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In this paper, the effect of SnO2 impurity on the surface charge and adsorption properties of TiO2 samples is
investigated. The experimental value of the zero charge point for TiO2 with 3 %, 6 % and 12 % of SnO2 equals
3.53, 3.97 and 3.2, respectively. The adsorption activity of the samples was studied on model solutions of the
anionic dye — Congo red. The maximum adsorption capacity (Qexp) equals 24.6 mg/g for 3Sn/TiO2, 25.0 mg/g for
6Sn/TiO2 and 39.1 mg/g for 12Sn/TiO2. Langmuir, Freundlich, and Dubinin-Radushkevich models were used to
describe the adsorption mechanism of Congo red dye on the surface of Sn/TiO2 samples. Based on the results of
the studies of Congo red adsorption by the surface of titanium dioxide doped with Sn, all samples agree best with
the Langmuir model. The correlation coefficients for the Langmuir isotherms are in the range of 0.9927 — 0.9996,
while the values of R? for the Freundlich and Dubinin-Radushkevich isotherms are in the range of 0.721 — 0.8329
and 0.8283 — 0.9433, respectively. The low correlation of the experimental data with the Freundlich model
indicates that these samples are not characterized by multilayer adsorption and inhomogeneous adsorbent surface.
The results of approximation (Dubinin-Radushkevich model) indicate that the process of binding Congo red
molecules to the Sn/TiO2 surface is ion exchange, since the adsorption energy (E) is in the range of 8 —
16 kJ-mol™. Experimental data obtained from adsorption isotherms show that the TiO2 sample containing 12 %
SnOz is the most active. The introduction of additional Sn ions into the TiO2 structure appears to lead to an
increase in the adsorption capacity and the efficiency of dye removal. The best result of Congo red removal
occurred at a concentration of Co = 5 mg/l (% of removed dye = 83 % for 12Sn/TiOz; 81 % for 6Sn/TiO2 and
71 % for 3Sn/TiOz). Therefore, the studied samples of TiO2 doped with SnO2 can be used as effective adsorbents
of Congo red from aqueous solutions.
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Introduction allows to solve problems with wastewater treatment [10-
14]. In addition, titanium dioxide has been studied in
photocatalysis, in the manufacture of supercapacitors,
sensor devices and batteries [15]. The wide range of
applications of this oxide depends on the structural and
morphological characteristics, the method of production,
as well as the crystalline modification of TiO».

In the environment, titanium dioxide is distributed in
the form of such polymorphic modifications as rutile,
anatase and brookite [16]. Each modification of TiO; is
characterized by certain deviations in the lattice, granting
them different properties [17]. The most common
modification of rutile crystallizes in tetragonal crystal
system with the space group P4y mnm, and the
parameters of the unit cell are: a = 4,559 A; ¢ =2,959 A

In the modern world, where science is constantly and
rapidly developing, much attention is paid to the study of
oxide nanomaterials with important chemical and
physical properties. Titanium dioxide is one of the most
popular nanocompounds [1], with diverse range of
applications. TiO, is a major component in the
production of paints, pigments [2], cosmetics [3, 4],
plastics [5], coatings [6,7], etc. Furthermore, titanium
oxide is widely used on surfaces that are capable of self-
cleaning, because these particles have excellent
photocatalytic and antibacterial properties [8,9]. The
high adsorption capacity of TiO, ensures the removal of
contaminants from the aquatic environment, which

561


mailto:marjanysik@gmail.com
mailto:oolkhovyi@gmail.com

I. Mironyuk, M. Myslin, I. Lapchuk, T. Tatarchuk, O. Olkhovy

[18]. The cell structure consists of a Ti atom surrounded
by six O atoms (octahedral configuration of TiOg) [19].
Under high temperature and pressure, TiO, with
polymorphic modification of rutile is considered the most
thermodynamically stable compared to anatase and
brookite, and is the most common in the production of
white pigment [5, 16].

Similar to rutile, crystalline modification of anatase
has a tetragonal unit cell with a space group — 144/amd,
and the parameters of the unit cell are: a = b = 3.782 A;
¢ = 9.502 A [20]. The octahedra in the anatase are
deformed, so this leads to a distortion of symmetry. The
polymorphic modification of anatase is known to have
less thermodynamic stability, so high temperatures will
cause the irreversible conversion of these phases of
anatase into more stable phases of rutile [21].
Considering the photocatalytic properties of anatase, it is
the leader among the modifications of titanium oxide
[17]. Hence the growing trend for using anatase in
photocatalysis among scientists [22].

Brookite is a modification of TiO, with
orthorhombic structure and space group Pbca, the cell
parameters are: a = 9,166 A; b = 5,436 A [15, 16].
Brookite, like anatase, is metastable in terms of
thermodynamics, so under certain conditions it is capable
of irreversible conversion to rutile [23]. Beside three
main common polymorphic modifications of titanium
dioxide, there is a less common form - TiO, (B). This
modification is characterized by lower chemical activity
and is represented by a monoclinic structure with a space
group C2/m [24]. TiO2 (B) is being studied and finds its
application in the development of anodes for lithium-ion
batteries [25], adsorption of heavy metals from drinking
water [26], as well as in photocatalysis [27].

Since the problem of water pollution is currently
crucial for society, the search for a method and materials
that would effectively carry out water treatment is an
urgent issue. In particular, the study of titanium oxide as
an adsorbent to remove contaminants from water is of
great interest among scientists [28-32]. For example,
Vasylyeva et al. [33] demonstrated the adsorption of
yttrium from aqueous solutions on the surface of
4As-TiO, ta Nd/4As-TiO,. In this case, the value of the
maximum adsorption capacity of Nd/4As-TiO; in
relation to yttrium is 24.8 mg/g, and for 4As-TiO, this
value equals 127 mg/g. It was found that the sorption of
yttrium depends on the concentration of Y salt as well as
the acidity of the solution and the stirring time. Sharma et
al. [34] used metal oxide monoliths MnO; and TiO, as
adsorbents to remove heavy metals. Depending on the
choice of PEG used as the agent controlling the structure
of the nanomaterial, the values of the maximum
adsorption capacity of Pb(Il) and Cd(ll) ranged from 769
— 857 mg/g and 667 — 770 mg/g, respectively. Such
results were obtained by adding 0.02 g of adsorbent to
100 ml of metal ion solution (C = 10 — 50 mg/l), stirring
at 200 rpm and then determining the concentration of the
solution.

Beside heavy metals, common water contaminants
include organic dyes, which can cause skin diseases even
at low concentrations. The scientific literature
demonstrates a wide range of methods for removing
dyes, while adsorption is effective and inexpensive. For
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example, Kamal et al. [35] used TiO,/CS-CMM
nanocomposite to extract the Thymol violet dye from
wastewater. The maximum ge of the TiO»/CS-CMM
composite was found to equal 97.51 mg/g. Since titanium
dioxide exhibits good photocatalytic properties and has
the ability to decompose dyes in the light, adsorption
experiments were performed in the dark for the accuracy
of the results. The adsorption of two azo dyes, Reactive
Red 198 and Direct Green 99, on the surface of anatase,
TiO2-P25 and carbon-modified TiO,, was described by
Janus et al. [36]. The studies were performed at 30 °C
while stirring at 150 rpm for 4 hours, and the maximum
concentration of azo dye solutions equaled 20 mg/L. The
results of this experiment revealed that the maximum
adsorption capacity of the samples to remove the Direct
Green 99 dye equals 97.09 mg/g, and in case of Reactive
Red 198, ge equals 42.55 mg/g, which is half the first
value. Studies show that introducing additional atoms
(metal or non-metal) into the structure of titanium
dioxide causes an increase in the specific surface area
and adsorption capacity [37], and, as a result, the
efficiency of removal of organic and inorganic
substances increases. Thus, the aim of this study is to
investigate the TiO, samples doped with SnO; as
effective adsorbents of azo dye Congo red from aqueous
solutions.

I. Experimental

1.1 Synthesis of Sn-TiO2

Samples of TiO, doped with Sn atoms were obtained
via sol-gel synthesis. First, a solution of titanium
precursor was prepared by hydrolysis of TiCls with the
formation of the aquacomplex [Ti(OH2)s]**3Cl~. The
modifying agent SnCls (3, 6 and 12 wt. %) was added
into a solution of TiCl,, diluting with water afterwards.
The solution was maintained at pH = 0.5 — 2 with NaOH,
heated to 60 - 70°C and homogenized over 1 hour.
During heating, the reaction medium became cloudy and
matte white. This indicated the formation of very small
particles of titanium (IV) oxide, which were separated
from the dispersed medium by vacuum filtration. The
precipitate was washed from Na* and CI~ ions with
distilled water until neutral pH, and dried at a
temperature of 120 — 140 °C. The dried Sn/TiO, samples
were ground in a porcelain mortar.

1.2 Adsorption studies

1.2.1 pHpzc determination

The point of zero charge of the surface of the
samples was obtained via pH drift method as follows:
15 mL of NaCl electrolyte solution with different pH
values (2, 3, 4, 7, 8 and 10) were placed in boxes and
added to 100 mg of powders. The pH of the electrolyte
was maintained with 0.1 M of HCI (at pH <7) and
NaOH (at pH > 7) solutions. The dispersions were stirred
for 2 hours, ultrasonicated and kept at room temperature
for 24 hours to establish an equilibrium pH value. Initial
(pHi) and final (pHrf) values of the solutions were
measured and monitored using a pH-meter with a silver
chloride electrode. A plot of pHi(x) versus pHs(y) was
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made, and the pHpzc value was determined by
interpolation to the point where pHs = pHi.

1.2.2 Adsorption of Congo red

The adsorption properties of Sn/TiO, samples were
investigated in a neutral medium of dye solutions. To
construct isotherms, 20 mg of samples were added to
50ml of Congo red solution with different
concentrations (C, = 5, 10, 15, 20, 25, 50, 75, 100, 125
and 150 mg/L). Conical flasks with the sample and the
dye were closed with a silicone stopper, periodically
shaken for 4 hours, and left for 24 hours to reach
equilibrium. The study was performed at a temperature
of 25 °C, using a thermostat. The concentration of CR
dye was determined spectrophotometrically at 500 nm in
cuvettes with I = 5cm using a ULAB 102-UV
spectrophotometer. The adsorption capacity (ge) and the
dye removal efficiency (E) for Sn/TiO; adsorbents were
calculated with formulas (1) and (2):

0e= (Co— Co)*VIm, (1)

E(%) = [(Co—Ce)/Co]*100 %, )

where ge is adsorption capacity, in mg of dye per 1 g of
dry adsorbent (mg/g); C, and C. are initial and
equilibrium concentration of dye in the solution (mg/L);
V is volume of the dye (L); m is mass of the adsorbent

(9)-

I1. Results and discussion

2.1 pHpzc

pHpzc characterizes and determines the information
about surface charge. The zero charge point is the pH
value at which the surface charge of the adsorbent equals
zero. If the experimental results show that pH > pHpzc, it
indicates a negative surface charge of the material and
the ability to attract and absorb cations. If pH < pHpzc,
the surface of the adsorbent acquires a positive charge
and will attach anions.

In our case, the drift method [38] was used to
determine the pHpzc of the samples (3Sn/TiO2, 6Sn/TiO;
and 12Sn/Ti0,), and the dependence of pH (final) versus
pH (initial) was plotted, as shown in Fig. 1.

According to the curve image, the values of the zero
charge point are: 3.53 for 3Sn/TiO,, 3.97 for 6Sn/TiO;
and 3.2 for 12Sn/TiO,. When adsorbed from a solution
with a neutral pH, the zero charge point of the three
samples shifts to the acidic side, meaning pH > pHpzc.
This indicates a possible negative charge on the surface
of titanium dioxide doped with Sn.

2.2 Adsorption of Congo

isotherm modeling

Determination of the adsorption capacity of TiO;
samples doped with Sn in relation to the anionic dye
Congo red is described by the adsorption isotherms,
presented in Fig. 2. The best results under following
conditions (T = 25 °C; msorbent = 20 MQ; Vsolution = 50 mL;
Co (CR) = 5 — 150 mg/L) are observed in titanium

red dye:
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Fig. 1. Point of zero surface charge (pHezc) values for
3Sn/TiOy, 6Sn/TiO, and 12Sn/TiO,.

40 |
30 |
o
M
o
£ 20}
o
o
10 } ——Ti0,+3% Sn0,
——Ti0,+6% Sn0,
: —a—Ti0,+12% SnO,
1 M 1 . L " L M L M 1 M 1 . 1
0 20 40 60 B8O 100 120 140
C.. mg/L

Fig. 2. Adsorption isotherms of Congo red on the surface
of Sn/TiO, samples.

with the highest amount of Sn 12 % (Qexp = 39.1 mg/g).
Instead, the maximum adsorption capacity for samples
with a lower percentage of metal — 3Sn/TiO, and
6Sn/TiO; is 24.6 mg/g and 25.0 mg/g, respectively. The
isotherms show that when the amount of SnO; increases
from 6 % to 12 %, gmax doubles. Based on the obtained
experimental results, an increase in the percentage of
SnO- leads to an increase in the adsorption capacity of
doped samples of titanium dioxide.

In this study, Langmuir, Freundlich and Dubinin-
Radushkevich models were used for a more detailed
characterization of Congo red adsorption on the surface
of Sn/TiO, samples. The Langmuir model is known to
describe an adsorption process in which the adsorbate —
the absorbed substance (in our case, the Congo red dye) —
is concentrated on the surface of the adsorbent in only
one layer. This model is also characterized by adsorption,
which takes place on a homogeneous surface with the
active centers present. The Langmuir isotherm (Fig. 3a)
is expressed by the equation: ge = (qmaxKLCe)/(1 + K Ce),
where gmax IS adsorption capacity; K. is constant of the
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Langmuir equation, C. is equilibrium concentration [39].
Based on the obtained results of adsorption studies, all
the isotherms agree best with the Langmuir model.

Table 1 contains all the main parameters that confirm
the Langmuir model to most adequately describe the
adsorption of the dye on the surface of 3Sn/TiOj,
6Sn/TiO, and 12Sn/TiO,. For example, the correlation

coefficients are in the range of 0.9927 — 0.9996, while
the values of R? of the Freundlich and Dubinin-
Radushkevich isotherms are 0.721 — 0.8329 and 0.8283 —
0.9433, respectively. The maximum adsorption capacity
in this case coincides with gexp. The values of the K.
parameters showed that the affinity of the 6Sn/TiO;
surface for the anionic dye Congo red is better, compared

4 20F b
6l = TiO+3%sno, a . T!02+3°/a Sno,
e TiO,+6% SnO, 18} : T!02+6/: Sno,
5 TiO,+12% SnO, e TiO,+12% SnO,
4 -
s
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© O 12t
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“2-30}
o
S—
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Fig. 3. Linear forms of Langmuir, Freundlich and Dubinin-Radushkevich models for the adsorption isotherms of
Congo red on the surface of Sn/TiO, samples.

Table 1

Isotherm parameters of Langmuir, Freundlich and Dubinin-Radushkevich models for adsorption of Congo red on the
surface of 3Sn/TiO,, 6Sn/TiO, and 12Sn/TiO, samples

Model parameters - Sampl_e -
3Sn/TiO; 6Sn/TiO, 12Sn/TiO,
q exp, MQ/g 24.6 25.0 39.1
Langmuir isotherm
q max, Mg/g 24.5 25.3 39.2
KL 0.22 0.58 0.50
RL 0.03 0.01 0.14
R? 0.9927 0.9996 0.9991
Freundlich isotherm
K 12.2 14.1 18.7
n 0.145 0.135 0.177
R? 0.8006 0.8329 0.721
Dubinin-Radushkevich isotherm
gm, Mg/g 25.6 28.0 45.7
Kpr, mol?/kJ? 0.004 0.003 0.004
E, kJ-mol™* 11.95 12.7 11.2
R? 0.8795 0.9433 0.8283
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Fig. 4. Removal of Congo red (Co, =5 mg/L — 150 mg/L) from water medium by 3Sn/TiO, 6Sn/TiO;
and 12Sn/TiO, samples.

to other samples (K. = 0.58). The dimensionless
parameter R_. was used to determine the type of
adsorption isotherm. It described the adsorption of the
dye on the surface of the doped titanium dioxide as
favorable, because 0 < R. < 1 (R = 0.03 for 3Sn/TiOy,
0.01 for 6Sn/TiO, and 0.14 for 12Sn/TiOy) [13].

The Freundlich isotherm is presented in Fig. 3b
(coordinates: log ge — log Ce¢). The Freundlich model is
described by the equation: ge = KgCe'", where K is
equilibrium constant of the Freundlich equation; 1/n is
parameter that indicates the intensity of the
adsorbent/adsorbate interaction [39]. The decrease in the
correlation coefficient for the Freundlich model (R? =
0.8006 for 3Sn/TiO,, R? = 0.8329 for 6Sn/TiO,, R? =
0.721 for 12Sn/TiO,) compared to the Langmuir model
indicates the inconsistency of this model regarding the
adsorption of Congo red on the surface of Sn/TiO,. This
proves that these samples are not characterized by
multilayer adsorption and inhomogeneous adsorbent
surface. The calculated parameter n (Table 1)
demonstrates a favorable adsorption in all cases, because
n < 1. Instead, the Freundlich equilibrium constant (Kg)
characterizes the affinity of the dye to the surface of
titanium dioxide: the highest value is in the sample
12Sn/TiO, (Kr = 18.7), in other cases Kr decreases with
decreasing percentage of SnO; in the substance (Kr =
14.1 for 6Sn/TiO; Ke = 12.2 for 3Sn/TiOy).

In contrast to the two mentioned models, adsorption
isotherms were also described by the Dubinin-
Radushkevich model for a more complete description of
the adsorption mechanism  (Fig. 3c). Isotherms
constructed in  the  coordinates log Qe —
(RT*In(1 + (1/C.)))? do not fully describe the adsorption
of Congo red on the surface of titanium dioxide doped

with Sn, compared with the Langmuir model (R? =
0.8283 — 0.9433 for Dubinin-Radushkevich model). The
Dubinin-Radushkevich constant showed that 3Sn/TiO;
and 6Sn/TiO; (Kpr = 0.004) are more affine adsorbents
for dye removal. The Dubinin-Radushkevich model
makes it possible to determine the nature of the process
of binding Congo red molecules to the Sn/TiO- surface —
chemical or physical. For this purpose, the adsorption
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energy values are used (E = 11.95 kJ-mol™* for 3Sn/TiO,,
12.7 kJ-mol?! for 6Sn/TiO; and 11.2 kJ-mol? for
12Sn/TiOy). The results indicate that ion exchange is the
process of absorption of Congo red by the surface of
titanium dioxide doped with Sn, because E is in the range
of 8 — 16 kJ-mol™.

The efficiency of dye removal from solutions is
shown in the form of a diagram in Fig. 4. As observed,
the best removal of Congo red occurred at C, = 5 mg/L
(% of removed dye ~ 83 % for 12Sn/TiO,; 81 % for
6Sn/TiO2 and 71 % for 3Sn/TiO,). Accordingly, with
increasing concentration of the dye in the aqueous
solution, the efficiency of its removal decreases. The
diagram also shows that the Sn present in the structure of
titanium dioxide has a significant effect on the adsorption
properties in these samples. For example, the removal
efficiency increases with increasing % of Sn: 3Sn/TiO; <
6Sn/TiO, < 12Sn/TiOz. Thus, the introduction of
additional Sn ions into the structure of TiO, leads to an
increase in the adsorption capacity and the efficiency of
dye removal.

Conclusions

The effect of isomorphic substitution of Ti atoms for
Sn atoms (3, 6 and 12 % (wt.)) in the structure of TiO2 on
its surface and adsorption properties was investigated.
The point of zero charge on the surface of the samples
was measured using pH drift method. The experimental
value of the zero charge point is 3.53 for 3Sn/TiO, 3.97
for 6Sn/TiO; and 3.2 for 12Sn/TiO,. Adsorption activity
was studied in the range of Congo red concentrations
from 5 mg/L to 150 mg/L at 25 °C and in neutral pH.
The maximum adsorption capacity (Qexp) equals 24.6
mg/g for 3Sn/TiO2, 25.0 mg/g for 6Sn/TiO, and 39.1
mg/g for 12Sn/TiO,. Langmuir, Freundlich, and Dubinin-
Radushkevich models were used to describe the
adsorption mechanism of Congo red on the surface of
Sn/TiO, samples. The best result of Congo red removal
occurred at a concentration of C, = 5 mg/L (% of
sremoved dye = 83 % for 12Sn/TiOz; 81 % for 6Sn/TiO,
and 71 % for 3Sn/TiOy). Synthesized samples can be
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effective adsorbents for water

purification.

of organic dyes
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I. Muponrok?, M. Mucnin?, 1. Jlamayk?, T. Tatapuyk?, O. OnbpxoBmii?

AncopOuist a300apBHuka Konro-uepsonoro Ha nosepxsi TiO2, jierosaniii Sn

Ulpukapnamcvkuii nayionanshuii yuisepcumem imeni Bacuns Cmegpanuxa, Ieano-Dpanxiscvk, Ypaina, marjanysik@gmail.com

2STeennoncokuil ynigepcumem, Kpaxis, ITonvwa, oolkhovyi@gmail.com

VY poboti mociimpkeHo BIuB gominiku SnO2 Ha MOBEPXHEBHH 3aps] Ta aicopOLiiHI BIACTHBOCTI 3pa3KiB
TiO2. ExcriepuMeHTabHE 3HAYEHHS TOYKH HyJbOBOro 3apsyty it TiO2 3 3 %, 6 % T1a 12 % SnO2 popisHioE
3,53, 3,97 Ta 3,2 BigmoBimHO. AncopOuUiiiHy aKTHBHICTH 3pa3KiB BHBYAIM HAa MOJENHHHX PO3YHHAX aHIOHHOTO
6apeuuka — Konro yepBororo. MakcumaibHa ancopOuiitHa 30aTHICTh ((exp) AopiBHIOE 24,6 mr/r mmst 3Sn/TiOz,
25,0 mr/r mas 6Sn/TiO2 ta 39,1 mr/r mma 12Sn/TiO2. [na ommcy MexanisMy ancopOuii GapsrHuka Konro
4epBOHOTO Ha TOBepxHi 3paskiB Sn/TiO2 BukopucToByBamm Mmoxeni Jlenrmiopa, @peitamamixa ta yGinina-
Pagymkesnua. Ha ocHOBi pesynpTariB mociimkeHb ancopOmii KoHro 4epBOHOTO TOBEpXHEIO JIETOBAHOTO
JIOKCHy TUTaHy BCTaHOBIICHO, IO BCi 3pa3ku HalKpalle y3ro/LKyrThes 3 moaeto Jlenrmropa. Koedirientn
Kopenswii a1s i30Tepm JleHrmiopa 3HaxonaThes B Mexax 0,9927 - 0,9996, Toni sik 3HayeHHs R? s izorepm
Opeitnpiixa ta Jy6inina-Pagymikesuda 3Haxonatees B Mexxax 0,721 - 0,8329 Tta 0,8283 - 0,9433 BiamosigHo.
Hu3bka Kopemsiisi eKCIepuMEHTANbHUX NaHux 3 Mozeiuno dDpeifHmnmixa cBiTYMTH Mpo Te, IO Li 3pa3kKu He
XapaKTepU3YIOThCA 0araTomrapoBOI0 ancopOIi€l0 Ta HEOTHOPITHOIO TOBEPXHEIO aacopOeHTy. PesymbraTn
anpokcuMaii (mozens JlyOiniHa-PamynikeBnda) BKa3yroTh Ha Te, IO MpOIEC 3B'sI3yBaHHA MosieKyn KoHro
4epBOHOTO 3 MoBepxHero Sn/TiO2 € ioHHUM 00MiHOM, OCKINbKM eHepria agcop6bmii (E) 3HaxoanTses B aianasoHi
8-16 xJlx-Monb?. ExcrepuMeHTabHI JaHi, OTpUMaHi 3a JONOMOrOI0 i30TepM aAcopOlii, MOKa3yloTh, IO
3pazok TiOz, mo mictuth 12 % SnO2, € HalibinbII akTHBHIM. BBeneHHs nonatkoBux ioHiB Sn y ctpykrypy TiO2
OPU3BOIUTH 0 30iTbIICHHS aacopOIiitHol 37aTHOCTI Ta e)eKTHBHOCTI BUAajeHHS OapBHuKa. Haiikparuii
pe3ynbTaT BuaanenHs Konro uepBoHoro crniocrepiraBes npu koHueHtpaiii Co = 5 mr/n (% BumaneHoro 6apBHUKa
~ 83 % s 12Sn/Ti02; 81 % ms 6Sn/TiO2 ta 71 % mns 3Sn/Ti0z2). Otxe, 3pasku TiOz, nerosani SnO2, MOXKYTb
OyTH BUKOpPHUCTaHI K e(peKTUBHI aicCOpOCHTH ISl BUaJIeHHs OapBHUKA KOHIo 4epBOHOTO 3 BOJAHUX PO3YHHIB.

Kumouosi cioBa: TiO2, ancop6uisi, Konro yepBonuii, pHtus.
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