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Pure titanium oxide (TiO2(ng)) and modified with potassium fluoride with different
percentage of dopant: 2, 7, 15% (TiO2(2F), TiOz(7F), TiO2(15F), respectively) samples were
synthesized by low-temperature sol-gel method. The morphology and particle size of pure
titanium(IV) oxide (TiO2(ng)) and titanium(IV) oxide doped with potassium fluoride
(TiO2(2F)) were investigated by scanning electron microscopy method. It was found that
the doping with potassium fluoride does not have a significant effect on the shape of the
particles, but allows to narrow the particle size distribution. X-ray phase and X-ray
structural analyzes of the obtained TiO: samples showed that the predominant phases of
pure TiO2 were rutile and brookite, and only anatase contained in TiO: doped with KF.
The porous structure of the synthesized TiO: samples was studied by the method of low-
temperature nitrogen adsorption-desorption. It was found that the all obtained TiO:
samples belonged to porous adsorbents, the adsorption of which carried out monolayer.
The adsorption properties of the obtained TiO: samples were investigated using a model
pollutant, phenol. It was found that the best adsorption properties showed TiO2(2F) sample
at all three concentrations of pollutant. The maximum adsorption degree of phenol with an
initial concentration of 3.125 mg/dm’® (18%) was achieved by TiO2(2F) sample; with an
initial phenol concentration of 6.25 mg/dm’® was 21.5%, and at an initial phenol
concentration of 12.5 mg/dm? it was 42%. The highest photocatatical activity was shown by
the sample of low-doped fluorine TiO:, in the presence of which phenol was decomposed
by 68%.
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Introduction

Titanium (IV) oxide can exist in various allotropic modifications. The most famous
natural modifications of TiO; are anatase, rutile and brookite. Only the first two crystalline
forms are used in industry [1-3].

Among the three modifications, rutile is the most thermodynamically stable form. It is
formed from anatase and brookite when heated to a temperature of 600-800 °C, depending
on the atmosphere [4, 5]. Anatase and rutile are tetrahedral crystalline systems, while
brookite is orthorhombic. In all three modifications, the oxygen atoms are arranged around
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the titanium atoms in the form of curved octahedra. In rutile, oxygen atoms have
hexagonal dense packing, and in anatase and brookite have cubic dense packing. Half of
the octahedral gaps in rutile and the tetrahedral gaps in anatase are occupied by titanium
cations. Titanium (IV) oxide is known as a promising adsorbent for the removal of
hazardous pollutants from water, in particular phenol [3—10].

Phenol is found in wastewater from the chemical, oil refining, textile, coke-chemical
and other industries. It is an extremely dangerous water pollutant, and today there are no
universal and effective methods of its removal from waste industrial effluents. Among
these methods reagent, extraction and many others are widely used. But they all have
certain disadvantages; the need for valuable reagents, incomplete degree of extraction,
and most importantly, the need for further disposal of removed phenol. Compared with
the above methods, the method of adsorption has significant advantages, which makes it
extremely promising and arouses great interest in the scientific world [10-20].

Currently, there is an increasing interest in the use of a photocatalyst based on titanium
oxide (Ti0O,). Photocatalysis is a fairly inexpensive and easy-to-apply technology capable
of solving many problems, while requiring virtually no costs during operation.
Photocatalysis requires the catalyst itself (TiO,), which is not consumed, and sunlight or
ultraviolet radiation.

In this regard, the task of new adsorbents and photocatalysts creation and research on
the processes of phenol removal in order to select the optimal parameters for their
application and development of the technological implementation of these processes into
industrial conditions is very relevant.

Materials and Methods

The synthesis of TiO, samples was carried out by the modified low-temperature sol-
gel method [21]. For this 15wt.% titanium (III) sulfate solution in sulfuric acid was used
as a precursor. To it a pre-prepared ammonium hydroxide solution with pH 8 was slowly
added dropwise until a pH of 1.2 was reached. In the synthesis of doped samples during
the adjustment of the precursor solution to pH 1.2 a portion of pre-weighed KF
(according to table 1) was added in several small portions. After reaching a pH of 1.2,
the solution was heated to a temperature of 50 °C with constant stirring to undergo low-
temperature hydrolysis for 30 minutes. Data for the synthesis of titanium (IV) oxide
doped with potassium fluoride are presented in Table 1.

Table 1
Data for the synthesis of titanium (IV) oxide doped with potassium fluoride
Ne Sample Precursor volume, cm® Mass of KF, g
1 TiO2 (2F) 10 0.300
2 TiO2(7F) 10 0.084
3 TiO2(15F) 10 0.040

After completion of the low-temperature hydrolysis step, the beaker was covered and
left for aging during 7 days. Then the obtained precipitate of titanium (IV) oxide was
washed on a vacuum filter until the qualitative reaction on SO4%>~ ions disappeared, dried
in an oven at 60—70 °C for 2 hours, ground in an agate mortar, and placed into a hermetic
container for further storage.
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Adsorption and photocatalytic decomposition of phenol.

Investigations of the adsorption and photocatalytic properties of the synthesized
titanium(IV) oxide samples were performed on a model solution of phenol with the
initial concentration of 12.5; 9.375; 6.25; 3.125 mg/dm’.

To study the photocatalytic properties of the synthesized samples of titanium(I'V)
oxide, an installation with a UV lamp with a power of 24 W and a wavelength of 254 nm
was used.

Results and Discussion

Investigation of surface morphology of the TiO, samples

The morphology and particle size of pure titanium (IV) oxide (TiO2(ng)) and
titanium (I'V) oxide (TiO2(2F)) samples doped with potassium fluoride were investigated
using scanning electron microscopy. The obtained images are presented in Fig. 1.

20.00kV _ x5.00k

Fig. 1. SEM images of the synthesized TiO2 samples. a, b — TiO2(ng); ¢, d — TiO2(2F).

Fig. 1 shows that the particles of both synthesized samples have a spherical shape;
their size is in the range of 15-35 pm for TiO»(ng) and 20-30 um for TiO»(2F). This
indicates that the addition of potassium fluoride does not have a significant effect on the
shape of the particles, but allows to narrow the particle size distribution.
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X-ray phase and X-ray structural analysis
Diffractograms of four synthesized TiO, samples obtained by X-ray phase

are shown in Fig. 2.

analysis
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Fig. 2. Diffractograms of synthesized TiO2 samples.
a — TiO2(ng); b — TiO2(2F); ¢ — TiO2(7F); d — TiO2(15F).

According to the diffractograms shown in Fig. 2, the TiOx(ng) sample contains
modifications of rutile and brookite, and the other three samples have the structure of
pure anatase. These findings were obtained using standard cards of International Center
of Diffraction Data Ne 00-015-0875 (brookite), Ne00-021-1272 (anatase), Ne00-021-1276

(rutile).
Crystallograms of the TiO, samples obtained by X-ray structural analysis are shown

in Fig. 3.

As can be seen from the crystallograms shown in Fig. 3, in the TiO2(ng) sample there
are (110), (111), (002), (200), (220), (202), (221) planes of rutile, and (112), (022),
(113), (132) planes of brookite. In the TiO2(2F), TiOx(7F), TiO2(15F) samples there are
(101), (103), (004), (112), (200), (105), (211), (213), (204), (116), (220), (215), (301)
planes, which are inherent in the structure of anatase. These findings were obtained
using standard cards of International Center for Diffraction Data Ne 00-015-0875
(brookite), Ne 00-021-1272 (anatase), Ne 00-021-1276 (rutile).
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Fig. 3. Crystallograms of synthesized TiO2 samples.
a— TiO2(ng); b — TiO2(2F); ¢ — TiO2(7F); d — TiO2(15F).

While processing the results of X-ray phase analysis, the crystal lattice constants

were calculated; they are shown in Table 2.

Table 2
Crystal lattice constants of the synthesized TiO, samples
Sample a, A b, A c, A a p ) 4
TiO2(ng) 4.527 5.497 4.900 90.00 90.00 90.00
TiO2(2F) 3.808 3.808 9.503 90.00 90.00 90.00
TiO2(7F) 3.812 3.812 9.541 90.00 90.00 90.00
TiO2(15F) 3.817 3.817 9.513 90.00 90.00 90.00

For the TiO(ng) sample, the three faces of the crystal lattice differ in length and
indicate a thombic syngony which is characteristic of brookite. The other three samples
have two faces of the same length, so we can conclude that there is a tetragonal syngony,

which is characteristic of the modification of anatase.

Low-temperature adsorption-desorption of nitrogen
The curves obtained by the method of low-temperature nitrogen adsorption-
desorption on the obtained TiO, samples are shown in Fig. 4. The presented isotherms
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belong to I type isotherms of gas adsorption on the surface of solids according to the
Brunauer classification. They are characteristic of porous adsorbents on which the
adsorption is monolayer, and sometimes does not reach the plateau.

The presence of a hysteresis loop in the range of p/p, from 0-0.1 to 1.0 indicates the
availability of mesopores (2-50 nm) in the synthesized samples. It is a noticeable
expansion of the hysteresis loop with increasing of fluorine content in the samples. It
depends on the curvature of the «saddle», the curvature of the spherical meniscus of the
throat pores, as well as their change during the formation of the adsorption layer. The
larger the difference in curvature, the wider the hysteresis loop, and for cylindrical pores
closed on one side, the adsorption and desorption curves coincide. In TiO»(ng) and
TiO2(15F) samples the adsorption and desorption curves practically coincide, so the
hysteresis loop is almost invisible.
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Fig. 4. Nitrogen adsorption-desorption isotherms on the synthesized TiO2 samples.
a— TiO2(ng); b — TiO2(2F); ¢ — TiO2(7F); d — TiO2(15F).

The curves of the distribution of the pores by radii derived from the adsorption-
desorption isotherms described above are shown in Fig. 5.

Pore distribution curves by radius for the sample of TiO»(ng) indicate the presence of
mesopores in the sample and an insignificant number of micropores (Fig. 5,a). The
porosity of the samples doped with fluorine is slightly lower than that of undoped TiO»
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(Fig. 5,b—d). They have an insignificant, almost equal number of micro- and mesopores,
which is reflected in the total porosity of these catalysts, as will be shown in the Table 3.
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Fig. 5. Pore distribution curves in the synthesized TiO2 samples.
a — TiO2(ng); b — TiO2(2F); ¢ — TiO2(7F); d — TiO2(15F).

Structural and adsorption characteristics of the synthesized samples, calculated on the
basis of the obtained isotherms of low-temperature nitrogen adsorption-desorption, are
shown in Table 3.

Table 3
Structural adsorption characteristics of the synthesized TiO, samples
Sample Sspecs m’/g Vg, em’/g Vinicropores m’/g Dyor, nm
TiO2(Hr) 67 0.27 0.26 3
TiO2(2F) 53 0.33 0.21 3
TiO2(7F) 55 0.33 0.23 3
TiO2(15F) 49 0.30 0.20 3

According to Table 3, the synthesized samples have a small specific surface area and
a small pore volume and total porosity accordingly. The pore diameter is 3 nm, which
confirms the presence of mesopores.
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Phenol adsorption

The experimental data obtained while a study of the phenol adsorption by the
synthesized TiO, samples are shown in Fig. 6.
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Fig. 6. The adsorption degree of phenol of different initial concentration
(a— Co=3.125 mg/dm?; b — Co=6.25 mg/dm?; ¢ — Co=12.5 mg/dm?)
on the synthesized TiO2 samples.

The histograms of Fig. 6 show an increase in the degree of phenol adsorption from
solution with the initial concentration of pollutant increasing. The adsorption of the
pollutant may increase with increasing the adsorption capacity of the synthesized
samples. This occurs when the adsorbat molecules are reoriented relative to the surface
of titanium (IV) oxide. Because the phenol molecule contains a benzoic ring, its parallel
and perpendicular orientation can occur. Another reason for the increase in adsorption
capacity may be the rapid transition to polymolecular adsorption. Phenol molecules are
adsorbed on the surface of the synthesized samples in the first 10 minutes. Over the next
10 minutes, the phenomenon of pollutant desorption from titanium (IV) oxide is observed.

TiO2(2F) sample showed the best adsorption properties at all three pollutant
concentrations. The maximum degree of phenol adsorption with an initial concentration
of 3.125 mg/dm? by the TiO»(2F) sample was 18%, with an initial concentration of 6.25
mg/dm?® — 21.5%, and at a phenol concentration of 12.5 mg/dm? it was 42%.
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The adsorption properties of the synthesized samples are improved by increasing the
fluorine content in the synthesized samples.

The isotherms of phenol adsorption by the synthesized TiO, samples obtained in 20
minutes are given in Fig. 7. They have a similar character of concave curves, which
confirms the poorly developed microporosity of all obtained photocatalysts, and, as a
result, their low adsorption capacity.
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Fig. 7. Phenol adsorption isotherms by the synthesized TiO2 samples.

Photocatalytic degradation of phenol

The experimental results obtained while a study of the photocatalytic degradation of
phenol are shown in Fig. 8.

The degree of photocatalytic decomposition of phenol rises with the increase in the
duration of UV irradiation on the pollutant solution, and with the increase in its initial
concentration, as can be seen from the histograms in Fig. 8. For example, the degree of
photocatalytic decomposition at the duration of UV irradiation of 20 min in the presence
of the TiO»(15F) sample was 25; 38; 24; 47% and depended on the initial concentration
of the pollutant solution.

The highest degree of photocatalytic decomposition of phenol was reached at its
initial concentration 12.5 mg/dm? in the presence of the TiO,(2F) sample and constituted
68%.

Fig. 9 shows the spectra of the initial phenol solution and the phenol solution after
photocatalytic degradation.

The spectra of phenol measured before and after the photocatalytic process differ as
is seen from the data in Fig. 9. The intensity of the phenol spectrum maxima in the range
of 350-400 nm greatly increases after ultraviolet irradiation, which indicates the
decomposition of the pollutant and the emergence of new substances, some products of
phenol degradation.
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Conclusions

1. Particles of the samples TiOx(ng) and TiO»(2F) synthesized by low-temperature
sol-gel method have a spherical shape; their size is in the range of 15-35 um for
TiOx(ng) and 20-30 pm for TiO(2F). This indicates that the addition of
potassium fluoride does not have a significant effect on the shape of the particles,
but allows to narrow the particle size distribution.

2. Sample TiO(ng) contains modifications of rutile and brookite, and the other three
samples of TiO, supplemented with fluorine have the structure of anatase.

3. Nitrogen adsorption isotherms on all synthesized samples belong to the first type
according to the Brunauer classification. They are characteristic of porous
adsorbents, the adsorption of which is monolayer, and does not reach the plateau
sometimes, have a small specific surface area, and, accordingly, a small pore
volume and total porosity. The pore diameter of all TiO, samples is 3 nm, which
confirms the presence of mesopores.

4. The sample of TiOx(2F) showed the best adsorption properties toward phenol.
The maximum adsorption degree of phenol with an initial concentration of
3.125 mg/dm?® was 18%, with an initial concentration of 6.25 mg/dm® it equaled
21.5%, and it was 42% at a phenol concentration of 12.5 mg/dm?>.

5. The degree of photocatalytic degradation of phenol of all its studied initial
concentrations in the presence of TiO2 synthesized samples exceeded the
adsorption degree. The highest photocatatical activity was shown by the sample
of low-doped fluorine TiO2, in the presence of which phenol was decomposed by
68%.
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SUMMARY

Ipuna IBAHEHKO, KOpii ®E/IEHKO, Anna CTEIIAHOBA, Onena BHIb
CHUHTE3 TUTAH (IV) OKCUAY TA IEPCIIEKTUBH MOro 3ACTOCYBAHHS B
AJICOPBUIMHUX I ®OTOKATAJIITUYHUX BOAJOOYNCHUX MPOLIECAX

Hayionanvnuii mexuiunuil ynisepcumem Yrkpainu
«Kuiscoxuii nonimexuiunuti incmumym imeni leopa Cikopcokozoy,
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Cunre30BaHO 3pa3ku (oTokartanizaropa Ha ocHOBI THTaH(IV) okcuny — auctoro (TiO,(ur)) Ta MogHdiKO-
Baroro KF i3 pisHuM BincotkoBuM BMmicToM fomanta: 2, 7, 15% (TiO,(2F), TiOy(7F), TiO,(15F), BinmoBinHo)
METO/IOM HH3BKOTEMIIEPaTypHOro rifpoiizy. Mopdoorisi Ta po3Mip 4acTHHOK 3paskiB uyucToro tuta(IV)
oxcuny (TiO,(ur)) Ta turan (IV) okcuny (TiO,(2F)), nomoBanoro ¢pTopuaoM Kaimito, JOCIDKEHO i3 3aCTOCY-
BaHHAM METO/y CKaHYIOUOl eJIEKTPOHHOI MiKpockomii. BcTaHOBiIeHO, 1110 fomyBaHHS (TOPHUAOM Kallilo HE Mae
3HAYHOTO BIUIMBY Ha ()OPMY YaCTHHOK, aje¢ JO3BOJSIE 3BY3UTH PO3IO/IT YaCTHHOK 3a po3Mipamu. IIpoBeneHo
PEHTreHo-(a30BUil Ta PEHTIEHO-CTPYKTYPHHUHI aHai3N ofepkaHux 3pas3kiB TiO, Ta BCTaHOBJIEHO, IO MepeBa-
xarouuMH (azamu y 3pasky urctoro TiO; e pyTii Ta Opykit, a npu ioro nomysanni KF — anarta3. BeranosneHo,
mo B 3pa3ky TiO,(ur) npucytHi rpani (110), (111), (002), (200), (220), (202), (221) Bix pyTuiLy, a TAKOXK IpaHi
(112), (022), (113), (132) Bix 6pykity. Y 3paskax TiO,(2F), TiOx(7F), TiO,(15F) npucytsi rpaui (101), (103),
(004), (112), (200), (105), (211), (213), (204), (116), (220), (215), (301), mo mpuTaMaHHi CTPYKTypi aHaTa3y.
Jlani BUCHOBKHM OyNM OTpUMaHi 3 BUKOPHCTAHHSAM CTaHIapTHUX KapTok International Centre for Diffraction
Data Ne00-015-0875 (mnst 6pykity), Ne00-021-1272 (must anatazy), Ne00-021-1276 (s pytuny). docmimkeHo
CTPYKTYypy MOBEPXHi CHHTe30BaHHX 3pa3kiB TiO, MeTomoM HU3BKOTEMIEpaTypHOi afcopOmii-necopOuii a3oTy.
BusiBneHo, mo Bci ozxepxkani 3pasku TiO, Hanmexarb 0 MOPYBaTHX ancoOpOCHTIB, aicopOlis Ha SKHX €
MOHOIIAPOBOI0. AICOpOLiiHI BIACTUBOCTI OTpHMaHHX 3paskiB TiO, mocmi/UkeHO Ha NpHKIAN (eHomy.
BusiBieHo, mo Haiikparui agcopOuiiiHi BractuBocTi mposiBuB 3pa3ok TiO,(2F) 3a Bcix TphOX IOCIIDKEHHX
KOHIIEHTpANill MOMIOTaHTy. MaKkcUManbHUK CTYIiHb agcopOuiiiHoro BmaydeHHs 3pa3koM TiO,(2F) denomy 3
BHXIiJJHOI KOHIEHTpauiew 3,125 mr/am® ctanoBuB 18%, 3 BHXiZHOIO KOHLIEHTpali€eo ¢eHony 6,25 mr/mm? —
21,5%, a npu BUXiaHiil kKoHueHTpauii penony 12,5 mr/am’ Bin cranous 42%. HaiiBuuty doTokaraTiTHuHy
aKTHBHICTh IIOKa3aB 3pa30K HH3bKopomoBaHOTO (¢ropoM TiO,, y HPHCYTHOCTI SIKOTO (heHON PO3KIafaBcs Ha
68%.

Kntouogi cnosa: turan (IV) okcun, 30/1b-resib METO, JOIyBaHH, acopOLis, GpoToKaTai3aTop.
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