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The development of new efficient photocatalysts is an important task for solving problems related to
the purification of water and air from organic pollution. Composite materials based on ZnO and
TiO2 exhibit high photocatalytic activity, which makes them promising for this application. In this
work, we present the synthesis and study of the photocatalytic activity of ZnO/TiO, composites
obtained by the method of intermediate hydroxide deposition. The synthesis was carried out on the
surface of Evonik P25 TiO» with three different mass ratios of ZnO to TiO2: 1:3, 1:1, and 3:1. The
resulting composites were studied by X-ray diffraction (XRD), spectroscopy to determine the optical
band gap, and subjected to photocatalytic decomposition under circulating conditions. It was
confirmed by XRD that ZnO crystallizes in the wurtzite phase of hexagonal syngony, and TiO; is
contained in the form of two modifications: anatase and rutile. The effect of the mass ratio of ZnO
to TiO2 on the optical band gap has been studied. The optical band gap of ZnO/TiO, composites
was determined using the Kubelka-Munk algorithm. For the composites (1)ZnO/TiO, and
(3)ZnO/TiO, the bandgap was 3.22 eV, and the lowest value (2.99 eV) was obtained for the
composite with an equal ratio of ZnO to TiO2 - (2)ZnO/TiO2. The photocatalytic activity of
ZnO/TiO2 composites was studied under circulating conditions with congo red dye in the presence
of four different composite weights: 0.2, 0.4, 0.6, and 2 g. The maximum efficiency of photocatalytic
decomposition of the dye was observed for the composite with an equal ratio of ZnO to TiO; at a
dosage of 2 g of the composite per 0.075 g of dye. The synthesized ZnO/TiO, composites exhibit
high photocatalytic activity, which makes them promising materials for water and air purification
from organic pollution. The optimum mass ratio of ZnO to TiO2 for the photocatalytic
decomposition of congo red dye is 1:1.
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the environment, threatening human existence
1. Introduction and life (Phuruangrat et al., 2019). Industrial

enterprises discharge approximately 300-
400 million tons of waste into the world's
water bodies annually, such as organic dyes,
phenolic organic substances, antibiotics, or
heavy inorganic metals (Zhan et al., 2022).
Hazardous waste management is crucial as it
has direct harmful effects on humans, animals
and aquatic ecology (Liu et al., 2020; Singh &
Soni, 2020).

Water pollution has become one of the
most pressing issues of our time due to
population growth (Qi et al., 2020; Samadi et
al., 2016). As population growth coincides
with an increase in the production of synthetic
compounds, in the textile and paint or food
industries, the increase in emissions of these
compounds without any treatment will lead to
the generation of large amounts of waste in
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One of the main sources of water
pollution is improper waste disposal, such as
the discharge of industrial dyes into water
sources. This makes it necessary to constantly
search for low-cost, efficient methods of dye
removal, as well as other wastewater
treatment methods developed in combination
with new materials. These methods include
photodegradation of dyes using appropriate
photocatalysts  (Firdaus et al., 2012;
Georgakopoulos et al., 2015; Siuleiman et al.,
2013). Photocatalytic semiconductor
materials have attracted considerable attention
as advanced physicochemical methods for the
decomposition of organic pollutants (Ahmed
et al., 2019). This is due to their low energy
consumption, simplicity, and mild reaction
course. In removing organic contaminants and
disinfecting water from bacteria,
semiconducting metal oxides such as TiOa,
ZnO, ZnS, CdS or Fe:0s3 exhibit excellent
photocatalytic and antibacterial activities,
making them the most promising materials in
this field (Abebe et al., 2020). Among the
various semiconducting metal oxides, TiO2
and ZnO, which have similar band gaps (ZnQO,
3.37 eV, and TiOz, 3.2 eV), are found to be
excellent photocatalysts for water purification
(Raza et al., 2016). Nevertheless, ZnO is
recognized as a promising alternative to TiO:
due to its high exciton binding energy (60
meV), high electron mobility, high quantum
efficiency, oxidation resistance, non-toxicity,
biocompatibility, and low cost (Swati et al.,
2020).

Composite materials obtained by
combining two semiconductors based on their
strong respective properties offer excellent
combinations for various applications (El
Mragui et al., 2019; Tian et al., 2009). ZnO
and TiO2 semiconductors, independently of
each other, are of great interest due to their
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wide range of properties, but these two
semiconductors differ in several aspects: ZnO
is a direct bandgap semiconductor, while TiO;
has an indirect junction, has a relatively high
absorption rate, and generally has higher
photocatalytic activity than ZnO (Lavand &
Malghe, 2015; Zhao et al., 2012).

In the case of photocatalytic processes,
several important properties of materials must
be taken into account, such as their ability to
absorb photons, separate and transfer charges,
and the rate of charge recombination. This
means that not every semiconductor can be
effectively used for photocatalysis, as the
main problem for most of them is charge
recombination (Banerjee et al., 2006). Based
on the common characteristics of both
materials, such as environmental friendliness,
high electronic properties and almost identical
band gap energy barriers, a highly efficient
binary ZnO/TiO2 photocatalytic composite
can be obtained. Compared to pure ZnO or
TiO,, their combined structures exhibit
enhanced photocatalytic activity due to a
wider light absorption range, efficient charge
separation, reduced electron-hole
recombination, and increased charge carrier
lifetime, leading to improved charge transfer
(Dhanalakshmi et al., 2013).

For the synthesis of ZnO/TiO;
nanocomposite, various methods such as
hydrolysis, chemical vapour deposition, radio
frequency magnetron  sputtering,  spray
pyrolysis and sol-gel methods have been used
(Hasnidawani et al., 2016; Moradi et al.,
2016). In this work, the deposition method
was used to prepare the ZnO/Ti0, composite.

The aim of the work was to study the
photocatalytic ~ activity of  ZnO/TiO;
composites in circulating conditions.

The tasks of this work included
investigation of the influence of the mass ratio
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of ZnO to TiO2 on the crystalline structure,
optical properties, and photocatalytic activity
of the composites; determination of the
optimal dosage of the ZnO/TiO, composite
photocatalyst for the degradation of Congo
Red dye in circulation conditions.

2. Materials and Methods

The synthesis of a ZnO/TiO2 composite
photocatalyst was carried out by the
deposition of intermediate hydroxides and
their hydrolysis on the surface of Evonik P25
TiO; (the amount of powder was different to
obtain three different mass ratios of ZnO to
TiO2 ((1)ZnO/TiO2 - 1:3, (2)Zn0O[TiO2 - 1:1,
(3)ZnO/TiOz - 3:1)). The synthesis scheme is

shown in Fig. 1.
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Preparation Addition NaOH dropwise
of precursor solution of industrial TIO, adding

Drying at T=70°C

Calcination at T=500°C

Hydrolysis at T= 50°C

Fig. 1. Sequence of stages in the
laboratory process of ZnO/TiO, composites
synthesis

To obtain the intermediate product
Zn(OH)3, a solution precursor of ZnAc (Tech
Grade, China) was used, which was
precipitated by a 1M solution of NaOH (CAS,
Germany).

The obtained photocatalyst was
investigated using X-ray diffraction method
with a Rigaku TTR3 powder X-ray
diffractometer (Japan, with Cu Ka radiation
(A = 15406 A), 30 mA and 30 KkV).
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Additionally, its optical bandgap was
analyzed using an inSpect-101UV
spectrophotometer (190-1000 nm,
Spectrometer65TM, China). The
photocatalytic properties were investigated in
a 5 L laboratory circulating setup using a UV
lamp with a wavelength of 245 nm and a
power of 24 W. Filtration was performed
using syringe filters with a diameter of 25 mm
and a pore size of 0.22 um (IDEALAB,
China).

3. Results and Discussion

—>

The crystalline structure of the
synthesized composites was determined using
X-ray diffraction method, which allowed for
the identification of the most intense peaks of
zinc (I1) oxide and titanium (1V) oxide. From
the data shown in Fig. 2, it can be concluded
that zinc (I1) oxide was crystallised in the
wurtzite phase of hexagonal syngony.
Titanium (IV) oxide is contained in the form
of two modifications - anatase and rutile in a
ratio of approximately 86:14.

2500

A

W - Wurtzite
A - Anatase

R - Rutile
WR 1
2000 ! (1)Zn0OITiOy
A ) WA e Age  WAR WA aw

1500 w

ity

e (27000

A
R R ARA w Wa Aw

Intens

1000

500 )
WAR (3)Zn0ITiOy

20 I 30 I 40 I 50 60 I 70 I 80
Fig. 2. XRD of the obtained ZnO/TiO-
composites

As can be seen from XRD, in
composite (1), the intensity of the
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characteristic maximum of anatase is the
highest, and the intensity of the maximums of
rutile and wurtzite is low. With an increase in
the content of the precipitated zinc (1) oxide
phase, its characteristic maxima become more
intense.

In order to compare the value of the
optical bandgap, the absorption spectra of the
ZnO/TiO2 composite photocatalysts were
taken. The photocatalyst samples were
prepared in distilled water. For this 1 mg of
the photocatalyst powder was mixed with
4 mL of distilled water and sonicated for
1 minute to obtain a homogeneous colloidal
suspension.  After that, the absorption
spectrum of the resulting suspension was
taken.
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Fig. 3. Absorbance spectra and
Kubelka-Munk diagrams for: (1)ZnO/TiOg;

(2)Zn0O/TiOz;  (3)ZnO/TiO2, annealed at
500 °C

The results of the conducted research
are presented in Fig. 3. From the absorption
spectra, was observed that the Amax Of all three
composites is approximately in the same
range, around ~335 nm. Additionally, an
increase in absorption intensity was observed,
which was associated with the increase in
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ZnO content in the composites from the
lowest ratio (1)ZnO/TiO, (1:3) to the highest
(3)ZnO[TiO2 (3:1).

The optical bandgap width was
determined using the  Kubelka-Munk
algorithm as employed in the study (lvanenko
et al.,, 2021). As seen from the obtained
results, the optical bandgap width (Eg) for
samples (1)ZnO/TiO2 and (3)ZnO/TiO; is
3.22 eV, while for sample (2)ZnO/TiO; it is
2.98 eV. The reduction in the bandgap width
of the composite (2)ZnO/TiO2 with an equal
component ratio of 50/50 is attributed to the
formation of a bandgap offset at the interface
of the two semiconductors and the reaction of
average intensity levels due to defects in the
crystal lattice, which is also associated with
an indirect heterojunction.

Considering the aforementioned,
sample (2)ZnO/TiO2 possesses an optimal
bandgap width (2.98 eV) for absorbing visible
light and minimizing photo-generated
electron-hole recombination, which explains
its high degree of photocatalytic degradation.

To assess the photocatalytic properties
and determine the maximum effective dosage
of the obtained ZnO/TiO, composites, an
experiment was conducted. In this
experiment, various amounts of ZnO/TiO>
composites were added to a 3 L model
solution of Congo Red dye with an initial
concentration of 25 mg/L, specifically: 0.2,
0.4, 0.6, and 2.0 g. Additionally, the complete
degradation of the dye into simple compounds
CO2 and HO was investigated for each
sample. The investigation was performed
using acid-base titration with evacuated
flasks. Confirmation of CO, formation was
observed through a color change, and
calculations were carried out in percentage
values, which for all samples fell within the
range of 89 %.
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The  process of  photocatalytic
decomposition of dye in circulating
conditions was carried out in a laboratory
setup, the scheme of which is shown
in Fig. 4.

Incoming dye
Power supply 1 1

Outgomg dye

- =5 -
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UV Lamp
UV Reactor
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Fig. 4. Schematic of a laboratory setup
for photocatalytic decomposition of dye in
circulating conditions

The weight of ZnO/TiO, composite
photocatalyst was pre-dispersed in a small
volume of aqueous dye solution (Congo red)
and the resulting suspension was added to a
glass container containing 3 L aqueous dye
solution and the pump was turned on to
circulate it. For several minutes, the setup was
operated in the dark to completely distribute
the particles of the ZnO/TiO> composite
photocatalyst in the solution volume. Then the
UV lamp (A = 254 nm and Q = 24 W) was
switched on. Samples of the Congo red
solution  subjected to  photocatalytic
degradation were taken at different time
intervals and filtered through a syringe
membrane filter (Hutsul et al., 2022), the
results of this study are shown in Fig. 5.

As can be seen from the histograms
shown in Fig. 5, the efficiency of the
photocatalytic degradation of the studied dye
in circulating conditions strongly depends on
the mass of the added composite
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photocatalyst, but does not depend much on

the duration of the UV irradiation process.
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Fig. 5. The degree of Congo red
photocatalytic decomposition in circulating
conditions in the presence of different weights
of: a) (1)ZnOfTiO2; b) (2)ZnOITiOz;
¢)(3)ZnO/TiO2

A solution of Congo red dye with an
initial concentration of 25 mg/L and a volume
of 3 L was decolored by 55 % in the case of
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the (1)ZnO/TiO, composite and ~60 % in the
case of the other two composites after
irradiation with UV light for the first 10 min
and the addition of 0.2 g of the composite.
During the next 290 minutes of the
photocatalytic process, the solution was
discolored by 79 % in the case of
(2)ZnO/Ti02 composite, and by 81 and 74 %
for (2)ZnO/Ti0: and (3)Zn0O/TiO:
composites, respectively. When using a
portion of 0.4 g of the ZnO/TiO2 composite,
the dye solution was discolored by 77 % for
composite (1) and (3), and by 84 % for
composite (2) during two hours of the
experiment, with a discoloration degree of
~70 % achieved in the first 10 min for the all
three composites. The dye under study was
decomposed by ~90 % after using 0.6 g of
(2)ZnO/Ti02 and (3)ZnO/TiO2 composites. In
the case of the (2)ZnO/TiO, composite, 96 %
decomposition was achieved. In the presence
of 2.0 g of ZnO/TiO2 composites in the first
10 min of the process, the degree of
decomposition in the presence of every three
ZnO/TiO2 composites reached ~90 %. With
further irradiation for 300 min it increased to
94% for (1)ZnO/TiO2) and to 98 % for
(3)ZnO/Ti0Oy). In the case of the (2)ZnO/TiO;
composite, the degree of decomposition of
~100 % was reached within 180 minutes.

4. Conclusions

On-line ISSN 2521-151X

Their  photocatalytic ~ activity was
investigated under conditions approximating
industrial settings, specifically on a large-
volume circulation laboratory setup. The
maximum effective dosage of the composite
photocatalyst ZnO/TiO, was experimentally
determined to be 2 g per 0.075 g of dye.

The experimental results demonstrated
high photocatalytic activity of the synthesized
ZnO/TiO, composites.
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®OTOKATAJITUYHA AKTUBHICTH KOMIIO3UTIB ZnO/TiO;
B LMPKYJSILIITHUX YMOBAX

Tyyyn X. P2, Ieanenxo I. M.

'Harionansuuit Texniunuii ynisepcuter Yxpainu "KuiBchkuil monitexuiunmii incTutyT iMmeni Irops
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Pospobkra nosux epexmusnux Gomoxamanizamopie € addCIUGUM 3AB0AHHAM Olisl BUDIULEHHS
npobdnem, No8'a3anHux 3 OYUWEHHAM 800U MA NOGIMPS 8I0 OPeaHIYHUX 3a0pyoHeHb. Komnosummi
mamepianu Ha ocrogi ZnO ma TiO2 demoncmpyroms 6ucoKy pomokamanimuiry aKkmusHicms, wo
pobums ix nepcnekKmusHUMU O OAHO20 3ACMOCY8aHHA. Y Oawill pobomi npedcmagneHo cunmes
ma 0ocnioxcenus: pomokamanimuunoi akmuernocmi komnoszumie ZNOITIO2, ompumanux memooom
ocaocentst npomiscHux 2iopoxcudie. Cunmes npoeoouscs na noeepxui TiO2 maprxu Evonik P25 3
mpvoma pisHumu macosumu cniggionouennamu ZnO oo TiOz: 1:3, 1:1 ma 3:1. Ompumani
KOMRO3UMU  OOCTIONCYBANUCS  MemOooamu PeHmMeeHi8CbKoi  ougppakyii, cnekmpockonii 0
BU3HAYEHHS ONMUYHOI WUPUHU 3AO0POHEHOI 30HU ma Niddasaru GomoKamarimuiHoMy
PO3KIAOAHHIO 6 YUPKVAAYIUHUX YMO8ax. 3a O00nomoeow peHmeeHiscbkoi ougpaxyii  Oy10
niomeepodiceno, wo ZNO kpucmanizyemovcs y siopyumosii ¢asi eexcazonanvroi cuneonii, a TiO2
micmumbvcs y euensoi 080X moougikayin: anamazy ma pymuiy. JocuiodceHo 8naus maco8oeo
cnisgionowenns ZNO oo TiO: Ha onmuuHy wupuHy 3a60poHeHoi 30HU. Bukopucmosyiouu
aneopumm Kybenxu-Mynka, 6yn0 6usnaueHo ONMUYHY WUPUHY 3A00POHEHOI 30HU KOMNO3UMIG
ZnOITiOz. /[na komnoszumis (1)ZnO/TiO2 ma (3)ZnO/TiO2 wupuna 3a60ponenoi 30nu cmanosuia
3,22 eB, a naumenwe s3uauennss (2,99 eB) 6yro ompumano Ons Komnozumy 3 pPIGHUM
cnigsionowennsm ZnO oo TiO2 - (2)ZnO[TiO2. @omoxkamanimuuna aKkmuuicmv KOMHO3UMIG
ZnOITiO2 docnioancysanacy 6 YupKyIAYIUHUX YMOBAX 3 OAPEBHUKOM KOH2O YEPEBOHUM 8 NPUCYMHOCHII
yomupvox piznux Hasadxicox xomnozumis. 0,2; 0,4; 0,6 ma 2 2. Makcumanvna egexmugnicmo
Gomokamanimuynoco Po3KIA0AHHS OAPSHUKA Ccnocmepieanacy Oisi KOMHO3UMY 3  PIGHUM
cnigsionowennsm ZnO oo TiO2 npu dosyeanni 2 2 komnosumy na 0,075 2 6apsnuxa. Cunmesosani
komnosumu ZnO[TiIO2 demoncmpyroms 6ucoky (omoxamanimuyHy axmueHicmb, wo pooums ix
nepCneKmueHuMU mamepianiamu Oiisi OYUWEHH 800U MdA NOSIMmps 6i0 OP2aAHIYHUX 3A0PYOHEHb.
Onmumanvue macoge cnisgionoutenusi ZnO 0o TiO2 onst homokamanimuunoeo po3KnadaHHs
OapeHUKA KOH2O YepeoHo2o cmanosums 1:1.

Knrwuosi cnosa. 6apsnux, xomnosum, xoneo uepsonuit, mumarn (IV) okcuo, gomoxamanis,
yunx (1) oxcuo.
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