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The aim of our work was to prepare nanoscale composites based on TiO, and carbon photocatalytically active
under UV and visible irradiation in the destruction of safranin T. The samples were characterized by XRD, BET, SEM,
UV-Vis and IR spectroscopy. X-ray analysis revealed photocatalytically active phase of anatase in all the composites. The
powders consist of roundish agglomerates, crystallite size in agglomerates is 15 nm. Analysis of nitrogen sorption—
desorption isotherms for the samples show the presence of a hysteresis loop which is the evidence for mesoporous
structure.

Vibrational spectra of the composites reveal the following bands: near 700 cm™' corresponding to the Ti—O
stretching vibration; around 3407 cm™ attributed to the surface-adsorbed H>O; at 1628 cm™ which is referred to
deformational vibrations in adsorbed water, and around 1300~1500 cm™ corresponding to carbon—oxygen bonds.

Absorption spectra of nanocomposites show a bathochromic shift as compared with those of TiO,. Modification
of TiO, with carbon leads to band gap narrowing of composites, as well as to emerging of additional energy levels in the
band gap of TiO, with energies of 3.12-3.14 eV under valence band; that leads to sensitizing of C/TiO, composites to
visible irradiation. Nanocomposites show higher photocatalytic activity compared to pure TiO,. It may be connected with
the participation of carbon in the inhibition of electron—hole recombination, prolongation of charge lifetime, increasing of
efficiency of interfacial charge separation from TiO, to carbon and formation of doping electronic states inside the TiO,
band gap.
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INTRODUCTION region by many methods, such as metal loading,
doping and coupling of composite semiconductors.
Nanocomposites composed of TiO, and carbon
materials (C) are widely popular photocatalysts
because they combine the advantages of TiO, (good
UV photocatalytic activity, low cost, and stability) to
the enhanced charge carrier separation and lower
charge transfer resistance brought by carbon. Many
different C/TiO, photocatalysts have been studied,
including C-doped TiO,, TiO, supported on carbon
materials, carbon nanostructures embedded in TiO,
and C-coated TiO, [1-6].

So, the aim of our work was to prepare the
samples of carbon/TiO, by an economical pathway
and to test them under UV and visible light
irradiation. We chose cationic dye safranin T (S7) as
the model of pollutants to evaluate the degradation
activity of composites.

Photocatalysis has proven to be a promising
technique for the degradation of hazardous
compounds in aqueous solutions. Titanium dioxide
is the widely used photocatalyst for water
purification, however, it has several serious
disadvantages: the low quantum yield of the
reaction, wide band gap (3.2eV), high rate of
electron-hole recombination, and peculiarity of light
adsorption by TiO, resulting in its photochemical
activity only in the UV region of spectrum. But
ultraviolet light occupies only 4 % of sunlight; on
the other hand, visible light accounts about 43 %.
Thus, it seems more practical and favorable to use
visible light rather than ultraviolet light for the
degradation of water pollutions. So, an urgent
problem in photocatalysis is a search for
photocatalytic systems active under visible light
irradiation which gives an opportunity of their EXPERIMENTAL
widespread practical application.

Researchers are trying to shift the optical
sensitivity of TiO, from UV to the visible-light

Preparation of composites. The samples of
titanitum dioxide modified with carbon were
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obtained through calcination of mixtures of
titanium(I'V) tetrabutoxide (Aldrich), citric acid,
glycerol [7], and different samples of carbon: C1
(0.05, 0.07, 1 and 1.3 g) and C2 (0.05, 0.07, 1 and
1.3¢g). The carbon samples were obtained
according to technique developed in this laboratory
and have different textural characteristics (Table 1).
So, the samples designated as 1C1/TiO,, 2C1/TiO,,
3C1/TiO,, 4C1/TiO, and 1C2/TiO,, 2C2/TiO,,
3C2/TiO,, 4C2/Ti0O,, respectively. The powders
were prepared at stepwise heating (200, 300, 400
and 500 °C) in the presence of air oxygen. Before
annealing, mixture was carefully stirred up to yield
uniform mass. For pure titanium dioxide, the same
mixture was used, but without addition of activated
carbon.

Characterization of photocatalysts. To
analyze samples morphology a scanning electron
microscope (SEM JSM 6490 LV, JEOL, Japan)
was used.

X-ray phase analysis was performed using a
diffractometer Dron-4-07 (Russia) at Cuk,
radiation (with copper anode and nickel filter) in
reflection beam and the Bragg—Brentano
registration geometry (20 =10-70 °). Average
crystallite size was determined using broadening of
the most intensive band by means of the Debye—
Scherrer equation [8]: D = 0.9A/Bcos, where 0.9 is
a constant, A is a wavelength, nm. Crystalline sizes
were determined through characteristics of the
most intensive peaks. Interplanar distance (d, nm)
was calculated using Wulff-Bragg’s equation:
nA = 2dsinO, where n =1 is the order of reflection,
A =0.154 nm is the wavelength, 0 is the scattering
angle, degrees. Thereby, d = n\/2sin0.

The values of specific surface area (Ss,) of the
samples as well as distribution of pores by volume
were determined using a Quantachrom NovaWin2
device. The specific surface of the samples was
obtained from the isotherms of nitrogen sorption-
desorption using the Brunauer—Emmet-Teller
(BET) approach [9]. The pore radius (R) and the
pore volume (V) were calculated from the
desorption branches of the isotherms using the
Barret—Joiner—Halenda method [10].

Optical spectra of powders were measured
using a Perkin-Elmer Lambda Bio 35
spectrophotometer in the range between 200 and
1000 nm which allows one to convert data of
corresponding spectra by the help of the Kubelka—
Munk equation.
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IR spectra of the powders were registered
using a single-ray FT IR spectrometer Thermo
Nicolet Nexus FT-IR (Germany) in the region 500
to 4000 cm'. Synthesized samples under study
were mixed with freshly calcined KBr in 1:4 ratio.

Photocatalytical experiment. Photocatalytic
activity of the samples was evaluated by rate
constants of destruction (kg) of cationic dye ST
(C=0.03 g/l). Before irradiation, catalyst
suspension in aqueous substrate solution was left
in dark up to achieve adsorption equilibrium. In
order to determine the optimal quantity of
photocatalyst in the reactions under study, its
concentration was increased at the constant
substrate concentration. The dependence of
safranin destruction rate constant (k) on the
catalyst concentration shows that at low dye
concentrations (<2 g/l) an increase of the
safranin destruction rate constant with the
increase of photocatalyst amount in the reaction
millieu is observed while it achieves a plateau
consequently when photocatalyst concentration
approaches roughly 2g/l. All the rest
photocatalytic reactions were carried out at the
photocatalyst concentration equal to 2 g/l
Analagous dependences were obtained in the
works [11, 12].

Irradiation of aqueous solutions (pH 6.5) of
dye was performed at room temperature in quartz
reactor in the presence of air oxygen. The light
source was a high-intensity Na discharge lamp GE
Lucalox (Hungary) with power of 70 W, the latter
emitting in the visible region with maxima at 568,
590, and 600nm and an UV lamp BUV-30
(Russia) with the power of 30 W and radiation
maximum at 254 nm.

Concentrations of the substrate were measured
spectrophometrically using a Shimadzu UV-2450
spectrophotometer at A =520 nm for ST. Photo-
catalytic rate constants for the model compound
were calculated using the first order kinetic
equation.

RESULTS AND DISCUSSION

Analysis of SEM-images of the samples shows
that they consist of roundish agglomerates
(Fig. 1 a). Diffractograms of all powders show
intensive peaks which belong to anatase phase
(Fig. 1b) as in works [1,3,4]. No signal of
brookite or rutile is detected by XRD. So, insertion
of carbon into the binary composites does not
induce new crystalline forms different from
anatase. The peaks are quite broad, indicating small
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crystallite sizes. Crystallite size in agglomerates of
samples as calculated through Debye—Scherrer
equation equals to 15 nm.

The samples show the presence of a hysteresis
loop which is the evidence for mesoporous
structure of the powders (Fig. 2 a). The isotherms
correspond to type IV of IUPAC classification for
mesoporous materials with H1 type of hysteresis
loop.
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Fig. 2.

Predominance of pores up to 35nm is
characteristic of pure titanium dioxide, whereas for
composite samples this value is of 5-35 nm (Fig. 2 b).

The texture characteristics of the samples are
presented in Table 1. Compared with titanium
dioxide, specific surface of binary system
C/TiO, samples decreases with C1 addition and
increases with C2 (=0.07 g) addition, pore
volume and radius decreasing.
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SEM-image of the 1C1/TiO, sample (a) and XRD patterns (b) for: I — TiO,, 2 — 3C2/TiO,, 3 — 3C1/TiO,
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Isotherms of nitrogen sorption—desorption obtained at 20 °C for the studied samples (a): I — TiO,, 2 — 4C2/Ti0,,

3 —4CI1/TiO;, (insets: I — Cl, 2— C2) and pore size distribution for the samples (b): / — 2C1/TiO,, 2—-Cl, 3 —
3C1/TiO,, 4 —4C1/TiO,, 5 — TiO; (insets: 1 —3C2/TiO,, 2 —2C2, 3 - 2C2/TiO,, 4 —4C2/Ti0,, 5 — TiO,)

The functional groups of the TiO, and C/TiO,
materials ~ were  characterized by  FTIR
transmittance, as shown in Fig. 3.

The band near 700 cm ' corresponds to the
Ti-O stretching vibration, and is present in all
samples. The broad band around 3407 cm™
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attributed to the surface-adsorbed H,O and the
absorption band at 1628cm’' refers to
deformational vibrations in adsorbed water [13].
Broad band around 3407 cm ' remains in spectra of
modified samples, but the band at 1628 cm™
almost vanishes and intensive peaks in the region
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of 1300-1500 cm™' appear. They correspond to

carbon—oxygen bonds [14].

Absorption spectra of nanocomposites (Fig. 4)
show a bathochromic shift as compared to the
absorption band of pure TiO,. The UV—Vis spectra
reveal that the pure TiO, exhibit an absorption edge

Table 1.  Structural characteristics of the samples

around 380 nm, the composite samples extended
the absorption to the visible range (around
420 nm). This may indicate that carbon and TiO,
nanoparticles are integrated to form C/TiO,
nanocomposites [4].

Sample Sp, M?/g View cm’/g R, nm
Cl 1386.0 0.68 9.8
C2 1064.0 0.45 8.5

TiO, 53.2 0.17 6.4
1C1/TiO, 34.8 0.06 3.6
2C1/TiO, 51.9 0.06 2.3
3C1/TiO, 433 0.11 5.1
4C1/Ti0, 47.2 0.16 6.7
1C2/TiO, 35.5 0.09 5.5
2C2/TiO, 77.5 0.08 2.1
3C2/TiO, 55.1 0.07 2.5
4C2/Ti0, 73.5 0.17 4.6
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Fig. 3. IR spectra of: / — TiO,, 2 —4C2/TiO,, 3 — 2C2/Ti0,, 4 — 4C1/Ti0O,, 5 — 2C1/TiO,
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a: UV-Vis diffuse reflectance spectra of samples: / — TiO,, 2 — 2C2/Ti0,, 3 — 3C2/TiO,; b: Square of extinction

coefficient as dependent of incident irradiation energy for powders: / —Ti0,, 2 — 2C2/Ti0,, 3 — 3C2/TiO,

Modification of titanium with carbon leads to
band gap narrowing of composites (Fig. 4 b), as
well as to emerging of additional energy levels in
the band gap of TiO, with energies of 3.12-3.14 eV
under valence band; that leads to sensitizing of
C/TiO, composites to irradiation in the visible
region of spectrum.

The photocatalytic activity of all the materials
was tested for the decomposition of safranin T in
aqueous solution. Previous to irradiation,

Table 2.

photocatalyst—dye systems were kept in the dark
to achieve sorption equilibrium for 24 h.
Irradiation of dye solution in water in the presence
of photocatalyst leads to a decrease in dye
concentration in solution, process rate depending
on photocatalyst composition (Table 2). Thus, rate
of catalytic destruction of dye at UV irradiation in
presence of titanium dioxide powder increases
more than by a factor of ten (Table 2).

Photocatalytic activity of investigated samples in the destruction of safranin T

Sample UV (k;x 107,57 Vis (k, x 107, s7")
SF
- 0.2 -

TiO, 2.9 -
1C1/TiO, 3.9 0.3
2C1/TiO, 7.7 0.4
3C1/TiO, 4.9 0.4
4C1/TiO, 2.5 0.2
1C2/Ti0, 3.7 0.9
2C2/TiO, 5.8 1.1
3C2/TiO, 4.5 0.8
4C2/TiO, 2.8 0.8

C/TiO, samples manifested a higher Enhancement of photocatalytic activity of the

photocatalytic activity as compared to that of pure
titanium dioxide at UV irradiation (Table 2).
According to [15], the effect of carbon content is
different for different pollutants or different light
sources. In our case, the greatest activity was
detected for the samples 2C1/TiO, and 2C2/TiO,.
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modified samples may be connected with the
participation of carbon in the inhibition of
electron—hole recombination and prolongation of
lifetime of charges which take part of the
destruction processes and with the increasing of
efficiency of interfacial charge separation from
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TiO, to carbon. The authors [4] suggested that The mechanism of the C/TiO, photocatalytic
partial charge transfer occurred from carbon activity improvement under visible light can be
nanoparticles to TiO, by the interfacial Ti—-O—-C explained by the formation of doping electronic
linkages and the electron-accepting sites on the states inside the TiO, band gap [17]. In our case,
carbon nanoparticles facilitate interfacial charge addition of carbon narrows the band gap of the
separation. composites as compared to that of pure TiO,
Dye in aqueous solution, as being exposed to (3.39eV); it also leads to emerging of additional
visible light either without any catalyst, or in the energy levels in the band gap of TiO, with energies
presence of pure titanium oxide shows no of 3.12-3.14 eV under valence band; that leads to
concentration change. Composite samples were sensitizing of C/TiO, composites to irradiation in
photocatalytically active in destruction of ST under visible region of spectrum; so it is possible to
visible light irradiation, in contrast with pure obtain photoactivity at visible irradiation.
titanium dioxide which acts as a photocatalyst only Thus, composite materials proved to be
under UV irradiation. The greatest activity was perspective photocatalysts. They might be used in
detected for 2C2/TiO, sample. According to the photocatalysis for industrial waste purification of
literature [16], carbon in the composites acts as a various organic impurities, in particular, dyes that
doping agent, and some C-Ti bonds are formed. are stable in the environment.

OTpumaHHs Ta XapakTepu3alis JI0KCHIY TUTaHy, MOAN(iKOBAHOIO ByrJieneM, 3
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OO0epoicano  HAHOPO3MIPHI  KOMRO3UYIUHI  mMamepianu HA OCHOGI Oiokcudy mumany i eyeneyro. 3pasku
xapaxmepu3zyeanu memooamu P@A, FET, CEM, Y® i eudumoi cnekmpockoniii ma I4-cnexmpockonii. 3a donomozoro
PEHmMeeHoaz08020 aHANI3Yy 6 YCIX KOMNOUMAX 8UABNEHO (homoKkamanimuyHo akmueHy gasy anamasy. Hocniodcenns
i3omepm copbyii-Oecopoyii azomy O CUHME308AHUX 3DA3KI8 NOKA3AI0 HAABHICMb NemJli 2icmepesucy, wo ceioyums npo
Me30nopysamy CmpyKmypy nopouiKie. Bcmarnogineno, wo KomMnosumu cKiadarmecs 3 Kpyericmux a2iomepamis, posmip
Kpucmanimia 6 Axux cmanogums 15 um. Hanoxomnosumui 3pasxu euasunu nioguueHy Qomoxkamanimuity akmusHicms 6
Odecmpykyii opeaniynozo bapsuuxa cagpariny T npu Y@ ma euoumomy onpomiHenHi 8 NOPIGHAHHI 3 YUCMUM OIOKCUOOM
mumany. Lle moowce Oymu nog’szano 3 yuacmio gyaneyro 6 ineibyeanHi npoyecy peKomoOiHayii enekmpoHie ma Oipox,
NOO0BIHCEHHT HCUMmsL 3apsiois, 30LbUEeHHT epeKmuUeHOCMI Midchaz06020 po3oiny sapsodie Ha mexci gaz TiO, ma syeneyro,
a maKoic hopmy6anti 000amKOBUX eleKMPOHHUX DIGHIS.

Knrouosi cnosa: diokcuo mumany, gyeneys, cappanin T, pomoxamaniz
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Tonyuenvl nanopazmepnvie KOMNOUYUOHHbIE MAMEPUATbl HA OCHOBe Ouokcuoa mumana u yenepooa. Obpasyv
xapaxmepuszoeanu memooamu PPA, BIT, COM, Y@ u eudumoii cnekmpockonuu, a maxdice HMK-cnekmpockonuu.
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Penmeenogazosvlii ananuz noxkasan Hanuuue GomMOKAMamumuiecku aKmueHol (asvl aHAmasa 60 6cex KOMNOZUNIAX.
Hccnedosanue uzomepm copoyuu-oecopoyuu azoma 015 CUHME3UPOBAHHBIX 00pA3YO6 HNOKA3AN0 HAAUYUEe Nemiu
2ucmepesuca, Ymo CEUOCMeIbCmEyen 0 Me30NOPUCOl CMPYKmype HOPOWKOS. YCmanoeneno, umo KoMNO3Unibl
COCMOsIM U3 OKPY2IbX A2IOMEPAamos, pamep KpUCMALIUmo8 6 KOmopwix cocmaegisiem 15 um. Hanoxomnosummvie
06pasyvl npossuu 6onee BbICOKYIO (POMOKAMATUMUYECKYIO AKMUBHOCIb 8 0eCMPYKYUU OpeaHU4ecKo20 Kpacumeis
cappanuna T npu Y@ u 6uoumom ob1yuenuu no CpagHeHUIO ¢ YUCMbIM OUOKCUOOM MUMAHA. DO Modicem Oblmb C63aHO
¢ yuacmuem yanepood 6 UHSUOUPOBAHUU NPOYecca PeKOMOUHAYUU INIeKMPOHO8 U ObIPOK, NPOOIEHUU JICU3HU 3aPsi008,
yeenuueHuu dpghexmusHocmu  medicghazo8020 pazodenenus 3apsadoé Ha epanuye ¢az TiO, u yenepoo, a maxoice
Dopmuposaruy OONOIHUMENbHBIX DNEKMPOHHBIX YPOGHE.
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