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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.



59

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];




70

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



72

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.
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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.
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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

Permeate flux (Vh m’)
s

I

polyacrylonitrile membranes

at various percentages of
[} T T L Tioz.
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Figure 15 The degradation of 4-NP

with the reaction time of

polyacrylonitrile

4-NP concentration (ppm)
g

membranes at various

° . . . : ; . . percentages of Ti0,.

Time (h)

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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~ 40 4
= & -
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=
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=
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g 20
=
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Z
< 10 1
—@— 3wi% prepared TiOQ,
—d— 3wt% Degussa P25
0 T T
0 2 4 6 8 10

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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