CHEMISTRY & CHEMICAL TECHNOLOGY

Chem. Chem. Technol., 2021,
Vol. 15, No. 4, pp. 465—474

Chemistry

CHARACTERIZATION AND PROPERTIES OF TITANIUM(IV) OXIDE,
SYNTHESIZED BY DIFFERENT ROUTES

Tetiana Dontsoval' %, Anastasiya Kutuzova!, Ahmad Hosseini-Bandegharaeiz'

https://doi.org/10.23939/chcht15.04.465

Abstract. The article considers the influence of precursor
type and sol-gel synthesis conditions of TiO, on its
properties. The obtained TiO, samples were characterized
by X-ray diffraction methods, electron microscopy, as a
result of which it was found that all the obtained TiO,
powders have the crystallite size in a nanorange of 2.5—
17 nm. It was shown that sorption-photocatalytic properties
of TiO, significantly depend on a phase composition,
surface acidity, specific surface area and porosity. It was
found that the amorphous TiO, has improved adsorption
properties, while crystalline TiO, is characterized by
enhanced photocatalytic properties. Determined acidic
nature of the TiO, surface explains the better sorption and
photocatalysis relative to the cationic dye.

Keywords: titanium(IV) oxide, sol-gel method, struc-
tural-adsorption characteristics, sorption, photocatalysis.

1. Introduction

Titanium(I'V) oxide (TiO,) has a great potential for
use in various chemical processes, but the usage of TiO,
to improve the environment is one of the most promising
ones. This is evidenced by the presence of such functional
properties as the high adsorption capacity and
photocatalytic activity (especially in the nanodispersed
range) in relation to pollutants of aquatic systems, in
particular, organic substances [1].

It is known that the controlled regulation of the
functional properties of metal oxide materials based on
titanium(IV) oxide can be done by changing their phase
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composition, which largely determines their physical and
chemical properties. TiO, exists in three different
crystalline structures: rutile, anatase, and brookite. The
structural unit of the TiO, crystal lattice in all
polymorphic modifications occurs to be the distorted TiOg
octahedrons, which are arranged so that each of oxygen
ions belongs to three octahedrons simultaneously. Only
rutile and anatase are believed to have an applied value
among three polymorphic titanium(IV) oxide modifications.
Rutile is a more thermodynamically stable structure, but
anatase is considered to be the more promising one due to
its greater photochemical activity. However, there is an
evidence in the literature that the greater photocatalytic
activity is attributed to the TiO, nanomaterials consisting
of mixed phases, such as anatase and rutile, anatase and
brookite, or even the mixtures of all three phases [2-5].

Synthesis method, precursors and parameters of
obtaining are of decisive importance in creating
nanomaterials of ecological direction, especially for their
usage as adsorbents and photocatalysts. Variation of these
parameters allows obtaining of nanoparticles of certain
shape and size. These parameters affect not only the shape
and size of the particles, but also the nanostructure,
crystallinity, textural characteristics, sorption and
photocatalytic properties, efc. [6-10]. For the synthesis of
titanium(IV) oxide in scientific literature such methods as a
chemical precipatation, hydro(solvo)thermal synthesis, sol-
gel technology, chemical vapor deposition synthesis, green
synthesis and others are most often considered [11-22].
Moreover, to obtain metal oxide products with more varied
properties, these synthesis methods can be easily combined
with each other or different additional processings. For
example, the ultrasound or high frequency radiation is used
with basic synthesis methods to influence such properties of
TiO; nanoparticles as the size, morphology, specific surface
area, sorption capacity, etc. Ultrasonic treatment enables to
avoid enlargement of the formed particles, as well as to
achieve a high level of their homogeneity [23].

The sol-gel method has become quite widely used
to obtain TiO, due to the relative ease of synthesis and the
wide range of control parameters [24, 25]. By varying the
parameters during synthesis, such as concentration,
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temperature, duration, reaction medium, etc., this method
can purposefully regulate the final physicochemical and
structural-adsorption properties of TiO, powders over a
wide range [19, 26-28]. The sol-gel method also allows
obtaining the homogeneous primary TiO, particles which
are characterized by fewer structural defects than those
obtained by other methods, such as chemical precipitation,
because of the homogeneity of the formation and the
growth of particles due to hydrolysis and polyconden-
sation reactions occurring during sol-gel synthesis [29-
35].

Despite numerous studies in the scientific literature
regarding the synthesis of metal oxide nanopowders by
the sol-gel method, the choice of precursors to obtain TiO,
nanomaterials with specified physicochemical properties
is still a debatable issue. A problem is also the choice of
sol-gel synthesis parameters such as a precursor type,
concentration, temperature, duration, etc. and their impact
on the sorption-photocatalytic properties of TiO,
materials. In the synthesis of environmental materials, the
priority is given to surface-structural characteristics
(specific surface area, porosity, pore distribution by
radius, acidity) of TiO, powders and the possibility of
their purposeful regulation by changing synthesis
parameters. The solution of these problems is important
not only for the further development of production
technology of sorption-catalytic materials based on the
TiO, sol-gel method, but also for the development of
theoretical basis for the sol-gel technology of obtaining
TiO, nanomaterials.

Thus, this article is devoted to the TiO, synthesis
by diverse variations of the sol-gel method and to the
influence of the precursor type, as well as certain
conditions of synthesis on the physicochemical, surface-
structural characteristics of the obtained TiO, powders
and their sorption-photocatalytic properties in order to
establish the relationship between them.

2. Experimental

The chemicals used in this study were titanium(IV)
chloride (TiCly), titanium(IV) isopropoxide Ti{OCH-
(CHj3),} 4, titanium(I'V) oxysulfate (TiOSOy,), titanium(I1T)
chloride in hydrochloric acid (TiCl3), titanium(III) sulfate
in sulfuric acid Tiy(SOy);, isopropyl alcohol, butyl
alcohol, isobutyl alcohol, isoamyl alcohol, organic dye
(Methylene blue and Congo red). All the reagents were of
chemical grade.

Tetiana Dontsova et al.

2.1. Synthesis of TiO, Samples

The synthesis of TiO, powders by a sol-gel method
was implemented by 6 ways. All sol-gel synthesis methods
were developed with the participation of the authors on the
basis of literature analysis and own experimental research.
By the first way (Synthesis 1) the obtaining of TiO, was
performed from an alcoholic solution of titanium(IV)
isopropoxide with the addition of a certain amount of water.
The resulting solution was then placed in a Teflon reactor,
which was sealed in a steel container. The reactor was
heated to 453 K and maintained for 24 h. At the end of the
synthesis, the reactor was cooled, and the resulting
suspension of titanium(IV) oxide was centrifuged several
times with simultaneous washing to pH 6. The washed
powders were dried at 353 K for 24 h. Thus 7iO,-1 sample
was obtained. In the second variant (Synthesis 2), the
synthesis of TiO, was carried out by hydrolysis of TiCly in
water at a temperature of 368 K for 40 min. The resulting
precipitate was then dried at 353 K and calcined at 773 K
for 2 h. In this way a TiO,-2 sample was obtained. The third
procedure (Synthesis 3) consisted in the following. TiCly
was dissolved in the absolutized butyl alcohol and the
certain amount of water was added. After that the mixture
was heated to 368 K and kept for 40 min. The resulting
suspension was dried at a temperature of 353 K. In this
way, 3 samples were synthesized: 7i0»-3, TiO>-4, and
TiO>-5. In the fourth case (Synthesis 4), the synthesis of
titanium(IV) oxide was also implemented with TiCly, but in
different media (aqueous, aqueous-alcohol: isopropyl,
isobutyl and isoamyl alcohols). To this end, titanium(I'V)
chloride was added to the appropriate solution and stirred
for one hour, heated and then the solvent was evaporated.
The powder obtained after evaporation was calcined for 2 h
at a temperature of 673 K. Fourth samples were
synthesized: 7i0,-6, TiO5-7, TiO>-8, and TiO,-9. The fifth
version of the sol-gel method (Synthesis 5) was performed
using titanium(VI) oxysulfate precursor. In this case,
solutions of titanium oxysulfate with certain pH values
were prepared, heated to 353 K and maintained for a certain
time. The precipitate was then filtered, washed and dried in
a vacuum dryer at 373 K. Sixth samples were thus
obtained: TiO,-10, TiO-SGl1l1, TiO»-SGI2, TiO-SGI3,
TiO»-SG14, and TiO,-SG15. By the sixth way (Synthesis
6), titanium(IV) oxide was obtained by hydrolysis of Ti*"
salts at room temperature. Solutions of titanium(III)
chloride (15 wt %) in hydrochloric acid and titanium(III)
sulfate (15 wt %) in sulfuric acid were used as precursors.
Using titanium(IIl) chloride, 7 samples were obtained:
TiOx-16, TiO5-17, TiO5-18, TiO,-19, TiO,-20, TiO>-21 and
TiO,-22; using titanium(III) sulfate — one sample 7i0,-23.
Synthesis conditions of all TiO, samples are shown in
Table 1.
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Table 1
TiO, samples and conditions for their obtaining
Synthesis parameters
Ti0, . i Precursor
sample Parameters Solvent Heat treatment
TiOx-1 1:5 (Ti:H,0),453 K, 24 h Isopropyl alcohol Drying 353 K Ti{OCH-
(CHs)o}4
. . . Drying 353 K, .
TiOy-2 1:5 (Ti:H,0), 368 K, 30 min Isopropyl alcohol calcination 773 K TiCl,
TiOy-3 1:5 (Ti:H,0), 368 K, 30 min
TiO,-4 1:7,5 (Ti:H,0), 368 K, 30 min Butyl alcohol Drying 353 K TiCly
TiOy-5 1:10 (Ti:H,0), 368 K, 30 min
TiO,-6 Water
e eron
) 1:10 (Ti:H,0),293 K, 3 h Water-isobutyl Calcination 673 K TiCl,
TiOy-8 .
solution
Ti0,-9 Water-ls.oamyl
solution
TiO»-10 1:50 (Ti:H,0), 353 K, pH 4, 60 min
TiOx-11 1:50 (Ti:H,0), 353 K, pH 4, 90 min
TiO-12 1:50 (Ti:H,0), 353 K, pH 1, 120 min Drying in a vacuum .
Ti0,-13 1:50 (Ti:H,0), 353 K, pH 2, 120 min Water dryer 373K TI0SO,
TiO,-14 1:50 (Ti:H,0), 353 K, pH 3, 120 min
TiOy-15 1:50 (Ti:H,0), 353 K, pH 4, 120 min
TiO»-16 pH 0,8 (hydrolysis), ageing 7 h
TiOy-17 pH 0,8 (hydrolysis), ageing 14 days
TiO-18 pH 0,8 (hydrolysis), ageing 21 days
. pH 0.8 (hydrolysis), ageing 7 h, pH 9
TiO-19 R . :
(precipitation by ammonia solution) .
9 imtion b e soluti Hydrochloric acid Drvine 323 K Ticl
Ti0,-20 pH 9 (precipi on by ammonia solu on), solution Tying 3
ageing 1 h
. pH 0.8 (hydrolysis),
Ti0-21 1:2 (Ti:F), ageing 7 days
. pH 0.8 (hydrolysis)
Ti0r-22 1:2 (Ti:SO4), ageing 7 days
Ti0,-23 pH 1.2; 353 K, 30 min, ageing 7 days Sulf(l)ll‘lll"tli‘(’) 2“1d Drying 323 K Tix(SO4)s

2.2. Characterization

Phase composition and structural analysis of the
synthesized TiO, samples were performed using a
diffractometer (Ultima IV Rigaku, Japan). The phase
composition of TiO, samples was determined using
standard cards 00-021-1276 (Rutile) and 00-021-1272
(Anatase) Crystallographic Open Database (COD).
Surface structure and morphology of TiO, were studied
using a scanning electron microscope (SEM 1061,
Ukraine) and a transmission electron microscope (TEM
100-01, Ukraine). The investigation of the specific surface
area and porous structure of TiO, samples was performed

by a nitrogen adsorption-desorption (Quantachrome
Autosorb Nova 2200e, USA).

2.3. Sorption and Photocatalysis
Experiments

Sorption and photocatalytic activity of the
synthesized TiO, samples were studied on dye solutions
of both cationic (Methylene blue) and anionic (Congo red)
nature according to the own proven methods. For this
purpose, TiO, samples were dispersed in the initial dye
solutions using an ultrasonic disperser (40 kHz, ultrasonic
bath UZM-004-1, Ukraine) for 5 min. Next, to detect the
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sorption activity, the resulting suspensions were stirred for
10 min. After the sorption process, the spent TiO, photo-
catalysts were separated by centrifugation (5000 rpm,
MPW-310 centrifuge, Poland) and the resulting aliquots
were analyzed. The residual concentration of the dye was
determined by a spectrophotometric method (spectro-
photometer 721 UV/VIS, China) with a wavelength
corresponding to the dye.

When establishing photocatalytic activity in TiO,
samples, the resulting suspension in an ultrasonic bath
was first stirred for 10 min and then treated with UV
radiation (368 nm) with stirring for 20 min. The
separation of photocatalysts from solutions and
determination of residual dye concentration were
performed similar to the study of sorption activity. The
degree of dye removal (Re) in the model solutions was
calculated by the equation:

Re="2"4 1005 (1)
4,

where Ay is the absorbance of the initial model dye
solutions; 4, is the absorbance of the model solutions after
adsorption or/and photocatalysis.

2.4. The Acidity

The total acidity of the surface of the synthesized
TiO, samples was evaluated by the pH value of the
isoionic point (pHjp), which was determined by the pH-
metric method. For this 1wt % suspensions of these
samples in bidistilled water (pH~7) were prepared and pH
of their suspensions was measured for 2 h at constant
stirring (Portlab 102 pH-Meter, Russia). The last measu-
rement of pH was pHj;, [36].

3. Results and Discussion

The main reactions that took place during all
syntheses were as follows. According to Synthesis 1, the
hydrolysis of titanium(IV) isopropoxide is described by
the total reaction:

Ti{OCH(CH;),}4 + 2H,0 —
— TiO,| + 4(CH3),CHOH 2

The Syntheses 2 and 4 can be described by the
reaction:

TiCly + 3H,0 — TiO,H,0| + 4HCl 3)

X-ray analysis showed that the precipitates
obtained by the Syntheses 2 and 4 were characterized by
100% amorphous phase, so they were additionally treated
at high temperature, and the chemical reaction occurred
[37]:

T102H20 — T102 + H2O (4)

According to Synthesis 3, crystalline precipitate
was immediately obtained:

Tetiana Dontsova et al.

TiCly + 2H,0 — TiO,| + 4HCl 5)
The chemical reaction which happened in the
solution in Synthesis 5:
TiOSO, + 2H,0 — TiO(OH), + H,SO, (6)
In this case X-ray amorphous precipitate was also
obtained, which was further calcined, resulting in a
chemical transformation:
TiO(OH),+H,0 — TiO,2H,0] @)
According to Synthesis 6 the hydrolysis is carried
out according to the following chemical scheme. In the
case of titanium(III) chloride chemism can be represented
as:
4TiCl; + O, + 2H,0 = 4TiOCl, + 4HCl ®)
TiOCl, + H,O = TiO,] + 2HCl ©)]
and in the case of titanium(III) sulfate:
2Tix(SOy4); + O, + 2H,0 = 4TiOSO,4 + 2H,S04 (10)
TIOSO4 + H20 = TlOzl + H2$O4 (1 1)

3.1. Structural Study

The respective diffraction (XRD) patterns are given
in Fig. 1. The identification of TiO, samples showed the
presence of pure rutile, pure anatase, mixed rutile-anatase
and amorphous phases. The established phase composition
and the calculated crystallite sizes by the Scherer formula
for all obtained TiO, samples are shown in Table 2.

Analysis of the XRD patterns (Fig. 1a) testifies that
the precursor type and parameters of sol-gel synthesis
have a significant effect on the phase composition and
nano-structuredness of TiO, samples. Thus, the use of
titanium isopropoxide with a soft heat treatment results in
the particles formation of anatase modification with a high
crystallinity and an average crystallite size of 5 nm. The
use of titanium(VI) chloride allows to obtain both the
anatase and rutile modification of TiO,, and the additional
temperature treatment significantly increases the degree of
crystallinity (TiO, samples 2, 4-9 compared with TiO,
samples 3-5), but also reduces the content of anatase
modification due to recrystallization processes during heat
treatment. However, the use of some aqueous-alcoholic
media (water-isopropyl and water-isoamyl) allows to get
mixed anatase-rutile modifications, even when using
further heat treatment. The implementation of TiO,
synthesis by sol-gel methods at low temperatures
(especially in excess of water) contributes to the anatase
modification (TiO, sample 5), but the degree of
crystallinity obtained by a low-temperature synthesis of
TiO, samples is low. Presented in Fig. 1b XRD patterns
for TiO, samples 10-23 only confirm the found
regularities for TiO, samples 1-9. In this case all syntheses
were carried out at low temperatures, resulting in low
crystallinity for all samples. TiO, samples 10-15 are
characterized by almost identical XRD patterns, therefore,
it can be concluded that pH of the medium in the range of
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1-4 during hydrolysis of titanium(IV) oxysulfate has
almost no effect on the final phase composition,
crystallinity and crystallite size of TiO, samples. In our
opinion, the types of precursor and hydrolysis temperature
have the biggest influence. As it is known, sulfate ions
stabilize the anatase modification, which is also observed
in this case, all samples obtained by this way had the
anatase modification with a low degree of crystallinity.
The usage of salts of trivalent titanium allows to
obtain both rutile and anatase modifications (TiO, samples
16-19, 21-23). Applying of ammonia solution precipitator
has traditionally led to the X-ray amorphous phase (TiO,
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sample 20). However, an interesting fact was found that the
additional precipitation by ammonia solution after
hydrolysis process results in the formation of a rutile-
anatase modification of almost 50:50 (TiO, sample 19).
However, as a result of hydrolysis only, a pure rutile phase
is formed (TiO, samples 16-18 have practically identical
XRD patterns). This may be due to the following: initially,
as a result of hydrolysis, a rutile modification is obtained.
The supplement of the precipitator after hydrolysis
promoted further binding of titanium ions from the solution
and crystallization of particles on the surface of rutile
nucleating seed in the anatase phase.
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Fig. 1. XRD patterns of TiO, samples 1-9 (a) and TiO, samples 10-21 (b)
Table 2
Phase composition and structural-adsorption characteristics of TiO, samples
. Phasg . Crystallite | Specific surface area | Total pore volume The average pore
Ti0, sample composition size, nm (m’/g) (cm’/g) size (nm)
(Wt%) : £ £
1 2 3 4 5 6
TiO,-1 (reaction 2) Anatase (100) 5 137 0.29 7.3
TiO,-2 .
(reactions 3 and 4) Rutile (100) 11 19 0.06 42
. . Rutile (84) /
TiO;-3 (reaction 5) Anatase (16) 6/2.5 — — —
. . Rutile (82) /
TiO»-4 (reaction 5) Anatase (18) 57/3 — — —
TiO5-5 (reaction 5) Anatase (100) 3 199 0.175 35
TiO»-6 .
(reactions 3 and 4) Rutile (100) 14 8 0.008 19.7
TiOy-7 Rutile (84) /
(reactions 3 and 4) Anatase (16) 17745 1 0.009 13.1
TiOy-8 .
(reactions 3 and 4) Rutile (100) 13 13 0.01 14.7
TiOy-9 Rutile (92) /
(reactions 3 and 4) Anatase (8) 157335 7 0.007 224
TiO»-10
(reactions 6 and 7) Anatase (100) 2 79 0.16 7.6
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Continuation of Table 2

1 2 3 4 5 6
(reactﬁgg _61 e]md 7) Anatase (100) 2.7 99 0.18 72
(reactﬁgg _61 fmd 7) Anatase (100) 3 78 0.17 8.1
(reactﬁgg _61 ind 7) Anatase (100) 33 85 0.17 7.9
(reactﬁgg _61 an 7) Anatase (100) 3.8 87 0.18 75
(reactiTcl;gsz _61 an 7) Anatase (100) 4.3 107 0.24 6.9
(reactﬁgg _81 gnd 9) Rutile (100) 6 268 0.06 5.7
(react?ég; _81 e7md 9 Rutile (100) 6.5 - - -
(react?ég; _81 ind 9 Rut%le (100) 8.5 - - -
(react?ég;_g ind 9) illll:tlaigg)()/) 6.5/4 269 0.07 5.1
(react?ég; _82 gnd 9) Am((ir(g)él)ous - 430 0.16 25
(reactiTcl;gsz_z;2 eImd 9) Anatase (100) 52 355 0.09 3.6
(react?ég; _82 fmd 9) illll:tlai‘.?(%)()/) 6/4.1 15 0.01 16.7

1025 Anatase (100) 25 5 0.007 243
(reactions 10 and 11)

It can also be seen that the presence of fluoride ions
during hydrolysis gives pure anatase modification (TiO,
sample 21), and the existence of sulfate ions in the
synthesis process (TiO, sample 22) allows to obtaine the
mixed anatase-rutile modification (XRD pattern analogous
of TiO»-19). That is, fluoride ions and sulfate ions
contribute to the crystallization of the anatase modification
(fluoride to a greater extent). The use of titanium(III) sulfate
for synthesis of titanium(IV) oxide (sample 7i0>-23)
predictably results in the formation of the anatase modi-
fication (XRD pattern the same as for TiO, sample 21).

Comparison of the crystallite size and phase com-
position data (Table 2) allows us to formulate the following
regularity: the crystallite size for rutile modification is 6 nm
and higher, and the crystallite size for the anatase
modification varies in the range of 2-5 nm. The obtained
regularity testifies to some critical size of crystallites to
which the anatase modification is crystallized, upon
reaching this critical size, the anatase crystallites re-
crystallize in a more stable rutile modification. Analysis
and comparison of the diffraction results of the study lead
to the conclusion that the type of precursor, reaction
medium, ions presence and heat treatment significantly
affect the crystallite size, phase composition and
crystallinity during the sol-gel synthesis of TiO,.

The structural-adsorption characteristics of TiO,
samples defined by the method of nitrogen adsorption-

desorption are shown in Table 2. As can be seen from the
data presented, the precursor type and synthesis
parameters significantly affect the texture characteristics:
the specific surface area of TiO, samples changes from 5
to 430 m%/g, herewith all samples are mesoporous.
Consequently, we can draw the following conclusions.
TiO, samples, which were exposed to heat treatment after
hydrolysis (7i0,-2, TiO, samples 6-9), had predictebly
smaller specific surface area (in the range of 7-19 m’/g)
compared to non-calcined ones. It was generally
5-10 times smaller than for TiO, samples without heat
treatment.

It can also be observed that the reaction medium
slightly affects the specific surface area (for example TiO,
samples 6-9). The use of oxysulfate-anion instead of
chloride allows obtaining of mesoporous powders with
smaller specific surface areas (about 80—100 m/g versus
140-200 m*/g). The application of titanium(III) sulfate or
sulfate ions in the synthesis process by a low-temperature
hydrolysis results in obtaining of TiO, powders with very
small specific surfaces areas (5-15m?g). The largest
surface areas are inherent in TiO, samples obtained by the
low-temperature hydrolysis of titanium(IIT) chloride. At
the same time usual precipitation permits to recieve a
powder with the most developed surface area (up to
430 m%/g). Therefore, based on the considered structural-
adsorption characteristics of titanium(IV) oxide powders
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synthesized from different precursors, we can conclude
that these characteristics depend significantly on the usage
of post-synthesis heat treatment, slightly on the type of
precursor and the least on the reaction medium.

A certain total acidity of the synthesized TiO,
samples surface indicates the acidic nature of their
surface, with the exception of TiO, samples 19-20, which
have a weakly basic surface character, that is explained by
the use of the precipitation and post-precipitation stages in
the synthesis process.

3.2. Morphology Study

Electronic images of selected TiO, samples are
shown in Figs. 2-4. As can be seen from Fig. 2, the particles
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of TiO, sample 1 are aggregates and agglomerates of
irregular shape and approximately the same size.

TEM image of TiO, sample 2 displays the compact
structure made of aggregates and agglomerates from
crystalline nanoparticles. The sizes of individual TiO,
particles which were synthesized from titanium(IV)
chloride in isopropyl alcohol are close to the crystallite
sizes determined by X-ray analysis.The size distribution of
the nanoparticles in this case is in the range of 10-20 nm.
SEM image of TiO, sample 2 indicates a spherical and
more or less uniform shape of aggregates and agglomerates.
TEM images of TiO, samples 3-5 which were also obtained
from titanium(IV) chloride but in butyl alcohol, reveal a
similar compact structure of aggregates and agglomerates.
The single particles have the size range from 5 to 15 nm.

Fig. 2. SEM and TEM images:
TiO, sample 1 (titanium isopropoxide precursor) and TiO, samples 2-5 (titanium(I'V)
chloride precursor in different alcohol media)

_

Fig. 3. TEM images: TiO, samples 6-9 (titanium(I'V) chloride
precursor) in aqueous-alcoholic media; TiO, samples 11 and
15 (titanium(IV) oxysulfate precursor) in aqueous medium

Tio2-20

Fig. 4. TEM images: TiO, samples 16, 17 and 20-22
(titanium(IIT) chloride precursor) and TiO, sample 23
(titanium(IIT) sulfate precursor) in aqueous medium
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The use of the same precursor (titanium(IV)
chloride) in aqueous and aqueous-alcoholic media results
in larger-sized crystal-like particles (Fig. 3, TiO, samples
6-9). In this case, formation of agglomerates is not
observed and, as can be seen from the above images, TiO,
samples 6 and 7 have a spherical shape of particles with
an average size of 20-30 nm, and TiO, samples 8 and 9
are characterized by an elongated shape of particles with a
size of 40-50 nm. The change in a particle shape from
spherical to elongated can be explained by the usage of
higher molecular weight alcohols, which create an
additional steric effect. TiO, samples 11 and 15 (TiO,
samples 10 and 12-14 have similar images) obtained from
titanium(IV) oxysulfate in the aqueous medium differ
sharply from those described above. As can be seen from
TEM images (Fig. 4, TiO, samples 11 and 15), their
structure has a spongy shape consisting of very small
particles. This is confirmed by X-ray diffraction analysis,
which shows that TiO, powders obtained from
titanium(IV) oxysulfate in the aqueous medium revealed
the smallest crystallite sizes among all obtained TiO,
samples.

Presented in Fig. 4 TEM images of TiO, samples
16, 17 and 20-22 obtained from titanium(IIl) chloride in
the aqueous medium indicate different morphology and
structure of the obtained TiO, particles. TiO, samples 16
and 17, synthesized by a low-temperature hydrolysis, are
characterized by a globular structure, which is formed
mainly of small crystalline particles. The globules
themselves are 100-250 nm in size and are surrounded by
separate rod-like TiO, particles, the average size of which
is ~15 nm in width and 50 nm in length. TEM images for
TiO, samples 18 and 19 are similar. TEM image of TiO,
sample 20 indicates the formation of globules, which are
combined into even larger amorphous agglomerates of
size 800—1000 nm. The average size of globules for this
sample is in the range of 250-500 nm. The amorphous
composition of conglomerates is also confirmed by the
XRD data of this sample, which is logical, since the
sample has been obtained as a result of precipitation with
the ammonia solution.

From the TEM image of TiO, sample 21 it is
noticeable that the aggregates have a spherical shape with
an average aggregate size of 30 to 70 nm. This sample
was obtained by a low-temperature hydrolysis in the
presence of fluorine ions. Therefore, the addition of
fluoride ions promotes the formation of more spherical
particles and aggregates than TiO, samples 16-19. As can
be seen from the TEM image of TiO, sample 22, which
was synthesized in the presence of sulfate ions, the sample
has the form of spheres up to 1 pm in diameter. According
to the literature [38], the formation of balls occurs through
the adsorption of sulfate ions on TiO, aggregates. TiO,
sample 23 was also obtained by the low-temperature
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hydrolysis in aqueous medium of titanium(IIl) sulfate
precursor. In this case, large globular agglomerates were
formed due to the use of the sulfate precursor.

Therefore, the type of precursor, synthesis para-
meters and reaction medium have a significant effect on the
morphology and size of titanium(IV) oxide particles and
aggregates. Additional studies of the obtained titanium(I'V)
oxide powders, such as surface chemistry, structural-
sorption characteristics, and sorption-photocatalytic pro-
perties, are required to select TiO, precursor.

3.3. Sorption and Photocatalytic Activity

The sorption and photocatalytic activity of the
synthesized TiO, samples towards dye solutions of both
cationic (Methylene blue) and anionic (Congo red) nature
are demonstrated in Fig. 5. As can be observed from the
data on the sorption properties of TiO, samples to cationic
dye Methylene blue, TiO>-19 and TiO,-20 samples have
the highest sorption activity (70 % and 90 %, respectively).
This fact is explained by absolute for 7i0,-20 and partial for
TiO,-19 amorphous nature of these samples (TiO, sample
20 was obtained by the precipitation with the ammonia
solution and TiO, sample 19 by the post-precipitation with
the ammonia solution after hydrolysis). The remaining
samples show either little or no sorption activity.

Photocatalytic properties of TiO, samples are much
better than the sorption ones and they inherent to all
samples. It can be seen that there is the correlation between
sorption and photocatalytic properties: TiO, samples with
higher sorption properties generally have higer
photocatalytic activity, which is due first of all to the
specific surface area. There are some exceptions, such as
TiO, sample 2 that is probably related to the surface
properties of this sample. It should also be noted that TiO,
sample 20 does not have photocatalytic properties; its
efficiency is due to the high sorption characteristics
inherent in the hydrated precipitates of metal oxides. TiO,
samples which were obtained by Synthesis 3 have the
highest photocatalytic activity to Methylene blue. It should
be noted that TiO,-P25 commercial sample (Evonik
Industries AG, Germany) has sorption and photocatalytic
activities of 15 % and 40 %, respectively. Sorption and
photocatalytic activities of TiO, samples in regard to the
anionic dye Congo red are slightly worse ones. Only 7i0,-1,
TiO>-16 and also slightly 7i0,-2 have the sorption activity.
The best photocatalytic activity is peculiar to 7iO,-1 and
TiO,-16, which are at 77% and 100 % respectively, and
they are higher than for TiO,-P25 commercial sample, the
photoactivity of which is 71 %. It should be noted that for
TiO, samples 6-9 and 10-15, the photoactivity is in
accordance with their specific surface area. TiO, samples
which are not shown in Fig. 5b have no sorption-
photocatalytic activity at all in relation to anionic dyes.
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Fig. 5. Removal of Methylene blue (a) and Congo red (b) dyes by sorption and photocatalytic processes on TiO, samples

The observed best sorption-photocatalytic activity
for almost all TiO, samples with respect to the cationic
dye is explained by the positive charge of their surface
under conditions of sorption experiments.

A significant influence of the morphology of TiO,
particles on their sorption-photocatalytic properties was
not revealed in this work. This might be caused by the
effect of more significant characteristics of TiO, particles
in this case: phase composition, surface acidity, specific
surface area and its availability. Also, according to the
literature, it is known [39] that only TiO, particles in the
form of well-formed nanotubes exhibit better photo-
catalytic properties compared to round-shaped nano-
particles due to the better electronic transfer. In this work,
despite the different structure, particles of round shape or
close to round shape were obtained, and thus morphology
does not have any significant effect on their properties.

4. Conclusions

Titanium(I'V) oxide was obtained using the sol-gel
method, the choice of which is related to clear simplicity
of the synthesis and the possibility of directional
regulation of physical and chemical properties of
adsorbents and photocatalysts. The synthesis of TiO, was
carried out in different variants: in some cases the precursor
type was varied; hydrolysis was performed in the presence
of foreign ions and in different media; additional stages
were used. Characterization by X-ray diffraction, electronic
spectroscopy, of TiO, samples has shown that the precursor
type, foreign ions, reaction medium and thermal processing
after hydrolysis have the significant influence on such
physicochemical characteristics as phase composition,
nanostructure and morphology.

It was found that all the obtained TiO, powders
have a crystallite size in the nanoscale, with the size of

crystallites in the anatase modification varying in the
range of 2—5 nm, and for rutile modification it is greater
than 6 nm. Heat treatment significantly increases
crystallinity of the samples, while reducing the specific
surface area.

It has been found that almost all TiO, samples
demonstrate acidic character of their surface, which
explains the better sorption and photocatalysis with
respect to cationic dyes than to anionic ones. A weakly
basic character of surface is formed when using ammonia
solution during synthesis. Also, specific surface area,
porosity, and surface accessibility have a significant effect
on the sorption-photocatalytic properties. Comparison of
the synthesized samples with the commercial sample
showed the prospects of some syntesized samples that
were obtained without usage of heat treatment after
hydrolysis and without foreign ions in both aqueous and
alcoholic media.
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XAPAKTEPUCTHKA 1 BIACTUBOCTI
TUTAHY(IV) OKCUJTY, CHHTE3OBAHOT' O
PI3HUMH METOJIAMH

Anomauia. Bugsueno eniué muny mnpekypcopie ma ymoe
sonmb-eenv cunmesy TiO, na tioco enracmueocmi. 3a 00nomo2oio
Memooié penmeeHi6CbKoi Oupparkyii ma enekmpoHHOI MIKPOCKONIIT
ecmanogneno, wo eci ompumari TiO; nopowxu maroms po3mip
Kpucmanimie 6 Hanooianazoni 2.5—17 um. Iloxazano, wo cop6-
yitino-pomoxamanimuuni enacmusocmi TiO, icmomno 3anexcamo
6i0 haz08020 ckuady, KUCIOMHOCHI NOBEPXHI, NUMOMOI NOBEPXHI
ma nopucmocmi. Buseneno, wo amopgui TiO; marome nokpaweni
adcopbyiini eracmugocmi, a kpucmaniuni TiO, xapakmepuszylomo-
€A NOKpaueHuMy QomokamanimusHumy eracmugocmamu. Busua-
uenuti Kkucromuull xapaxmep nogepxui TiO, nosacuioe kpawy 8 yi-
oMy copbyito ma omoxamaniz no IOHOWEHHIO 00 KAMiOHHO20
6apeHuka.

Knrouoei cnosa: mumany(V) oxcuo, 30mv-cenv memoo,
CMPYKMYPHO-A0COpOYIlHI - Xapakmepucmuky, —copbyis, — domo-
Kamanis.



