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Abstract—A green-chemistry method of sol—gel synthesis of nanosized titanium dioxide powder materials
using a step of the formation of a peroxo titanium complex was optimized. The developed method reduces
energy and reactant consumption, rules out the production of toxic wastewater contaminated with organic
substances, and improves the environmental performance of the process as a whole. The obtained powder
materials are nanosized, and their photocatalytic activity is higher than that of similar materials.
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INTRODUCTION

Titanium dioxide powder materials constituted by
nanosized particles (hereinafter referred to as nano-
sized powders) are intensely studied in the context of
their unique physicochemical properties, first of all,
such as photocatalytic and semiconductor ones, etc.
[1, 2]. Numerous methods of synthesis of both pure
and modified titanium dioxide have been developed
[3—7]. It was shown that, by varying the synthesis pro-
cedure, the nature of precursors and the medium, the
thermal treatment techniques, and other characteris-
tics, one can perform a controlled synthesis of a mate-
rial with preset properties. The totality of experimental
data currently allows one to consider the environmen-
tal performance of the main proposed synthesis meth-
ods and their material and energy consumption and
determine the optimal method for manufacturing
nanosized materials based on titanium dioxide.

In view of this, we proposed to optimize the
method for producing photocatalytically active tita-
nium dioxide from a peroxo titanium complex (PTC)
with the widely used sol—gel technology, pursuant to
the basic principles of green chemistry [8]. This com-
plex is actively used as a precursor because it makes it
possible to obtain a finely divided nanosized titanium
dioxide powder owing to the electrostatic repulsion of
likely charged peroxide groups sorbed on the surface of
the gel, which prevent agglomeration in solution to
form larger micelles [9, 10]. PTC has been successfully
used to produce not only classical nanosized powder
materials with spherical morphology in the anatase
modification [11] but also nanosized semiconductor

films [12—15] and composites [16—19], as well as pow-
dered materials comprising particles shaped as hollow
spheres [20], dodecahedra [21], and nanosized ellip-
soids [9, 22].

It is known that the initial reactants for synthesis of
nanosized titanium dioxide from PTC can be either
organic [23, 24] or inorganic [25] Ti(IV) derivatives
with subsequent treatment of titanium hydroxide with
hydrogen peroxide. It was shown that finely divided
materials are obtained at low temperatures of precipi-
tation from diluted solutions of Ti(1V) derivatives [26].
The acidity of the medium largely determines the
structure of the material. For example, the anatase
modification forms at pH 6—7; the rutile modifica-
tion, at pH 0; and the brookite one, at pH 1 [26, 27]. A
nanosized titanium dioxide powder is most often pro-
duced by hydrothermal and thermal treatment [12—27].
Analyzing this pathway of synthesis in the context of
its compliance with the main principles of green
chemistry [8], one can conclude that it is energy-
intensive and results in the production of wastewater
containing significant amounts of various toxic
organic contaminants.

In this work, we presented the results of the optimi-
zation of the method for synthesizing photocatalyti-
cally active nanosized titanium dioxide powder mate-
rials by the sol—gel technology in which organic pre-
cursors are placed by inorganic ones and an energy-
intensive step of the synthesis is eliminated without
sacrificing the characteristics of the end product.
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SYNTHESIS OF MATERIALS

The initial reactant of the sol—gel synthesis was
titanium tetrachloride (chemically pure), a titanium-
containing inorganic precursor, because it was shown
[27] that the nature of the anion of a precursor has no
significant effect on the phase formation of titanium
dioxide if it is synthesized through PTC. The choice of
an inorganic precursor makes it possible to eliminate
toxic organic substances from the synthesis, thus
improving the environmental performance of the pro-
cess. Also, in the synthesis in this work, we conven-
tionally selected 25% aqueous ammonia solution
(analytically pure) as a precipitant, 30% aqueous H,O,
solution (chemically pure), and distilled water.

Primarily, from titanium tetrachloride, at a tem-
perature of 0—5°C, a solution with a titanium content
of [Ti*"] = 0.1 M was obtained. By enhancing the
hydrolysis of the aqueous solution containing Ti** ions
by adding the ammonia solution, a white amorphous
gel of oxo and hydroxo compounds of titanium was
synthesized, which was conditionally called titanium
hydroxide. Because the effect of the acidity of the
medium on the properties of the gel was previously
[26, 27] studied in detail when the pH of the precipita-
tion medium was in the range 0—7, in this work, we
restricted our investigation of the effect of this factor to
the pH range 7—14. The produced gel was filtered off
and washed with distilled water to remove impurity
ions (ammonium cations and chloride anions). The
residual CI~ content in water after filtration early in
the washing was tested by a qualitative reaction with a
silver nitrate solution. In the absence of turbidity, quan-
titative colorimetric determination of chlorides was per-
formed [28]. At this step of the synthesis, the maximum
possible amount of impurity ions is removed, which
guarantees the purity of the obtained product.

Further, with the addition of the 30% aqueous
hydrogen peroxide solution to titanium hydroxide
while stirring, PTC was synthesized. The pattern of
the process changed with time: initially, a yellow col-
loidal solution formed, and in an hour, the solution
became transparent and yellow-orange in color.

It is known [29] that 05‘ peroxide ions interact with
solutions of titanyl salts to form various peroxo tita-
nium complexes of characteristic color, the value and
intensity of which depend on the acidity of the
medium. The color of the solutions may vary from
orange-red in a strongly acidic medium to yellow in
the transition to a neutral medium.

The PTC we synthesized was held for several hours
at 20°C to complete the decomposition of the excess of
hydrogen peroxide. Then, the solution with PTC was
treated on a water bath until the formation of a trans-
parent yellow xerogel, which was stable in air for more
than 10 days.

Most of the researchers who used PTC as a precur-
sor carried out further titanium dioxide synthesis using
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various variants of hydrothermal treatment [12—27],
which is an extremely energy-intensive and low-effi-
ciency step; it can be justified only by the need to pro-
duce particles with strictly determined morphology.
Hydrothermal treatment has no essential influence on
photocatalytic properties. Therefore, to increase the
energy efficiency of the titanium dioxide production
technology, we conducted this process in two less
energy-intensive steps. The first step was isothermal
treatment for 12 h at 100°C, during which the xerogel
decomposed to form a white powder. At the second
stage, the obtained intermediate product was ground
and then annealed for 2 h at a given temperature. For
comparison, we synthesized materials based on tita-
nium dioxide without PTC production step. Table 1
presents the main synthesis parameters and properties
of the obtained materials.

METHODS OF INVESTIGATION

The phase formation in the synthesis of the TiO,-
based nanomaterials was studied by differential scan-
ning calorimetry and thermogravimetric analysis with
an STA 449°C/4 G Jupiter Jupted synchronous ther-
mal analyzer (Germany) during heating in air from
293 to 1173 K at a rate of 10 deg/min.

The X-ray powder diffraction analysis was carried
out with an ARL X’TRA powder diffractometer
(Thermo ARL, Switzerland) in CuKk|, radiation. The
sizes of coherent scattering domains (CSD) were cal-
culated from the change in the shape of the diffraction
reflection profile according to the Debye—Scherrer
equation [30]. The morphology of the samples was
observed by transmission electron microscopy with a
Tecnai G2 Spirit Bio TWIN transmission electron
microscope. Solid-phase samples of the nanosized mate-
rials were investigated by IR spectroscopy with an FSM
1202 FTIR spectrometer in the range 500—4000 cm~".

The photocatalytic activity of the obtained samples
was studied using a model reaction of photodegrada-
tion of the organic dye methylene blue C;¢H sCIN;S in
aqueous suspensions of titanium dioxide under UV
radiation (at a wavelength of more than 380 nm). This
organic substance was chosen as a model contaminant
because its molecule contains cycles that are quite dif-
ficult to break, along with sulfur, nitrogen, and chlo-
rine. This is an organic substance of the cationic type.
Its catalytic decomposition can be described by the
equation

2C, H,sCIN,S + 510, = 2HCI + 2H,SO,
+ 6HNO, + 32CO, + 12H,0.

The residual concentration of methylene blue was
determined spectrophotometrically using a calibration
curve with a YuNIKO 1201 spectrophotometer. To
estimate the photocatalytic activity from the obtained
data, the fraction C/C, of the remaining methylene
blue in the solution was calculated.
Vol. 13
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Table 1. Parameters of synthesis and materials
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No. Type pH of Heat treatment Average powder particle size, nm
of sample of complex ion | precipitation T,°C time, h CcSD TEM
1 Aqua 7 100 24 15 17
2 Aqua 7 500 2 20 19
3 Aqua 7 600 2 22 21
4 Aqua 14 600 2 31 28
5 Aqua 7 700 2 26 26
6 Peroxo 7 100 24 10 9
7 Peroxo 7 400 2 11 10
8 Peroxo 7 500 2 14 12
9 Peroxo 7 600 2 22 20
10 Peroxo 7 700 2 25 23
11 Peroxo 14 500 2 13 11
12 Peroxo 14 600 2 14 13

RESULTS AND DISCUSSION

The presence of residual peroxo groups in the
amorphous titanium dioxide powders synthesized
from the PTC gel and dried at 100°C was checked by
IR spectroscopy. The characteristic stretching vibra-
tions of the peroxo group at 894 cm~' are absent. The
wide absorption band at 3200—3500 cm™! indicates
the presence of OH™ groups in all the studied samples.
Hydroxyl groups can either belong to water molecules or
be coordinated by titanium. Moreover, at 500—700 cm™,
vibrations of titanium—oxygen bonds in [TiOg4] octa-
hedra are observed.

The data of the thermal and thermogravimetric
analyses of the samples have the form conventional for
materials of this type (Fig. 1). The shape of the ther-
mogravimetric analysis curve shows that the process
occurs in several steps. The endothermic peak at
100°C characterizes the phase transformation of water
into vapor and the removal of the vapor from the sys-
tem. In the temperature range 20—400°C, there is a
total loss of the weight of the sample (26%), which is
due to the decomposition of the titanium-containing
compound to form titanium dioxide. The diffuse exo-
thermic peak in the range 200—370°C is induced by
the formation of a polycrystalline nanosized anatase
phase, which agrees with the X-ray powder diffraction
analysis data (Fig. 2). At temperatures above 400°C,
the weight of the sample stabilizes, and thermal events
due to the formation of new phases are not observed.
Based on the obtained data, the annealing tempera-
tures were chosen to be 500 and 600°C.

Figure 2 presents the X-ray powder diffraction pat-
terns of the nanomaterials based on titanium dioxide.
The initial (nonannealed) samples are conventionally
X-ray amorphous (Fig. 2, curve /). In annealing, all
the materials crystallize in the anatase modification of
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titanium dioxide before 700°C. No peaks of a rutile or
brookite phase were detected, which demonstrates the
high purity of the products. It is noteworthy that if a
preliminary boiling of the PTC gel is included, then,
even at 600°C. an impurity phase of titanium dioxide
in the rutile modification forms, which reduces the
photocatalytic properties of the material [23]. With
increasing heat-treatment temperature, the particles
grow, which leads to an increase in the intensity of
peaks and a decrease in their full widths at half max-
ima. A comparison of the X-ray powder diffraction
patterns of the materials obtained without the step of
the formation of PTC and through the formation of
PTC and treated under the same temperatures shows
that the sizes of particles of the powder materials pro-
duced by the proposed optimized sol—gel method are
smaller (Fig. 2).

In numerous works, the significance of the pH of
the titanium hydroxide precipitation medium was
determined [26, 27, 31]. Oxo and hydroxotitanates are
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Fig. 1. Data on the thermogravimetric derivatographic
analysis of the material obtained through the step of the
formation of PTC.
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Fig. 2. X-ray powder diffraction patterns of (/) anatase
from database and (2) the nanosized materials produced
by the sol—gel method (2—5) through the step of the for-
mation of PTC and (6—&) without this step and annealed
at (3, 6) 500, (4, 7) 600, and (5, &) 700°C.

known to incompletely precipitate in acidic and
weakly acidic media. We showed that the pH 7 of the
precipitation medium ensures the optimal combina-
tion of such requirements that complete precipitation,
single-phase medium, nanosized particles, high cata-
Iytic activity, and low precipitant consumption.

()

100 nm

100 nm

The average sizes of crystallites in the nanosized
materials synthesized from PTC (Table 1) that were
calculated by the Debye—Scherrer equation at the
peak of anatase (101) range from 13 to 22 nm. The par-
ticle sizes in the reference samples produced without
the stage of the formation of PTC are somewhat larger:
from 22 to 31 nm.

The size and morphology of particles of the nano-
sized materials were also analyzed by transmission
electron microscopy. It was shown that the materials
synthesized from PTC are characterized by a near-
spherical shape of particles. The materials are quite
uniform, with an average particle size of 15—20 nm
(Fig. 3). This result agrees with the data calculated from
the results of the X-ray powder diffraction analysis.

Figure 4 illustrates the photodegradation of meth-
ylene blue on the synthesized materials. Material no. 9
(Table 1) obtained from PTC and annealed at 600°C
has the highest photocatalytic activity, which exceeds
the photocatalytic activity of a commercial sample of
Degussa P25 (a mixture of two TIO, phases: anatase
and rutile). Figure 4 also shows that reference samples
no. 1—3 have almost no photocatalytic activity.

In studying the effect of the pH of the precipitation
medium on the photocatalytic properties of the
obtained materials, it was found that the highest pho-
tocatalytic activity was demonstrated by materials
no. 8—10 (Table 1), which were synthesized at pH 7

(b)

100 nm

(d)

100 nm

Fig. 3. Transmission electron spectroscopy images of the materials synthesized from PTC at the following pH and temperatures
of the medium: (a) pH 7 and 500°C, (b) pH 7 and 600°C, (c) pH 14 and 500°C, and (d) pH 14 and 600°C.
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Fig. 4. Photodegradation of methylene blue on Degussa P25 (curve /) and on the materials obtained from the reference sample
of titanium dioxide (curve 4, sample no. 3) and peroxo titanium complex (curve 2, sample no. 9; curve 3, sample no. 8) at pH 7,

annealed at 600°C (curve 2, sample no. 9; curve 4, sample no. 3) and 500°C (curve 3, sample no. 8).

(Fig. 4). Materials no. 4, 11, and 12, which were
obtained at pH 14, have low photocatalytic activity,
probably because of the blocking of the surface of the
heterogeneous catalyst by inactive impurities because
of the high sorption activity of the material.

Thus, the TiO,-based nanosized materials synthe-
sized from PTC have high photocatalytic activity,
which enables one to recommend them as efficient
catalysts for removing organic contaminants from
water. This method of synthesis is compliant with the
main principles of green chemistry, has a high product
yield owing to the completeness of precipitation, and
low energy consumption, thanks to elimination of
hydrothermal treatment. The reactants in this method
do not include toxic organic reagents. Thus, the pro-
posed synthesis method is simple, cost-effective, and
environmentally friendly.
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