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Water pollution by organic dyes is a critical environmental issue that requires innovative and effective
solutions. Photocatalytic materials based on titanium dioxide (TiO.) can effectively degrade these pollutants;
however, their use in suspension form has several drawbacks, such as the difficulty of separation and limited
reusability. To overcome these limitations, the use of composites is promising, as they simplify the separation
of TiO; after the reaction. The aim of this study is to modify natural Ukrainian zeolite and its acid-activated
form with TiO2 nanoparticles and to determine their photocatalytic activity towards anionic dyes. TiO./zeolite
composites were synthesized by depositing titanium (V) oxide nanoparticles onto natural zeolite and its acid-
activated form, followed by thermal treatment at 500 °C. Characterization of the composites showed that the
acid-activated composite achieved a specific surface area of 173.8 m?/g compared to 34.5 m?/g for the natural
composite. The photocatalytic activity of the composites was evaluated by the degradation of the anionic dye
Congo Red (10 mg/L) under ultraviolet irradiation. The results showed that the acid-activated zeolite modified
with TiO; nanoparticles achieved a Congo Red degradation efficiency of 65.6% after 30 minutes of ultraviolet
exposure, which is 12% higher compared to the natural zeolite modified with TiO, under the same conditions.
The adsorption efficiency for Congo Red was 33.8%. This indicates that the composite not only facilitates the
photocatalytic degradation of the dye but also contributes to its adsorption, enhancing the overall removal
efficiency. Thus, the use of inexpensive natural zeolite as a TiO, carrier, especially in its acid-activated form,
not only simplifies the subsequent separation of the photocatalyst from the purified water but also maintains
the photocatalytic efficiency in degrading anionic dyes. The enhanced surface properties and structural
characteristics of the acid-activated composite make it highly effective for practical applications. This makes
such composites promising candidates for application in industrial wastewater treatment systems, where
economic feasibility, operational simplicity, and environmental safety are primary criteria.
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intensification of  organic  synthesis

1. Introduction
processes!*™3, and hydrogen production®.

Nanostructured  semiconductors and Titanium(IV) oxide is most commonly used as
composites based on them hold significant a photocatalyst because of its high

potential for environmental remediation due to
their ability to photocatalytically oxidize
pollutants under solar or ultraviolet light
irradiation!.  The  synthesis of  new
semiconductor-based photocatalysts is of great
interest owing to their ability to address a range
of issues, such as the decomposition of harmful
and colored organic compounds in solutions?™®
and gases’™®, bacteriological purification??,

photocatalytic activity, chemical stability, low
cost, and non-toxicity®>!®, However, practical
implementation of photocatalytic processes
using TiO2 nanoparticles is complicated due to
the difficulty of separating nanosized catalyst
particles from the solution after the
photocatalysis process. To address these
challenges, various methods for immobilizing
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TiO2 nanoparticles onto the surfaces of
different supports, such as silicon oxide and
fibers!’° or zeolites?®, are being explored. It
is crucial for such composite materials to retain
the high catalytic activity of TiO. and the
possibility of exhibiting quantum size effects,
as well as to select an appropriate support.

Various supports are being investigated
for the immobilization of TiO2 nanoparticles
(NPs) to enhance their photocatalytic activity
and facilitate catalyst separation post-reaction.
For instance, silicon oxide (SiO2) is used to
improve TiOz dispersion and more efficiently
decompose organic pollutants'®; activated
carbon combines its adsorption properties with
the photocatalytic activity of TiO, for
synergistic pollutant removal®!; clay minerals
like bentonite are cost-effective and enhance
photocatalytic stability due to their developed
surface area??23; graphene oxides improve
electron conductivity and charge transfer in
TiO, nanocomposites?*.  Among  these
supports, zeolites stand out due to their high
surface area and porous structure, making them
particularly effective for TiO, immobilization
and improved pollutant degradation; therefore,
zeolites were chosen for further research?-28,

Modifying natural zeolites to enhance
photocatalytic activity is a relevant research
direction due to the growing need for efficient
and sustainable methods to combat
environmental pollution. The use of natural
and economically advantageous materials,
such as zeolites, for photocatalysis offers
significant benefits in terms of environmental
and economic sustainability.

The aim of this work is to investigate the
modification of natural Ukrainian zeolite and
its acid-activated form with TiO2 nanoparticles
(composites TiO2/Zeo-0 and TiO2/Zeo-1,
respectively) and to determine their
photocatalytic activity towards an anionic dye.
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2. Materials and Methods

Natural zeolite (LLC "Sokyrnytsky
Zeolite Plant") with a particle size up to 1 mm,
containing up to 85% clinoptilolite, was used.
The zeolite (Zeo-0) was subjected to acid
activation by treating it with a 2 M nitric acid
(HNOs3) solution at a temperature of 40°C
under intensive stirring for 4 hours. After
treatment, the sample was thoroughly washed
with distilled water until the pH of the wash
water reached 6-7, then dried at 105 °C for 24
hours to remove moisture completely,
resulting in acid-activated zeolite (Zeo-1).

Synthesis of TiO2/Zeo Composites

The method for synthesizing TiO2 NP is
based on the procedure described by Ariza-
Tarazona®®. TiO; NP were obtained by
hydrolysis of titanium isopropoxide: 4g of
zeolite were added to 250 mL of distilled water
in a 500 mL flask with a magnetic stirrer, and
the suspension was adjusted to pH 2, 2 mL of
titanium isopropoxide, previously dissolved in
15 mL of isopropanol, was added dropwise to
the suspension, heated to 80 °C, and stirred for
3 h. The suspension was then evaporated to
dryness and calcined at 500 °C for 2 hours.

The structural and adsorption properties
of the catalysts were studied using a JWGB
Meso 112 specific surface area and porosity
analyzer (China). The analysis of low-
temperature nitrogen adsorption-desorption
isotherms allowed determination of the pore
size distribution, surface area, and hysteresis
type, which is important for evaluating the
efficiency of adsorption processes and the
availability of active sites for photocatalytic
reactions.

The method for studying the acid-base
properties of the samples involved determining
the change in pH of a neutral solution upon
adding the sample®. Distilled water was
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adjusted to pH 7 by adding 0.1 M HCI under
stirring. Then, 99 mL of the solution was taken,
and 1g of the sample was added. The pH
change was observed over 10 minutes at 30-
second intervals using a pH meter.

The photocatalytic properties of the
samples were evaluated by assessing the
efficiency of photodegradation of Congo Red
(CR), an anionic dye, with an initial
concentration of 10mg/L under UV
irradiation. Two doses of photocatalysts
(0.5 and 1 g/L) were tested. For photocatalytic
studies, the sample was dispersed in 50 mL of
the dye solution and left to reach adsorption
equilibrium under constant stirring and room
temperature for 30 minutes. Photocatalytic
experiments were conducted using an Arc
Lamp Housing, Research, 50-500 W, Plano-
Convex 66901 with frontal irradiation through
quartz glass. After the photocatalytic process,
the suspensions were filtered through a
membrane filter. Pore sizes were selected to
allow dye molecules to pass freely while
retaining zeolite particles with modified by
TiO2. The immobilization of TiO2 on zeolite
significantly facilitated this process, enabling
more efficient separation of the catalyst from
the solution. Furthermore, to account for the
potential adsorption of the dye on the
membrane filter during the filtration of water
samples, the degree of dye removal was
calculated relative to the dye concentration
after filtration. This approach ensures that the
adsorption by the filter does not skew the
results of the photocatalytic degradation. The
residual dye concentration was determined
spectrophotometrically using a Shimadzu UV
2600i. An anionic dye, Congo Red, was
specifically chosen for this study because
cationic dyes exhibited very intense adsorption
on zeolite even in the absence of
photocatalysis. By selecting an anionic dye,
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which has lower inherent adsorption on the
zeolite support, the true photocatalytic activity
could be more effectively evaluated.

3. Results and Discussion

The obtained photocatalytic systems
(Zeo-0, Zeo-1, TiOz/Zeo-0, and TiO2/Zeo-1)
were investigated using low-temperature
nitrogen adsorption-desorption to determine
their porous structures — specifically, pore size
distribution, surface area, and hysteresis type —
which are crucial for evaluating the efficiency
of adsorption processes and the availability of
active sites for photocatalytic reactions.
Analysis of the adsorption-desorption
isotherms (Figure 1) allowed us to determine
these parameters for each sample according to
the IUPAC classification.

Data on the porous characteristics of
Zeo-0 (Figure 1) indicate the presence of
H3-type hysteresis, characteristic of materials
with slit-shaped pores. The average pore
diameter was 6.5nm, suggesting the
predominance of mesopores. The external
surface area was 18.8 m?/g. The isotherm of
the Zeo-1 demonstrates H4-type hysteresis,
indicating the dominance of micropores. The
average pore diameter was 4.1 nm, and the
surface area was 39.0 m?/g, explained by the
presence of micropores (29.3 m?/g).

After modifying the zeolite samples by
depositing TiO2 nanoparticles, the porous
structure of both the natural and acid-activated
zeolites changed significantly. Data on the
porous characteristics of TiO2/Zeo-0 indicate
the presence of H1-type hysteresis on the
isotherms, characteristic of the formation of
more uniform cylindrical mesopores. The
average pore diameter increased to 8.8 nm, and
the external surface area was 39.4 m?/g.
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Figure 1. Low-temperature nitrogen adsorption-desorption isotherms of the samples.

The adsorption-desorption isotherm of
the modified sample TiO2/Zeo-1 shows
H2-type hysteresis, characteristic of structures
with narrow necks and wide cavities
("ink-bottle™ pores). The average pore
diameter was 3.9 nm, and the surface area
increased significantly to 173.8 m?/g.

Comparison of the modified and
unmodified samples showed that TiO;
modification primarily improves the structural
and adsorption properties (Table 1). In the
Zeo-0 samples, the pore structure changed
from H3 to H1, indicating the creation of a
uniform  porous structure. In  Zeo-1,
modification with titanium (1) oxide caused a
change in hysteresis type from H4 to H2 and

significantly increased the specific surface
area, likely due to the creation of a secondary
porous structure on the surface of Zeo-1.

A previously conducted X-ray phase
analysis of the Zeo-O (natural zeolite) and
Zeo-1 (acid-activated zeolite) samples
showed®! that acid activation has minimal
impact on structural and compositional
properties: the amount of clinoptilolite-Na
decreased slightly from 73.7% to 69.6%, and
the quartz content remained stable (30.4% in
Zeo-1 wversus 23.2% in Zeo-0), while
cristobalite completely disappeared in Zeo-1.
The Rwp values (22.6 for Zeo-0 and 23.4 for
Zeo-1) and y? (1.6 for Zeo-0 and 1.7 for Zeo-1)
confirm that structural changes are negligible.
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Table 1. Structural characteristics of the samples.
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Hysteres | Average Pore | BET Surface Micropore External
Sample is Type | Diameter (nm) | Area (m’/q) Surface Area | Surface Area
(m*/g) (m*/g)
Zeo-0 H3 6,5 34,5 15,7 18,8
Zeo-1 H4 4,1 39,0 29,3 25,0
TiO2/Zeo-0 H1 8,8 34,5 0,0 34,5
TiO2/Zeo-1 H2 3,9 173,8 0,0 173,8

An analysis of the acid-base properties of
the samples was conducted (Table 2). The
Zeo-1 sample, which underwent acid
activation,  demonstrated the  highest
concentration of acidic sites, amounting to
0.014 mmol/g. The unmodified Zeo-0 had a
significantly lower number of acidic sites —
2,34-10~* mmol/g.

Table 2. Acid-base properties of the samples.

Sample pH | Acidic Sites
(mmol/g)
Zeo-1 3,7 [1,41-107?
Zeo-0 6,6 |2,34-10™
TiOz/Zeo-1 | 5,1 |8,91.107*
TiO2/Zeo-0 | 7,3 |4,79-10°°

Modification of the zeolite samples with
TiO reduced the number of acidic sites — to
8,91-:10*mmol/g in TiOz/Zeo-1 and to
4,79-10 ° mmol/g in TiO2/Zeo-0.

The photocatalytic efficiency of the
modified zeolites was investigated using
Congo Red dye. The photocatalyst dosages
were 0.5¢g/L and 1g/L, with an initial dye
concentration of 10 mg/L. The influence of the
presence or absence of thermal treatment
(calcination at 500 °C) after modifying Zeo-1
with titanium (IV) oxide on the photocatalytic
activity of the composites was preliminarily
studied. The increase in photocatalytic activity
observed after calcination at 500 °C can be
attributed to the crystallisation of TiO; into the

anatase phase, which is known for its superior
photocatalytic properties. According to the
article *2, TiO2 remains in the anatase form at
500 °C, with the transformation to the rutile
phase occurring at temperatures above 600 °C.
Thermal treatment at 500 °C facilitates the
formation of well crystallised anatase TiO,
reduces the number of surface defects and
improves the adhesion of TiO> to the zeolite
support. Together, these factors enhance the
efficiency of active radical generation during
photocatalysis,  resulting in increased
photocatalytic activity of the composites.
Figure 2 presents data on the degree of Congo
Red removal by the thermally treated and

untreated TiO2/Zeo-1 samples.
100+

E without calcification
[ with calcification

adill

Adsorption 5 min 10 min 1Smin 20 min

Figure 2. Effect of calcination on
photocatalytic efficiency using TiO./Zeo-1 at a
dosage of 0.5 g/L

The results showed that for samples
without thermal treatment, the degree of dye
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removal increased with the duration of UV
irradiation, starting from 36.8% after 5 minutes
and reaching 43.7% at 20 minutes. High
adsorption capacity of Zeo-1 towards CR
achieved 33.8% without UV irradiation.
Samples that were calcined at 500 °C exhibited
increased photocatalytic efficiency — from
45.1% after 5 minutes of UV irradiation to
53.0% after 20 min. Thus, additional thermal
treatment of the composite increases its
photocatalytic activity towards Congo Red by
8-10%. Subsequent experiments were
conducted with thermally treated samples.

The effect of photocatalyst dosage was
investigated using the TiO2/Zeo-0 sample at
two different dosages: 0.5g/L and 1g/L. The
results showed that for the sample with a
concentration of 0.5g/L, the degradation
efficiency of Congo Red increased from 22.7%
after 5 minutes of UV irradiation to 39.5% at
20 minutes (Figure 3). This indicates an
improvement in photocatalytic activity with
irradiation time, consistent with expectations
regarding increased generation of active
radicals with longer exposure. For samples
with a higher photocatalyst concentration
(1g/L), significantly higher degradation
efficiency was observed, reaching 37.2% after
just 5 minutes of UV irradiation and gradually
increasing to 62.2% at 20 minutes.

100 -
051
1L

_4dld

Adsorption Smin 10 min 15 min 20 min

Figure 3. Effect of TiO2/Zeo-0 dosage on CR
removal efficiency
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Comparison of the photocatalytic
activity towards CR of thermally treated
samples TiO./Zeo-0 and TiO./Zeo-1 at a
dosage of 0.5 g/L indicates significantly higher
photocatalytic  activity of  TiO2/Zeo-1.
Specifically, the maximum removal degree of
Congo Red for TiO2/Zeo-0 reached 39.5%
(Figure 3), while under the same conditions,
the removal degree for TiO2/Zeo-1 was 53.0%
(Figure 2).

To further investigate, the photocatalytic
activity of TiO2/Zeo-0 and TiO2/Zeo-1 towards
Congo Red was studied at a dosage of 1g/L
(Figure 4). The results showed that the
adsorption degree of the TiO2/Zeo-0 sample
was only 9.4%, and the photocatalytic activity
after 15 minutes of UV irradiation was 12.3%,
increasing to 23.4% at 30 minutes. In contrast,
TiO2/Zeo-1 demonstrated higher sorption
capacity: the adsorption degree was 36.5%,
and the photocatalytic activity increased to
57.8% after 15 minutes of UV irradiation,
reaching 65.6% at 30 minutes. These results
confirm that TiO2-modified Zeo-1
significantly surpasses Zeo-0 in both
adsorption and photocatalytic properties.
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Figure 4. Adsorption efficiency and

photocatalytic activity of TiO./Zeo-0 and
TiO2/Zeo-1 samples at a dosage of 1 g/L
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These findings demonstrate that
TiO2-modified Zeo-1 exhibits  superior
performance compared to Zeo-0, owing to its
enhanced adsorption capacity and
photocatalytic activity, likely resulting from its
optimized porous structure and increased
specific surface area due to acid activation.

4. Conclusions

In this study, photocatalysts based on
natural zeolite (Zeo-0) and its acid-activated
form  (Zeo-1), modified with  TiO>
nanoparticles, were successfully synthesized
and analyzed. The modification of zeolites
with  TiO2  nanoparticles  significantly
improved their structural, adsorption, and
photocatalytic properties. The porous structure
of the zeolites was substantially altered upon
modification. The TiO2/Zeo-1  sample
exhibited a significant increase in specific
surface area to 173.8 m?/g and a change in pore
structure, which  enhanced adsorption
properties and provided greater accessibility of
active sites for photocatalytic reactions. This
indicates that acid activation and subsequent
TiO2, modification create a more favorable
porous structure for photocatalysis.

Thermal treatment of the composites at
500 °C positively affected their photocatalytic
activity. Calcination facilitated the
crystallization of TiO. nanoparticles into a
more active form and reduced the number of
surface defects, leading to an 8-10% increase
in the efficiency of Congo Red degradation
compared to non-calcined samples. This
underscores the importance of thermal
treatment in forming active photocatalysts.

The influence of photocatalyst dosage
was also investigated. Increasing the dosage
from 0.5 g/L to 1 g/L resulted in a significant
enhancement of dye degradation efficiency.
For the TiO2/Zeo-1 composite, the degree of
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Congo Red degradation reached 65.6% after
30 minutes of ultraviolet irradiation at a dosage
of 1g/L, substantially exceeding the
performance at the lower dosage. This can be
attributed to the increased number of active
sites and more intensive generation of reactive
radicals under UV irradiation.

Overall, the TiO./Zeo-1 sample
demonstrated higher photocatalytic activity
compared to TiO2/Zeo-0. The enhanced
performance is associated with the optimized
porous structure, higher specific surface area,
and increased number of active sites resulting
from acid activation of the zeolite. These
results indicate the prospect of using modified
TiOz/zeolite composites, particularly those
based on acid-activated zeolite, for the
effective removal of anionic organic dyes from
aqueous solutions.
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HEPCIIEKTUBU BUKOPUCTAHHSA KOMIIO3UTIB
T1O2/TPUPOJTHUM LIEOJIIT JJ151 BUJAJEHHS BAPBHUKIB

Kypunenxo B.C., [lonyosa T.A.
Hamnionanbnuit TexHiunuil yHiBepcuteT Ykpainu "KuiBCbKuil NOTITEXHIYHUHI IHCTUTYT iMeHi Iropst
Cikopcpkoro”, Ykpaina

vi.kurylenko@kpi.ua

3abpyonenns 600u opeaniuHuMu OAPEHUKAMU € 8ANUCTUBOIO €KONO2IUHOI0 NPOOeMOoI0, AKa nompeoye
IHHOBAYIUHUX Ma epekmueHux pieHb. Pomokamanrimuyni mamepian Ha OCHOB8I OIOKCUOY MUMAHY
(TiO2) moorcymo egpexmusno poskiadamu yi 3a6pyOHI06ayl, OOHAK IX GUKOPUCMAHHA Y 6Uls0l
cycnensii mMae pso HeOONiKi8, MAKUX K CKIAOHICMb DPO30LIeHHS Ma 00MeddceHa MONCIUBICTD
NOBMOPHO20 BUKOPUCMAHHA. [[1 NOOONAHHA YUX O0OMEeNCeHb NepPCNeKMUBHUM € GUKOPUCMAHHS
KOMNO3UMi6, OCKIIbKU 60HU cnpowyioms eidokpemaennsi T102 nicis peakyii. Memotw yboco
00CIOHCEHHA € MOOUPIKAYISE NPUPOOHO20 YKPAIHCLKO20 Yeonimy ma tio2o KUCIOMHO-aKMUB08AHOT
Gopmu  nanouacmunxkamu TiO2 [ 6usnauenHs ixXHboi ¢homoxamanimuynol axkmueHocmi no
BIOHOWIeHHIO 00 aHioHHux Oapsnuxie. Komnosumu TiOzlyeonim 6yau cunmesosani wasixom
ocaoocenns Hanouacmunox muman (IV) oxcudy Ha npupoouuil yeorim ma 1020 KUci0mHo-
akmueogawny Gopmy 3 nodarvuioro mepmiunoro oo6pookoro npu 500 °C. Xapaxmepucmuxa
KOMNO3UMi6 NOKA3Aad, W0 KUCTOMHO-AKMUBOBAHUTI KOMNO3UM 00cse numomoi nogepxwi 173,8 m?/e
nopisnano 3 34,5 m’lz ona npupoonozo xkomnozumy. Pomokamanrimuyny aKmusHicms KOMNO3UMIE
oyiniosanu 3a oOezpadayiclo auionHozo 6Gapenuxa xoueo uepeonozo (10 melom®) nio Oiero
yavmpagionemogoco (Y®@) onpominenns. Pezynomamu nokasanu, wo KUCi0MHO-AKMUBOBAHULL
yeonim, mooughikosanuii Hanouacmunxkamu Ti102, docsienHys egexmusnocmi Oeepadayii KoHeo
yepgonoeo 65,6% nicia 30 xeunun Y D-onpominenns, wo na 12% euwe nopiensano 3 npupoorHum
yeonimom, moougirxosanum T102 3a mux sce ymos. Egpexmusnicms adcopbyii 011 4ep8oHO20 KOHEO
cknana 33,8%. Lle ceiouums npo me, wo KOMRO3UmM He MINbKU NOAe2ULYE BOMOKAMANIMUYHY
Odezpadayiro OapeHuka, aie U CHpUsc 1020 aocopoOyii, NiOBUWYIOUU 3A2AlbHY eheKmUBHICb
guoanens. Takum yuHoM, BUKOPUCAHHS HEO0PO2020 NPUPoOH02o yeoaimy ik Hocis T102, ocobauso
8 1020 KUCIOMHO-AKMUBOBAHIU  (hopMi, He MIbKU CHpowye nooaivuie  8i0OLIeHHs
¢omokamanizamopa 6i0 ouuweHoi 600u, are U 30epicac Gomoxamanrimuyry egpekmusHicmo
Oeepadayii aHioHHux 6OapeHukie. IlokpaweHni nogepxHesi 61ACMUBOCMI MA CMPYKMYPHI
XapakmepucmuKku KUCI10MHO-aKMU808AHO20 KOMNO3UMY DOOIAMb 11020 BUCOKOEHEKMUBHUM O
NPAKMU4H020 3acmocyeanis. Lle pooums maki KoMno3umu nepcneKmueHUMU KaHouoamamu 0.
3aCMOCYBAHHA 8 NPOMUCIOBUX CUCEMAX OYUWEHHSA CMIYHUX 800, 0e eKOHOMIYHA OOYiNbHICMb,
npocmoma excniyamayii ma exonoeiuna 6e3nexa € nepuioyepeo8uMU Kpumepiamu.

Knrouosi cnosa: kuciomna akmusayis, Komnosuyivni mamepianu, hanouacmunxu T1O2, npupoonuil
yeonim, pomoxamanis, homoodecmpyKyis 6ApEHUKIE
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