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Abstract

TiO2-Eu203 is a photocatalytic material synthesized from tetra-n-butylorthotitanate and rare earth
oxide Eu.O3 by sol-gel method with polyvinyl alcohol. The morphology, chemical composition,
and structure of the catalysts were characterized by infrared (IR) spectrometry, X-ray diffraction,
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy-
dispersive X-ray (EDX) fluorescence spectroscopy. The photocatalytic activity of TiO2-Eu,03 was
studied for the decomposition of phenol in an aqueous medium (initial phenol concentration was 10
ppm) in the visible light range, and its degree decomposition reached more than 90%. The obtained
photocatalytic material can be used in the field of water treatment, namely as a catalyst for the
photochemical decomposition in the visible range of light of organic pollutants for the purification

of textile wastewater, and moreover to create a bactericidal effect in solutions.
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Introduction

TiO2 nanosized is a material much more studied nowadays, it is less toxic, chemically sustainable,
and low priced. TiOz is a semiconductor with the bandgap at 3.05 eV for rutile and 3.25 eV for
anatase; it is able to initiate a sustainable photocatalyst decomposition reaction of organic
compounds in water (Wu 2012, Wang 2012, Tachikawa 2007 and Hu 2008). The photocatalytic
ability of TiO2 can be realised in several ways: photocatalytic dehydration on TiO; electrodes,
creation of a super-permeable surface, and photocatalytic decomposition of organic substance in
ultraviolet light A <380 nm. However, the amount of ultraviolet radiation in the solar spectrum near
the Earth's surface is only 3.5 ~ 4%, so the utilization of this radiation source for the photocatalytic
action of TiOz is limited (Lee 2013 and Kebede 2013). To expand the use of solar radiation energy to
the region of visible light for photocatalytic reactions, the bandgap of TiO2 should be smaller (Zhang
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2011, Kamegawa 2014 and Diker 2011). Therefore, to achieve this goal, many researchers have
synthesized TiO. nanostructures by introducing metal and non-metal ions on its surface or into its
structure. Currently, there are four directions for studying the creation and application of photocatalytic
materials based on pure TiO2: modification of TiO2 with non-metals, modification of TiO. with metals,
and mixing of metal and non-metal oxides (Crake 2017 and Teng 2012).

Rare earth oxides are widely used for various applications, such as the synthesis of optoelectronic
devices, catalysts, and electro-chemicals. At present, mixed oxide systems based on CeO2, Nd20s,
Eu.03, Y203 oxides are used. In addition, titanium oxide is also of particular interest to many
scientists due to its unique properties and wide applicability. Many studies show that the
combination of Eu,O3 and TiO> forms photocatalytic systems with strong catalytic activity in the
visible light area (Feng 2007 and Zhang 2008).

Phenol is a very toxic aromatic compound that is difficult to decompose, it spreads an unpleasant
odour, affects agricultural production, and causes many diseases that are dangerous for humans
even at very low concentrations (Bao 2016). Since the end of the twentieth century, there have been
many questions regarding the content of phenolic compounds in the environment, especially in
water. The main source of natural water pollution with phenol is industrial wastewater after
petrochemical treatment, phenol production, pharmaceuticals, coal, and steel production (Lu 2016
and Gami 2014). Therefore, the removal of phenol from wastewater is an urgent problem today.
Many methods, such as adsorption, biology treatment, catalytic oxidation in a water medium, etc
are used to remove phenol from water. However, it is often necessary to combine two or more
different methods to completely remove phenol from the wastewater (Cheng 2018). It should be
noted that photochemical nanocatalysts significantly increase the efficiency of phenol
decomposition in water (Wang 2017 and Hamza 2015).

In this study TiO2-Eu.0s, photocatalytic catalyst composite was synthesized by the sol-gel method,
because this is a simple method that is easy to implement. During the sintering of the sol-gel, mixed
nano-oxide crystals can be formed at a lower temperature in a short time, and the final product can be
obtained without the formation of an intermediate phase. The effects of the TiO2/Eu.Os ratio, sintering
temperature and initial phenol concentration on the structure, morphology of TiO.-Eu20s, as well as the
ability of phenol to photocatalytic decomposition in the range of visible light radiation are discussed in

this paper.
Materials and Methods

Chemicals
All the reagents and chemicals were of analytical grade and used without further
purification. Tetra-n-butyl orthotitanate (Ti(OCsHo)4, Merck), Eu203 (Merck), nitric acid (HNOs,
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Merck), alcohol (C2HsOH, Merck), acetone (C3HsO, Merck), PVA 205 (Mw = 10.000 g/mol (Japan)

were used for synthesising of TiO2-Eu.O3 photocatalytic catalyst composite materials. The original

standard phenol solution (1000 ppm, Merck) NH4CI > 99.5% (China), Kali hexaxynoferat > 99%

(China), 4-aminoantipyrin > 99% (China) were used to develop analytical calibration curve for

phenol in water by an optical measurement method according to the ISO 6439: 1990.

Equipment

Devices used for the research:

- the catalysts were obtained by the sol-gel method and sintered in a Naberthem WSC furnace
(Germany);

- Optical Absorption Meter Dr 500 (Hach, USA) was used to analyse phenol concentration in
accordance with the 1SO 6439: 1990 method;

- X-ray analyser EDX-D8 Advance (Bruker, Germany) was used to analyse and evaluate the Ti and
Eu content in the catalyst samples;

- the capture device TEM-Tecnai G20 (Shimadzu, Japan) was used to determine the microstructure
of the catalyst particles;

- the image of the morphology and structure of the catalyst particle surface was obtained using an
SEM Jeol JMS 6490 electron microscope (Edax, Japan);

- the infrared (IR) spectrometer (Bruker-Tensor instrument (Bruker, Germany)) was used to analyse
functional groups on the catalyst surface.

Synthesis of photocatalytic TiO.-Eu,03 nanosized system

The preparation of photocatalytic TiO2-EuOs nanomaterials by the sol-gel method using

Ti(OC4Ho)4 and Eu203 as a raw material source is presented in Figure 1.

Ti(OCHs)s
CHsOH

HNO: (2M)

¥

Gel: Ti(OH)Eu(NOs)s

- ) l«—| PVA 205 (10%)
Eu(NOs)3 (pH = 4; 100°C, Stir 2h)

l Dryving gel

‘ Caleinatons 550°C (3h) ‘

l

Nano material
T102-Eu20s

Fig. 1. Scheme of preparation of TiO2/Eu.03 nanostructured materials by sol-gel method.
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First, the oxide Eu.Os was converted to the form Eu(NO3)z by the complete dissolution of Eu.O3
with an excess of HNOs (2M). Excess acid was evaporated by boiling in a water bath at 80°C +
95°C until a wet salt was obtained. Then distilled water was added and the excess acid continued to
evaporate. This process was repeated three to five times until pure salt crystals of the Eu(NO3)3
were obtained, after which it was dried at 80°C under vacuum to constant weight.
Further, the preliminary calculated masses of Ti(OCsHg)s; Eu(NOs)z and PVA (10%) were
introduced into a 250 mL reactor. The PH was adjusted to 4 with HNO3z (2%), stirring for gelation
was carried out at 100°C for 2 hours. The formed gel was dried at 105°C for 8 hours to obtain a dry
light pink white powder. Samples of mixed oxide TiO.-Eu,Oz nanomaterial with different
TiO2/Eu03 ratios were sintered at 500-600°C for 3 hours, then analysed using XRD, SEM, IR and
TEM to determine any changes in the crystal structure, phase composition and average size
particles of material. To determine the content of the material ingredients, EDX spectra of TiO»-
Eu.O3 samples were used.
Activity of TiO2-Eu203 system for phenol decomposition
The assessment of the photochemical catalytic activity of the material for the decomposition of
phenol in water using a wastewater sample with an expected phenol concentration of 10 ppm was
carried out as follows: photochemical catalysts TiO2/Eu,O3 with different TiO2/Eu.O3 ratios (by
weight) were weighed with an accuracy of 0.05 = 0.001 g and was placed in a 500 mL chemical
flask, labelled in accordance with the experiments. Then, 100 mL of an already prepared phenol
solution with a concentration of 10 ppm was added to each flask. The pH was adjusted to 4 with
HCI and NaOH. The flasks were placed in the correct position of the model device. The samples
were illuminated with visible or ultraviolet light or shaded with thin aluminium plates with slow
stirring during testing.
Then the solutions were transferred to centrifuge tubes and centrifuged at 6000 rpm for 10 minutes.
After the completion of the centrifugation process, 1 mL of each solution was placed in a 25 mL
volumetric flask with necessary reagents and buffers and left to stabilize for 15 minutes. The
absorption spectrum was determined at a wavelength of 510 nm. The calibration curve for phenol is
constructed spectroscopically in accordance with 1SO 6439:1990.
The percentage of degradation of phenol (n) was calculated according to the initial, C, (ppm), and
the final, C (ppm), concentrations of phenol in the solution following this equation:

1 =100 x (Co - C)/Co.
The influence of the TiO, / Eu2Os ratio by weight on the activity of the phenol decomposition
catalyst
50 mg of TiO2/Eu,03 catalyst samples at with various TiO2/Eu,Os ratios (by weight), namely: 1/0;
5/1; 10/1; 15/1, 20/1, were accurately weighed and placed in conical flasks containing 100 mL phenol
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10 ppm. The solution was radiated using a tungsten lamp at a distance of 20 cm from the surface of
the solution by continuously stirred at 30°C. The reaction time was 2 hours. At the end of the
experiment, the concentration of phenol was determined by spectrophotometric measuring the optical
density at 510 nm.

The influence of the calcination temperature on the activity of the phenol decomposition catalyst
The catalytic synthesis process was performed as above. The sintering temperature was selected to
make the mixture of catalyst materials according to the documents (Wang 2012 and Tachikawa
2007). The sintering temperature was selected at 500°C, 550°C, 600°C, sintering time was 3 hours,
and the TiO2/Eu.Os ratio (by wt) was 15/1.

The assessment of the photocatalytic activity of TiO2-Eu.Os nanomaterials using different
lighing conditions (natural light, no light and UV light)

The photocatalytic activity of TiO,-Eu,O3 materials with a ratio Eu20s/TiO2 = 1/15 was conducted
in UV, visible light and in the absence of light:

- For UV radiation, two 15 W UV lamps were used, located in parallel symmetrically on both sides
of the reaction flask;

- For visible light, a 165 W tungsten lamp was used, placed directly above the reaction solution;

- In the absence of light, aluminium foil was used to seal the reaction flask.

The decomposition of phenol was conducted at room temperature at pH = 4, the phenol
concentration was 10 ppm. The concentration (optical density) of the remaining phenol in the

solution after centrifugation of the reaction mixture samples was measured at 510 nm.
Results and discussion

Characteristics of the photocatalytic activity of TiO2-Eu,0O3 nanomaterials

* IR spectra of Eu203, TiO2 and TiO2-Eu203

Infrared spectra of EusO2 TiO, and TiO.-Eu203 are presented on Figure 2. There are peaks of
oscillation for EusO; observe at: 1486.83 cm™, 1384.7 cm™, 535.45 cm™ and 477.87 cm™. Infrared
spectra of TiO, show peaks of oscillation at: 1631.3 cm™, 979.82 cm™?, 751.38 cm™. Infrared spectra
of TiO,-Eu.03 show peaks of oscillation for TiO, at: 1631.3 cm™, 979.82 cm™, 751.38 cm™. The
peaks are at 1486.83 cm™, 1384.7 cm, 535.45 cm, 477.87 cm™, characteristic of oscillation of
Eu203 links with the same width with difference < 50 cm™: 1487cm™, 93 cm™, 1388 cm't, 509.79
cm?, 464.07 cm™. This indicates that the combination of TiO2 and Eu,Oj3 leads to the formation of a

compound, which can be characterized by a change and displacement of the Ti-O and Eu-O bonds.
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Fig. 2. IR spectra of Eu,0s, TiOz and TiO»-Eu;0s (TiO2/Eu;05=15/1).
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Fig. 3. EDX scattering spectrum of TiO2-Eu.Os.

The presence of oxide TiO2 and Eu.Oz in material samples were found by x-ray energy scattering
analysis (Fig. 3). Element Eu were found at 1-2 keV va 5-7 keV, while element Ti appeared at
around 4.5-5 keV. Comparison with some of the previous research results (Feng 2007 and Zhang

2008) shows quite a lot in common.
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Fig. 4. X-ray diffraction diagram of TiO2-Eu.O3.

The X-ray diffraction pattern of a TiO2-Eu.0s sample (Fig. 4) with a TiO2/Eu.Os ratio of 15/1 (by
mass) shows peaks at position 2° = 25.4°, 36.9°, 37.85°, 48.0°, 53.9°, 55.05°, 62.7°, 68.8°, which
characterize the TiO> structure in the form of anatase. This proves that the phase structure of TiO»-
Eu20s does not change. In addition, the peak at position 22.9° characterizes the crystal structure of
Eu.0s.

* SEM and TEM images
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Fig. 5. SEM (a), (b) images of TiO2-Eu203 nanostructures.
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Fig. 5. TEM (c), (d) images of TiO.-Eu203 nanostructures.

Particle size has a large influence on the catalytic performance of photocatalytic materials. The
smaller the particle size, the larger the surface area and the higher the efficiency of electrons
received from light.

The results of SEM and TEM of TiO2-Eu.03 show that the surface structure of the material is
spongy, the particles are uniform in size, have a spherical shape, and are evenly distributed along
the TiO2 nanoparticles. The shape and size (20 nm to 50 nm) of TiO.-Eu20s nanoparticles are

shown in Figure 5 (c) and (d).

* UV-Vis spectrum
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Fig. 6. Light absorption TiO2; Eu.O3 and TiO.-Eu.O3 in the UV/visible region.
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The results of the light absorption study (Fig. 6) demonstrate that the TiO. nanostructure has the
maximum absorption at 370 nm, and the Eu203 nanostructure has the maximum adsorption at 240
nm. In the case of the nanostructure of the TiO.-Eu.O3 mixed oxide, the maximum absorption of
the UV-visible spectrum passes into the region of visible light and it is 410-425 nm. This proves
that the combination of Eu,Os and TiO> leads to a shift in the maximum absorption, widening the
Ti0O. bandgap towards visible light.

The influence of TiO2/Eu20s ratios on catalytic activity in photocatalytic degradation of aqueous
phenol solutions

The following ratios TiO2/Eu203 (by weight) for the synthesis of samples were investigated: 1/0;
5/1; 10/1; 15/1 and 20/1. The conditions for the synthesis and study of the catalysts were constant:
the temperature of gel sintering was 550°C; the sintering time was 3 hours; the amount of catalyst
for catalytic studies was 0.05 g; the volume of a phenol solution with a concentration of 10 ppm
was 100 ml; the holding time was from 60 to 150 minutes at natural light for all experiments. The

results are presented in Figure 7.
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Fig. 7. The influence of the TiO2/Eu,Oz ratio and time on the photodegradation of phenol in

aqueous solutions.

TiO2 nanocatalyst has the lowest efficiency for the phenol photodegradation process. At the same
time, for nano catalytic systems TiO2-Eu,0s; with different ratios of TiO2-Eu,O3 (by mass), the
efficiency of photodegradation of phenol is much higher, as shown in Figure 7. The highest
decomposition efficiency is observed at a TiO2-Eu.O3 ratio of 15/1 and with an increase in the

processing time to 120 minutes the efficiency reaches 92.21%.
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The influence of catalyst sintering temperature on phenol decomposition
Based on the results of the above experiment and the results of other researchers (Wang 2012 and
Tachikawa 2007), the temperature conditions for sintering the catalysts were chosen as follows:

500°C, 550°C, 600°C for 3 hours. The TiO2/Eu.Os ratio (by weight) was chosen 15/1. The effect of

the sintering temperature on the photocatalytic decomposition of phenol is presented in Table 1.

Table 1. The effect of catalyst sintering temperature on phenol degradation

Sintering temperature, °C 500 550 600
Initial phenol concentration Co, ppm 10 10 10

Phenol concentration after catalysis Ct, ppm 2.31 0.73 1.36
Efficiency, % 76.9 92.7 86.4

The results in Table 1 demonstrate that a catalyst sintering temperature of 550°C provides
maximum efficiency of 92.7%. It is known (Wang 2012 and Tachikawa 2007) that at 550°C
titanium dioxide is converted into anatase with better photocatalytic activity compared to other
crystalline polyforms, which was explained on the basis of the energy band structure of the TiO>
nanomaterial.

Photocatalytic activity assessment of TiO2-Eu.O3 photocatalyst under different visible light, dark
light and UV light

The photocatalytic activity of the TiO.-Eu.Os catalyst under different lighting conditions is
different (Fig. 8). In the absence of light (in the dark), the phenol decomposition efficiency is low,
only 38.94% after 150 minutes.

105 * Efficiency % 98.02
& ¢ 99 37
a0 82,51 _ ® BH, 72
- o 84,55 —+—  Visible light
61,42 ~ 76,52 Dark light
60 ~ ’ } '
p UV light
45 45,21
31,61 18,94
10 22,95
17,53
15 g
60 90 120 150" Time (tmin)

Fig. 8. The influence of different lighting conditions on the process of the phenol photodegradation.
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Under UV light and natural light, the photodegradation efficiency of phenol reaches 88.72%, and
after 150 minutes of treatment it is 99.37%. It demonstrates the shift of the bandgap of the TiOo-
Eu.O3 material towards visible light, which increases the photocatalytic activity of the TiO2-Eu.O3
system.

Conclusions

The results obtained on the preparation of mixed oxide photocatalysts TiO2-Eu.O3 showed that: the
catalyst particles have a spherical shape, the average size of the catalyst particles is in the range of
20-50 nm. The synthesized TiO.-Eu203 photocatalysts showed good photocatalytic activity of the
phenol decomposition in aqueous solution under visible light irradiation. The photocatalytic system
was able to decompose 98% phenol (10 ppm starting concentration) in aqueous solutions after 150
minutes. The results of this study will contribute to the improvement of the use of modified TiO>
photocatalytic materials in environmental cleaning, especially in the decomposition of phenol in

aqueous solutions.
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OOTOKATAJITUYHA AKTUBHICTb CUCTEM TiO2-Eu.03 B TPOLHECI
PO3K/IAJAHHA ®EHOJIA Y BOAHUX PO3YNHAX

Y Ban Toen Maii, Yle Txi Xaii Jle

! lenapraMeHT HaBKOMMIIHLOTO CepeoBUIA XaHOHCHKHIT YHIBEPCUTET IPUPOIHUX PECYPCIB Ta

noBKiis, micto Xanoi, ZIP 10000, B'etnam.

“ABTOp 1714 AMCTyBaHH: Maitienvhcn@gmail.com
Pedepar

Y  poboTi JOCHIKEHO KOMITO3UTHUH (oTokatamitnaauii  matepian  TiO2-Eu03, mo €
CHUHTE30BaHUM 13 TeTpa-H-OyTHJIOPTOTHUTAHATY Ta piakKo3eMenbHOoro okcuay EuxOz 305b-renb
METOJIOM 3 BUKOPHUCTAaHHSM IOJIIBIHIIOBOrO cUpTY. Mopdosoris, XIMIYHUN CKIIaJ Ta CTPYKTypa
KaTaji3aTopiB oxapakTepu3oBaHO MeTojgamu iHpayepBoHoi (IY) cnexTpomeTpii, peHTTeHIBChKOI
Idpakiii, CKaHyrou01 eJeKTpoHHOI Mikpockomii (SEM), a Takok MpocBI4yBaJIbHOIO €1EKTPOHHOIO
Mmikpockoriero (TEM) ta eHepreTnyHo aucnepciitHoo peHTreHiBcbkor (EDX) dmyopectienTHORO
cnektpockomiero. dorokaranmiTuuny akTuBHICTh T102-EU2O3 BHBUYanm B mporieci po3KIIalaHHS
(dheHoy y BOJHOMY CepeloBHII (MTOYaTKOBa KOHIEHTparlis ¢eHosry cranoBmwia 10 ppm). Y pobori
po3rsiHyTO BIUMB cmiBBigHomeHHs Eu/Ti (a came: 1/0; 5/1; 10/1; 15/1 Ta 20/1), Temneparypu
CHIKaHHS Ta MOYAaTKOBOI KOHIEHTpaii (heHory Ha cTpyKTypy, Mopdosorito TiO2-Euz03, a Takox
3M1aTHICTh (DeHOITY 10 (POTOKATATITUIHOrO PO3KIAJAAHHS B Jlana3oHl BUIIPOMIHIOBAHHS BUIMMOTO
ceitna y npucyTtHocTi TiO2-EU203. HaiiBuia edekTuBHICTD po3KiIaiaHHs crioctepiraetbes y TiO2-
Eu203 3 cHiBBIZHONIICHHSAM aKTUBHUX KOMMIOHEHTIB 15/1. AKTyanbHICTH JIOCIHIKEHb 3yMOBIICHO
TUM, 10 (EeHON € ayKe TOKCHYHOK apOMAaTUYHOIO CIOJYKOK, SKa BaXKKO PO3KIATAETHCS,
MOIIUPIOE HEMPUEMHUM 3amax, BIUIMBA€ HAa CUILCHKOTOCHOJAPCHhKE BUPOOHHUIITBO Ta BUKIMKAE
6e31y XBopoO, HEOE3MEUHUX IS JIFOJIMHU HaBITh IPU JTy’KE HU3bKUX KOHIEHTpalisix. OCHOBHUM
JDKEpENioM 3a0pyAHEHHS IPUPOAHUX BOJ (DEHOJIOM € MPOMHUCIIOBI CTiUHI BOAM Micis HAPTOXIMIUuHOT
OUYHUCTKHU, BUPOOHHULTBO (eHomy, (hapmaleBTHKa, BUPOOHUIITBO BYTULIS Ta cTali. BusBieHo, mo
MaKCUMaJIbHUHN CTYMHiHb po3KiafaHHs ¢eHony csaraB moHaa 90% Bxe yepes 150 xBunmH. OTxe,
OTpUMaHuM (HOTOKATATITUUHUI MaTepial Mo)ke OyTH BUKOPUCTAHUHN y Taiy3l BOJOMIATOTOBKH, a
caMme SIK KaTajizatop Uil (OTOXIMIYHOIO pO3KJIaJaHHs y BUJMMOMY Jiara3oHi CBIiTIa OPraHIdYHUX
3a0pyqHIOBAYiB JUIsl OUMWIICHHS TEKCTHJIBHUX CTIYHUX BOJ, a TaKoX s CTBOPEHHA
0aKTepuIUAHOTO e(heKTy B PO3ZUUHAX.

Kniouosi cnosa: gomoxamanimuuna axmusnicms, Hanoxomnozum T102-EU203,; ¢henon; 600mi
PO3UUHU, 0iaNA30H GUOUMO20 CEIMIA.
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