwr removal of any excess solvert from ttanium trilso-
propanclamine precursor, the precursor was tramberred 10
a crucible and calcined at 600*C for 2h at heating rate of

Copyright © 2006 Jobn Wiley & Sons, Lid.
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0.25+C/min TIO; was characterized by various wechniques.
The XRD patern was obtained wing » D/MAX-2200H
Rigaku diffractometer with CuKir radiation on specimens
prepared by packing sample powder into a glass holder. The
diffracted intensity was measured by step scanning in the
29 range of 5° to 907, Thermal stability was characterized on
a Parkin Elmer thermal analysis system with a hoating ratwe
of 10¢C/min over 30-800*C wmperature range. Samples
pyrolyzed at 600°C were analyzed using SEM by attach-
ment onto duminum stubs after coating with gold via vapor
deposition. Micrographs of the pyrolyzed sample surfaces
ware obtained at x7500 magndfication. Specific susface area
and nitrogen adsorption—desorption were determined using
an Autosorp-1 gas sorption system (Quantachrome Corpo-
ration) via the Brunaver—Emmett—Teller (BET) method. A
gaseous mixture of nitrogen and helium was allowed to flow
through the analyzer at a constant rate of 30 cm? /min. Nitro-
gen was used to calibrate the analyzer and also used as the
adsorbate at lquid nitrogen temperature. The samples were
thoroughly outgassed for 2 h at 150°C, prior to exposure vo
the adsorbent gas.

Membrane preparation and characterization

A 10 wt% mixture of polyacrylonitrile powder in dimethyl
formamide (DMF) was vigorously stirred at S0*C unn)
homogeneous. A spedied amount of TIO: was added %
the stirred polymer solution. Partial vacuum was applied
for a brief duration w0 ensure the removal of air bubbles.
The mixture was then coated on a dean glass plae using a
casting knife. The resuliing membeane was allowed to set for
2 min before being dried in a vacuum oven at 40°C overnight
following by 60°C for 2h and 80°C for 2h The prepared
membrane with thicknees of 15 pm was cut into a circular
shape with a diameter of 6 cm.

The membrane made was characterized using SEM and
TGA. The morphology of membranes was snalyzed by
attachment onto aluminum stubs and coated with gokd via
vapor deposition The membranes were frozen in liquid
nitrogen and fractured to examine the cross-sectional areas.
The samples were characterized on a Jeol S200-2AE (MP
15152001) scanning electron microscope. The samples were
abso analyzed using Perkin Elmer thormal analysis system
with a heating rate of 10°C/ min over 30-500°C temperature 100
range to determine the organic residue in the prepared 101
membranes 102

103
14
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Stability tests of prepared membranes 105
The experiment was carried out o check the stability joc
of prepared polymeric membrane (PAN) by placing the o7
prepared membranes in a Petri dish containing either distilled 108
water o 40 ppm 4-NP solution with and withcut trradiation 10
for 6 h. The salutions waere then withdrawn and analyzed for 114
sotal organic carbon (TOC) ko verify the organic components 111
reloased from the membrana. 12

Orgonsmatal. Chem. 2006; 20: 000~ 000
Arrt -.DOI:IOJWM
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Figure 1. Schematic dagram of photocatalytic membrane
reactor {F, flowmeter; R, reactor, R, permeate resenvorr; R,
recirculating tank; and P, peristaltc pump).

Photocatalytic decomposition of 4-nitrophenol
The photocatalytic reactions were carried out in a 1000 ml
condnuous baich glass reackor, Fig. 1, with gas inlet and outlet
at an O Row rate of 20 ml/min. A cooling water jacket was
used to maintain the temperature at 30°C. The suspensions
and membrane were illuminated waing a 100 W Hg Philip
UY lamp. The concentraion of 4+-NP used was 40 ppin
and the scluton was continuously stirred. The obtained
permane was removed at 1h intervals and analyzed to
dotermine the concentration of 4-NP using a Shimadzu UV-
240 spectrophotometer. For different pH value, H;S0, was
used 0 adjust the pH value maasured using an Ecoscan pH
mieter.

RESULTS AND DISCUSSION

TiO; catalyst preparation

High susface area THO: catalyst was characterized using
XRD, TGA, BET and SEM to confirm the presence of the
active anatase phase of TiO;. The TGA thermogram (not
given) illustrates absence of arganic species, meaning the
formation of pure TiO;, while the XRD pattern shown in
Fig. 2, exhiblis diffraction peaks at 20 = 25.28, 37.94, {7.98,
54.64, 6258, 69.76, 75.26 and 8272 The average grain size of
calcined TiO; cakulated from Scherrer equation, is 1242 am.
The 5EM micrograph (not shown) presents similar particde
mosphology of the prepared anatase phase of TiO;
those In the literature.’P The surface arca measurement
shows & high surface ares of 163 m?*/g; alo, the nitrogen
adsorption-desorption isothorm of this material exhibits type
IV chamcter (Fig. 3), indicative of a mesoporous structure.

Copyright © 2006 Jobn Wiley & Sor, Lad.
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Figure 2. XRD patiemn of the anatase phase of the prepared
TiO: catalyst after ¢caicinations of the precursor at 600°C for
2h
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Figure 3. Ntrogen adsomtion-desompton soterm for the
prepared mesoporous titania caidned at 600 <C.

Membranes preparation

The prepared mixed matrix membranes were characterized
with respect to their purity using TGA thermogram and
their morphology using scanning electron microscopy (SEM).
The TGA thermogram (not given) gives only one kransition
at around 300°C, referring to the degradation of PAN
membrane, > respectively. An SEM micrograph of the
surface of the prepared membrane ts shown in Fg 4(a).
When the TiO; particles are immobilized within the polymeric
matrix, the micrographs meveal no evidence for the presence
of voids between the polymer and TiOy, implying that the
membranas are dense. TVO; particles are well distributed
across the surface. As varying the percentage of TIO; betweun
1, 3 and 5 wt%, morphological analysis by SEM, as shown in

Appl. Organcmetal. Chem. 2006; 20: 000000
DOk 101002/ acc
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Figure 4. SEM micropraphe of rmixed matrix membranes using (a) polyaciylonitrle (PAN), ) PAN + 1 wi% TIC,. () PAN + 3 wi%

TICz and i) PAN + 5 wi% TiO2,

Fg. 4b-d), indicates, TiO, particles aredispersed throughout
the PAN matrix at all loadings.

Stability tests of prepared membranes

Tha stability of the prepared PAN membranes is summarized
inTable 1, presenting the TOC rasults of the tesked membrane.
It wwas found that the PAN membrane is undoubtedly stable
even under irradistion conditions.

The photocatalytic degradation of 4-nitrophenol
The photocatalytic activity of the PAN membrane was
assossed wsing the photoreactor, employing 1 wit% tmmo-
bilized photocatalyst TiO;, oxygen flow rate of 20 ml/min,
4NP flow rate of 20 mi/min and 4-NP concentration of
40 ppm at pH 3*%H The permeate Bux data (not shown}
indicate that the prepared PAN membrane has constant low

Table 1. Tha stabiity tests of the prepared membranes

Membrane type TOC valua at TOC value
and condition initlal (ppm) after 6 h(ppm)
PAN + H;O+ UV 0 ¢

PAN +4NP+UY 2235 23
PAN 4+ 4NP 2235 236

Copyright © 2006 John Wiley & Socw, Lad.
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Figure 5. The degradation of 4-NP with the reaction time of
the PAN meimbranes performed at pH 3.

permeate flux level, 531 1/h m?. The effidency of the PAN
mernbrane for phowocstalytic degradation of 4-NP is ilhus-
wated In Fig. 5, which indicates that, at 1 wit?% Ti loading in
PAN mwmbrane, the degradation of 4-NF occurs faster altor
4 hirradiation

Appl. Organemeial. Chem. 2006; 20; 000000
DOk 10,1002/ aoc
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Effect of various amounts of TiO; in PAN
membrane on the photocatalytic degradation of
4-nitrophenol
4NP autc-photolysis was first carried out without the
mixed matrix membrana and showed no degradation. The
experiment was thus performed to study the perineate flux
of PAN membrands at the three loading levels, 1, 3and §
wi% of TiO; (Fig. 6). We found that the flux is constant for all
three samplos, and increases with the amount of TiOz from
53 to 8110 127 1/h m?, respectively. In Fig. 7. the efficlency
of degradation of £-NP at the three loading levels of TIO; is
reported, The decrease of NP at 3 and 5% loadings appears
tobe faster than at 1%. The reason may be that the THO: loading
is too Jow to see any differences in the degree of degradation
of 4-NP. However, when compared with literature resulis,!*
performed at much higher loadings of TiO,, it appears that
these membranes show a higher level of catalysic activity.
Commercial TIO: (Degussa P25) was abo studied for
comparison with our TIOz at Joading level of 3 wt%. The
result, see Fig. 8, indicates no permeation of 4-NP through a
membrane prepared using commercial TiO; and the efficiency
of dogradadon of 4 NP measured from the retentate of
two membranes shows that the degradation of 4-NP in the
membrane prepared using our TIO; b distinguishably lower.

Effect of pH on degradation of 4-nitrohenol

From the literature, the rate of 4-NP decomposition at lower
pH is faster and shows the highest activity at pH 3.
Therefore, we compare the experiment of &NP solution
at pH =3 (adjust pH value of 4 NP solution by H,S0,)
with pH = 7 (without the pH adjustment of 4-NP solution).
It was jound that the resuls indeed are the same after
irradianion, see Fig. 9. The 4-NP concentration ar pH =3
declines sharply when applied the UV irradiation and reaches
to the complete degradation after 8 h reaction time. Only 25%
degradation ocours in the solution having pH = 7. Figure 10
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Figure 8. The perrnaeats i vs reaction time of polyacryionitrie
mambranes at various parcentages of TIO; and pH 3.
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Figure 8. Effect of TiD, type mixed in the polyacryionitrie
membrane on the degradation of 4-NP.

shows the UV spactra of 4NP concentradon at pH =3 in
which the 4-NP is completely degraded. The surface of TiO;
ts positively charged in acidic media, therefore, the higher
H* concentration leads to the higher OH radicals for the
photodegradation of 4 NP.5

CONCLUSIONS

The titanium triisopropanolamine precursor can be prepared
by a very simple method (the oxide one pot synthesis)
trom low cost starting materials, and yields a TiO, catalyst
with high surfsce area obtained after calcinadons of ithe
precumor at 500°C for 2h. Polymaric membranas loaded
with the as-prepared THO: catalyst show an impeessively

Orgunensetal. Chem. 2006; 20: 000000
e DOL: 10.1002/80c
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Figare 10. The UV spectra of 4-NP solution analyzed at
differert reaction time and pH = 3 using 1 wt% TIO2 ioaded in
the polyacryionitrie membrane,

1 high effiency for the photocatalytic degradation of 4-NP.
2 Examination of the properties of the PAN membrane indicates
3 thatit has considerably high stability low permeate flux. The
4 photocatalytic degradation of 4-NP incroases with increasing
S percentage of TiO; loaded in the PAN membrane. Higher

Soxwae

17 Copyright © 2006 john Wikey & Scrw, Lid.
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effidency of photocatalytic degradation of 4-NP is Hlustrated
atlower pH value,

Acknowledgements

This research work was supported by the Postgraduate Education
and Ressarch Progmm in Petroleum and Petrochemical Technol
ogy (ADB) Fund, Raichadapisake Sompote Fund, Chulalongkom
University and the Thailand Research Fund (TRF).

REFERENCES

1. Karakulski K, Morawskd WA, Grzechulska |. Sep. Pardf. Tackmol.
1998; 14: 143.

2. Ziounenman CM, Singh A, Koros W]. |. Mawbr. Sci 197; 137:
5.

3. Avramescu M-E, Borneman Z, Wessling M. J. Cheommiogr. A 2003;
1006: 171,

4 Clark MM, Lucas P. |, Mewbr. S 1968; 1483 12,

5. Ziegher S, Theis ], Fritach D. J. Mowbr. Sce. 2001; 187: 7).

6 Rivas L, Bellobono IR, Ascari F. Chemonphere 1998; 37: 1033,

7. L L, Hu X, Yue P-L. Water Rea, 1998; 33 2753,

8 Molinari R, MunganM, DrioliE, PaolaAD, LoddoV,
Paknizaro L, Schiavello M. Cabl. Todey 2000; 5% 71.

9. Zorn ME. Fhotocatalytic oxidation of gas-phase compoundds in
confined apeas: irvestigation of multiple comporwnt systems. In
Proceadings of the 138k Ansusl Wisconsin Space Conferrence, H~15
August 2003. Space Crart Conwortium: Creen Bay, W1, 2003

10. Chen D, Ray AK. Waler Res. 199%; 32(1 1) 3223,

1. Molinari R, Palsvisano L, Drioli B, Schiavello M. J. Membr. 5a.

12. Chen D, Ray AK. Appl. Cotal. B Enviren. 1999; 23: H3.

13. Villacres R, lkeda S, Torimoto T, Ohitani B. {. Phobockems. Phofoliol.
A 2008; 160: 121.

14 Riswon AC, PulganinC, AdlerN, PerngerP. |. Phodochem.
Phetebiol. A 2001; ©39: 233,

15, Makowski A, Wardas W. Cierv. Top. Biophys. 2001 25: 19.

16 MaurroV, MuwroC, Pelizsetd E, Phodnini P, Sepone N,
Hidakn H. J. Pholochen. Phoiobiol. A 2001; 109: 171

17. Dumitriu D, Bally AR, Bailif C, Harws P, Schurdd PE, Sangirws R,
Levy F, Parvulescu VL Appl. Catal. B Enviren. 2001; 25: 83,

18. Zhang L, Kanki T, Sano N, Toyoda A. Svp. Punf. Teckwal. 2003; 31
105

19, P‘lmhamnudul N, Chairassameewong T, Gulari E, Jamieson
AM, Wonghkaseryit 5. Microperons Mevoporews Mater. 2008 64
»1

20, Khalil KMS, Zaki ML Pacder Tochwol. 2001; 120: 25%.

1. Kim EJ, Hahn SH. Mater Lott. 201 49: 24,

2. Kun . Shis SR, Kim S1. Hugh Pecform. Polyw. 2002 18 09,

. Wang Y, Suntiago-Aviles J], Furdan R, Ramos ID. [EEE Trerns.
Nanotechwol, 2003; 2: 39

24 Mano JF, Kondarova D, Reis RL. |, Muter. Soi, 2003; 14 127,

25. Kartal OF, Erol M, Oguz H. Chem. Engng 20001; 24: 645.

mictal. Cham. ; 20: 000000
Aot Ongene B0 1010037 aox

EESKRREASSETHARFLBRIBIAYIADIINICRSFZLBRIBELY



102

C. Crystallization and catalytic activity of high titanium loaded TS-1 zeolite



Available online at www.sciencedirect.com

scrence @einsor:

Matedals Chemistry and Physics 97 (2006) 458467

103

Crystallization and catalytic activity of high titanium loaded TS-| zeolite

N. Phonthammachai 2, M. Krissanasaeranee?, E. Gulari®, AM. Jamieson€, S. Wongkasemjit *

' * The Penoicum and Peirochemical College, Chulalonghkorn University, Soi Chula 122, Phyathai Road, Bangkok 10330, Thailand
* Departmens of Chemical Exgineering, University of Michigan, Ana Amor, M1, USA
© Deparmment of Macromolecular Science, Care Wessern Reserve University, Cleveland, OH, USA

Reccived 19 August 2004: received in revised form 1S Angust 2X003: accepred 23 Aggust 2003

Abstract

TS- 1 zeolie with high Ti koading was successfully synthesized from low-cost and moistune-stable precursors, titanium glycokie and silatrane,
using microwave heating. The effect of composition. viz. ietrapropy iammoniun ion (TPA*). NaOH. H;0. and reaction conditions. viz. aging
time, feaction wmperature, and reaction time, was studied. The Si:Ti mole ratios were varied from 100.00 se 5.00 and the extent to which Ti is
incofporated into the zeolile framework was evaluated, The TS- | samples were characterized by XRD, FT-IR. S.E.M. and DR-UV, and confirmed the
fingerprint of MF] type 2eoiite. A smail amount of extra-framework titanjum dioxide was also identifiod at a Si:Ti mole ratio of 5.0, Photocatalytic
decomposition of +-nitropbenol (4-NP) was used to lest the calalytic activily of the TS-! samples. All samples showed high catalytic efficiency,

which increased with Tl loading.
© 2005 Elscvier B.V. All sights reserved.

Xevwonds: FPhotocatal ytic decomposition: Silaranc; Titaniuom glycolate; TS-1 zcolite

I. Introduction

Titanium silicate-§ (T3-1), a Ti-containing zeolite with the
MFI structure, is a microporous crystalline material. used as
a highly-selective heterogeneous oxidative catalyst, employ-
ing Hz0» under mild conditions. The titanium isomorphously
replaces silicon in & tetrabedral sise of the MFI silicate lattice.
TS-1 combines the advantages of having the high coordination
ability of Ti** ions with the hydrophobicity of the silicate frame-
work, while retaining the spatial selectivity and specific iocal
geometry of the active sites of the molecular sieve structure
[ 1]. The catalytic properties of titanosilicate are unique, encom-
passing a variety of liquid-phase oxidations. such as phenol
hydroxylation. olefin epoxidation, cyclohexanone ammoxima-
ton and the oxidajon of saturated hydrocarbons and aicohols
[2.3]. With H2O3, solvolysis produces TiOOH and SiOH. the
former giving rise to the active catalytic oxidation center.

Since 1983, when Taramasso et al. [4] reported the hydrother-
mal synthesis of TS- 1 for the first time, many attempts have been
made 1o increase the amount of Ti([V) in the zeolite framework.

* Correrponding atthor. Tel: +66 2 218 413); fax: 466 2 215 4459,
E-mail addresses: dsujitra@chulaac th, Sejitre D@chulaacth
{S. Wongkascrajit}

0254-0534/3. - see fronl mattor © 2005 Elwoviar B.Y. Al rights resarved.
doi: 10,101 6/) michempivys. 2003.08.047

A major problem ofien encountered in the synthesis of TS-1
molecular sieves is the precipitation of tianium oxide outside
the lattice framework. leading to materials which are inactive
for oxidative catalysis [5). The synthesis of materials coataining
isolated tetrahedrat Ti is challenging due to the strong tendency
of Ti to polymerize under aqueous conditions, ofien forming a
separate titanium dioxide phase [1]. Two methods to synibesize
TS-1 were described in the original patent using different Si
sources, tetracthylorthosilicate (TEOS) and Ludox colloidal sil-
ica, and typically employing tetrapropylammonivm hydroxide
{TPAOH) as the structure directing agent and to provide the alka-
linity necessary for the crystallization of the zeolite [6]. From
previous work. the maximum amount of TiIV) incorporated in
the zeolite framework corresponds 1o a Si:Ti ratio of approxi-
mately 33-35 [1.3.6). Furthermore, attempts to achieve a higher
degree of substitution (S¥Ti = 10, 15 and 30) have not been suc-
cessful with Ti fully incorporated into the lattice framework.
Microwave-assisted-hydrothermal synthesis is a process
which has been used for the rapid synthesis of numerous ceramic
oxides and porous malerials [7-9]. It offers many advantages
over conventional synthesis inchiding quick and homogeneous
heating in a few minutes, homogencous nucleation, fast super-
saturation through rapid dissolution of precipitated gels and
shoster cry stallization times. Heating is induced via the friction
of molecular motion enhanced by wnicrowave irradiation, thus it
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nspomblewheutbemaemulecnvelymdhomogenmsly
throughout the material. Furthermore, microwave heating iz
energy efficient and economical {10,11).

In this work, we synthesized TS-1 zeolite from moisture-
stable, low-cost starting materials, silatrane and titanium glyco-
late, as sources of silica and titanium dioxide, respectively, and
using tetrapropylammonium bromide (TPABr) as a template and
microwave heating. Various amounts of Ti were incorporated in
the zeolite framework. The samples were characterized using
XRD. S.EM.. FT-IR and DR-UV. Photocatalytic decomposi-
tion of 4-NP was carried out to test the activity of the TS-1
samples.

2. Experimental

1. Materals

Titani doxide (srface aea I2migh) wm pachased from
Sigma—Aldrich Chemical Inc. (USA) aod wsad s recedved. Eibiylene ghycol
(EG) was purchased fron Malinc krock Baker Inc. (USA) and parified by frac-
tional distitlation a 200°C umsier Ritrogen at sospheric presssre before wse,
Tricthylencietramine (TETA) was purchascd from Facsi Polytech Co. Lad.
{Bangkok, Thailasd) and distilled uscler vacuum (0.) mmHg) at 130-C prior
1o 33¢. Accionitrile was parchased from Lab-Scan Company Co. Lad and pasri-
ficd by distilling over caldumn hydride powcier. 4-Nitrophenol was purchased
from Sigwe-Aldrich Chemical Co. Inc. (USA)

2.2 Instrumenta!

Foarier tramfumm-infrared spectra (FT-IR) were mconded on 8 VECORI O
BRUKER spectropcter with a spociral resolution of 4cm—! sniing wansparent
KBr pelicts costaining 0.001 g of sample mixed with 0069 of KBe. Ther
mogravimetsic analysis (TGA) was carried owt using & Porkin-Elawy thermal
analysh systems with a heating raic of 10°C mis—" over 30-200°C emperature
range. The mass spectruim was obtalacd on a Flaon Instrement (VG Aslospes-

solld product was washed with acctonitrile, dricd in & vacuum desiocasor and
chamcterized using FTIR, FAB*-MS. and TOA.

FRIR: M2em~t (vO—H), 2986-2861cm~' (vO—40). 2907cm~!
(NS, 1459-1343cm~! C—H). 13S1cm™t (AC-N)  1082cm—?
WSHO—C), 5S79cm~! (WN—Si) FAB*-MS: spprocimascly 100% of Un i
st 174 of NJCH;CH;ObSI®. 11.0% intonsity st 236 of H*OCHCH;O8i
JOCH;CHy hN. 2 6% Jmensity 2t 323 of H*{HOCHCH:LhNCHCHO8)
{OCR;CHy )N and 0.04% intomsity at me 909 of N[CH;CHjObW*
SIOCH;CHrOSI|OCHCHz BN, TGA: a single mans loss ranswion & 390°C

‘with 1835% oeramic yidd conespondiag o SiGOCHCHa pNeH2.

2.5. Preparation of TS-1 zolite

The hydrothermaal synthescs wore carded ost using microwave n-
diation snd a sample mixtere with initial molw composition cqual o
S10;:0.01TIOZ:0. 1 TPA* :0.4NaOH: | |45 0. The effect of reaction comditions
wia sinclied by varylng ihe Sging time (20, 60, 70, 90, 110, 130, 150 3nd 1700),
reactiontime (3, 10, | 3and 20h) asdreaction empe rature( 120. 150 and 18O “C)
The effoct of composition wae shudied by varying the concentration of TPA®,
NaOH and HYO. Toirvestigaic the T Incorpocated intothe 2colite frarmo-
work, compositions with the formuls SIO2THOTO3TPA* 04NOH: ) 14H20
xu00l, 0.008, 008, 0.07. 0.1, 0.13. 6.17 asd 0.7) wore used. The solwtions
were aged at roorm temperaiure for |Oh amd heatod in 3 mis rowave s 130°C
for various reaction times, The TS-1 2colite product was washed scveral times
with disiifled waier. dried st 60~C ovemight and calcined a1 530~C for 2h st
heatiag rte of 0.5 <C min-t,

2.6, Phorocaalvtic decomposition of 4-mitrophenol

The photecatalytic reactions were carriad oul in a 250 mil batch reacior with
a gas inlct and outict 3 an O fSow rawe of 20l min~?, A cooling water jacket
was waed o control the scmporshut at 30 °C. The suspessions were ilksminstod
mh;nODWH;l’hﬂbUthp The concentradon of 4-NP used was 40 pprm
and the solution Iy, magretically stimed. The TS-1 acolic m
SV udumhnt 100,00, 14.3, 7.7 and 5.0 was added inio the solution
The conceniration of catalyst was fixad st 08¢ ). Ten millimoles per lin
H703 was then droppod into the mintare. The samples were taken owl and

lyred o dotcrmmine the coacentration of NP weing 8 Shimadzs UV-20

utima 707E) with VG data sysicms. using the positive fast aiomic bombard
mode (FAB*-MS) with giycerol as the mairix, cesium gun as inktiator. and
cesium iodide (CsZ) as & sandard for pesk calibratios, PPC-solid-state NMR
specmoscopy was performaad using a Bruker AVANCE DPX-300 MAS-NMR.
Elemenal analysis {EA) was carvicd out on & C/HMN Analyscr (Perkin-Elaer
PE2400 scries ).

2.3, Prepuraiivn of tilanium ghicolate

The procedare adopiad followed previons work [ 1.2). A mixture of THOy (2 g,
0.023 mod) and TETA (3.63 5. 0.0074 mol ) was stirred vigoromly in cxocm BG
25cm?) and heated 1o 200°C for 24 b, The resubing solution was centrifuged
io scparsie the sarcaced TI02, The excess EG asd TETA were removed by
vacuum distilation 1o obtain a crude previpitate. The white solid product was
washed with accionitrile. dricd in a vacuurn desiccator asd characteriznd using
FT-IR. “Canlid-stie NMR, EA. PAB*-MS. asd TOA.

FREIR: 2927-288%3cm-! (WC—H), 1080cem=! (WC—O—Ti bond), and
o19cm=! (VIO boad), P C-solid-state NMR: two peaks at 74.8 aad 792 ppm,
EA: 24.6% C and 4.8% H. FAB*-MS: spproximatcly 8.5% of the highest mie
1 160 of [THOCHCHOR|H® . 73% imesalty at 94 of [OTIOCH?) and 63 5%
inzensity al mie 45 of [CHyCHYOH]. TGA: s single sharp innsitioa &t 340°C
i 46.95% coramic yicld correspondding o THOCHCH O

24. Prepargtion of silairane

The procedure sdopied followod Wongkascejit's woek [L3] A mituwe of
SKOH (69, 0.1 mol) asd TEA (18.648 5, 0.1 25 mol) was stimed vigorously in
excess EQ (100cm?) and hested 10 200°C for 10h. The resulting soletion was
placed undar vacum 10 remove BG and obtaiu 4 crade procipitate. The white

spec Hophotometer.
X7, TS-1 characterisation

The TS-| samples wore chatacierized by vadous iochniucs, XRD pat-
tems were charackerized usving 3 DYMAX-2200H Rigaku di frackometer with

§

(1) » » »

Fig. 1. The XRD paiers of a calcinod TS-1 samplc prepered froes a reac-
tion mixhuwe of composltion 303 00N THO0. I TPA® 04 N2OK: ) 14H,0: srrow
indicates Jocation of peak st Ww 244",



480

18

™

28

15

18

<

23 b ™

) )V
408 0 p= | 108

Wavenumber (cm "

Fip. 2 The FT-IR specirs of a caldned TS-1 sample prepared from a reac-
ti on rd xtue of composktion SI02:0.0L O 0. I TPA* 04 N20H: | 14H20: amow
ladlcakes Iacation of shoakder at 960cm™ L.

a8

“mns

i

g atie

s

e
e, e 0 »e e + e

Wavesumber (cm™)
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of (3) 120°C. (b) 150°C and (c) 170°C.
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Cu Ka radistion o8 spocimens prepared by packlag ssmple powdet faio 3 ghise
holder. The d tfracsed intensity was meauwed by siep scanning in the 39 range
botween $ and 50°, Fowrior mamadorm-infrared specits (FT-TR) were reconded
oa a VECOR.0 BRUKER spectromcior with a spectral resolation of 4cm !
usiag transparcrt KBr pellets contalzing 0.00) g of rample il xed with 0.06 g off
KBr. The morphalogy of samplcs sttsched Lo aluminum stubs was asalyzod sslog
S.B.M.. after pyrolyuis st 550<C. Prior s analysis, the specimens were dried ina
vacuum oven o 70°C for 5 h followad by coating with gokd via vapordeposition.
Micrographs of the pyrolyzed sample surfaces were obtalned a 7.500x magni-
fcatios. Diffuse refleciance slimaviolel-visible (DR-UY) spoctra were analyzed
usiag Shimadzn UV-240 spectiophotonaer,

J. Resulis and discussion
3.4, Synthesis of TS-1

Owur results indicate that TS-! is successfuily synthesizad by
mictowave hydrothermal treatment using silatrane and SGranivm

Ag. 3. SEM micregrapha of TS-1 sampics preparcd from reaction mixhures
of compoaition $§07:0.01 THO: QI TPA*: 0.4 NaOlL 1 ) 4HyO at the reaction -
persnare of (2) 120°C, (b) 150°C andd (c) 170°C.
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glycolate as precursors, NaOH as a catalyst and TPABr as a tem-
plate. The XD pattern (Fig. 1) shows the characteristics of the
M1 structure as widely reported in the literature {1.3,14.15].
The single peak af 20=24.4° indicates a change from mon-
oclinic symmetry (silicate) to orthorhombic symmetry (TS-1)
[1.16]). The FT-IR spectrum of TS-1 in the TiO-Si stretching
region shows an obsorption band & 960cm™! (Fig. 2). which
is observed in Ti-containing zeolites, and is typically assigned
wo the stretching mode of the [S10;] tewrahedral bond with Ti
atoms [17,18]). However, such assignment has also been inter-
preted in term of S—OH groups with many defect structures
[ 19]. The bands at 550 and 800.cm ™" are assigned to 3(8i—0—Si)
and W{Si—0—51). respectively. The diffuse reflectance spectrum
u Fig. 1 shows one weak absorption band with a maximum
at 210 nm. attributed to tetra-coordinated titanivm. No peak is
observed at 330 nm, which is characteristic of extra-framework
titanium dioxide.

3.2, Effect of ervsiallization conditions and compositions of
Ts-1

3.2 1. Effect of reaction temperdure

The effect of renction temperature was studied by vary-
ing the temperature at 120, 150 and 180°C. The composition
used was 5i:0.01Ti:0.4NaOH:0.1TPA:114H;0. Fig 4 shows
the XRD patterns of all samples investigated. The peak inten-
sities slightly increase with temperature, implying that increase
of temperature leads o 2 higher rate of crystallization. From the
S5.EM. micrographs of the calcined samples (Fig. 5). the crystal
size ocreases with reaction temperature. At 120°C (Fig. 5a),
the crystals have rounded shapes and are not uniform in size

(0.3-2.5 pm). On increasing the temperature to 150 °C (Fig. 5b),
the crystals become larger and more uniform, and have a cubic
shape (1-2 um). The largest crystal sizes (~4 pum) are observed
at 180°C (Fig. 5c), and the shape becomes hexagonal, indicat-
ing increased growth in the c-direction. Additicnally, ar 180°C,
degradation of the organic template also occurs. Thus, the most
suitable reaction temperature to ottain the smallest and modt
uniform crystals is at 150°C.

3.2.2. Effect of reaction iime

A composition of 5i:0.01Ti:0.4NaOH:0.1TPA:114H20 was
uszd lo iovestigate the effect of reaction time on the crystal-
lizarion of TS-1 zeolite. The reaction times were varied from 5,
10, 15 to 20h at a reaction tempernture of 150°C. The results
show thal, at reaction times shorter than 5h. amorpbous phase
occurs and the conversion to TS-1 zeolite is low. It was found
that the longer the reaction time, the higher is the crystallizanion
rate. The S.E.M. micrographs (Fig. 6) show a large crystal size
(5 jum) after 5h reaction time. and the size decreases dramati-
cally to 1.3 pm after 15 b. These crystals have a uniform cubic
shape. Funher increase of the reaction time to 20 h results in a
larger crystal size and more extensive growth in the h-direction
Thaus. 15h reaction time is optimum to obtain uniform crystals
for the specified composition.

3.2.3. Effect of aging time

TS-1 samples at various aging times (20, 60, 70, 90,
110, 130, 150 and 170h) were prepared with composition
S5i:0.01Ti:0.4NaOH:0. 1TPA: 1 {4H20 formula ol a reaction tem-
perature of 150°C and reaction time of 13h, From the SEM.
micrographs ia Fig. 7. at the shonest aging time, large crys-

Fig. 6. SEM. micrographs of T3-1 samples prepared from react i

Sh, (b) 10h, (c) 15hasd (d) 20h.

position 5507:0.01 THORO.I TPA*:0.4 NaOH: 1 14H2C at reaction Heace of ()
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tals of TS-1 are observed, which coexist with a large amount
of amorphous phase (not shown). On increasing the aging lime,
the crystal size becomes smaller. However, at an aging time of
130h the size increases agaln. During the aging process, the
hydrolysis and condensation reactions of silatrane and titanium
precursofs induce polymerization to form a network. Initially,
only partial hydrolysis of the precursors occurs. Thercfore, some
organic ligand remains and interacts’ with the organic template
10 form a primary unit. The primary units then agglomerate and

nucleation occurs (20]. At Joager aging times, large numbers of
primary particles are created, resulting in higher agglomeration
and crystallization ratex, which. in turn, rexults 1n formation of
largeramounts of zeolits but with crystals of smallersize. During
hydrothermal synthesis, using microwave heating, the crystal
growth rate becomes dominant. At the longest aging tme of
130, a limit is reached in the formation of primary unitt, and
therefore further agglomeration ccours at the existing nuclel,
Jeading 1o more rounded crystals.

Fig. 7. SEM. miaographs of T3- | sampics prepared from reaction mixtires of compoakion SHO2001TIOL0. TPA* O ANSOH 1 14H20 #t aging tirscs of (a) 20k,

{b) 60k, (<) TOh, (<) 90k, (2) 1 10h, (1) 130k, () 1 50h and (h) 170A
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3.24. Effect of the NaOH':Si ratio

The NaOH:Si ratio was varied from 0.1 w0 1.0 mole mtio &
110h aging time, 15 h reaction time and 150 °C reaction tem-
perature. A1 0.1 mole ratio, the product is clearly amorphous, as
evident in the S.E.M. micrograph (Fig. 8a). On increasing the
satio to 0.3, very large crystals (10 pm) of TS-1 zeolite were
formed, with many secondary growths on the crystals {Fig. 8b).
When the NaOH:Si mtio increases to 0.4, more uniform and
smaller crystals (1-2 jum) are formed (Fig. 8¢). Further increase
in the ratio 10 0.5 produces crywtals of larger size and at a ratio of
0.7, many secondary growths occur oa the-crysiaks (Fig. 8d and
e, respectively). At the highest NaOH:Si ratio, 1.0 (Fig. 81),1he
cubic shape of the particles is damaged. Higher concentrations
of NoOH accelerat- the hydrolysis rate, resulting in an increase
in reactive species for zeolite nucleation. This leads to the for-
mation of smaller crystals on initially increasing the NaOH:S)
ratio 10 0.3 mole ratio. However, at (0o high a NaOH conceatra-
tion, the hydrolysis and condensation reaction rates become too
rapid which generates larger crystals with secondary growths (at
0.5 and 0.7 mole ratios). At the highest concentration of NaOH
{1.0 mole ratio) it appears sufficient sodium jons are present
o saturate the surface of the silica particles. causing retarda-

tion of nucleation due 1o a reduction in the TPA-Si interaction
[21).

3.2.5. Effect of the TPA:Si ratio

The steric siabilization of nuclear-sized entities is also criti-
cally dependent on the cation balance. The TPA* cation widely
used in the symhesis of zeolite comtainz bulky quatemary
ammonium cations, which adsorh to panicle surfaces, and
provide stevic stabilization, preventing aggregation upon col-
lision [20). Many types of templates have been used o syn-
thesize TS-1 zeolites, including TPAOH, TPABr, TBABr and
i,6-hexanediamine. However, Wang and Guo [6] found that
use of TBABr increase formation of unwanled ZSM-11, and
that use of 1,6-hexanediamine led to a decrease in crystallinity
when the amount of Ti was increased To reduce the cost of
the synthesis. TPAOH may be replaced by TPABr. In fact.
much previous work indicates use of TPABr as template for
TS-1 generates product with high selective catalytic efficiency
16.i51.

In our work, TPABr was used to synthesize TS-1 zeo-
lite and the effect of TPA* concentration was studied by
investigating the behavior of systems with the composition

Fig. 1. SEM. nicrographs of TS-1 sarsples st NaOH:SI mole ratios of () 8.1, (0) 0.3, (¢) 04, (d)} 0.3, () 0.7 and (D) 1.0
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$1:0.01Ti:0.4NaOH:XTPA*: 1 14H20 (x=0.05, 0.1, 0.2 0.3, 0.4
and 0.5). The crystallization conditions were set at 110h aging
time, 15h reaction time and the 150°C reaction lempera-
ture. Fig. 9 shows S.E.M. micrographs describing the effect of
TPA*:Siratio with a Si:NaOH motle ratio of 0.4. At low TPA*:Si
ratio (0.05), large crystals are formed (10 pm), and with increas-
ing level of TPA* the crystal size decreases (12 pum ot 0.3 mole
ratio). However, at too high a concentration of TPA* (0.4 and
0.5 mole ratios), secondary growths occur. Following the inter-
pretation of Koegler et al. {21], when both TPA* and silica are
abundant, nucleation occurs al the surfaces of the gel panticles
created by hydrolysis and condensation reaction. TPA* diffuses
from solution to the crystal/gel interface, resulting innew crystal
growth, as seen here.

3.2.6. Effect of the H20:5i ratio

The effect of dilution was studied using systems with
the composition $i:0.1Ti:0.4NaOH:0.3TPA-xH; 0 (=380, 114,
140, 170 and 200). The reaction time and temperature were
set o 15h, 150°C, respectively. and the aging time at |10h.
From the S.EM. micrographs in Fig. 10, the lowest HyO:Si
ratio shows a noo-uniform crystal structure. On increasing the
ratio to 114, more uniform and completely cubic structures are

Table 1

The T5-1 sampics st vericus 31:T1 molar razios and reac thon times (b)
Sampies SUTI molar ratio Rcaction trac (h)
A 100.0 is

B 133 15

C 20.0 i ]

D 143 pa

E 10.0 23

F 17 35

G 39 3

H 50 s

obtained, but further increase generates larger crystals with many
defects.

3.2.7. Effect of the Si:Ti ratio

The effect of the Si:Ti ratio oa the crystaliization of T5-|
was carried out by investigating systems with the composition
SinTi:0.4NaOH:0.3TPA:114H,0 formuta (x=0.01, 0.03, 0.05,
0.07,0.1.0.13,0.17 and 0.2). The reaction temperature and the
aging time were fixed st 150°C and 110h, respectively. The
reaction times were varied from 15 to 35h depending on the
Ti loading (samples labeled A-H in Table 1). Longer reaction

Fig. 9. SEM niaograpts of TS-1 samples sl TPAS! mole ratios of (2) 0.03, (b} 0.1, {c) 0.2, (d) 0.2, (c) 04 and (f) 0.5
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Ag. 10. SEM. mi pha of TS-1 samp}

times were found to be necessary at higher Ti Joadings to ensure
complete incorporation of Ti in the zeolite framework. Fig. 11
exhibits the corresponding FT-IR spectra of TS-1 samples. The
peak at 960 cm™! is attributed to the stretching mode of [SiOy]
units bonded to a Ti** ion (0:1SiOTi) [15] and indicates increas-
ing incorporation of titanium in the MFI framework. A strong
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band at 550cm™! is characteristic of the MFT structure [22].
The DR-UV spectra of these samples are shown in Fig. 12. The
strong peak at 210 nm is assigned to tetra-coordinated tanium
in the zeolite framework. A broad shoulder at 280 nm indicates
partiaily polymenized hexacoordinated Ti species. containing
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Fig. 13. XRD paticrow of TS-1 samples @ STl mole ration of (a) 100.0. (by
333,0¢) 200, () 14X () 100040 7.7.(8) 3.9 and (h) 5.0,

Ti-0-Ti. We deduce that these species are present in the zeolite
framework rather than a silicon-rich amorphous phase [23}. on
the basis of XRD and S.EM. results, which show no evidence
of an amorphous phase. Moreover, absorbance at 330nm is
assigned 10 the extra-framework anatase phase, and is observed
as a small contribution only in sample H. Peaks at 210 and
280 nm increase from sample A to H reflecting increasing tita-
nium content and there is an apparent shift of the 210nm band to
Righer wavelength because of the increased proportion of hexa-
cooordinate species. The intensity ofthe 280 nm peak of samples
F-H increases more strongly than that at 210 nm, indicating that
hexa-coordinated Ti species are preferentially formed at higher
titanium loadings. The S.E.M. micrographs and XRD patterns”
of TS-1 samples A-H arc shown in Figs. 13 and 14. All samples
show the characteristics of TS-1 zeolite with the MFI structure.

3.3. Photocatalviic decomposition of 4-nitrophenol

From the reports of Lee et al. [24] and Lea and Adesina
[25]. the photocatalytic decomposition (PCD) of 4-NP goes to
completion in the presence of HAO; under UV imadiation. The
photodecomposition of 4-NP is initiated by *OH radicals. which
are easily formed via formation of ttanium-hydroperoxide com-
plexes. Thus, we investigaled the catalytic activity of our Ti-
containing TS-1 zeclites on the PCD of 4-NP in the presence
of L.Ommol i~ of H202 under UV imadiation. Table 2 summa-
rizes the results as a function of S¥Ti mole ratio. The raie of PCD
increases uniformly with the amount of titanium incorporated in
the zeolite, the fastest complete decomposition occutring with
the 5.0 51:T1 molar ratio.

Table 2
The pholocatatytic degradation of 4-sitrophenol
ST molar ratlo Time for completely photocatalytic
decomposktion of 4-NP (h)

1000 40

143 20

17 13

50 10

4. Conclusions

TS-1 zeolites with high titanivm contemt incorporated in
the zeolite framework were synthesized using low cost and
moisture-stable precursors, silatrane and titanium glycolate,
under microwave heating. The effect of the reactant composition
(TPA*, NaOH and HyO) and conditions (aging time, reaction
time and reaction temperature) were studied and we found that
the optimum condition for synthesizing TS-1 is at a compori-
tion of §i:0.01Ti:0.4N2OH:0.3TPA:114H;0. with 110h aging
time, 13 h reaction time and at 130°C reaction tempernture. $i:Th
molar ratios in the range 100.0-5.0 were studied and the resulis
from XRD, FI-IR, S.EM. and DR-UYV indicate that via this
novel route highly crysialline materials, having high content of
Ti atoms incorporated in the zeolite framework are obtained
The reaction times were varied at different Ti loadings, and show
tha at higher titanium loadings, longer reaction times are nec-
essary. Photocatalytic decomposition of 4-NP was used as an
assay for the catalytic activity of the prepared TS-1 samples,
and demonstrated increased efficiency with increasing level of
titanivm loading.
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Abstract

Mesoporous nanocrystalline titanium dioxide was prepared via the sol gel technique using tilanium glycolate as
precursor in | M HCI solution at various HCEH,O ratios. XRD analysis indicates the anatase phase forms at cald-
nation temperatures in the range 600-800 °C. From thc average grain sizes, we deduce that the nucleation rate
dominates the kinetics at lower tcmperature, and growth rute becomes the controlling factor at higher temperature for
materiaks prepared at HCEH;O ratios of 0.28 and 0.33. At higher volume ratios, the growth ralc appeurs to be the
dominant factor at all temperatures. The highest specific surface area {(BET) obtained wus 125 m¥/g at the HCLH,O
ratio of 0.28. A small decrease of specific surface arca was observed from low to high acid ratio and a substantial
decrease from Jower to higher temperature. The material calcined at 800 °C was found to consist prisnarily of spherical
partickes with diameters smaller than | pm. Application of the Winter rheological criteria for the gel point indicutes that
the gelation time increases with increase of the HCI:H1O volume ratio. The fractal dimension of the eritical get cluster
decreascs with acid ratio. whereas the gel strength increases with add ratio. Thus, increase of acidity leads to a less
dense but stronger network structure.

T 2003 Elscvier Inc. All rights reserved.

Keynwords: Titamium ghycolate;, Titania;, Rheology: Sol-gel process and viscoelastic propertics

1. Introdi tion

Titanium dioxide or ttama, T, s waely
used in the field of catalysis, as filters, adsorbents,
and catalyst supports [1,2]. The porous anatase

* Correaponding muthor. Tel: +66-2-218-413% fax +66-2
2154455,
E-mail address duptra@chula.ac.th (S. Wongkasemjit).

form, as compared to the ruttle phase, is of greater
importance and interest due 1o its better catalytic
propeniies. 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 temperature
[3].

Sol-gel processing has become one of the most
successful techniques for preparing nanocrystalline
metallic oxide materials. In general, this method

1387-1811/§ - see front matier © 2003 Ebevier Inc. All rights reserved.,

dok:10.10165. micromeso.2003.09.01 7
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involves the hydrolysis and pelycondensation of a
metal alkoxide, to ultimately yield hydroxide or
oxide under well specified reaction conditions [4].
The key advantage of preparing metallic oxides by
the sol-gel method is the possibility to controi
their microstructure and homogeneity. To obtain
homogeneous nanoscale macromolecular oxide
networks via sol-gel processing. control of hy-
drolysis is essential. The properties and nature of
the product are controlled by the particular alk-
oxide used, the presence of acidic or basic addi-
tives, the solvent. and various other processing
sonditions  (e.g. temperature). The calcnation
temperature & also a key factor, especially for ti-
tania preparation. Too low a wemperature result in
incomplete combustion and too high a tempera-
ture causes phase transformation.

Many studies have been directed to prepare ti-
tania powder with increased textural and structural
stability. For ¢example, Zhang et al. [3] prepared
" and studied mesoporous nanocrystalline TiO; by a
sol-gel technique using bulanediol mixed with
tetrapropylorthotitanate. A surface area of 97 m3/g
was obtained after cakination at 400 °C for 2 h.
Wei et al. [6] prepared nanodisperse spherical Ti0,
particles by forced hydrolysis using boiling reflux
Ti(SO4 % solution in the presence of H;80,. The
particle size distribution was in the range 70-100
nm. Sun et al. [7] prepared nanosized anatase ti-
lania with average grain sizes ranging from 7.4 to
15.2 nm using MOCVD technology to pyrolyze
manium tetrabutoxsde o an oxvgen containing
atmosphere. The smallest averapge grain size and
the highest surface area were obtained at 700 °C.
Kim et al. [8] synthesized ultrafine titania particies
by hydrolysis of titanium tetraisopropoxide (TTIP)
in the agueous cores of water/NP-Scyclohexane
microemulsions. With increasing calcination tem-
perature from 300 o 700 °C, the specific surface
area of the TiO; particles decreased from 325.6 10
5.9 m¥/g, whereas the average pore radius increased
from 14 to 25.1 nm. Wu et al. [9] synthesized
nanocrystalline titanium dioxide using the sol-
hydrothermal method with titanium a-butoxide
(TNB) as precursor, in various acidic media (HCl,
HNO3, H;S0; and CH;COOH). Nanocrystals of
pure rutike with size <10 nm were obtained at
higher HCl concentrations under mild condiiions.

The propensity of acidic medium for rutile forma-
tion is shown as follows: HCt> HNO; > H,50, >
HAc. Ding and Liu [}4] synthesized nanocrystal-
line titania powders via sol-gel processing of
teirabutyltitanate in  anhydrous ethanol, and
showed that HClcataly. sd hydrolysis favers the
formation of the anatase crysial phase.

Knowledge of the cvolution in rheological
properties during sol-gel processing is a useful
guide to the manufacturer when formulating dis-
persions to optimize the physical properties re-
quired in the fina! product [10]. Thus, in this work,
our aims are to synthesize high surfoce area ana-
tase TiO; and to study the rheological properties
of titanium glycolate synthesized directly from
inexpensive and widely available Ti0O; and ethyl-
ene glycol viz the oxide one pot synthesis (OOPS)
method [11). We also investigate the influence of
the acid concentration used in acid-<catalyzed hy-
drolysis, the effect of calcination temperature on
morphology and phase transformation, and gain
some insight into the gel mechanism.

2. Experimental
2.1. Materiais

Titanium dioxide (surface area 12 m¥/g) was
purchased from Sigma-Aldrich Chemical Co. Inc.
(USA) and used as received. Ethylene glycol (EG)
wils purchased from Mahnckrodt Baker, Inc
(USA)Y and purified by fractional distillation at 200
*C under nitrogen at atmospheric pressure, before
use. Triethylenctetramine (TETA) was purchased
from Facai Polytech. Co. Lid. (Bangkok. Thai-
land) and distilled under vacuum (0.1 mm/Hg) at
130 °C prior to use. Acetonitrile was purchased
from Lab-Scan Company Co. Lid. and purified by
distilling over calcium hydride powder.

2.2. Instrumental

Fourier transform infrared spectra (FT-IR)
were recorded on a VECOR3.0 BRUKER spec-
trometer with a spectral resolution of 4 cm™ using
transparent KBr pelkts containing 0.001 g of
saumple mixed with 0.06 g of KBr. Thermal gravi-
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metric analysis (TGA) was carried out using a
Perkin Elmer thermal analysis system with a
heating rate .of 10 *C/min over 30-800 °C tem-
perature range. The mass spectrum was cbtained
on a Fison instrument (VG Autospec-ultima 707E)
with VG data system. using the positive iast
atomic bombardment mode (FAB*-MS) with
glycerol as the matrix, cestum gun as initiator, and
cesium iodide (Csl) as a standard for peak cali-
bration. “C-solid state NMR spectroscopy was
performed using a Bruker AVANCE DPX-300
MAS-NMR. Elemental analysis (EA) was carried
out on a C/H/N analyser (Perkin Elmer PE2400
series 11).

2.3. Preparation of titanium glycolute

The procedure adopted followed previous work
[11]. A mixture of TiO, (2 g, 0.025 mol)and TETA
(3.65 g, 0.0074 mol) was stirred vigorously in ex-
cess EG (25 cm®) and heated to 200 °C for 24 h.
The resulting solution was centrifuged to separate
the unreacted Ti(y. The excess EG and TETA
were removed by vacuum distillation to obtain a
crude precipitate. The white solid product was
washed with acetonitrile, dried in a vacuum des-
iocator and characterized wsing FT-IR, '*C-solid
state NMR, EA, FAB*-MS, and TGA.

FT-IR: 2927-2855 em™' {(vC-H), 1080 cm™’
(C-0-Ti bond). and 619 em™ (vTi-O bond).
HUC.sohd state NMR: two peaks at 74.8 and
79.2 ppm. EA: 28.6% C and 4.8 H. FAB™-MS:
approxmately 857 of the highest mfe at 169
of [THOCHCHOn:JH*. 73« intensity at M of
[OTIOCH;] and 63.5% intensity at mle 35 of
[CH,CH.OH]. TGA: one sharp transition at 340
*C and 46.95% ceramic yield cormesponding 1o
TuOCHCH.O,.

2.4. Sol-gel processing of titunium glycolute

The hydrolysis of titanium glycolate (0.026 g)
was carried out via addition of 160 pL. of | M HQO1
mixed with distilled water in volume ratios of
HCI:H,0 0.45, 039, 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.

2.5. Rheological study of titanium glycolate

Gelation occurs when aggregation of particles
or molecules takes place in a liquid, under the ac-
tion of Van der Waals forces or via the formation
of covalent or noncovalent bonds. The process can
be conveniently monitored using rheclogical mea-
surement technique [5]. The rheometric measure-
ments were conducted using an ARES rheometer
with paraliel plate geometry, 25 mm in diameter.
The storage () and loss (G”) moduli were deter-
mined using oscilfatory shear at frequencies in the
range 02 6.4 rad/s. The stram amplitude was small
enough 10 ensure that all experiments were con-
ducted within the linear viscoelastic region, where
¢ and G” are independent of the strain ampli-
tude. Titanium glycolate 0.026 g was hydrolyzed at
different HCL:H,0 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 ho-
mogeneous before being transferred to the rhe-
ometer.

2.6. Characterization of calcined maierials

Crystallinty and average grain sizes were
characterized using a D/MAX-2200H Rigaku dif-
fractometer with CuKa radiation on specimens
prepared by packing sample powder into a glass
holder. The diffracted intensity was measured
by step scanning in the 20 runge between 5° and
907 Specific surface area, nitrogen adsorption
desorption, and pore size distnbution were deter-
mined using an Autosorp-l gas sorption system
(Quantachrome Corporation) via the Brunauer-
Emmett-Teller (BET) method. A gaseous mixture
of nitrogen and helium was allowed 10 flow
through the analyzer at a constant rate of 30 ¢d/
min. Nurogen was used to calibrate the analyzer,
and also as the adsorbate at liquid nitrogen tem-
perature. The samples were thoroughly out-gassed
for 2 h at 150 °C, prior to exposure to the adsor-
bent gas. Material morphology was observed using
a JEOL 5200-2AE(MP 15152001) scanning elec-
tron microscope. Samples were prepared for
SEM analysis by attachment to aluminum stubs,
after pyrolysis at 800 °C. Prior 1o analysis, the
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specimens were dried in a vacuum oven at 70 °C
for 5 h followed by coating with goid via vapor
deposition. Micrographs of the pyrolyzed sample
surfaces were obtained at 10,000x magnification.

3. Results and discussion

The investigation of the hydrolysis reaction of
titanium glycolate precursor using FT-IR is il-
lustrated in Fig. 1. The spectra show an increase
in the pezk intensity of Ti-O-Ti stretching at
approximately 500-800 cm~! due to hydrolysis
of the precursar. The peak at 1000 1100 cm™',
corresponding to C-O stretching of ethylens
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
cross-linking is greater than those obtained from
the hydrolysis in lower acid ratios. The acid can
act as a catalyst o hydrolyze the alkoxide by
protonating the ethoxy ligands during hydrolysts.
Thus, the elimination of the protonated ethoxy
ligand leaving group is no longer the rate limiting
step, and, as a resuilt, the hydrolysis occurs more
rapidly.
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Calcination is a treatment commonly used to
improve the crystallinity of TiOy powder. When
TiO; is calcined at higher temperature, a trans-
formation to rutile phase usually occurs [13] and
comprises anatase, rutile, and brookite. XRD
patterns (Fig. 2) show the phase transformations
encountered when titanium glycolate p-ecursor is
calcined at temperatures in the range 300§ 100 °C.
Amorphous material is obtained at the lowest
temperature (300 °C) whereas at 500 °C broader
anatase peaks appear. As the calcination temper-
ature increases, the intensity of anatase peaks be-
comes stronger and well resolved. However, if the
calcmation temperature is increased to 900 °C,
small rutile peaks are found. indicating the onset
of the transformation to rutile.

The synthesis procedure was changed to obtain
porous anatase for better catalytic properties.
Specimens obtained via the sol-gel process at dif-
ferent volume ratios of HCL:H,;O, viz. 0.45, 0.39,
(.33 and 028, were subjected to cakination at 600,
700 and 800 °C, to obtain porous anatase titania
[3]. Fig. 3 <hows the XRD patterns of anatase
formation in a specimen at the HCI:H,O volume
ratio of 028. Our results indicate that the syn-
thesized anatase is stable up to calcination tem-
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peratures of 800 °C, which is a ldle higher than
previous studies, which report the transformation
of anatase to rutile it the range of 600 2 °C
[5.7.12,13])

As zun bz oseenomn Figo 40 at 0.28 and 033
ratios, the average grain size decreases signifi-
cantly from 600 °C (188 and 17.1 nm) 10 700 °C
(139 and 14.2 nm) and then increases substan-
tially again at 800 °C (31.3 and 29.8 nm). Tiese
results are reminiscent of observations by Sun
et al. [7] 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 partick nucleation. Use of elevated
temperatures accelerates not only the nuclestion
rate but also the parnticle growth rate. For
acidiwater ratios 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 show a slightly diflerent pattemn, in
which grain size increases mildly between 600
and 700 °C, and then more dramatically at 800
°C, suggesting that the growth rate is dominant
at all temperatures.
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03 4
Coincidentally. the nitrogen adsorption de- :- o
sorption isotherm of the material obtained at 0.28 8
HCI:H>0 volume ratio and calcined at 600 °C for 2
2 h indicates a mesoporous structure, as seen in i 02
Fig. 5(a). The isotherm is of type IV, characternistic
of mesoporous material. The hysteresis loop ex- ot
hibited by the specimen is mainly of type H2. The
pore size distribution in Fig. 5(b} shows a major 0.00 .
porosity in the range of 4--18 nm. To confirm an 1 1e 180
b} Pore diameter inm)

increase in crystallinity as temperature increases,
specific surface ares measurements were carried
out and, as expected. we find that the higher the
calcination temperature. the lower the specific
surfiwe ared. The powders become dense and
predonunantly nonporous when the precunor s
caleined ut 800 °C. It is Known {3] that a lower aaid
concentration results in a higher speaific surface
area due 1o an increase in the cross-tinking level.
This is consistent with our obsenaton that the
specific surface area decreases in the {ollowing
order, 028> 033> 0.39 > 0,45 (Table 1). It can
concluded that sol gel processing indeed provides
a larger specific surface ares which decreases with
increasing calcination temperature and acid con-
centration.

The particle morphology of the samples ob-
tained using a HCEH2O ratio of 0.33, when cal-
cined at temperatures in the range 600800 °C, is
shown in Fig. 6. At the two lowest temperatures,

Fig. 3. The nitrogen adsorption—desorption isokrm for meso-
poreus titanix [a) and pore sie distribution b for the matenal
obtgned from 028 HOLH,O wume mtie and cakined at
I

Table |
BET surface area (Sgr. m@/p) of fitaniz at various HCLH 0
volume ration and calcination temperature

Tempera- Surface sren Lm' i

ture 1°0) 0.28 0.33 0.39 0.45
£00 123 11! 137 103
700 60 59 35 50
BOO 20 I8 17 [}]

Surface area of the starting material Ti0, = 20 m?/g.

Fig. 6(a) and {b), the material consists of particles
of large size, whereas the micrograph (Fig. 6(c)) of
the material calcined at 800 °C shows a finely-
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Fig 6. SEM micrograph for ttania powder al volume ratio
0.33 of HCEH,O cakined at (a) 600 >C. (b) 700 °C and
o) B0 >C,

divided morpholony i the apatase form conststing
of spherkcal particles approximately | pm in size.
Viscoelastic studies of the four different gelling
systems (volume ratio 0.28, 0.33, 0.39 and 0.45 of
HCL:H,0. respectively) were carried out using the
criteria proposed by Winter and Chambon [14] to
determine the ge! point, as the gelation time where
a frequency independent value of tand in ob-
served. The variation in the frequency dependence
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of tan é with gelation ume is shown in Fig. 7, and
indeed indicates that tan# becomes frequency
independent at a particular geiation time. The
shortest gelation time was observad for the system
at 0.28 volume ratio (365 3) and the longest gela-
tion time for the system of (.45 volume ratio (870
). An alternative method [15] to determine the gel
point is to plot the time evolution of the apparent
viscoelastic exponents &’ and #” obtained from the
frequency dependence of the modulus (G x o,
G” x "), as shown in Fig. 8 for the system at 0.45
volume ratio. The gel point is identified as the time
where o cross-over # — »” — n is observed. The
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Fig. 8. The plot of the apparent exponents, the siorage moduli
{n") and the loss moduli (#") during the course of gelation for
the 0.45 acid ratio,
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points of intersection (f;) are found to be the
same as those deduced from the plot of tand ver-
sus time.

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 horzontally by a facte- B A

converted to a gel by hydrolysis from the outer
surfaces of the colloidal particles. Despite this
heterogeneous structure, at the gel point, the sys-
tems fulfil the Winter criteria that n’ = " = g,
and tand = tan{nun/2) are superimposed [14-18).
The viscoelastic exponent nyy of the system, as
shown in Table 2, has its highest value at 0.45

Table 2

Sununary of viscoelastic expotent, fractal dimension, and
pelation fimel <) 2t various HOLH O volune ratios

similar trend is observed for all systems in that & Acid ruio  n @ Chelation titne 5)
s higher than @7, Le. elastic behavior predonu- 0.8 0.0% 246 363
nates before as well as after the gel point. We at- 033 0.07 24 328
tribute this behavior to the fact that we are dealing 0.39 0.19 23 647
- - - - . - bk v
with a concentrated colloidal dispersion, which is 0.4% 0.0 3.3 e
w
L ey G
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P 1=438 5= et
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Fig. 9. The frequency dependence curves of G () and G"(w) at (@) pregel stage (B = — 3, (W) gel point (B = 0), and (A) postpel stage

(B = 3) of () 0.28, (b} 0.33, ) 0.39 and (d) 0.45 HCLH, O ratio.
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volume acid ratio and the value decreuses as the
volume actd ratio decrenses. Fig. (0 shows the ef-
fect of HCEHLO volume ratio on the gel strength
parapeter, S, evaluated from the relationship f15-
18] ¢'(w) = F{1 — n) cos{nn/2)Se" where I'{1—n)
is the Legendre I function. It is evident that the gel
strength increases with increasing acid ratio and
reaches its highest value acid ratio =0.39, then
decreases slightly. Thus at low acid ratio, the
critical gel cluster is relatively weak, at high acid
ratio it is stronger.

According to the model of Muthukumar [1Y]
the fractal dimension of the critical gel cluster
can be obtuned from the viscoelintic exponent
noas on odd 2= 2dn i 20d 2 = di) where d
spatial dimension — 3. The effect of acid ratio on
the fractal dimension of mcipient gel 1s shown in
Fig. 11 and Tuabk 2. The fractal dimension de-
creases with increasing the acid ratio. A fower
fractal dimension means that the molecular weight
grows slower with radius, ie. M ~ B%. Thus the
critical gel at high acd :ztio has o more open
structure than at low acid ratio. This is somewhat
surprsing since we expect the cross-link dessity to
be higher at higher zcid ratio. Again we attribute
this result to the heterogeneous characier of the
system at the gel poini. The particles which com-
prise the gel network at low acid ratio are less
hydrated and hence more dense than those at
higher acid ratio.

.48

=@ add o
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1.4

2.4
1.
pS_

1 30

Traceal dimension

.34

Aad raiiv

Fig. 11. The plot of fractal dimemion of the critical gel cluster
as a function of acid ratio,

Fig. 12 shows the frequency dependence of the
dynanmiic viscosity at pregel stage, gel point and
postgel stage. Consistent with the highly elastie
behavior evident in Fig. 9, at all stages (1) ex-
hibits power law frequency dependence with an
exponent at the gel point of n — . The time de-
pendence of the complex viscosity at low fre-
quency (w = 0.4 rad/s)is illustrated in Fig. 13. The
location of the gel point for each system as de-
termined by the Winter cnteria (16-19) are indi-
cated by arrows. At low acid ratio, the viscosity s
initially high but approaches an asymptotic value
wiich is relatuvely low. At high acid ratio, the
viscosity 15 anitially low but reaches a high as-
smptotke vatue, Thus the pel swenath and as
smpiote complex  siseosity  are  self-consistent
and indicate that the gel becomes stronger under
high acidity conditions. We interpret these re-
sults as indicating that at low acid, the precur-
sor particles are poorly hydrated and form a
morz heterogenenus weak gel structure. At high
acid, the particles are well sobvated and form a
less heterogeneous {more open) yet stronger net-
work.

4. Conclusions

Anatase TiQ; nanoparticles were successfully
prepared by sol-gel technology, using inexpensive
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and monsture-stable ntaniwm glycolate as precursor
in | M HCH solution. The calcinanon temperature
and the HCIHO volume ratio has a substantial
influence o the surface area, phase transforma-
tion, and morphology of the products. Anuatase
titanta o produced at cekination temperatures
m the range 600 800 “C. above which transfor-
mation to rutife occurs, Increase of temperature
results in anatase of higher crystallinity but lower
specific surface area, and induces a morphological
change from large irregular agglomerates to more
homogeneous particles of spherical shape. From
XRD measurements of average grain sizes, we
deduce that nucleation rate dominates the kinetics
at low temperatures, and growth rate becomes the
controlling factor at high teniperaiure and low
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HCL:H,0 ratios. Increase of HCLI:H,0 ratio results
in a small but significant decrease in porosity. The
highest specific surface area 125 m¥g is obtained
at the lowest HCL:H,0O ratio 0.28 and the lowest
calcination temperature (600 °C). From rheologi-
cal analysis. as evaluated by the Winter c<riteria.
the gelation time increases with increase of
HCLHLO volume ratio. The fractal dimeasion 1s
determined from the frequency scaling exponent of
the modulus at the gel point indicates a dense
crivcal gel structure at low acid ratio. However.
the complen viscosity and gel strength increase as a
function of acid ratwo. We interpret this behasior
as indicative that, at fow acidaty, the gel i com-
posed of poorly hydrated particles forming a dense
but weak structure. Increused acwdnty increases
hydration and cross-link densiiy leading to a more
open and stronger gel network.
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Osxide One Pot Synthesis of a Novel Titanium Glycolate and Its Pyrolysis

Nopphawan PHONTHAMMA\,HAI‘ Tossaparn CHAIRASSAMEEWONG',
Erdogan GULARP, Alexander M. JAMIESON® and Sujitra WONGKASEMIJIT'

lThe Petroleum and Petrochemical Coll:ge, Chulalongkom University
?Department of Chemical Engineering, University of Michigan,
Ann Arbor, Michigan, USA
*Department of Macromolecular Science, Case Western Reserve University,
Cleveland, Ohio, USA

Abstract

A much milder, simpler and more straightforward reaction a give to titanium glycolate product
was successfully mvmgaxed by the reaction of titanium dioxide, ethylene glycol and
triethylenctetramine using the oxide one pot synthesis (OOPS) process The FT-IR spectrum
demonstrates the characteristics of titanium glycolate at 619 and 1080 cm™ assigned to Ti-O stretching
and C-O-Ti stretching vibrations, respectively. (Blohowiak, er al. 1992) 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. The therma)
analysts study from TGA exhibits only one sharp transition at 340°C, comesponding to the
decomposition transition of an organic ligand, and giving a ceramic yield, titanium glycolate, of 46.95%
which is close to the theoretical yield of 47.50%. XRD patterns show the morphology change of its
pyrolyzed product from anatase to rutile as increasing calcining temperatures from 500°C to !100°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 great attention in recent years for its
humidity- and gas-sensitive behavior, excellent
dielectric properties, as well as catalysis
applications. (Ding and Liu, 1997). The most
important factor to consider when producmg
titania with good properties is the purity of the
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 the great interest in
titanium glycolate, Ti(OCH,CH,0),, is owing to
its difference from most crystalline titanium
slkoxides, generally having low polymeric
O-dimensional molecules. Nevertheless,
Ti{OCH,CH,0); i3 a novel crystalline complex
with infinite one-dimensional chains, and exhibits
outstanding high stability not only in alcohol but
also in water (Wang, ef al. 1999).

The method required for the synthesis of
alkoxy derivatives of an eclement 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, ef al. {1999) synthesized
Ti{OCH,CH;0), from very expensive starting
materials, tetracthyl orthotitanate to react with
ethylene glycol using n-butylamine as a catalyst.
The reaction took place under very vigorous
conditions. 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 cthylene
glycol served as both a solvent and a bidentate
chelate occupying sites on titanium coordination
spheres so as to bridge adjacent titanium atoms
and form a one-dimensional strucfure.

Gainsford, er al. (1995); and Gainsford,
et al. (1995) 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 amounts
of sodium or potassiwn hydroxides provided
tris(glycolate) salts, which were highly
crystalline, hygroscopic materials, crystallized as
salts and solvated with varying numbers of glycol
molecules.

Suzuki, ef al. (1997) synthesized titanium
tetraalkoxides from hydrous titanium dioxide
(Ti0;.nH:0) and dialkyl carbonates in an
autoclave at a heating rate of 90Kh™'. The effect
of reaction temperature was studied. At a
temperature range of 495-533 K, a practically
complete conversion of hydrous titanium dioxide
to Ti(OFt), could be attained. LiOH, NaCH,
KOH, and CsOH were used as catalysts of which
NaOH gave the highest yield of Ti(OEt),. The
effect of the molar ratios of dicthy!
carbonate/hydrous titanium dioxide was studied.
A 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
titanjum. (Bickmore, er al. 1998; Yang, et al.
2001; Laine, et al. 1992; Laine, et al. 1993; Day,
et al. 1996; and Duan, et al, 1997). 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.
(Gainsford, et al. 1995; and Gainsford, et al
1995)

Laine, et al. (1991) investigated a
straightforward, low-cost route to alkoxide
precursors by direct reactions of a stoichiometric
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.(Laine, ef al. 1991; Blohowiak. et al.
1992; and Bickmore, ef al. 1992).

202 + MOH + SO 201,00 —"ﬁ- NWAE

130007 weeum

Scheme 1.

“HOCH 2CH20H

Lt
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Recently Jitchum, er al. (2001)
synthesized neutral alkoxysilanes,
tetracoordinated spirosilicates, directly from silica
and e¢thylene glycol or ethylene glycol

8i02 +2HOCH2CH20H

TETA/2000C
w orw/o KOH

derivatives, using triethylenetetramine as a
catalyst, in the absence or presence of potassium
hydroxide as a co-catalyst (Scheme 2). (Jitchum,
et al. 2001)

0 o
\ -/ ]

Scheme 2.

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
will be studied, as well.

Experimental
Materials

UHP grade nitrogen; 99.99% purity was
obtained from the Thai Industrial Gases Public
Company Limited (TIG). Titanium dioxide was
purchased from the 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 under nitrogen at atmospheric
pressure, 200°C before use. Triethylenetetramine
(TETA) was purchased from Facai Polytech. Co.
Lid. (Bangkok, Thailand) and distilled under
vacuum (0.1 mm/Hg) at 130°C prior to use.
Acetonitrile was purchased from the Lab-Scan
Company Co. Ltd.

Instrumental

Fourier transform infrared spectra (FT-
IR) were tecorded on a VECOR3.0 BRUKER
spectrometer with a spectral resolution of 4 cm™
using transparent KBr pellets, 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

a 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 a VG data
systermn using glycerol as the matrix, cesium gun
as initiator, and cesium jodide (CsI) as a standard
for peak calibration. (Blohowiak, et al. 1992)
C- solid state NMR spectroscopy modeled Bruker
AVANCE DPX-300 MAS-NMR was used to
determine the peak position of carbon contained
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. The Carbolite
model CSF 12/7 electrical muffle fumace is
employed to calcine titanium glycolate with a
heating rate of 10.0°C/min for 120 minutes at
various temperatures of 600, 700, 800°C.

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 stimed vigorously in excess EG
(25 cm®) 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 sclution part. The excess EG and
TETA were removed by vacuum distillation to
obtain a crude precipitate. The white solid
product was washed with acetonitrile and dried in
a vacuum desiccator.
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TETA
Ti02 +2HOCH2CH20H — » I:Z\/TC] + 2H20
‘ 200 °C
Scheme 3.
Results and Discussion
Synthesis

The reaction of titanium dioxide,
triethylenetetramine catalyst and cthylene glycol
used as both a solvent and a 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 giycol and TETA.
The final product, titanium glycolate, was
moisture-stable.

Characterization

The FT-IR spectrum of titanium glycolate
is shown in Figure 1. As compared with the work
done by Wang, ef al. (1999) the result clearly
shows the characteristics of titanium alkoxide at
the 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 an ethylene glycol ligand.

Wave asher jeas)

Figure 1 FT-IR spectra of (a). TiO5; (b).
HOCH,CH;OH and {c). Ti(OCH,CH;0);

e T e - -

Figure 2 C-Solid state NMR spectrum of the
synthesized Ti(OCH,CH,0)

Due to the insolubility of the product in
an organic solvent, (Blohowizk, e al 1992)
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 the relaxation time of the nuclei, as
discussed by Wang, et al. (1999).

Tablel Percentages of C and H present in the

129

synthesized Ti(OCH.CH;0),
Element (%) Theoretical Experimental
C 279 28.6
H 5.6 4.8
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Table 2 The Proposed fragmentation and product structures of Ti{OCH,CH,0)
M/e % lntensity Proposed structure
169 8.5 CTO
+ B
93 100 Ti-OCH,CH,+H"
45 13 CH2CH0H
To confirm the structure of the desired
product, both clemental analysis and mass
spectroscopy techniques are camried out. The
results are shown in Tables 1 and 2, respectively. :
The obtained C/H percentages are close to those l I
calculated theoretically. The proposed ) oL L u k £ 100°C
fragmentation and structures present in Table 2 E — AL u oo esec
also confirms the expected structure of the 1 ~— A S 4. 700 °C
titanium glycolate. — — . 500°C
. e 1 ~~— b 308 °C
As for its thermal stability, Figure 3
shows the same TGA thermogram as obtained by J_J.L__, ~
Wang, et al. (1999). The result exhibits one sharp W

transition at 340°C, comesponding to the
decomposition transition of the glycol ligand. The
final ceramic yield, titanium glycolate, obtained is
46.95% that is close to the theoretical yield,
47.5%.

- .
En——— + ¥
-
g 3
- L ] g.
¥ ow 1
2. e
z 10 ;
» a»
. -
. ] 1 ™ ]
Tempersturs ("C)

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

Figure 4 XRD patterns of Ti(OCH,CH,0); at
different temperatures:
a.) titanium glycolate without calcination
b.) 300°C, amorphous; c¢.) 500°C, anatase ;
d.) 700°C, anatase ; e.) 900°C, anatase ;
) 1100°C, rutile.

Phase transformation

The TGA result indicated the oxidation
of organic compounds tables place at 340°C and
the crystallisation at about 500°C, The crystalline
titanium glycolate decomposed and changed to
an amorphous phase at 300°C (Figure 4). As
the calcination temperature, is increased the
XRD pattern gives an anatase phase at 500°C to
900°C and completely changes to a rutile phase at
1104°C.
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Conclusions

Titanium glycolate is successfuily
synthesized using low cost starting materials, with
much simpler and milder reaction conditions. The
product shows the property of good iaoisture
stability. The results from spectroscopy, namely,
FT-IR, Solid state NMR, EA, and TGA, confirm
the product structure. The transformation from the
anatase to the rutile phase indicates anatase
stability up to 900°C. The stability of the
syuthesized product remarkably enables
researchers to make use of it in many
applications.
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Introduction

Titanjum dioxide, TiO;, is widely used as humidity and gas sensors, dielectric ceramics, catalyst
supporter, solar cell and catalyst, especially, photocatalyst.® Generally, most catalysts are uscd at high
temperature, thus must present high thermal stability. Therefore, preparation of anatase nanoparticles with high
surface area, uniform particle size, uniform pore structure and high anatase-rutile transformation temperature is
truly desirable.

High surface area TiO; can be prepared by several mcthods, such as pyrolysis of tltamum
tetrabutoxide in oxygen containing atmosphere via the MOCVD method,” hydrothermal treatment,*” or the
most famous method, the so called sol-gel process.’®'? Although these processes are widely used, they still
present two major drawbacks, viz. expensive and sensitive starting materials. The important factor to produce
titania with good properties is the purity of titanjum alkoxide precursor. The titanium dioxide has most often
been prepared using the titanium alkoxide, however, the synthesis of metal zlkoxides is gr=atly chalienging 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 those titanium alkoxides are synthesized from very expensive starting materials.

On the basis of our previous work, moisture stable titanium glycolate precursor was successfully
synthesized from Jow cost starting material, TiO;, using the Oxide One Pot Synthesis method (OOPS)" and
used as precursor to produce panocrystalline mesoporous high surface area titanium dioxide by the sol-gel
process.’ In this work, we demonsirate that moderately high surface area and thermally stable anatase TiO; can
be obtained directly from the crude product, titanium triisopropanolamine precursor, synthesized by the
reaction of TiO; and triisopropanclamine.

Results ard Discussion
Titanium Triisopropanolamine Precursor Characterizotion

Titaniumtriisopropanolamine was synthesized by the direct reaction of titanium dioxide with
triisopropanolamine in the presence of ethylene glyco! and triethylenetetramine {reaction 1).

THOy + 2{CHCH{OHICH,];NH + OH(CH,CH,JOH + 0.3 H,NCHCHNHCHCHNHCH;CH NH,
200°C l
24h
[CHy CHOH)CH 13 N

Reaction 1.

—117—



134

;

The crude titanium triisopropanolamine was cham:tenzed using FT-IR, ’I‘GA and FAB*-MS. The IR
spectrum (figure1) shows the expected bands at 3400 cm™ (OH group), 2927-2855 cm! (C—H stretching), 1460
cm? (C-H bending of CH, group), 1379 e’ (C-H bending of CH; group), 1085 cm™ (C-O-Ti stretching),
1020 cm™ (C-N bending) and 554 cm™ {Ti-O stretching). The result from TGA analysis, as can be seen in
figure 2a, shows two tramsitions at 280° and 365°C corresponding to the decomposition of the unreacted
triisopropanolamine and the triisopropanolamine ligand, respectively. The final ash yield, 16.6%, calculated
from the starting point of the second decomposition transition is close to the theoretical ceramic yield of
[HOCH,CHCH,IN[CH,CH,CHO), Ti{OCHCH,CH, |,N[CH,CHCH,0H], 18.7%. The mass spectrum result
(Table1) confirms the desired structure of the as-synthesized product.

Figure 1. The FT-IR spectra of
titantumtriisopropanolamine

fecs) P o e
— Wurmuber(e-")
* - Figure 2. The TGA thermograms of a). titanium
3 : triisopropanolamine, TiO; calcined
3. \ ' at 600°C and boiding time of b), 1 b,
X 1004 ¢). 2 h, and d.) TiO; calcined at 500°C
for2h
"
” -
» " " . Hes
Temperature {'C)
Table 1, The proposed structure of the synthesized titanium triisopropanolamine.
%
M/e Proposed structure
intensity
428 10 H[HOCH;CHCH: JN[CH:CH;CHO s Ti{ OCHCH:CH; .N[CH,CHCH;OHH*
410 5 [CHyCHCH2JN| CH;CHCH,0}: TIOCHCH,CH; N [CHCHCH)0H)
214 53 [HaNCHCH,CH,O);Ti[OH]
192 100 H#+N{CH;CHCH;0H);
TiO; catalyst characterization

Effect of calcipation rate
The effect of calcination rate on the surface area is studicd at 0.25, 0.5 and 1.0°C/min at calc.mauon
temperature of 600°C for 2h. The results of =pecific surface area summarized in table 2 show that at the lowest

calcination rate (0.25°C/min) the highest surface area is observed, This is probably due to having more time for
TiO; units (o orderly arrange themselves.

—118—



Table 2. The specific surface area of calcined TiQ; at various calcinations temperature rates.

Calciuation rate (‘Clmin) | Specific surface area () |
025 1636
0.5 - 86.6
10 ' 61.0
Effect of holding time -

Holding time at 600°C calcination temperature also affects to the surfac: area. In this study, 1, 2 and
4h holding times show that using’ calcination rate of 0.25°C/min, the highest specific surface arca, 163.6 m*/g
(table 3), was found at 2h holding time while at 1h holding time the final powdcr was gray in color, meanihg
that some organlc residues remained in the sample. The TGA thcrmograph in figure 2b confirms that indeed
there was still some organic residue, as indicated af the decompomhon transition at’ 365"C. The TGA

thermograph in figure 2c presents pure T:Oz without any organic residue. As the holding time increased to 4h,
the specific surface area came down 1o 74 m%/g.

Table 3. The specific surface area of calcined TiO; at various holding times,

Holding thme (b) Specific surface area (m’/g)
1 65.08
2 163.64
4 74.04

From the variations of calcination rate and holding temperature, the sample with calcination rate of
0.25°C/min and holding time of 2h was selected to study the effect of calcination temperature 10 determine the
phase transformation of TiO,. The calcined product is characterized using XRD, BET and SEM to confirm the
active and thermally stable anatase phase of TiO;. The XRD patterns in figure 3 and the particle morphology in
figure 4 clearly illustrate the anatase phase of TiO,, as previously studied [2]. Coincidentally, the nitrogen

adsorption-desorption isotherm (figure 5) of the material calcined at 600°C for 2h indicates a mesoporous
structure, having the isotherm of type IV.

{.
”:M‘ l' -

» “ “ "
ITheta (degree}
Figure 3. XRD pattern of TiO; at the 0.25°C/min Figure 4, The SEM micrograph of TiO; at the
calcinations rate, 2h holding time -and 0.25°C/min calcinations rate, Zh
600°C calcination temperature. . helding time and 600°C calcination

temperature.
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bead :—-—,-
308
2 2
l d Figure 5. The nitrogen adsorption-desorption isoterm
> = of the obtained mesoporous TiO; at 0.25°C/
100 min calcinations rate, 2h holding time and
Ll 600°C calcination temperature. .
...l [ 5] o4 -4 ol LE ] 1a

Effect of calcination temperature

The phase transformation of TiOy is studied at different calcination temperature, viz. 300°, 500°, 600°,
700°, 800° and 900°C using 0.25°C/min calcination rate and 2h holding time. The sample at 300°C calcination
temperature has black color, indicating incomplete remeval of organic compounds. The XRD pattern (figure
6a.) and SEM micrograph (figure7a.) show the amorphous phase of sample. By increasing the temperature to
500°C, most of the sample has white color and little in gray. This is in agreement with the result of TGA (figure
2d.) showing moisture and organic residue decomposition transitions. The XRD pattern (figure 6b.) and SEM
(figure 7b.) present the anatase phase of TiO2.>'® At higher calcination temperatures (600°-800°C), the anatase
phase is continuously formed, see the XRD patterns in figure 6¢-¢, and the intensity of the peaks increases with
the calcination temperature, meaning that higher cystallinity occurs as the temperature increases. The SEM
micrographs of the anatase phase showed in figure 7c-¢ can confirm the crystalline morphology. As the
temperature was increased to 900°C the XRD pattern {figure 6f) and SEM micrograph (figure 7f) indicated the
rutile phase of TiO;.*'"# The specific surface areas of TiO2 at different calcinations temperatures are shown in
table 4 in which the highest specific surface arca (163.64 m*/g) is at calcinations temperature of 600°C.

$000
m- .
3;: o | Figure 6. XRD patterns of TiO; at the
3 ~— h|,| L L temperature of a.) 300° b))
i”“ o T 500°, ¢) 600°, d) 700° e.)
3 A b 800° and f.) 900°C,
1000 -
L y *
L] H L] (2] »n 100 129
IThet (degree)
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Figure 7. The SEM micrographs of TiO; at the temperature of:
a.) 300°, b.) 500°, c.) 600°, d.) 700°, ¢.) 800° and {.) 900°C.

Table 4. The specific surface area of calcined TiO; at various calcinations temperatures.

Calcinations temperature (°C) Specific surface area (mzlg)
500 122.69
600 163.64
700 54.94
800 24,30
900 3.86
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