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Thermolytic decomposition in a chloride-acid medium of a titanium aquacomplex precursor solution
[Ti(OH2)6]3*+3CI as a result of its boiling at a temperature of (110-114) °C is accompanied by precursor hydrolysis
and the formation of hydrate molecules Ti(OH)sC1:2H20, which, as a result of condensation, provide the formation
of rutile TiO2 with rod-shaped particles (30-80) nm long and (8-20) nm in diameter, combined into flower-shaped
associates with a diameter of (200-280) nm. The specific surface of associates is 62 m?-g*. IR spectroscopic studies
of the precursor hydrolysis products and the synthesized oxide material show that the geometric parameters of
TiOsCl octahedra of Ti(OH)sCl *2H20 hydrate molecules are close to those of TiOs octahedra of TiOz2 rutile. The
average Ti-O interatomic distance of octahedra of titanium-containing hydrate molecules is a kind of template that
directs the process of TiO2 crystallization towards the formation of rutile. Rutile TiO2 nanopowder synthesized in
this way is an effective photocatalyst for the photooxidation of organic dyes in an aqueous medium by ultraviolet
radiation. The photocatalytic activity of the synthesized rutile TiO2 was determined by neutralization of Congo Red
(CR) dye dissolved in an aqueous medium. The effectiveness of TiO2 was studied by examining the effect of TiO:
amount and H202 concentration. It has been established that complete bleaching of the dye is achieved in just 10
minutes of UV irradiation at a photocatalyst concentration of 1.5 g/L, an H202 concentration of 5 mM, and an initial
CR dye concentration of 5 mg/L, at reaction rate constant of 2.1959 min.
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Introduction

In recent decades, environmental pollution has been
one of the greatest problems of mankind. Wastewater
treatment is one of the biggest responsibilities in
developed countries. Huge amount of wastewater is
generated daily with significant amounts of industrial
pollutants, including organic dyes. To eliminate the
environmental problem, scientists are developing the
latest environmentally friendly nanoparticles to destroy
such pollutants [1-3]. Currently, there are various
methods for removing pollutants, such as precipitation,
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reverse osmosis, and adsorption [4,5], but there is one
drawback — all these methods simply transfer pollutants
from one phase to another, and do not completely destroy
them. At the same time, the photocatalysis method shows
great potential in water [6] and air purification, selective
and ecological synthesis of organic compounds and
hydrogen production [7], since it is available worldwide
using solar energy [8] or UV irradiation [9]. Among the
various existing photocatalysts, TiO; is the most widely
studied and used in many applications due to its low cost,
availability, and oxidative ability to degrade organic
pollutants [10]. The main disadvantages of TiO; are a wide
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band gap and a high rate of electron-hole recombination,
which leads to a low quantum yield and low efficiency of
photocatalytic reactions [11]. Therefore, today an
important issue is the development of new methods for the
synthesis of active TiO, for the destruction of organic
pollutants from wastewater.

Titanium dioxide nanopowders having photocatalytic
properties are preferably produced by the pyrolysis
method. Thus, the authors of [12,13] obtained anatase
TiO, by thermolytic decomposition of a mixture of
titanium oxysulfate TiOSO4*H20 and soda Na,COs. At a
synthesis temperature of (300-700) °C, an oxide material
with particles of (20-50) nm in size is formed. The
resulting titanium dioxide is effective in the
photodegradation of organic pollutants in the aquatic
environment by ultraviolet radiation.

A variation of the pyrolysis method is the synthesis of
titanium dioxide by burning titanium compounds in a
flame. To obtain aerodispersed TiO; in [14], the TiCls
vapor was burned in an oxygen-hydrogen flame at a
temperature of (1400-1700) °C. Two main processes are
carried out in the flame — the hydrolysis of titanium
tetrachloride by water formed as a result of the combustion
of hydrogen, and the condensation of Ti(OH)s <2H,O
molecules. The general scheme for the formation of TiO>
in a flame:

TiCl, + 2H,0 — TiO, + 4HCI (1)

According to [14], by changing the concentration of
TiCly in the reaction of the mixture, it is possible to
influence the particle size in the range from 15 to 30 nm.
When changing the rate of the reaction flow, the oxygen
content in it and, accordingly, the flame temperature,
titanium dioxide is formed, in which the amount of the
rutile phase varies from 20 to 60 wt.%. Anatase and rutile
nanopowder mixtures synthesized in a flame exhibit
photocatalytic activity in the oxidation of ammonia,
organic dyes, destruction of microbial cells [14], oxidation
of isopropanol in an aqueous medium [15], etc.

By thermocatalytic decomposition of titanium
tetraisopropoxide Ti(OCsH7)s in toluene, the authors of
[16] obtained nanopowder TiO2, which, in terms of phase
composition (80 wt.% anatase and 20 wt.% rutile) and
particle size (20-50 nm), is close to industrial pyrogenic
TiO, of the P25 brand of the German concern Evonik used
as a reference material for comparing the performance of
new titanium dioxide photocatalysts.

Researchers are looking for little-known titanium-
containing compounds  that, upon thermolytic
decomposition, turn into titanium dioxide with special
physical and chemical properties. To obtain rutile TiO>
with particles in the form of flower-shaped associates, a
chloride-acid ~ solution of the [Ti(OHz)e]***3Cl
aquacomplex was used as a precursor. Boiling a solution
of this aquacomplex at a temperature of (110-114) °C
leads to the formation of nanopowder rutile titanium
dioxin with rod-shaped particles with a diameter of (8-
20) nm and a length of (30-80) nm, which are combined
into flower-shaped associates with a size of (140-
280) nm. Flower-shaped TiO> exhibits high photocatalytic
activity during the degradation of organic dyes in an
aqueous medium by ultraviolet radiation.
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Its photocatalytic activity exceeds that of Evonik's
P25 titanium dioxide.

In this paper, the tasks were:
- to find out the course of chemical reactions, that,
when TiCls is combined with hydrochloric acid, lead to
the formation of a titanium-containing aquacomplex
[Ti(OH2)6]3+‘3C17;
- to identify chemical processes that ensure the
formation of TiO, nanoparticles in an acidic reaction
medium;
- to study the structural and morphological
characteristics of the synthesized titanium dioxide, to
identify the factors that direct the crystallization process
to the formation of single-phase rutile TiO»;
- to study the photodegradation of the Congo Red dye
solution by UV radiation with the participation of the
synthesized TiO2, as well as P25 titanium dioxide, to find
out the effect of hydrogen peroxide H,O, and a sample of
TiO on the course of photodegradation processes.

I. Experimental

1.1. Synthesis of TiO2

The basic precursor for the liquid-phase synthesis of
TiO, was a chloride-acid solution of the [Ti(OH2)s]***3CI
aquacomplex. For preparation, hydrochloric acid cooled
to a temperature of (0+-5)°C with a density of
1.170 g-cm™ was mixed in small portions into titanium
tetrachloride TiCls. The weight ratio between TiCls and
hydrochloric acid was 1.4:1.0. The temperature of the
reaction medium when mixing the reagents did not exceed
(15+25) °C. The density of the resulting precursor solution
at a temperature of 20 °C was 1.515 g-cm™. 50 ml of the
precursor solution was poured into a glass beaker with a
volume of 800 ml, and 250 ml of distilled water was
added. A beaker with a dilute precursor solution was
placed on an electric furnace and heated to a boiling point
of 112 °C. During boiling, as the volume of the reaction
medium decreased by no more than (15-20) %, due to the
evaporation of water and HCI molecules, distilled water
was added to the beaker and thus the initial volume of the
solution was maintained. The process of boiling the
reaction medium was carried out for 5 hours. At the final
stage of this process, the boiling point of the reaction
medium decreased to (106-108) °C. After (20-30) min
from the start of boiling, the solution acquired a white
color due to the formation of TiO5.

It should be noted that the process of boiling the
reaction medium is accompanied by intense acoustic
cavitation. Gas bubbles that emerge from the volume of
the boiling medium are destroyed and cause powerful
hydraulic shocks directed into the volume of the reaction
medium. Acoustic cavitation intensifies the course of both
redox reactions and condensation processes in the reaction
medium.

The synthesized TiO. nanoparticles are removed from
the reaction medium by vacuum filtration. The removed
product is washed with distilled water, dried for 2 hours at
a temperature of 105 °C, and then calcined for 2 hours in
an electric furnace at a temperature of 350 °C.
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1.2. Characteristics of methods

X-ray phase analysis of the synthesized TiO» was
carried out on a DRON-4-07 diffractometer in copper
anode radiation. The beams were focused according to the
Bragg-Brentano scheme.

TiO, particles were visualized using a transmission
electron microscope, a JSM 2100F device. The
acceleration voltage during operation of the device was
200 kV.

Infrared spectra (IR spectra) of titanium-containing
hydrate molecules dissolved in hydrochloric acid and
nanopowder TiO, were recorded on a SPECORD M80
spectrophotometer in the range of 300-4000 cm™.
Samples for recording spectra were prepared by mixing a
drop of hydrolysate (5 mg) or a sample of TiO2 (4 mg)
with dry KBr in a ratio of 1:100. The mixture was ground
in a vibratory mill for 6 minutes. Transparent plates
20x5 mm? in size were formed from the prepared mixture
by pressing.

The morphological characteristics of TiO2, namely its
specific surface area, pore volume, and pore size
distribution, were calculated from N2
adsorption/desorption isotherms. Adsorption studies were
carried out at the boiling point of liquefied nitrogen
(T =77 K) on a Quantachrome Autosorb (Nova 2200e)
automatic sorbometer. Before the study, the TiO, sample
was calcined in vacuum at a temperature of 180 °C for
24 hours. The pore sire distributions (PSDs) were
calculated using density functional theory (DFT) [17].

1.3. Photodegradation experiments

Photocatalytic experiments were carried out in a glass
reactor with a working volume of 25 mL. The reactor was
irradiated from two opposite sides with two 5W UV-
LEDs; all the technical characteristics and operating
principle of the microphotoreactor are described in detail
in our previous articles [1]. UV-LEDs have a maximum
emission at 365 nm. The reactor is equipped with an
adjustable magnetic stirrer to ensure a stable and uniform
suspension (water + catalyst). The organic Congo Red (CR)
dye with a concentration of 5 mg/L was chosen as a model
pollutant. The concentration of titanium photocatalyst was
varied as follows: 0.5 ¢/L, 1.0 g/L and 1.5 g/L. For the rapid
formation of hydroxyl radicals (OH"), a solution of hydrogen
peroxide was added, changing the concentration: 0 mM,
05mM, 2mM, 5mM. Kinetic curves were recorded
automatically using a DT-1309 luxmeter; changes in the dye
concentration were recorded without pre-sampling for
analysis. The DT-1309 software allows you to record changes
in illumination in the reactor using a computer. The method for
recalculating the change in illumination in the reactor into the
concentration of the dye is described in [1].

The mechanism of CR photodegradation Kkinetics was
evaluated using the first-order Kkinetic equation of the
Langmuir-Hinshelwood ~ approximation, ~ where  the
degradation rate depends on the number of dye molecules in
solution [18]:

Ce _ _
In (C—O) = —kt, )
where C, is the initial concentration of CR, C; is the
concentration of CR in the solution at time t, k is the rate
constant [19].

1.4. Experiment Design

Independent process variables that have a direct effect
on the photoactivity of the synthesized samples were
investigated using RSM  (Response  Surface
Methodology). All calculations were performed using the
Design Expert software (trial version V8.0.6). The
variable process parameters were the concentration of the
photocatalyst (0.5-1.5) g/ and the concentration of H20;
(0-5) mM. To optimize the process, 12 experiments were
carried out according to the main matrix of the
experimental design shown in Table 1. The reaction rate
constant of the CR photodegradation (Equation (9)) was
chosen as the dependent variable. Table 1 shows the
ranges and levels of the independent parameters A and B.
The data of the proposed model were analyzed for
reliability and suitability using analysis of variance
(ANOVA). The experiments were carried out randomly to
avoid system error. In RSM, the influence of two
independent parameters was considered: the photocatalyst
loading (A) and the concentration of H;O, (B). Other
reaction conditions, namely the concentration of CR
(5 mg/L) and the volume of the solution (25 mL), were
kept constant in all experiments.

Table 1
Independent parameters and their ranges.
Independent Symbol Level
Parameters
Photocatalyst

loading (g/L) A 10511015

Concentration of
H,0, (mM)

B 00(05]|20]5.0

I1. Results and discussion

2.1. Chemical aspects of the formation of a
titanium aquacomplex precursor

When chlorides of some transition metals are
combined with hydrochloric acid, redox reactions occur.
These reactions lead to a decrease in the charge of the
metal cation by 1 and the attachment of water molecules
and chlorine anions to it. According to the Brensted-
Lowry theory, hydrochloric acid is a mixture of HzO"
cations and CI anions. In this mixture, hydroxonium
cations H3O* are strong acids conjugated with weak bases,
Cl anions.

In particular, the TiCls salt, when combined with
hydrochloric acid, becomes a base and a neutralization
reaction occurs between them. This reaction can be written
as an equation:

TiCl, + 6H;0% - [Ti(OH,)¢]3* - 3Cl~ + 6H* +§cz2 ©)
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To form a titanium aquacomplex, one of the four Cl
anions of the TiCls molecule donates an electron to the
Ti** cation, which turns into the Ti* cation, while atomic
Cl attaches another Cl atom to itself and is removed from
the reaction medium as a gaseous molecule.

From equation (3) we see that the hydroxonium
cations HzO" get rid of the proton, and the free H,O
molecules, as a strong acid, neutralize the molecules of the
base TiCls. In the titanium aguacomplex, the [Ti(OH2)e]**
cation is an acid conjugated with a weak base, 3CI anions.

2.2. Synthesis of TiO2 in an acidic reaction medium

Synthesis of TiO, nanopowder as a result of
thermolysis of [Ti(OH2)s]**+3C1 solution is a special
process, since it is carried out in a strongly acidic reaction
medium (pH ~ 0.2-1.0). OH anions for the hydrolysis of
Ti*" cations are formed as a result of the reaction of the
reduction of water molecules of the aquacomplex by
electrons, with the participation of oxygen molecules
absorbed by the medium according to the reaction:

Ti** + 3(0H)~ + Cl~ 4+ 2H,0 - Ti(0OH);Cl - 2H,0.

The structure of hydrate molecules is the TiOsCl
octahedron.

During thermolytic process, due to the condensation
of these molecules, TiO, nanoparticles of the rutile
modification are formed:

Ti(OH)5Cl- 2H,0 - Ti0, + 3H,0 + HCl (8)

The authors of [20], studying the solubility of Ti(OH)a4
in hydrochloric acid, found that Ti(OH)3Cls2H,0O
crystalline hydrate is formed in a saturated solution of
titanium hydroxide, which is readily soluble in water and
acetone.

We have found that the slow sublimation extraction of
water from a solution of titanium aquacomplex
[Ti(OH)6]**+3C1 at a temperature of (15-30) °C, by
reducing the partial pressure of water vapor above the
surface of the solution, due to its adsorption binding by
silica gel, leads to the formation of a monolithic crystalline
hydrate Ti(OH)3Cls2H20 within 30-40 days, which, when
heated to a temperature of 300°C, turns into TiO:
nanoparticles of the rutile modification. The thermolytic
decomposition of this crystalline hydrate and the structural
and morphological properties of the resulting TiO2 will be
the subject of our separate publication. Fig. 1 shows the
X-ray diffraction pattern of rutile TiO, obtained by boiling
a solution of the titanium aquacomplex precursor
[Ti(OH,)6]**+3CI1 . The high intensity of the reflexes and
the small width at half-height indicate a high degree of
crystallinity of the oxide material.

The lattice parameters of rutile powder TiO2 have the
following values: o = 4.61720 + 0.00041 A,
¢ = 2.94965 + 0.00032 A.

The geometric characteristics of the TiOg octahedra of
rod-shaped rutile (particle size 1-3x10-30 nm?) and
ellipsoid anatase (particle size 3.5%4.5 nm?) determined in
[21] show that the average Ti-O interatomic distance in
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2H,0 + 0, + 4e™ > 4(0H"), (4)

Electrons for this reaction are supplied by Ti®* cations,
which are oxidized when the precursor solution is heated:

()

aswell as Cl anions oxidized during the destruction of the
aquacomplex:

Ti3* > Ti*t + e,

3ClI~ > 15-Cl, + 3e™, (6)

The high acidity of the reaction medium limits the
course of the hydrolysis of Ti** cations. Ti** cations add
only three OH anions and, accordingly, one CI anion
each.

The formed Ti(OH)3Cl molecules add two more H,O
molecules each, forming Ti(OH)3Cle2H>,O hydrate
molecules. The general process of their formation is
carried out according to the scheme

()

rutile octahedra is 1.966, and in anatase octahedra, —
1.954 A. In percentage terms, the average Ti-O bond
length of the rutile phase is 0.6% higher than the average
bond length of the anatase phase.

Intensity, a. u.

)

T T T T T T T

10 20 30 40 50 60 70
20, degrees
Fig. 1. X-ray diffraction pattern of rutile TiO, obtained
using a titanium aquacomplex precursor.

Most likely, the average Ti-O bond length in
Ti(OH)3Cle 2H20 hydrate molecule is longer than the
length of this bond in Ti(OH)4+2H,0 hydrate molecule,
therefore, the geometric parameters of the octahedra of
these molecules determine the formation of the TiO:
crystal structure.

The liquid-phase sol-gel synthesis of TiO; using a
solution of the [Ti(OH2)s]**+3CI aquacomplex precursor
and NaOH hydrolyzing reagent leads to the formation of
an anatase product [21]. The formation of the anatase
phase in the course of this synthesis is carried out with the
participation of Ti(OH)4*2H20 molecules in the
condensation process.
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The average Ti-O interatomic distance in the
octahedra of hydrate molecules Ti(OH)sCls2H>O and
Ti(OH)4*2H20 is a kind of template reproduced during
synthesis in rutile and anatase octahedra. To implement
this scheme for the formation of TiO- crystalline phases,
it is necessary, first, that the geometric parameters of the
octahedra of Ti(OH)3Cl22H2O and Ti(OH)4*2H>0
molecules coincide with the parameters of the rutile and
anatase octahedra, respectively, and, second, the average
Ti-O distance in Ti(OH)3Cl2H20 molecules should be
greater than in Ti(OH)4C12H20 molecules. The validity
of these requirements can be confirmed by a comparative
analysis of the IR spectra of titanium-containing hydrate
molecules and TiO; crystalline phases.

2.3. Images of TiO2 particles

The images of rutile TiO, obtained using a
transmission electron microscope indicate that during
liquid-phase synthesis, rod-shaped particles with a
diameter of (8-20) nm and a length of (30-80) nm are
formed, which are combined into flower-shaped

100 nm

o T
Fig. 2. Image of particles of rutile TiO2: flower-shaped associates (a); microcr

(a)
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Volume (cm3lg)

201

10 -
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0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure, P/P,

associates with a diameter of (200-280) nm (Fig. 2-a); it is
noteworthy that the sizes of associates are commensurate
with the wavelengths of near ultraviolet radiation.

Particle images at 5 nm resolution (Fig. 2-b) allow the
rows of atoms of the crystallographic planes to be seen.
Measurements of interplanar distances showed that the
crystallites are dominated by faces with indices (001) and
(010). The area of these faces in the total specific surface
area of powdered rutile is ~90%.

2.4. The porosity of associates

Adsorption/desorption isotherms of N, molecules by
rutile TiO; are shown in Fig. 3-a. The parameters of the
porous structure of the oxide material calculated from
these isotherms are shown in Table 2, and the pore volume
distribution by size is shown in Fig. 3-b.

Associates of rod-shaped particles contain mesopores
ranging in size from 1 to 5 nm. Mesopores with a radius
of ~2.3 nm predominate in the pore volume distribution by
size. Mesopores in rutile TiO, are in fact gaps between
rod-shaped particles in associates. The volume of

i
ystallite particles (b).

0.06 (b) -
__ 0.054 ﬁ
£ [
£ 0.04-
Q
:'OE [ B ]
5 0.03 - f-ﬁ.
m | | |
g 0.02 . \
% 0.014 " .'a-

n
0.00 4 l- h-..---. EEgE-E-E-E-n

0 2 4 6 8 10 12 14
Pore radius (nm)

Fig. 3. (a) Adsorption/desorption isotherm of N> molecules by rutile TiO»; (b) pore volume distribution by effective
radius in rutile TiO».

Table 2
Morphological characteristics of rutile TiO. (average specific surface area and pore volume).
Sample SgeT Shicro (ng' Shiesos Vp, Vmicro Vmeso
(m*g™) Y (m*g) (cmg?) (cmg?) (cmg?)
TiOo-rutile 62 - 61.8 0.094 - 0.094
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mesopores in associates is insignificant and is only
0.094 cm-g. The specific surface of flower-shaped
associates is 62 m2-gL,

2.5. IR spectral studies

The IR spectrum of each polymorphic modification of
TiO. contains a certain set of spectral lines of the
corresponding vibrational modes.

According to [22], the IR spectra of anatase are
characterized by absorption bands of optical modes of
symmetric vibrations Az, of TiOg octahedra — 755 cm™
(LO — longitudinal mode); 347 cm™ (LO) and degenerate
vibrations Ey — 350 cm™ (LO); 438 cm™ (TO — transverse
mode); 365 cm™ (LO); 272 cm™ (TO), and rutile has
absorption bands of symmetric vibrations Az, — 796 cm™
(LO); 172cm™ (TO) and degenerate vibrations Ey —
831 cm (LO); 508 cm™ (TO); 443 cm™ (LO); 382 cm?
(TO), 367 cm™ (TO) and 189 cm™ (TO). The authors of
[23] give somewhat different frequency characteristics of
the absorption bands for anatase — 850 cm?, 650 cm?,
480 cm™, 330 cm™, 265 cm™?, 180 cm™, and for rutile —
620 cm™, 520 cmt, 420 cm?, 325 cm, 190 cm 2.

Fig. 4-a shows the IR spectrum of rutile TiO;
synthesized by the liquid-phase acid method — boiling a
solution of the titanium aquacomplex [Ti(OH,)e]***3CI .
In this range, the absorption bands can be clearly identified
by the maxima at 542 cm?, 409 cm™* and 347 cm™. The
band at 1630 cm™, insignificant in intensity, belongs to
deformation vibrations of adsorbed water molecules [21].

At the initial stage of rutile synthesis, namely, in the
first minutes of boiling the base precursor solution,
Ti(OH)3Cl+2H20 molecules are formed.

Their IR spectrum (Fig. 4-a) contains bands at
885cm™ and 359 cm™ (Az mode) and 543 cm and
413 cm™ (Ey mode). The band at 1623 cm™ corresponds
to the deformation vibrations of H>O in the titanium-
containing hydrate molecules. Analyzing the frequency

(a)

Transmittance (a.u.)

— T T T 1
2000 1600 1200 800 400

Wavenumber (cm™)

characteristics of the absorption bands in the spectra of
rutile and Ti(OH)3Cl1+2H20 molecules, it can be found that
the frequencies of the bands of degenerate vibrations E, of
crystalline TiO, and titanium-containing molecules are
very close. This is primarily due to the equality of the
geometric parameters of the rutile octahedra and titanium-
containing hydrate molecules.

In the IR spectrum of anatase TiO (Fig. 4-b), by the
sol-gel method, namely, by combining a solution of the
titanium aquacomplex [Ti(OH2)s]***3C1 with NaOH
solution and heating the reaction mixture at a temperature
of (40-60) °C [21], there are bands at 726 cm™, 339 cm™!
(A2y mode) and 638 cm™, 550 cm™, 475 cm™! (E, mode).

When NaOH solution is dropwise introduced into
[Ti(OH2)6]**+3C1 precursor solution without heating the
mixture,  titanium-containing  hydrate  molecules
Ti(OH)42H20 are formed already at pH ~2.0. The IR
spectrum of these molecules (Fig. 4-b) shows bands at
880 cmt; 368 cm! (A, mode) and 640 cm; 548 cm;
472 cm* (Ey mode).

Comparing the frequency characteristics of the
absorption bands in the spectra of anatase and
Ti(OH)4*2H20 molecules, it can be seen that the
frequencies of the bands of degenerate vibrations Ey are
also very close, which indicates the equality of the
geometric parameters of the anatase octahedra and
molecules of hydrated titanium hydroxide.

The shift of the bands of the E, optical mode of rutile
in the direction of lower frequencies compared to the
bands of this optical mode of anatase indicates that the
average Ti-O interatomic distance in rutile octahedra is
greater than this interatomic distance in anatase octahedra.

The larger average Ti-O interatomic distance in
TiOsCl octahedra compared to this distance in TiOs
octahedra is due to a decrease in the covalent component
in bonds due to the weak polarizing effect of CI anions on
Ti** cations. The polarizing effect of an anion is estimated

(b)

Transmittance (a.u.)

— T T T T
2000 1600 1200 800

400

Wavenumber (cm™)

Fig. 4. (a) IR spectra of rutile TiO2 (2) and Ti(OH)sCl+2H>O hydrate molecules involved in rutile structure
formation of (1); (b) IR spectra of rutile TiO- (2) and Ti(OH)s+2H,0 hydrate molecules involved in anatase structure
formation (1).
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from its ionic potential [24]. The value of the ionic
potential is calculated by dividing the charge of the anion
by its radius. The ionic potential of OH anion is 0.71 and
exceeds the ionic potential of CI anion — 0.49 [25,26].

2.6. Discussion of the results

The sol-gel synthesis of rutile using a titanium
aquacomplex precursor provides the formation of very
small rod-shaped particles (1-3) nm in diameter and (10—
30) nm in length [21]. The specific surface of the product
is 278 m?-g1, and the pore volume is 0.61 cm?-g™. This
TiO- does not have photocatalytic properties. The reason
for this is the small size of the particles and their high
porosity.

Under other conditions, namely, when a titanium
aquacomplex precursor solution is boiled, the explosive
collapse of bubbles causes hydraulic shocks, which
activate the condensation process in the reaction medium.
This leads to the formation of much larger rod-shaped
rutile particles with a diameter of (8-20) nm and a length
of (30-80) nm. Their pore volume is not large and amounts
to 0.094 cm?-g. According to [27-29], bubble collapse
causes a local increase in temperature (~5000 K) and
pressure (~1000 atm) in the reaction medium. The rate of
local heating and cooling of the medium is > 10° K-s™.
The structural and morphological characteristics of the
synthesized TiO2 provide it with a high photocatalytic
activity.

Thus, the thermolytic decomposition of the
aquacomplex precursor [Ti(OH2)s]**+3CI in a chloride-
acid medium, due to its boiling, is accompanied by the
formation of Ti(OH)3*2H,O hydrate molecules, which
form a rutile structure upon condensation. This scheme of
phase formation can also be implemented in the pyrogenic
synthesis of TiO; [14]. During the combustion of TiCly in
a hydrogen-air flame during the rapid course of reactions
involving H>O molecules and Cl atoms, it is possible to
form not only hydrate molecules Ti(OH)s+2H,0O, which
provide the formation of anatase upon condensation, but
also hydrate molecules Ti(OH)3Cl2H.0, which lead to
the formation of the rutile phase.

2.7. Kinetic studies

The efficiency of the synthesized rutile TiO>
photocatalyst was evaluated under UV irradiation using
LEDs with a wavelength of 365 nm. The effect of

(a)
1.0 —— 0.5 g/L TiO,
——1.0 g/L TIO,
0.8 ——1.5g/L TiO,
& 0.6
I3
0.4-
0.2-
0.0 L T T T T T T
0 2 4 6 8 10
Time (min)

independent parameters on the efficiency of CR
photodegradation was studied: the concentration of the
photocatalyst and H,O; in the previously specified ranges
(Table 1). Before the start of irradiation, adsorption-
desorption was performed for 20 min for all experiments.
It has been established that the removal of CR upon
adsorption in the dark is insignificant compared to CR
photodegradation in the presence of UV irradiation.
Fig. 5-a shows the effect of TiO, photocatalyst loading in
the range of 0.5-1.5 g/L on degradation of CR (5 mg/L).
It is clearly seen in Fig.5 that the efficiency of CR
photodegradation increases with an increase in the
photocatalyst loading, however, a further increase to
1.5 g/L leads to blocking of the penetration of UV light
into the volume of the reaction mixture, and the efficiency
of CR degradation decreases. In addition, a decrease in the
rate of CR degradation at a higher catalyst loading is a
consequence of the deactivation of activated molecules
upon collision with ground state molecules. The authors
of [30] also reported on excessive agglomeration and
sedimentation of TiO, particles at high photocatalyst
loading. The synthesized TiO, sample is difficult to
remove from the medium because it is well dispersed in
an aqueous solution. This is advantageous as it allows the
same powder left over from the first photodegradation
cycle to be reused and several more cycles of CR
photodegradation to be carried out.

The efficiency of synthesized TiO, and Degussa P25 were
compared under identical experimental conditions (Fig. 6).
Sample Degussa P25 was found to adsorb CR molecules
resulting in a decrease in degradation rate. Since the amount of
dye adsorbed on the surface of the catalyst increases, active
centers are blocked, which leads to a decrease in the rate of
formation of *OH radicals.

The effect of the concentration of H>O> on the activity
of the rutile photocatalyst during CR degradation was
studied in the range from 0 to 5 mM; the results are shown
in Fig. 8 (a, b, ¢). It has been found that the efficiency of
CR degradation increases with an increase in the
concentration of H20,, which is associated with the
formation of a large amount of hydroxyl radicals under the
action of TiOz and UV radiation.

For a concentration of 0.5 g/L TiOy, an increase in the
reaction rate constant from 0.2070 to 1.5544 min? is
observed with an increase in the concentration of H20:
from 0 to 5 mM. For a concentration of 1.0 g/L TiO,, an

(b)
1
>
Q
o -2
E
5] —05gLTIO,
——1.0 g/L TiO,
——1.5g/L TiO,
4
0 2 4 6 8

Time (min)

Fig. 5. (a) Real-time monitoring of photocatalytic degradation of CR dye using 0.5 g/L, 1.0 g/L and 1.5 g/L TiO; (b) kinetic
lines transformed accordina to the first-order kinetic model.
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(a) (b)
1.0 ——0.5 g/L P25-TiO, 0.0+
——1.0 g/L P25-TiO,
0.8- —— 1.5 g/L P25-TiO, o
S 061 S
o S 0]
0.4
——0.5 g/L P25-TiO,
0.2- 181 1.0 g/L P25-TiO,
—— 1.5 g/L P25-TiO,
0.0, ; : : : ’ 204 . . . . .
0 4 8 12 16 20 0 2 4 6 8 10
Time (min) Time (min)

Fig. 6. (a) Real-time monitoring of photocatalytic degradation of CR dye using 0.5 ¢/L, 1.0 g/L and 1.5 g/L P25-TiO; (b)
kinetic lines transformed according to the first-order kinetic model.

0.5
Il Tio,
ol [_]P25-Tio,
0.3 1
£
E
~ (.2 4
0.1 1
0.0 -
0.5 1 1.5

Photocatalyst loading (g/L)
Fig. 7. Comparison of the efficiency of TiO, and P25-TiO, samples in CR photodegradation.

increase in the reaction rate constant from 0.4987 to
1.8414 min? is observed with an increase in the
concentration of H;O, from 0 to 5mM. For a
concentration of 1.5g/L TiO,, a rapid increase in the
reaction rate constant from 0.3023 to 2.1959 min? is
observed with an increase in the concentration of H>O;
from 0 to 5 mM. Obtained logarithmic curves (Fig. 8 (d, e,
f)) are characterized by high correlation coefficients (R?)
from 0.9247 to 0.9973 (Table 3).

Cyclic CR photodegradation experiments were
performed to confirm the stability of synthesized rutile
TiO,  (Fig. 9-a). The  duration of repeated
photodegradation experiments was 10 min. The results
obtained show that the TiO, sample retains photocatalytic
activity for seven consecutive cycles of use. However, the
reaction rate constant decreases slightly (Fig. 9-b). During
photodegradation of Congo Red, k values decrease from
1.8414 to 1.1330 min? (Fig. 9-b). The synthesized sample
was found to exhibit higher photocatalytic activity and
greater stability than Degussa P25 even after the seventh
cycle of CR photodegradation.

For comparison, cyclic CR degradation experiments
were performed using a commercial P25-TiO;
photocatalyst (Fig. 10-a). The duration of repeated CR
photodegradation experiments was 10 min. The results
obtained show that the activity of the P25-TiO, sample
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rapidly decreases as a result of seven consecutive cycles
of use. The reaction rate constant noticeably decreases
from 1.0722 to 0.5533 min (Fig. 10-b).

2.8. Response Surface Methodology

2.8.1. Model Equation

To analyze the dual effect of two variable parameters,
synthesized photocatalyst concentration (A) and H20.
concentration (B), on the photodegradation efficiency of
Congo Red, equation (9) was derived in the RSM
experimental project. Table 4 lists the experiments
performed and the experimental and expected values of
CR photodegradation under UV irradiation in a batch
photoreactor.

Experimental data were processed by four different
models: linear, two-factor interaction (2FI), quadratic and
cubic models to obtain regression equations. VVarious tests,
sum of squares and model summary statistics, were
conducted to determine the reliability of the models, the
results are presented in Tables 5-6. The results obtained
are used to select the best model based on the p-value
criterion (Table 5). The main criteria for comparing
models and confirming the adequacy of the selected model
are calculated statistical data. The statistics include the
following criteria: Adjusted R2, R? and Predicted
Residual Error Sum of Squares (PRESS). A good model
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(a) (b) , (c)
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Fig. 8. Real-time monitoring of photocatalytic degradation of CR dye using (a) 0.5 g/L, (b) 1.0 g/L, (c) 1.5 ¢g/L TiOy; (d, e, f)
kinetic lines transformed according to the first-order kinetic model; (g, h, i) reaction rate constants as functions of the
concentration of H,O,. The initial concentration of CR is 5 mg/L.

Table 3
Rate constants of the first order kinetic model of CR photodegradation with a TiO, sample (experimental
conditions: solution volume 25 mL, dye concentration 5 mg/L, T = 293 K).

Photocatalyst Concentration of H,O, (mM)
loading (g/L) 0 _05 _20 __5.0
k, min R? k, min R? k, min R? k, mint R?
0.5 g/L 0.2070 0.9973 0.8902 0.9929 1.3895 0.9949 1.5544 0.9887
1.0g/L 0.4987 0.9892 1.1855 0.9247 1.3458 0.9833 1.8414 0.9967
1.59/L 0.3023 0.9738 1.3651 0.9654 1.6036 0.9961 2.1959 0.9831
(a)
12 2.0
tst | 2nd | 3rd | 4th | sth | eth | 7th Tl (b)
109 run run run run run run run 164 [ea]
081 s
Q 1.2
5061 E
0.4 x 0.8
0.24 \ k \ 0.4
0.04
(1] 5 0 5 0 5 0 5 0 5 [1] 5 0 5 0.0 ’i 2' :Ii t.l é _',
Time (min) Cycle

Fig. 9. (a) Cyclic activity testing of the synthesized TiO, photocatalyst using CR; (b) Rate constants of repeated
degradation reactions of the CR dye (5 mg/L). The initial concentration of hydrogen peroxide was 5 mM and the
initial concentration of TiO, was 1 g/L.

749



Ivan Mironyuk, Nazarii Danyliuk, Liliia Turovska, Ihor Mykytyn

(a)
12 12, (b)
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0.4- =
\ 0.3
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Fig. 10. (a) Cyclic activity testing of a commercial P25-TiO, photocatalyst using CR; (b) Rate constants of repeated
degradation reactions of the CR dye (5 mg/L). The initial concentration of hydrogen peroxide was 5 mM, and the
initial concentration of P25-TiO, was 1 g/L.

Table 4
Design with experimental and predicted values of reaction rate constant using equation (9).
Experimental Conditions Rate constant, min
Run Photocat(zl/yLs)t loading Concentzitqllt\)ﬂr; of H,0; Experimental Predicted

1 0.5 0 0.2070 0.421
2 0.5 0.5 0.8902 0.719
3 0.5 2 1.3895 1.364
4 0.5 5 1.5544 1.538
5 1.0 0 0.4987 0.554
6 1.0 0.5 1.1855 0.872
7 1.0 2 1.3458 1.576
8 1.0 5 1.8414 1.869
9 1.5 0 0.3023 0.629
10 1.5 0.5 1.3651 0.966
11 1.5 2 1.6036 1.730
12 1.5 5 2.1959 2.141

should have a high predicted R? and a low PRESS.
According to the above criteria, the quadratic model
has rather high values of adjusted R? (0.7723), R? (0.8758)
and is characterized by the lowest PRESS value (1.67).
Thus, a quadratic model was finally chosen for

constructing the surface and performing calculations.

The quadratic model obtained to describe the
photocatalytic removal of CR from an aqueous solution using
synthesized rutile TiO, is as follows:

Rate constant (min™1) = 1.73 + 0.20 * C(Ti0,) + 0.66 * C(H,0,) + 0.099 * C(Ti0,) * C(H,0,) — 0.029 =

C(Ti0,)? — 0.52 * C(H,0,)?

The ANOVA results of the quadratic model (equation
(9)) for CR degradation are shown in Table 8. In the
statistics presented, the validity of the model was
confirmed by a large F value (8.46) and a small p value
(< 0.0109). The accuracy of the model is also confirmed
by the low coefficient of variation (CV) of 4.48%.

The coefficient of determination R? confirmed the
reliability of the model; the value of the predicted
R%=0.7723 is consistent with the adjusted R? = 0.8758,
which indicates that the resulting model is reliable. Fig. 11
shows the ratio of the experimental values of the rate
constant of CR photodegradation reaction compared to the
predicted values obtained from the RSM model.
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2.8.2. Interaction Effects of
Operating Parameters

Using a quadratic model (Equation (9)) a three-
dimensional (3D) model and a contour plot were created
to represent the influence of independent parameters on
the photodegradation efficiency of CR under the action of
synthesized rutile TiO, and UV irradiation. On 3D and
contour diagrams, one indicator is determined depending
on the change in two independent parameters in the
studied range, shown in Table 1. Fig. 12 shows the effect
of the loading of the synthesized photocatalyst and H20>
concentration on the efficiency of CR photodegradation
under UV irradiation (at a constant CR concentration

(5 mg/L)). The contour lines indicate an increase in the

Independent
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Table 5
Adequacy of the tested model: sequential model sum of squares.
Source Sum of Degree of Mean square F-value P-value Remarks
squares freedom
Linear 3.10 2 1.55 13.28 0.0021
2FI 0.047 1 0.047 0.38 0.5561
Quadratic 0.49 2 0.24 2.84 0.1357 Suggested
Cubic 0.44 3 0.15 5.67 0.0940 Aliased
Table 6
Adequacy of the tested model: model summary statistics.
Source Sé%?ggg% R? Adjusted R? Predicted R? PRESS Remarks
Linear 0.34 0.7469 0.6907 0.5350 1.93
2FI 0.35 0.7583 0.6677 0.3958 2.51
Quadratic 0.29 0.8758 0.7723 0.5970 1.67 Suggested
Cubic 0.16 0.9814 0.9317 -0.2039 5.00 Aliased
Table 7
Coefficients of the quadratic equation.
Factor Coef_ficient Degree of Standard Error 95% Confidence 95% Confid_ence
Estimate Freedom Interval Low Interval High
Intercept 1.73 1 0.21 1.21 2.24
A 0.20 1 0.11 -0.064 0.47
B 0.66 1 0.11 0.39 0.93
AB 0.099 1 0.13 -0.23 0.42
A2 -0.029 1 0.18 -0.47 0.41
B? -0.52 1 0.22 -1.05 0.015
Table 8
Analysis of variance (ANOVA) of the quadratic model (Equation (9)).
Source Sum of Squares Df Mean Square F - Value P-vaI;JeFSProb
Model 3.64 5 0.73 8.46 0.0109
A 0.30 1 0.30 3.47 0.1117
B 3.10 1 3.10 36.04 0.0010
AB 0.047 1 0.047 0.55 0.4860
A? 2.297-10° 1 2.297:10° 0.027 0.8760
B? 0.49 1 0.49 5.65 0.0550
Residual 0.52 6 0.086
Cor. Total 4.16 11
Rﬁgjgéé‘;%g R'erdol_c;?% Model precision = 8.293
Std. Dev. =0.29 Mean =1.20 CV =4.48%
25| efficiency of CR degradation with an increase in the
o . loading of the rutile photocatalyst and the concentration of
E 20— ) = H,0,.
£ a The results obtained show that the photocatalyst
% 15| = e loading and the concentration of H,O, have a significant
g B effect on the degradation of CR. With the addition of
£ - H»0;, an improvement in the activity of the photocatalyst
£ - at the beginning of photooxidation is observed, which is
E 05— o= associated with the formation of a large amount of
hydroxyl radicals under the action of UV radiation. As
00 —| shown in Fig. 12, in the absence of hydrogen peroxide and
an as w0 s 20 25 at a low concentration of the photocatalyst, 100%

Actual rate constant (min~!)

Fig. 11. Predicted degradation rate constants compared to
actual experimental values.
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decomposition of the dye is not achieved within a reaction
time of 10 min. The maximum efficiency of CR
degradation is achieved at a constant initial CR
concentration of 5 mg/L, for 10 min UV irradiation, at
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H20- concentration of 5 mM, and a photocatalyst loading
of 1.5 g/L (Fig. 12). However, a further increase in the
concentration of H,O; leads to the recombination of the
formed hydroxyl radicals by excess H,O, molecules, and
the efficiency of CR decomposition decreases. There is a
positive charge on the surface of the photocatalyst, which
attracts OH~ ions formed in the solution due to the
dissociation of H20,, which significantly increases the rate
of the CR photodegradation. It is known that the electron-
hole pair formed on the catalyst surface improves the
photodegradation rate of dyes [31]. An increase in the
photocatalyst loading from 0.5 to 1.5 g/L blocks the
penetration of UV radiation into the volume of the reaction
mixture, and the efficiency of CR degradation first
increases and then decreases.

2.8.3. Numerical Optimization
The main goal of the study was to find the optimal
parameters for the process of photodegradation of CR in
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an aqueous solution. The presented model, which is able
to predict the maximum activity of the photocatalyst, has
shown that the optimal values of the process variables are
H20, concentration of 5mM and the photocatalyst
concentration of 1.5 g/L. Under these conditions, the
predicted reaction rate constant of CR under UV
irradiation is 2.1959 min?, which is in good agreement
with the experimental value of 2.1410 minl. A
comparison of the photocatalytic activity of various TiO»-
based materials with respect to the photodegradation of
Congo Red is presented in Table 9.

Conclusions

In this work, the photodegradation of Congo Red in
an aqueous solution using rutile TiO, synthesized by
thermolytic decomposition of a titanium aquacomplex
precursor solution [Ti(OH2)s]**+3Cl has been studied.

b)

50

H,0; concentration (mM)

Photocatalyst loading (g/L)

Fig. 12. Effect of photocatalyst loading and H2O> concentration on CR photodegradation rate constant: CR
concentration was kept constant (5 mg/L).

Table 9
Comparison of the photodegradation extent of Congo Red in the presence of various catalysts.
- Degradation
Type of catalyst Condition extent, % Refs
Nano-TiO; CR (20 mg/L) under UV irradiation (20 min) 94 [30]
Tio, CR (10 mg/L) undrc;rirgv irradiation (180 973 [3]
T CR (5 mg/L), H20; (15 mM) under UV
RM-TIO; irradiation (50 min) 921 [1]
T CR (5 mg/L), H20; (10 mM) under UV
LT-TIO; irradiation (30 min) 999 1]
. CR (40 mg/L), H20; (20 mM) under visible
TI0/SA light irradiation (210 min) 100 [32]
Ni_TiO, CR (10 mg/L) undr?]rirgv irradiation (180 92,31 2]
. . CR (5 mg/L), H20; (20 mM) under UV
0 3+
2% Fe™"-doped TiO; irradiation (30 min) 99.4 [33]
. CR (2.5*10° M) under visible light
Mg-TiO-P25/PMS irradiation (120 min) % [34]
. . CR (10 mg/L) under visible light irradiation
TiO, doped cobalt ferrite (120 min) 97 [35]
TiO, CR (5 mg/L), H20z (5 mM) under UV 100 This work
irradiation (10 min)
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The effect of the concentration of TiO,, UV irradiation,
and the concentration of H,O, on CR photodegradation
has been studied in detail. It has been found that rutile
TiO; can readily decompose 5 mg/L CR dye within 10 min
of UV irradiation. The CR photodegradation reaction is
well described by the first-order reaction kinetics. The
TiO concentration of 1.5 g/L and the H>O> concentration
of 5mM proved to be the most effective, leading to
complete decomposition of CR in 10 min at a reaction rate
constant of 2.1959 mint. Under identical conditions, the
photocatalytic activity of the synthesized rutile TiOz is 3.5
times higher than the activity of P25 titanium dioxide
produced by the German concern Evonik. In addition, the
synthesized TiO, sample can be reused for seven cycles of
CR photodegradation. In particular, the resulting TiO;
exhibits higher photocatalytic activity than Degussa P25 even
after the seventh cycle of CR photodegradation. The increase
in the photocatalytic efficiency of TiO, with the addition of
H>0- is explained by the formation of a large amount of
hydroxyl radicals, which cause the rapid destruction of CR
molecules. The synthesized rutile photocatalyst can be

used to treat wastewater from organic toxicants.
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CrpykrypHo-mopdosioriyni Ta porokaraaiTuuHi Biaactuocti TiOz,
OTPMMAHOI0 TEPMOJITHYHUM PO3KIaAoM akBakomiLiekey [Ti(OH2)s]3 3Cl
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TepMONITHYHUIA PO3KIAN Y XJIOPHUIHOKUCIOTHOMY CEPENOBHINI PO3YMHY THTAHOBOTO AKBAKOMIUIEKCHOI'O
npekypcopy [Ti(OH2)s]3*+3Cl, B pesynbTari Horo kum’stinHs 3a Temnepatypu (110-114) °C, cynpoBomkyeTbes
rigpomnizom mpekypcopy Ta yrBopeHHsM Mmomekyin-rigpartie Ti(OH)sCl ¢ 2H20, siki BHacmigok KOHAeHcamii
3a0e3neuyioTh ofepkaHHsA pyTwiabHOro TiO2 3 cTep)HEBHAHOIO (OpPMOI0 YacTHHOK HoBxkuHOIO (30-80) HM i
niamerpoMm (8-20) HM, 00’€IHaHHX y CBOIO 4epry B KBITKOBHAHI acomiatu giamerpoMm (200-280) um. ITutoma
nosepxHsa acowiaTie 62 M2 T, TU-CIeKTpOCKOMIuHI JOCHiIKEHHs MPOAYKTIB TIifpoIi3y NpeKypcopy Ta
CHHTE30BAaHOT'O0 OKCHIHOTO MaTepialy 3acBimdyloTb, IO IeoMeTpH4Hi mapamerpu oktaeznpiB TiOsCl monexys-
rigpariB Ti(OH)3Cl *2H20 € 6au3pkumu go napamerpis okraenpis TiOe pyrunbroro TiO2. Cepenns mikaroMHa
Bigcranb Ti-O okTaenpiB TUTAHOBMICHUX MOJEKYIN-TIPATiB € CBOEPIMHUM IIAOIOHOM, SKHH CKEPOBYE IPOIEC
kpucramizauii TiO2 Ha yrBopeHHs pyTriny. CHHTe30BaHUi B Takuil crocid pyTuibHHH HaHomopoikoBuil TiO2
SIBISAETHCS €(EKTHUBHUM (DOTOKATANII3aTOPOM B PEAKIIAX (OTOOKUCHEHHS B BOJHOMY CEPEIOBHILI OPTaHIYHUX
0apBHUKIB yIbTpadioleTOBUM BUIPOMIHIOBaHHSIM. DOTOKATaliTHYHA AaKTHBHICTH CHHTE30BAHOTO PYTHIEHOTO
TiO2 Bu3Hauanaca npu pyHHyBaHHI PO3UMHEHOTO y BOJHOMY cepenoBuili OapBHHka Kouro uepsonoro (KY).
EdexruBnicts TiO2 BUBYANK OUITXOM IOCTIHKEHHS BILTUBY KibKocTi Ti02 Ta konnenTpanii H202. Beranosieno,
110 ITOBHE 3HeOapBIIeHHs OapBHUKA OCATaeThest BChoro 3a 10 xBmmmH Y ®-onpoMiHeHHS, 32 YMOB KOHI[GHTpAIlis
¢orokarainizaropa 1.5 r/n, konuentpauist H202 5 MM i mouarkoBoi koHueHrtpauii 6apsauka KU 5 mr/n, npu
IBUAKOCTI po3kmany 2.1959 xsL.

KurouoBi ciioBa: turan (IV) oxena; pyrui;, Konro uepBonwuii; Gporokaraiizarop.
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