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ABSTRACT

The present study addresses a tailored preparation method of different structures of TiO,
nanoparticles over narrow ranges of varying parameters. In this work, titanium-n-butoxide was used
to prepare TiO, nanoparticles via sol gel method. The influence of the experimental preparation
conditions: pH, drying and calcination temperatures were studied at ranges 5-9, 70-110°C, and
450-650°C, respectively. Slight changes through these mentioned ranges lead to drastically change
in the phase transformation, degrees of crystallinity and crystal systems of the prepared TiO,. Pure
anatase and rutile forms as well as different ratios of mixed phases were obtained. X-ray diffraction
and transmitting electron microscope TEM techniques were used for the characterization of the
prepared samples. The photocatalytic performance of TiO, samples were evaluated according to
their abilities toward the generation of the highly active hydroxyl radicals. Results indicate that the
photocatalytic activities of TiO, samples are dependent on their preparation experimental conditions.
The maximal photocatalytic activities were noticed at high pH and drying temperature values.

Keywords : TiO, preparation; sol gel; TiO, characterization;
photocatalytic activities; fluorescent probe method.

INTRODUCTION disciplines including both industrial and academic
sectors' 2,
Titanium dioxide is exceedingly considered
as one of the most promising semiconductors. Its Preparation of the photocatalytically
application areas cover a wide variety of different  active crystalline phases; anatase and rutile of TiO,
has been previously interpreted through different
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techniques. These techniques include the sol-gel'®
4 hydrothermal method'®, thermal hydrolysis'®,
solvothermal'’, direct oxidation'®, electrodeposition'®,
micelle and inverse micelle usage?, emulsion
or hydrolysis precipitation2!, chemical/physical
vapor deposition??, microemulsion processes?324,
microwave approaches and ultrasonic®26, These
numerous studies addressed huge number of
varieties including materials, experimental tools,
instrumentations and experimental conditions.
Accordingly, researchers have to go through various
preparation methods to get TiO, samples of certain
desired characteristics. This may consequently add
some difficulties especially in case of the lack of
resources.

Among the numerous preparation
techniques, sol gel is considered as one of the simple
methods for synthesizing nanoparticles at ambient
conditions. Besides, it does not require complicated
set-up and the experimental conditions can easily
be controlled?.

In our previous work, evaluation of the
photocatalytic activities of TiO, in the efficient
removal of different organic pollutants was conducted
under identical conditions?2°. |t was found that the
performance of TiO, was significantly affected by
their capabilities of the surface hydroxyl radicals’
generation. Accordingly, TiO, were divided into
two categories: HRT and LRT; representing the
photocatalysts that possess high and low rates of the
hydroxyl radical formation, respectively. It was found
that efficient removal of pollutants was achieved
by using HRT photocatalysts whenever there is
no surface interaction hindrance. However, some
of TiO, samples that belong to LRT group showed
remarkable selectivity to certain pollutants. The
amount of surface hydroxyl radicals’ generated by TiO,
particles is consistently influenced by their physico-
chemical characteristics. These characteristics
include crystal structure, morphology, crystallite size,
phase composition, particle aggregation, calcination
degrees and surface hydroxyl group content®°-33,

In the present work, preparation of different
structures of TiO, nanoparticles over narrow
ranges of varying parameters is investigated. In
this study, TiO, was prepared from titanium tetra-
n-butoxide via sol-gel method. Preparation of TiO,

via sol-gel method occurs through hydrolysis of
titanium alkoxide followed by polycondensation
process®. Previously, it was found that the anatase
phase began to appear upon the calcination of the
hydrolyzed species of titanium alkoxides at 450°C for
3 hours®. However, slight change in parameters such
as pH, drying temperature, ionic species, calcination
temperature and time significantly affect the TiO,
characteristics. Therefore, different crystallinities
and structures of TiO, can be achieved by controlling
such parameters. The main target of this study is to
prepare different possible ratios of rutile and anatase
as photocatalytically active phases with different
crystal properties. The photocatalytic activities of the
prepared TiO, nanoparticles were then evaluated with
respect to their abilities to generate surface active
hydroxyl radicals.

MATERIAL AND METHODS

All the chemicals were of analytical grade
and were used without further purification. Titanium
tetra- n-butoxide was obtained from Aldrich. Water
used in this investigation was de-ionized water. Acetic
acid, ammonia and propanol were purchased from
Merck company.

Preparation of nano titanium dioxide

Titanium dioxide nanoparticles were
synthesized by sol- gel technique using titanium
alkoxide as precursor®2, 20 ml of titanium tetra-
butoxide was mixed with 40 ml of 2-propanol in dry
atmosphere. The mixture was added dropwise into
another cold mixture of 20 ml deionized water and
20 ml of 2-propanol. The pH of the reaction media
was adjusted by adding acetic acid or ammonia into
the solutions. The addition time varied from 10 sec to
45 min with stirring at 400 RPM. The pH values were
adjusted to 2, 7 and 9 and the corresponding samples
are Ac, Nu, and Ak, respectively. The gel was dried
in an air circulating oven at different temperatures
overnight. (Ac1, Nu1, Ak1), (Ac2, Nu2, Ak3) and
(Ac3, Nu3, Ak3) represent the dehydrated groups
at 70°C, 90°C and 110°C, respectively. Finally, the
dry gels were calcined in preheated muffle furnace
at 450, 550 and 650°C for 3 hours.

Characterization of TiO, samples
The crystallinity of titanium dioxide powder
was determined by X-ray diffraction using Ni-filled Cu
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Ko radiation using Bruker D8 Advanced Instrument
(Germany D8 ADVANCE Cu target 1.54 A, 40 kv,
40 mA). The reference data for the interpretation of
the X-ray diffraction patterns were obtained from
the International Centre for Diffraction Data - Joint
Committee on Powder Diffraction Standards ICDD-
JCPDS card files. The crystallite size (D) determined
by the Scherrer’s formula (D = KA/(bcos#)). A is the
wavelength of X- ray radiation (CuKa = 0.15406 nm),
K is a constant taken as 0.89, b is the line width at
half maximum height (FWHM) of the peak, and 6 is
the diffracting angle*°.

The samples examined in the transmission
electron microscope (TEM) were prepared by
dispersing these samples in distilled water followed
by ultrasonic vibration for half an hour. A drop of the
dispersed sample was placed onto a copper grid
coated with a layer of amorphous carbon. A JEOL
transmission electron microscope, Philips CM-120
was used to study the shape and particle size of TiO,
samples.

Photocatalytic activity evaluation of TiO,
samples

The photocatalytic activities of TiO,
samples with respect to their abilities to generate
surface active hydroxyl radicals were evaluated via
the fluorescent probe method*'. lllumination of the
TiO, nanoparticles were carried out using the UVA
light bulbs (15 W). The light intensity was measured
by YK-35UV radiometer, Taiwan, and it was 2.60
mW/cm2. The UV photoreactor lamps emitted the
photons in the range from 320 to 410 nm. The
photoluminescence spectra were measured using
JASCO spectrophotometer ( v-570, Rel-00, Japan).
The apparent rate constant (k) was calculated using
the slope of the fluorescence intensity—illumination
time curves.

RESULTS AND DISCUSSION

The nano titanium dioxide samples were
prepared from titanium tetra- n-butoxide in three
different pH’s, 2, 7 and 9. Acetic acid and ammonium
solutions were used as hydrolyzing agents in pH’s,
2 and 9, respectively. The samples were left to stir
at 400 rpm. The washed precipitates were dried in
oven at different temperature 70, 90 and 110 °C
overnight. The samples were then calcined at three

temperatures 450, 550 and 650 °C for three hours.
The calcined samples were directly investigated by
using XRD, TEM, and fluorescence spectroscopy.

XRD measurements

The XRD difractograms of the titanium
dioxide indicate the formation of anatase and rutile
phases with different degrees of crystallinity. As
shown in figures 1, 2 and 3, the anatase phase
consists of five characteristic peaks at 20 = 25.28,
36.00, 36.96, 37.60, 48.00, 53.92, 55.04, 62.40
and 62.72 degrees. Meanwhile, in case of rutile
form, the main characteristic peaks appear at
20 = 27.36, 36.16 39.04, 41.28, 54.40, 56.64,
62.72 and 64.16 degrees. The experimental XRD
data agree with the JCPDS card No. 84-1286
(anatase TiO,) and 87-0920 (rutile TiO,) [42, 43].
The characteristic peaks were analyzed for all
TiO, samples. Calculated degrees of crystallinity
and crystal sizes as well as the type of the formed
phases of each prepared sample are summarized
in table 1.

Fig 1 illustrates the XRD diffractograms of
the prepared TiO, samples calcined at 450 °C. As
indicated in table 1 and fig 1, only anatase phases
were obtained at all of the given experimental
conditions. At this low calcination temperature, the
formation of anatase as a kinetically stable phase is
expected rather than rutile phase*4. The calculated
percentages of degrees of crystallinity were low and
having the same values (= 50%), see table 1. No
significant variations were observed in the calculated
crystal sizes in both acidic and neutral media at
drying temperatures from 70 to 110 °C. However,
slight increase in the crystal sizes was obtained
in the alkaline media which is more significant at
lower drying temperatures. This is probably due
to the presence of the large amount of hydroxyl
ions. The high concentrations of the hydroxyl ions
result in rapid precipitation of the hydrolyzed titania
species leading to their agglomeration. At high
drying temperature, crystallization was probably
initiated forming agglomerates consisting of several
crystals upon drying. Contrary, samples dried at low
temperature remained amorphous agglomerates.
These amorphous agglomerates tend to form
relatively large single crystals upon the calcination
at 450 °C*.



44 EL-MEKKAWI et al., Orient. J.

Generally, the formation mechanism of TiO,
from titanium alkoxides involves two main steps.
The first step is the hydrolysis of the 4-coordinated
[Ti(OR),] in water. In this step, titanium ion accepts
oxygen lone pairs through the vacant d-orbitals
yielding [Ti(H,0),]** and consequently increases its
coordination. The formed hydrolyzed species then
undergo partial deprotonations and for simplicity
is written as (TiO,*) octahedra. The second step is
condensation. In this step, both anatase and rutile
grow from TiO?> octahedra. Rutile consists of linear
chains, formed by sharing two opposite edges of
adjacent TiO, octahedra, which are linked to other
chains through shared corners. Anatase shares two
sets of two adjacent edges to form zigzag chains
linked to one another®. Therefore, the experimental
conditions at which the arrangements of TiO,
octahedra occur should be precisely controlled so
the desired TiO, phase(s) could be obtained.

As shown in table 1, growth in the crystallite
sizes was observed for TiO, calcined at 550 °C. The
calculated percentages of degrees of crystallinity
remain low in basic and also in acidic medium at
low drying temperatures. However, they increased
to 100% for all TiO, samples prepared at neutral and
also for samples prepared in acidic medium at high
drying temperature; 110 °C. Characteristic peaks
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of rutile phase began to appear in some samples
(see fig 2 and table 1). Only anatase phases were
obtained for those samples prepared at low degrees
of crystallinity (i.e. Ac1, Ac2, Ak1, Ak2 and Ak3).
Meanwhile, rutile phases appear in the samples with
100% degrees of crystallinity (i.e. Ac3, Nu1, Nu2
and Nu3). The percentage of rutile is 8.2 in sample
prepared in acidic medium at high drying temperature
(Ac3). The percentages of rutile are 33.2, 8 and 5.5
in samples prepared in neutral media dried at 70, 90
and 110 °C, respectively. The existence of anions
in the reaction media plays an important role in the
mobility and rearrangement of TiO, species**¢. The
hydroxyl and acetate anions in the basic and acidic
solutions, respectively, have strong affinities toward
titanium. The adsorption of these anions decreases
the mobility of titanium oxyhydroxide moieties and
also retards their arrangement into the rutile shape.
These consequently result in low crystallinity of the
prepared samples and hinder the formation of the
thermodynamically stable rutile phase. These were
obviously noticed in sampled prepared in basic and
also in acidic medium at low drying temperatures.
Contrary, the high drying temperature at pH 2, results
in vaporization of acetic acid. This in turn facilitates
the mobility and arrangement of TiO, moieties
and consequently enhances both crystallinity and
rutile formation. On the other hand, at pH 7, the

Table 1: Crystal characterization of TiO, samples estimated from the XRD analyses

Temp. Acidic (Ac) pH2 Neutral (Nu) pH7 Alkaline (Ak) pH9
Aclt Ac2 Ac3 Nul Nu2 Nu3 Akl Ak2 Ak3
450°C Degree of crystallinity % 50 50 50 50 50 51.8 50 50 50
Anatase, % 100 100 100 100 100 100 100 100 100
Rutile, % — — — — — — — — —
Anatase crystal size,nm 18.25 1540 15.60 13.00 13.50 14.80 57.56 29.48 18.08
550°C Degree of crystallinity % 50 50 100 100 100 100 50 50 50
Anatase, % 100 100 918 66.8 919 945 100 100 100
Rutile, % — — 82 332 8.1 5.5 — — —
Anatase crystal size,nm 33.18 37.02 41.70 58.53 44.00 40.74 47.60 44.00 26.80
Rutile crystal size,nm — — 4216 7890 7432 66.40 — — —
650°C Degree of crystallinity % 100 100 100 100 100 100 100 100 100
Anatase, % 100 68 37 — 269 49 61.9 488 15
Rutile, % — 32 63 100 73.1 51 38.1 51.2 85
Anatase crystal size,nm  68.35 87.40 89.60 — 63.48 71.87 6590 70.52 80.53
Rutile crystal size,nm — 114.20 98.80 90.97 71.88 67.75 134.46 115.28 108.14

Dried at: 1=70°C; 2=90°C; 3=110°C;
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absence of anions results in facile arrangement of
TiO, moieties to form the rutile shape. The water to
titanium oxyhydroxide ratios also play a significant
role in the shape samples prepared in neutral media.

45

As water ratios decrease upon raising the drying
temperatures, the mobility of titanium oxyhydroxide
precursors decreases. The low mobility results in

low interaction between the reaction precursors and
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Fig .1: X-ray difractograms of TiO, samples calcined at 450 °C. A= anatase
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Fig. 2: X-ray difractograms of TiO, samples calcined at 550°C. A= anatase and R = rutile
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consequently results in the formation of TiO, with low
rutile ratios. Here again at high drying temperatures,
crystallization was assumed to be initiated forming
several crystals upon drying causing the overall
decrease in the crystal sizes.

Further increase in the crystallite sizes
was observed in samples calcined at 650 °C. The
degrees of crystallinity of the prepared samples
also increased to 100%. Rutile phase appeared in
most samples. Pure rutile phase was obtained at
low drying temperature in neutral medium. However
the rutile ratios decrease upon increasing the drying
temperatures. The absence of anions and the water
to titanium oxyhydroxide ratios significantly affect
the rutile ratios as discussed above. However, the
rutile ratios increase upon increasing the drying
temperatures on both acidic and basic media. This
is due to the vaporization of undesired anions as
mentioned before. Contrary to that obtained at
calcination temperatures, 450 and 550°C, the crystal
sizes of anatase phases increase upon increasing
the drying temperatures. The small anatase crystals
formed at high drying temperatures collapsed upon
calcination at 650 °C forming TiO, crystals with larger
dimensions. Findings are different with respect to
the crystal sizes of rutile phases. The crystal sizes
decrease upon increasing the drying temperatures.

We suppose that the small crystals initiated at high
drying temperatures undergo rearrangements to
form rutile phase rather than growing into larger
crystals.

Transmission electron microscopy (TEM)
analyses

The morphology and the particle size
distribution of prepared titanium dioxide samples were
characterized by TEM, fig. 4. TEM measurements of
all of the prepared samples were carried out (not all
are given). Overall, the measured TEM micrographs
are in accordance with data obtained from the XRD
analyses. TEM images represent different shapes,
sizes and crystallinities of the prepared TiO, samples
according to their experimental conditions. Four of
TEM images have been selected and shown in fig.
4. The four images represent anatase, rutile and
mixed phases of TiO, with different particle sizes.
The anatase face appeared in its characteristic
(001) cube face. The rutile shape appeared in
its characteristic (011) hexagonal face [47]. For
example, fig 4a represents the TEM image of Nu1
prepared at 450 °C. In fig. 4a, anatase phase appears
with particle sizes ranging from 5 to 25 nm. As shown
in fig 4a, the anatase particles are dispersed over
amorphous matrix. This amorphous matrix may
be the unreacted titanium butoxide or amorphous
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titanium oxyhydroxide species, etc. These findings
are in consistent with the XRD data of Nu1 where
the detected phase was anatase of 50% degree of
crystallinity. Fig 4b represents the TEM image of Nu3
prepared at 550 °C. In fig 4b, well organized shapes
of TiO, mixed phases appear with the predominance
of the anatase phase (cube shapes). The measured
particle sizes obtained from TEM are ranging from
35 to 60 nm for anatase and from 55 to 70 nm
for rutile. XRD data previously revealed that Nu3
prepared at 550°C consists of anatase and rutile
mixture of percentages 94.5 and 5.5 %, respectively.
Fig 4c represents the TEM image of Ac2 at 650°C.
TEM indicates that in Ac2 is a mixture of rutile and
anatase phases. The particle sizes are ranging from
45 to 80 nm for anatase and from 40 to 120 nm for
rutile. This is also in accordance with data obtained
from XRD. XRD indicated the existence of anatase
and rutile phases with percentages 68 and 32 %,
respectively. Finally, TEM analyses also confirmed

e e—

the XRD data of Nu1 prepared at 650 °C (fig. 4d).
Only pure well-crystalline rutile phase appears in
Nu1 (i.e. hexagonal shape). The measured particle
sizes derived from TEM measurements ranges from
45 to 85 nm.

Photocatalytic activity evaluation of TiO,
samples

Fluorescent probe method has been used
for initial evaluation of the photocatalytic activity of
the TiO, samples calcined at 550 °C. TiO, samples
calcined at 550 °C have been selected as they
show different shapes and crystallinities. The (‘OH)
produced at TiO, surfaces upon UV light irradiation
results in the conversion of non-fluorescent coumarin
to 7-hydroxycoumarin fluorescent species*!48:49,
The rates by which the coumarin molecules are
converted to hydroxycoumarin (k) measure the
photocatalytic activities of TiO, samples. The high
rates of hydroxycoumarin formation indicate the high

Fig. 4: TEM micrographs of TiO, nanoparticles prepared at different experimental
conditions. A: Nu1 at 450 °C, B: Nu3 at 550 °C, C: Ac2 at 650°C, and D: Nu1 at 650°C
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abilities of TiO, to produce surface hydroxyl radicals
and consequently refer to their high photocatalytic
performances.

Figure 5a shows the change in the
fluorescence spectrum of coumarin by UV light
at different illumination time intervals. As shown
in Fig 5a, peaks with maximum fluorescence
intensities at 452 nm appeared upon UV light
illumination. These new peaks refer to the formation
of 7-hydroxycoumarin fluorescent species. The
fluorescence intensities at 452 nm were plotted
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against the time of illumination for the different TiO,
samples (e.g. see fig 5b). The fluorescent intensities
linearly increase with time indicating the existence of
pseudo first order kinetic reaction. The rate constants
of the hydroxylation reactions were estimated from
the line’s slope of fluorescence intensities against
time plots. The calculated rate constant values are
illustrated in fig 6.

As shown in fig 6, hydroxylation of
coumarin significantly depends on the preparation
experimental conditions of TiO, samples. Overall,
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Fig. 5: A: The change in the fluorescence spectrum of coumarin upon illumination in the presence
of TiO, particles (Ak3) calcined at 550 °C. B: the corresponding rate constant calculations

Fig. 6: The Calculated rate constants of the
hydroxylation of coumarin using different TiO
samples

2

the rate of 7-hydroxycoumarin formation apparently
increases as the pH of the preparation media
increases. As shown in fig. 6, samples prepared in
basic media show comparable rates of formation. The
rates of hydroxycoumarin formation; k, are 2.35, 2.57
and 2.58 min' for Ak1, Ak2 and Ak3, respectively.
This is due to the existence high amount of hydroxyl
groups attached to TiO, surfaces. The high density
of surface hydroxyl groups effectively enhances
the hydroxylation reaction regardless of the phase
or crystallinities of TiO, samples. In addition, the
hydroxylation reaction rates slightly increase as
the drying temperatures increase. As given in table
1, the increase in the drying temperatures in basic
media results in the formation of smaller crystal
sizes of TiO,. The exposed surfaces of small TiO,
crystals are higher and consequently the reaction
rates increase. On the other side, findings were
different for samples prepared in both neutral and
acidic media. In both neutral and acidic media, the
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hydroxyl radicals’ formation is significantly influenced
by the drying temperatures. At pH 2, the rates of
hydroxycoumarin formation are 0.52, 0.86 and 1.12
min~ for Ac1, Ac2 and Ac3, respectively. At pH 2,
only anatase phase with 50% degrees of crystallinity
was obtained for Ac1 and Ac2 (i. e. samples dried at
70 and 90°C). Samples prepared at these low drying
temperatures showed low rates of hydroxylation
probably due to their low crystallinities. Meanwhile,
the rate of hydroxylation using sample dried at 110
°C (Ac3) is the highest compared to those samples
prepared at lower drying temperatures. TiO,sample
dried at 110 °C shows high degree of crystallinity
(100%). This consequently results in a relatively high
efficiency of hydroxyl radicals’ formation. Finally, at
pH 7, the order of the rates of hydroxylation were 110
°C > 90 °C > 70 °C. The rates of hydroxycoumarin
formation are 1.20, 1.23 and 1.70 min for Nuf,
Nu2 and Nu3, respectively. This finding could be
interpreted in terms of the crystal sizes and ratios of
rutile to anatase. It has been reported previously that
rutile is less photoactive phase than anatase®. The
prepared TiO, samples have the same high degrees
of crystallinity (100%) with different sizes and ratios
of rutile to anatase phases. Both crystal sizes and
rutile phase ratios decrease by increasing the drying
temperature. This consequently results in increasing
the efficiency of hydroxyl radicals’ generation.

CONCLUSION
In this study, preparation of different

structures of TiO, nanoparticles over narrow ranges
of varying parameters was achieved. Titanium-n-

butoxide was used to prepare TiO, nanoparticles via
sol gel method. The influence of the experimental
preparation conditions: pH, drying and calcination
temperatures were studied at ranges 5-9, 70-110
°C, and 450-650 °C, respectively. XRD and TEM
measurement of the prepared TiO, indicated the
formation of pure anatase, rutile and mixed phases
with different ratios. Calcination of samples at 450 °C
results in the formation of only anatase phase with
low crystallinity. However, upon calcination at 550 °C,
mixed anatase and rutile phases were observed in
some samples. Degrees of crystallinity, crystal sizes
and phase ratios were significantly influenced by
the titanium oxyhydroxid species to water ratios and
anions in the reaction media. In addition, increase
in the crystallite sizes was observed in samples
calcined at 650 °C. The degrees of crystallinity of
the prepared samples also increased to 100%. Rutile
phase appeared in most samples. Pure rutile phase
was obtained at low drying temperature in neutral
medium. Finally, fluorescent probe method has been
used for initial assessment of the photocatalytic
activities of the prepared TiO, samples. The rate
of the hydroxyl radicals’ formation on TiO, surfaces
apparently increases as the pH of the preparation
media increases. The hydroxyl radicals’ formation
is also significantly influenced by the drying
temperatures.
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