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ABSTRACT

The influence of particle size and surface modification on sonocatalytic activity of TiO,
nanoparticles was investigated by measuring the degradation efficiency of methyl orange
(MO) as a model pollutant. Crystalline TiO, nanoparticles with different particles and
aggregate size were prepared through solution-phase method with varying synthesis tem-
peratures. Coating with polyvinyl alcohol was performed to enhance colloidal stability of
the particles over a wide range of pH values (1.5-7.5). Characterization was carried out
using X-ray diffraction, high-resolution transmission electron microscopy, dynamic light
scattering, and Fourier-transformed infrared techniques. It was found that sonodegradation
of MO decreased as the synthesis temperature increased. Moreover, sonoactivity of the
modified nanoparticles improved because polymeric coating inhibited particles collision and
also their growth due to sonication-induced Ostwald ripening mechanism.

Keywords: TiO, nanoparticles; Aggregate size; Sonocatalytic properties; Colloidal stability;
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1. Introduction

TiO, particles have been extensively explored for
their catalytic applications especially in environmental
treatment, self-cleaning surfaces, bactericidal activity,
and cancer therapy [1-6]. Photocatalytic properties of
TiO, originate from generation of reactive oxygen
species (ROS) such as hydroxyl radical (OH) under
illumination of ultraviolet (UV) light [3,4,7]. Two well-

*Corresponding author.

known ways to enhance the photocatalytic properties
are to prepare ultrafine particles with large surface
areas and to improve their colloidal stability [1,5-12].
Studies on the effect of TiO, particle size on its photo-
catalytic activity show that the best catalytic properties
are mainly obtained at an optimal size [7-9,13]. How-
ever, there are significant disagreements in the
reported results, more likely due to the different
preparation techniques and the less-considered effect
of aggregate size on photoactivity [1,8,9].
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Recent studies have shown that irradiation with
ultrasound (US) waves rather than UV light can result
in much better catalytic properties [6,14-16]. Local
sonoluminescence and hot spots caused by acoustic
cavitation provide high energies sufficient to activate
the semiconductors [3,14]. As US waves can penetrate
in water medium easily, applying these waves offers
more benefits in wastewater treatment [15]. To the
best of the authors’ knowledge, the effect of particle
size on sonocatalytic properties of TiO, nanoparticles
has not been considered yet.

In this work, TiO, nanoparticles were prepared via
the root of solution-phase synthesis. Nanocolloidal
particles were formed through the hydrolysis and con-
densation of titanium alkoxide in aqueous medium
[11,17-19]. Polyvinyl alcohol (PVA) as a hydrophilic
polymer was used to modify the surface of nanoparti-
cles. Polymer chains can keep nanoparticles away
from agglomeration and colloidal instability, particu-
larly at near neutral pH values [6,20-25]. Sonocatalytic
properties of TiO, nanoparticles were studied as a
function of particle size and compared with the prop-
erties of PVA-coated nanoparticles.

2. Experimental
2.1. Chemicals, sol preparation, and surface modification

Titanium tetraisopropoxide (TTIP) (=98%, Merck)
as precursor, analytical grade of hydrochloric acid
(HCI) 37% (density of 1.19 g/cm®, Merck) as both cata-
lyst and peptizing agent, and deionised (DI) water as
dispersing media were used to synthesize TiO,
nanoparticles in the following procedure.

A proper amount of acidified water was magneti-
cally stirred in a sealed multineck flask placed in a
temperature-controlled bath. The mixture was stabi-
lized at desired temperature and then TTIP was added
under constant magnetic stirring at 140 rpm. White
flocs immediately formed all over the media as a
result of hydrolysis and condensation reactions. The
mixture was refluxed for 12 h to ensure that equilib-
rium between peptization and reaggregation stages
was reached. The resulted colloid was translucent,
with a characteristic bluish color. Then, the mixture
was slowly cooled down to room temperature under
continuous stirring.

For surface modification, dry PVA (Mw = 72,000,
degree of hydrolysis 297%, Merck) was dissolved in
DI-water. The colloid of nanoparticles was slowly
added and mixed with the PVA solution using a mag-
netic stirrer. PVA concentration and mixing duration
were kept to optimum values in order to obtain the
most stable sols in pH range of 1.5-7.5. Reagent grade
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NaOH (1 M) and HCI (0.2 M) were used to adjust the
pH value of the sols to near neutral pH. The stability
of sols was qualitatively checked over one month
using a Mi-415 turbidimeter (Martini Instruments,
USA) based on light absorbance of modified nanopar-
ticles. Synthesis parameters and modification process-
ing details are presented in Table 1.

2.2. Characterization methodology

X-ray diffraction (XRD) data of the dried bare
nanoparticles were recorded on a STOE Stadi-P
diffractometer (Cu-K, radiation, 40 kV, 30 mA). Crys-
talline silicon powder (325 mesh, Aldrich) was used to
determine the instrument broadening (f) of peaks,
which was about 0.18° (26). High-resolution transmis-
sion electron microscopy (HRTEM) analyses were car-
ried out on a JEM-2100 HRTEM (JEOL, USA) with an
accelerating voltage of 200 kV. In sample preparation
procedure, a proper amount of diluted sol (~1 ppm)
was mixed with high purity ethanol in 1:1 volume
ratio. Then, one drop was placed onto a copper grid
coated with amorphous carbon film and let to dry
under ambient conditions. In the case of PVA-coated
nanoparticles, the sample was stained by phospho-
tungstic acid. Aggregate size measurements were con-
ducted via dynamic light scattering (DLS) analysis
with a Zetasizer Nano-S (Malvern Instruments Ltd,
UK). Fourier-transformed infrared (FT-IR) spectra of
the samples were recorded using a Shimadzu-8400S
FT-IR spectrometer. FI-IR samples were prepared
through mixing and grounding with potassium
bromide (KBr) and then pressed into a pellet.

2.3. Sonocatalytic reactivity experiments

An appropriate amount of high concentration
methyl orange (MO) aqueous solution (dye-to-particle
mass ratio =1/100) was added to each sol ([TiO;]
=2g/L). The resulting suspension was magnetically
stirred for 30 min to reach the equilibrium state of dye
adsorption/desorption. Five milliliters of the colloid
was withdrawn for UV-vis spectroscopy and 30 ml
poured into a closed container with a perforated lid. A
flat tip TT13 sonifier probe was introduced into the cen-
ter of the sol. The reaction vessel was then placed
inside a water bath to keep the temperature at around
25°C, and the sample was exposed to US waves pro-
vided by an ultrasonic processor (Bandelin SONOPULS
HD-3200, frequency =20 kHz, output power =50 W)
for 30 min with 5s on and 5 s off pulsation. The dye
concentrations were determined from the visible
spectra recorded in the range of 400-700 nm using a
PerkinElmer Lambda-25 UV-visible spectrometer.
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Table 1
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Processing parameters used in the synthesis and modification steps

As-synthesized nanoparticles

PVA-modified nanoparticles

Synthesis temperature (‘C)  Sol name  [H,Ol:[Til:[H*]  Duration (h) Sol name TiO,/PVA (g/g) Duration (h)
50 +2 G50 116:1:0.5 12 G50P 2.7 4
70 £2 G70 116:1:0.5 12 G70P 2.7 4
90 +2 G90 116:1:0.5 12 GI0P 2.7 4

3. Results and discussion
3.1. Nanoparticles characterization

Fig. 1 shows XRD patterns of TiO, nanoparticles
synthesized at 50, 70, and 90°C. The major phase in
the synthesized particles is anatase, and brookite is
the minor phase [11,17-19]. Relative amounts of the
present phases were estimated by dividing the inte-
grated area under anatase (004) reflection at
26 = 37.8" to that of brookite (12 1) at 20 =30.8°. The
results were 1.3, 1.2, and 1.2 for the samples G50, G70,
and G90, respectively. So, the synthesis temperature
had a slight effect on the quality of the phases. Since
both anatase and brookite phases could contribute in
photoactivity [26], all of the diffracted peaks were con-
sidered in crystallite size calculations. The average
crystallite size was calculated using the Scherrer for-
mula, D =ki/(Bcosf), where D is the particle diame-
ter, k is a constant (0.90), 4 is the X-ray wavelength

® Anatase
LR 4+ Brookite
Jf\ = Rutile

/ \ . R ot o
ﬂ
G70 _/_/ lll m Q;\ o . Py
P g ':\:\M\—d‘-’/ \“\N/\\/\/\‘\dv,«;\ 3
{ .
A

/
F . ., .
\,,Efﬂf” f/ \\ ;\“//\v:\.\/{’\'f

T
10 20 30 40 50

Position [*2Theta]

Intensity (a.u.)

o4
/\V
6Il] T

0

Fig. 1. XRD patterns of titania nanoparticles synthesized
via solution-phase method at 50 (G50), 70 (G70), and 90°C
(G90).

(154 A for Cu-K,), B (in radians) is the full-width at
half maximum (FWHM), and 6 (in degrees) is the
angle of the diffracted peak [7,11]. The parameter B is
calculated as B=b—p, where b is the experimental
FWHM and f is the instrumental broadening.

Fig. 2 shows HRTEM images for the samples G50P,
G70, and G90. Both the primary particle and aggregate
size increased by increasing the synthesis temperature,
which the latter occurred more intensely [18]. The
growth of the primary particles is dominated by diffu-
sion-limited coarsening, known as Ostwald ripening
(OR) which occurs easier at elevated temperatures. A
second coarsening mechanism is oriented attachment
of primary particles, which may happen under wide
range of processing conditions [11,12]. So, the resulting
secondary particles had irregular shapes and were
bimodal-sized (Fig. 2(b) and (c)). The average primary
particle size calculated from HRTEM images and XRD
data are listed in Table 2. The particle size calculated
from XRD patterns is a factor of 1.5-2 larger than that
obtained from HRTEM images [11].

By staining, the organic coating of modified
nanoparticles became visible on TEM images (Fig. 2(a)
and (d)). PVA is responsible for image blurring due to
film formation [20,21]. There are areas darker than
background and brighter than particles around and
between the aggregates, pertaining to stained polymer
chains. The insets in Fig. 2(d), (e), and (f) show SAED
patterns for each sample in which the main rings from
the beginning are consistent with anatase (1 0 1), broo-
kite (121), anatase (004), anatase (2 00), anatase
(211), and anatase (204) planes, respectively. It is
concluded that fully crystalline nanopowders were
synthesized. The shift of the crystalline diffraction pat-
tern toward amorphous pattern in sample G50P could
be attributed to the polymer surrounding the particles.

Although higher temperature causes the peptizing
agent to fragment the agglomerates, it may result in
higher mobility, enhancing the probability of parti-
cles collision and thus gives rise to aggregation of
the particles [18,19]. Therefore, it is most likely to
obtain bimodal aggregates at higher temperatures, as
seen in Fig. 3. The Z-average size obtained from
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Fig. 2. HRTEM images of (a, d) TiO, nanoparticles synthesized at 50°C and modified with PVA, (b, e) nanoparticles syn-
thesized at 70°C, and (c, f) nanoparticles synthesized at 90°C: (a, b, c) represents primary particles; (d, e, f) represents
aggregates formed by nanoparticles.

Table 2
Particle size analyses by various techniques

Sample name Crystallite size” Particle size® Aggregate size®
G50 10.8 6.8 0.5 20.1
G70 124 81+0.5 31.0
G90 14.0 8.7+05 39.3

?Calculated average particle size (nm) by applying Scherrer formula on all diffracted peaks of XRD patterns.
PAverage primary particle diameter (nm) based on HRTEM observations.
“Average hydrodynamic size of aggregate (Z-average size) based on DLS measurements (nm).

DLS data (Table 2) reveals that the average hydrody-  3.2. Surface modification
namic diameter increased at higher temperatures
even though smaller monomodal aggregates were
synthesized.

FT-IR spectra of pristine nanoparticles, pure PVA,
and PVA-modified nanoparticles are shown in Fig. 4.
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Fig. 3. Aggregates hydrodynamic diameter measurements
using DLS method for the bare nanoparticles synthesized
at 50 (G50), 70 (G70), and 90°C (G90).

For comparison, the spectrum of pure water is pro-
vided in Fig. 4(a). The broad peaks around 3,170 and
1,616 cm™ ! in Fig. 4(b) correspond to the vibrations of
hydroxyl groups and water molecules adsorbed on
the surface of titania nanoparticles [25,27,28]. How-
ever, the observed bands are quite different from
those in Fig. 4(c), which are attributed to intermolecu-
lar and intramolecular hydrogen bonds [29]. PVA
could also absorb water molecules to some extents
[30]. In the spectrum of PVA-coated nanoparticles, the
characteristic bands of hydroxyl groups shifted to lar-
ger wavenumbers. Furthermore, the peaks assigned to
—CH, and —CH groups shifted comparing with the
pure polymer spectrum, which verified that PVA was
attached to titania via hydrogen bonding between its
polar functional groups and the hydroxylated and
protonated surface of the oxide [21].
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Fig. 4. FT-IR spectra of (a) pure water, (b) TiO, nanoparti-
cles, (c) neat PVA, and (d) PVA-coated TiO, nanoparticles.
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Fig. 5. Turbidity of PVA-coated TiO, nanoparticles sols at
near neutral pH.

The room temperature isoelectric point of
nanocrystalline anatase is in pH range of 5-7 [12].
Since the pH of titania sols was around 1.5, stability of
the sols was achieved by electrostatic repulsion due to
surface charges [18]. By increasing the pH toward iso-
electric point, uncharged nanoparticles tend to coagu-
late and coalesce due to van der Waals attractions
[1,19,31]. The results of turbidimetry (Fig. 5) show that
PVA coating could provide a well-defined barrier
between the particles by steric stabilization mecha-
nism. A good stability was achieved for the sols con-
taining PVA-coated nanoparticles over a month after
adjusting their pH at around neutral value.

3.3. Sonocatalytic activity

Study on degradation of organic dyes in an aque-
ous solution is a facile method to evaluate the sonocat-
alytic properties of catalysts [2,3,15]. The MO
concentrations before and after US irradiation were
measured from the characteristic absorption peak at
495 nm in the relevant spectra. By comparing these
intensities, the degradation efficiency would be deter-
mined. Most of the MO molecules initially adsorbed
to the TiO, surface desorb immediately under ultra-
sonication and, hence, the initial adsorption amount
can be omitted [15].

Fig. 6 depicts sonocatalytic degradation of MO as
functions of primary particle and aggregate size. Effect
of US on dye degradation was also examined for a
solution without nanoparticles. In the presence of TiO,
as a sonosensitizer, degradation efficiency of the dye
gradually decreased as particle size increased. Previ-
ous studies indicated that photodegradation rate
roughly decreased by a factor of 1.2 when primary par-
ticle size increased from 3.8 to 5.7 nm [7] and by a fac-
tor of 1.3 when primary particle size increased from 7
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Fig. 6. Sonocatalytic degradation of MO in the presence of
bare TiO, nanoparticles: (a) as a function of their primary
particles size and (b) as a function of their aggregates size.
The mark O pertains to the sample of dye solution without
nanoparticles. Cy is the initial concentration and C is the
concentration of the MO after 30-min irradiation (mg/L).

to 11 nm [8]. Fig. 6(a) demonstrates that by slight
increase of the primary particle size from 6.8 to 8.7 nm,
the degradation rate diminished by a significant factor
of 2.7. Moreover, Fig. 6(b) suggests that size variation
of the aggregates impressed the sonocatalytic proper-
ties of TiO, significantly. The observed linear correla-
tion between degradation rate and the aggregates size
is in accord with previous findings on the effects of
aggregate size on photocatalytic degradation of tri-
chloroethylene [8]. Therefore, sonoactivity decreased
markedly due to the particles aggregation, while part
of the observed variations in the properties arose from
different primary particle sizes.

The very proximity of particles’ surfaces as the
essential places for generation of ROS affects the local
concentration of them. Electrons and holes on adjacent
primary particles within an aggregate may quench
each other, and free ‘OH radicals recombine with
either electrons or holes on the surfaces, increasing
quenching. Additionally, the quantity of exciting pho-
tons reaching the particles within aggregates is in an
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inverse relationship with the aggregate size due to
particle shadowing. This could intensify scattering of
the incident light which largely depends on the size of
the constitutive primary particles [1,7,8].

Fig. 7 schematically shows MO degradation ratio
for modified and bare nanoparticles synthesized at 50,
70, and 90°C. Diffusion of the species dissolved at the
surface of some particles and rapid recrystallization of
them on the others befall more easily in a colloid irra-
diated by US. Subsequently, larger particles grow at
the expense of smaller particles (OR) [32]. Moreover,
despite the dispersing effect of US waves on nanopar-
ticles in a suspension, shock waves generated by cavi-
tation may cause the particles to collide at relatively
high velocities. The small particles are more involved
in this type of collision [33]. The temperature pro-
duced in the localized hot spots is high enough to
spot-weld the particles at the point of impact upon
collision [34]. Therefore, the bare particles could reag-
glomerate and form an aggregate even larger than the
initial one under the US irradiation. Reagglomeration
and particle growth due to OR phenomenon are
expected to be effectively hindered in the coated
nanoparticles, and distribution of the particles was
improved [35], resulting in enhancement of sonocat-
alytic properties.

This positive effect of the coating was preserved as
long as it was not a deterrent for dye adsorption on
the particles surfaces [36]. For larger particles, more
polymeric chains were in contact with the surface of
them since the polymer-to-nanoparticle mass ratio was
invariant in all three samples. So, reduction of sono-
catalytic degradation efficiency was faster in the modi-
fied nanoparticles in comparison with the bare ones,
as evidenced in Fig. 7.

Degradation ratio (%)

i Primary particle

0 T T T T
45 50 55 60 65 70 75 80~ 85 90

Synthesis temperature (°C )

Fig. 7. Schematic representation for influence of synthesis
temperature on the sonocatalytic degradation efficiency of
MO for unmodified (@) and modified (x) nanoparticles.
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4. Conclusions

Electrostatically stable TiO, nanoparticles in an
aqueous media were obtained through the facile
method of solution-phase synthesis. Keeping other
parameters constant, synthesis temperature varied
from 50 to 90°C. Results revealed that increasing the
synthesis temperature increased aggregate size more
intensely than average primary particle size. Sonocat-
alytic efficacy of the prepared nanoparticles decreased
as the synthesis temperature increased predominantly
due to pronounced effect of aggregates enlargement
on charge carriers quenching and particle shadowing.
Furthermore, sonoactivity was enhanced in PVA-mod-
ified nanoparticles. PVA could inhibit the reaggrega-
tion/agglomeration of the particles in the sonicated
media and the subsequent reduction in effective sur-
face area. Surface modification led to more stability of
the nanoparticles over a wide range of pH values as a
consequence of establishment of hydrogen bonds
between polymeric coating and hydroxylated surface
of the particles. Polymer coating retarded the particle
growth due to sonication-induced OR mechanism.
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