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Abstract. CuO nanoparticles (NPs)/clinoptilolite compo-
site was obtained via sonochemical synthesis using copper
sulfate as a precursor and sodium hydroxide as a pre-
cipitating agent. The synthesized composite was charac-
terized by XRD, EDX, FTIR, and SEM techniques. High
antibacterial activity of the composite against the gram-
positive bacterium Staphylococcus aureus subsp. aureus
ATCC 25923 was established.
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1. Introduction

Natural zeolites are hydrated porous crystalline
aluminosilicate materials® containing pores of various
sizes, ranging from micropores (size <2 nm) to macropores
(size >50 nm).2 Primarily, natural zeolites are formed from
volcanic and sedimentary rocks, such as chabazite,
mordenite, and clinoptilolite.> The three-dimensional
framework of zeolites consists of TO, tetrahedra (where T
— tetrahedrally coordinated Si, Al, or P) connected by
sharing an oxygen atom.* 5 The tetrahedrally coordinated
Al atoms cause the occurrence of negative charges in the
zeolite framework, which are neutralized by out-of-
framework cationic species.® The empirical formula of the
zeolite can be represented as Ma/b[(AlO2)a(SiOz)y]-cH20,
where M is an alkali or alkaline earth metal cation, b is the
valence of the metal cation, a and y are the total number of
[SiO4]* and [AlO4]’ tetrahedra in the zeolite unit cell, and
c is the amount of crystallization water per unit cell.”
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Zeolites can act as molecular sieves due to their
porous structure, and also can selectively adsorb and
separate guest species of different shapes, sizes, and
polarities.* The combination of the porous structure of
zeolites with catalytically active centers in their
frameworks allows their use as shape-selective catalysts for
the controlled synthesis of chemical compounds.? The main
advantages of zeolites, which lead to their wide range of
practical applications, are high thermal stability,
controllable acidity, and, accordingly, non-corrosive
behaviour, biocompatibility, the absence of disposal
problems, and low prime cost.* Key global producers of
natural zeolite include China, South Korea, and Slovakia.’®

The Si/Al ratio in a zeolite determines its ion-
exchange capacity.’® Erdem et al.' reported that the
sorption of heavy metal cations on natural zeolite occurs in
the following order: Co?*>Cu?*>Zn?*>Mn?*. The unique
properties of zeolites make their use in water treatment
technologies,? for gas adsorption,'® green chemistry,** for
catalytic production of aromatic compounds and green
fuels from non-petroleum carbon-based resources
(including CH30OH, CO, CO,, and biomass'®'®), as feed
additives for animals'’, and in medicine (in modern drug
delivery systems, as engineered frameworks for tissue
engineering, antibacterial agents, wound healing, implant
coatings, filling of tooth root canals, etc.)! 18,

Inorganic compound nanoparticles, particularly
transition metal oxide nanoparticles, are much more stable
than organic compound nanoparticles.’®* Copper oxide
(Cu0) is a p-type semiconductor with a narrow band gap
(ranging from 1.2 to 1.9 eV).?’ Compared to other transition
metal oxides, the advantages of copper oxide include
availability, lower cost,?* good electrical properties, low
thermal emittance, and high solar absorbance.?? Copper
oxide nanoparticles (CuO NPs) exhibit a high surface-to-
volume ratio,?®> which provides high antibacterial,
antioxidant, antifungal, and anticancer potentials by
reactive oxygen species and copper-ion release
mechanisms.?#? The most common reactive species that



448

chemically degrade bacterial cell walls are hydroxyl
radicals and hydroxide ions.?6-30

The industrial applications of CuO, including that in
the nanoparticle form, are diverse.?:2226.31-33 |t is used as a
catalyst in chemical syntheses; as bio-sensors and gas
sensors; in the development of lithium-ion batteries and
supercapacitors; for the fabrication of solar cells; in water
purification for the removal of organic pollutants and heavy
metal ions; in photocatalysis; in agriculture for the
development of nano-fertilizers with prolonged and
controlled release of active elements; and in biomedicine
(including antimicrobial, antifungal, antibiotic, anti-
inflammatory, antioxidant, anticancer, and drug delivery
applications). The main methods for synthesizing CuO NPs
include hydro- and solvothermal, sol-gel, co-precipitation,
microemulsion, and microwave irradiation.'®3*

The aim of the work was to investigate the structural
and phase characteristics of CuO NPs/clinoptilolite compo-
site synthesized by the sonochemical method and its
antibacterial activity.

2. Experimental

2.1. Materials and chemicals

To obtain CuO NPs/clinoptilolite composite, natural
clinoptilolite from the Sokyrnytsia deposit (Trans-
carpathian region, Ukraine) with particle sizes ranging
from 0.063 to 0.1 mm was used. Copper sulfate
(CuSO4-5H20) and 2 M aqueous solution of sodium
hydroxide (NaOH) were purchased from Merck. All
reagents were of analytical grade purity and were used
without additional purification procedures. Distilled water
was used to prepare the solutions. A strain of gram-positive
bacteria, Staphylococcus aureus subsp. aureus ATCC
25923, was provided by Danylo Halytsky Lviv National
Medical University.

2.2. Sonochemical synthesis of CuO
NPs/clinoptilolite composite

We prepared 300 mL of an aqueous CuSQO, solution
with a concentration of 10 wt%. Then, 20 g of natural
clinoptilolite was added to the solution. The resulting
suspension was stirred (frequency — 300 rpm) at a
temperature of 80 °C for 5 h to provide ion exchange
between Cu?* ions from the solution and exchangeable
cations in the clinoptilolite. CuO precipitation was carried
out by adding a 2 M NaOH solution until pH=11 was
reached. Simultaneously with the NaOH addition, the
suspension was treated for 10 min in an ultrasonic (US)
cavitation field (device for generating cavitation
phenomena — Bandelin Sonopuls HD 2200.2 generator; US
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power density — 200 W/L; US frequency — 20 kHz). During
this process, a color change in the dispersion medium from
blue to black was observed. After 2 h of stirring (frequency
— 300 rpm), the synthesized product (CuO NPs/clino-
ptilolite composite) was separated from the liquid phase by
filtration, washed three times with distilled water, and dried
for 12 h at a temperature of 110 °C.

2.3. Characterization of CuO
NPs/clinoptilolite composite

The phase composition of the synthesized com-
posite was determined by X-ray diffraction (XRD) using an
AERIS Research diffractometer with CuK, radiation. The
average crystallite size (D, nm) of the CuO NPs was
calculated by the Debye—Scherrer equation:?

e ®
Bcos6
where k = 0.94 is the Scherrer coefficient; A = 0.154 nm is
the wavelength of the X-ray radiation; B is the full width at
half maximum of the reflection peaks, rad; and 0 is the
diffraction angle, rad.

The elemental composition of the composite surface
was confirmed by energy-dispersive X-ray analysis (EDX)
on an INCA Energy 350. Inductively coupled plasma mass
spectrometry (ICP-MS) analyses were performed with a
7850 ICP-MS spectrometer (Agilent Technologies) to
determine the accurate content of Cu, Al, and Si. The
identification of the functional groups of chemical bonds
was performed using FTIR spectra recorded on a Spectrum
Two spectrophotometer (the range of 400-4000 cm™). The
surface morphology of the obtained composite was
investigated, and the weighted average size of the CuO NPs
was evaluated by scanning electron microscopy (SEM) on
a ZEISS EVO 40XVP microscope.

2.4. Antibacterial activity of CuO
NPs/clinoptilolite composite

The antibacterial activity of CuO NPs/clinoptilolite
composite against the gram-positive bacterium Staphy-
lococcus aureus subsp. aureus ATCC 25923 was deter-
mined by adding 1 mL of a pure culture suspension of the
microorganism, standardized to the 0.5 McFarland
standard (approximately 1.5x108 cells), to the composite
samples weighing 0.01 g and 0.1 g, respectively. After
mixing CuO NPs/clinoptilolite composite with the
Staphylococcus aureus subsp. aureus ATCC 25923 sus-
pension, sowings were made using disposable bacte-
riological loops (with a volume of 10 puL) onto a solid
nutrient medium (Hottinger agar) after 5, 10, 30, and 60
min, as well as after 24 h of contact between the composite
and the microorganism strain. A control of bacterial growth
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was also conducted without adding the composite to the
pure culture suspension of the microorganism. Cups with
sowings were incubated in a thermostat at 37 °C for 24 h.
After that, the number of colonies of the studied
microorganism (the number of colony-forming units) that
grew on the nutrient medium was counted.

3. Results and Discussion

3.1. Characterization of CuO
NPs/clinoptilolite composite

The US-assisted formation of CuO NPs/clino-
ptilolite composite using copper sulfate as a precursor and
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sodium hydroxide as a precipitating agent can be repre-
sented by the following reactions:

2Me" [clinoptilolite +

+Cu® — Cu* /clinoptilolite + 2Me", (2)
or Me?* [clinoptilolite + )
+ Cu? — Cu? /clinoptilolite + Me?",
Cu® /clinoptilolite + @)
+ 20H —%))) Cu(OH), /clinoptilolite,
Cu(OH), /clinoptilolite ——))) 5)

CuO NPs/clinoptilolite + H,O,

where Me* is an alkali metal cation, Me?* is an alkaline
earth metal cation.

Fig. 1. Photographs of (a) clinoptilolite, and (b) CuO NPs/clinoptilolite composite

Photographs of clinoptilolite and CuO NPs/clino-
ptilolite composite are presented in Fig. 1. As seen in Fig.
1b, the synthesized CuO NPs/clinoptilolite composite was
black, confirming the presence of CuO NPs in the
clinoptilolite framework.

XRD patterns of clinoptilolite and CuO NPs/clino-
ptilolite composite are shown in Fig. 2. The clinoptilolite
pattern (Fig. 2a) reveals peaks corresponding to the
monoclinic structure of clinoptilolite (space group C2/m),%
and after CuO NPs precipitation (Fig. 2b), the patterns in
the range of 20 = 10°-30° are similar. This indicates that
the structure of clinoptilolite was not changed. However,
the intensity of the clinoptilolite peaks in Fig. 2b decreased
compared to Fig. 2a, and new diffraction peaks appeared in
the range of 20 = 32°-75°, corresponding to the (110),
(002), (111), (020), (202), (022), (220), (311), and (004)
planes of monoclinic CuO (space group C2/c; JCPDS No.
45-0937)%. The lattice parameters were a = 4.694(1) A, b
= 3.396(1) A, ¢ = 5.135(1) A, and B = 99.538(1)°. The
average crystallite size of CuO NPs, calculated by the
Debye—Scherrer equation at 20 = 35.686°, was about 14

nm. The absence of other peaks characteristic of secondary
phases (impurities) confirmed the high purity of the
synthesized product.

(002)
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Fig. 2. XRD patterns of (a) clinoptilolite, and (b) CuO
NPs/clinoptilolite composite
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The EDX spectrum of the final product (Fig. 3)
showed that, in addition to the peaks of elements such as
Al, Si, and O, characteristic of the natural aluminosilicate
(clinoptilolite), new peaks appeared at 1.0, 8.1, and
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8.9 keV, which correspond to Cu. This indicated that CuO
NPs were immobilized in the clinoptilolite framework. The
surface Cu content in the synthesized composite was 53.60
wt% (Table 1).

keV

Fig. 3. EDX spectrum of CuO NPs/clinoptilolite composite

Table 1. The elemental composition of the surface
of CuO NPs/clinoptilolite composite

Element Weight% Atomic%
o] 38.33 67.90
Al 1.13 1.19
Si 6.94 7.00
Cu 53.60 23.91
Totals 100.00 100.00

The Cu content determined by ICP-MS measu-
rements was 4.52 wt%, and the molar Si/Al ratio was 5.15.

Fig. 4 presents the FTIR spectra of clinoptilolite and
CuO NPs/clinoptilolite composite recorded in the range of
400-4000 cm'*. The vibration bands at 3387-3398 cm* and
1628-1631 c¢cm™ can be attributed, respectively, to the
stretching vibration of the surface O—H groups adsorbed on
the CuO NPs surface, and to the bending and stretching
vibrations of H,O molecules.???434 The bands at 1012-1085
cm? are attributed to the internal linkages between [SiO4]*
and [AlO,]* tetrahedra in the clinoptilolite framework.2¢ In
the low-frequency region (at 441-947 cm™), the symmetric
stretch vibrational modes of Si-O-Si and Si—-O-Al groups
were concentrated.?® The characteristic peak at 416 cm
corresponds to the stretching vibrations of Cu-0.2*

As a result of the interaction between CuO NPs and
the clinoptilolite framework,? bathochromic (red) shifts
(from 1628 to 1631 cm*, from 1012 to 1085 cm™?, and from
777 to 779 cm't), hypsochromic (blue) shifts (from 3398 to

3387 cm™ and from 597 to 596 cm?), as well as the
appearance of a peak at 416 cm, were observed in the
FTIR spectrum of the composite (Fig. 4).
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Fig. 4. FTIR spectra of clinoptilolite
and CuO NPs/clinoptilolite composite

From Fig. 5, it can be seen that the surface of
clinoptilolite was uniformly covered with slightly
agglomerated granular CuO particles, 70% of which had
sizes from 60 to 100 nm. Using specialized software (Carl
Zeiss Vision AxioVision Viewer 4.8), the weighted
average size of CuO NPs was calculated to be 85.4 nm.
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Fig. 5. SEM image of (a) CuO NPs/clinoptilolite composite, and (b) corresponding histogram of particle size distribution

3.2. Antibacterial activity
of CuO NPs/clinoptilolite composite

Zeolites modified with transition metal ions (e.g.,
Ag*, Cu?*, Zn?*, Fe?*) have broad-spectrum antimicrobial
activity, particularly against gram-positive and gram-
negative bacteria.3”%> The negative charge of pure zeolite
cannot neutralise the negative charges of bacterial cell
walls. Milenkovi¢ et al.*® reported the effectiveness of Cu-
exchanged zeolite against E. coli. The antibacterial activity
of CuO NPs is manifested in the generation of reactive

oxygen species, which, by destroying bacterial cell mem-
branes, penetrate the cells, inhibit their growth, and also
potentially cause cell death.** The production of Cu ions
significantly contributes to oxidative stress by accu-
mulating reactive oxygen species, including superoxides
and hydroxyl radicals. They disrupt processes such as DNA
replication, cell division, and metabolism.?

The antibacterial activity of CuO NPs/clinoptilolite
composite against the gram-positive bacterium Staphylo-
coccus aureus subsp. aureus ATCC 25923 is presented in
Fig. 6 and Table 2.

Fig. 6. Photographs of the growth of Staphylococcus aureus subsp. aureus ATCC 25923 on Hottinger agar plates:
(a) top view, and (b) bottom view

It was established that the effectiveness of the
antibacterial activity of CuO NPs/clinoptilolite composite

depended on the duration of exposure. At both composite
concentrations (0.01 and 0.1 g/mL), the number of CFUs
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decreased as early as 5 min of exposure (Table 2). After 30
min of contact between the composite and the strain of
Staphylococcus aureus subsp. aureus ATCC 25923, no live

In contrast, in the control experiment without adding
the composite to the suspension, continuous growth of
microorganisms was observed, making it impossible to

bacteria were detected.

count CFUs.

Table 2. Change in the number of CFUs depending on the duration of exposure at different concentrations

of CuO NPs/clinoptilolite composite

Concentration of CuO NPs/clinoptilolite Number of CFUs per exposure duration
composite, g/mL 5 min 10 min 30 min 60 min 24 h
0.01 229 34 0 0 0
0.1 106 8 0 0 0

4. Conclusions

By the method of sonochemical synthesis using
copper sulfate as a precursor and sodium hydroxide as a
precipitating agent, we obtained CuO NPs/clinoptilolite
composite. The XRD patterns of CuO NPs/clinoptilolite
composite showed the presence of peaks characteristic of the
monoclinic structure of clinoptilolite and monoclinic CuO.
The average crystallite size of CuO NPs, calculated by the
Debye—Scherrer equation, was about 14 nm. Confirmation
of the presence of CuO NPs in the clinoptilolite framework
was the detection of bathochromic (red) and hypsochromic
(blue) peak shifts in the FTIR spectrum of the composite,
compared to their positions in the FTIR spectrum of pure
clinoptilolite. The weighted average size of CuO NPs,
determined based on the SEM image of CuO NPs/clino-
ptilolite composite, was 85.4 nm. The obtained composite
showed high antibacterial activity against the gram-positive
bacterium Staphylococcus aureus subsp. aureus ATCC
25923. In particular, no live bacteria were detected after 30
min of contact between the composite and the Staphy-
lococcus aureus subsp. aureus strain, at both concentrations
of the composite (0.01 and 0.1 g/mL). Thus, the synthesized
CuO NPs/clinoptilolite composite has great potential for use
as an antibacterial agent.
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COHOXIMIYHUI CUHTE3, XAPAKTEPH3AIIISA
TA JTOCJIKEHHA AHTUBAKTEPIAJIBHOI
AKTHUBHOCTI KOMIIO3UTY HAHOYACTHUHKH
OKCAY MIJV/KJIUHOIITAJIOJIT

Anomauia. Memooom coHOXIMIUHO20 cUHMESY 3 BUKOPUC-
MAHHAM MIOHO20 KYHOPOCY SIK RPEKyPCopa ma Hampiio 2i0poKcudy
AK 0Ca0HCYBANbHO20 azenma 0Y10 OMPUMAHO KOMNO3UM HAHO-
yacmunxu CuO/kaunonmunonim. Cunmesoganuii KOmMnosum 6yno
oxapaxmepuzosano mexuikamu P, EJ[PA, I4C 3 @yp’c-nepe-
meopennam ma CEM. Byio ecmanosieno 6ucoky aumubdax-
mepianbHy aKmMueHiCMb KOMRO3UMY U000 2PAM-NO3UMUEHOL baK-
mepii Staphylococcus aureus subsp. aureus ATCC 25923.

Knrwuoei cnosa: conoximivnui cunmes, KOMRO3UM HAHO-
yacmunku  CUO/knunonmunonim, pienanns [ebas—Illeppepa,
AHMUbGAKMEPIanbHa  AKMUGHICMb, 2PAM-NO3UMUSHA Oaxmepis
Staphylococcus aureus.



