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The Cu,O nanoparticles/clinoptilolite composite was synthesized using a sonochemical
method (ultrasound frequency of 20 kHz; ultrasound power density of 200 W/L) with an
aqueous solution of copper sulfate as a precursor and hydrazine as a reducing agent for
Cu?* ions in the clinoptilolite framework, forming Cu,O nanoparticles. X-ray diffraction
confirmed the presence of the cuprite (Cu,0) phase with a cubic structure in the
synthesized composite. The average crystallite diameter of Cu,O, calculated using the
Debye-Scherrer equation, was approximately 13 nm. Energy-dispersive X-ray spectroscopy
was used to determine the Cu content in the composite. SEM imaging confirmed the
uniform distribution of Cu,O nanoparticles (weighted average size of 61 nm) across the
clinoptilolite framework. The antibacterial activity of the Cu,O nanoparticles/clinoptilolite
composite was evaluated using the direct addition method in a nutrient medium. Complete
bacterial elimination (100%) was observed for both Gram-positive Staphylococcus aureus
subsp. aureus ATCC 25923 and Gram-negative Escherichia coli ATCC 25922 at a composite
concentration of 3 g/L in suspension.
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Introduction

Zeolites are microporous crystalline
aluminosilicates, also known as «molecular sieves»
[1]. The tetrahedra [SiO,]* and [AlO,]’", linked
together by oxygen atoms, are the building units for
an aluminosilicate zeolite framework [2]. Zeolites are
divided into two major groups: natural and synthetic
zeolites. Natural zeolites are primarily formed from
volcanic and sedimentary rocks (e.g., clinoptilolite,
mordenite, and chabazite) [3], while synthetic zeolites
are produced by heating China clay, soda ash, feldspar,
and other sources [4].

The controllable acidity and pore size, stability,
high efficiency, and selectivity of zeolites and composite
materials based on them in organic transformations
[5] make them applicable in catalysis for the
production of industrially important hydrocarbons and
oxygenates (e.g., light olefins, aromatic compounds,

liquid fuels, methyl and ethyl alcohols, acetic acid
from non-petrochemical feedstock), for hydrocarbon
separation, desalination and dehydration, for host—
guest assembly [6—8], as well as for the adsorptive
removal of dyes, antibacterial agents, and heavy metal
ions [9]. Zeolites in the sodium/potassium form and
exchanged with transition metals, acting as Lewis
acids/bases, perform the functions of universal catalysts
for multicomponent reactions [10].

To create materials with antimicrobial
(antibacterial, antifungal, and antiviral) properties,
zeolites are modified with Ag*, Zn>*, Cu®* ions, as
well as metallic Ag’ or Ag nanoparticles/clusters. The
mechanism of antimicrobial action of functionalized
zeolites is associated with direct contact damage to
membranes, followed by penetration into the cell.
This leads to leakage of cell contents and its death.
Additionally, the interaction of the antimicrobial agent
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with the respiratory enzyme system results in the
generation of reactive oxygen species (the occurrence
of the so-called «oxidative stress»), which causes cellular
damage to nucleic acids and proteins [11].

Cuprous oxide (Cu,0O) is a p-type semiconductor
material with a theoretical bandgap of ~2.2 eV, which
shows a light-emitting coherence character [12]. It is
known that the good electrical and optical properties
of Cu,O are mainly controlled by intrinsic defects
(e.g., by Cu and/or O vacancies) [13]. Due to these
properties, Cu,O has many practical applications: in
optoelectronics (particularly in solar cells),
photocatalysis, in nano-magnetic devices, as a material
for the production of thin-film transistors, electrodes
in lithium-ion batteries, in glucose and gas sensors,
biosensors, and biomedicine (as antibacterial,
antifungal, and antiviral agents).

The aim of the work was to investigate the
antibacterial activity of the Cu,O nanoparticles/
clinoptilolite composite synthesized by the
sonochemical method against Gram-positive
(Staphylococcus aureus subsp. aureus ATCC 25923)
and Gram-negative (Escherichia coli ATCC 25922)
bacteria.

Experimental

The two-stage synthesis of the Cu,O
nanoparticles/clinoptilolite composite included the
following:

1) adding an aqueous solution of copper sulfate
with a concentration of 10 wt.% CuSO, to a suspension
of clinoptilolite (from the Sokyrnytsia deposit,
Zakarpattia region, Ukraine) under synchronous action
of an ultrasonic (US) cavitation field to this
heterogeneous system for 10 min. The clinoptilolite
content in the suspension was 200 g/L of distilled
water, and the particle size of the clinoptilolite fraction
was 1.0—1.5 mm. A Bandelin Sonopuls HD 2200.2
ultrasonic homogenizer was used to generate US with
a frequency of 20 kHz. The power density of the
cavitation treatment applied to the reaction medium
was 200 W/L. In order to achieve complete ion
exchange of cations in the clinoptilolite framework
with Cu?* ions (the source of which was the precursor),
the formed heterogeneous system was stirred (frequency
of 300 rpm) at room temperature for 2 h.

2) adding hydrazine (in a 2-fold molar excess)
to the system to reduce Cu?* ions in the clinoptilolite
to Cu,O nanoparticles. Before adding hydrazine, the
pH of the system was adjusted to ~7.5 using an aqueous
ammonia solution. The reaction system, which
acquired a reddish-brown color, was stirred with a
frequency of 300 rpm for 2 h and left for 12 h.
Within 12 h, sedimentation of the synthesized
composite particles occurred. After that, the liquid

phase was decanted, and the composite was washed
with distilled water and dried at 60°C until a constant
mass was achieved.

X-ray diffraction (XRD) experiments to
determine the phase composition of the product were
performed using an AERIS Research (Malvern
PANalytical) diffractometer with CuKo radiation
(,=1.5406 A). The XRD data were acquired in the
20 range of 10 to 105°. The average crystallite size
was calculated using the Debye-Scherrer equation [13].
The elemental composition of the synthesized
composite was analysed using energy-dispersive
X-ray spectroscopy (EDX) method on an INCA
Energy 350 (Oxford Instruments). SEM observations
to study the morphology of the obtained material
were carried out using a ZEISS EVO 40XVP
microscope. The weighted average size (diameter)
of Cu,O nanoparticles was estimated using specialized
software product (Carl Zeiss Vision AxioVision Viewer
4.8).

The antibacterial activity of the Cu,O
nanoparticles/clinoptilolite composite against
Gram-positive (Staphylococcus aureus subsp. aureus
ATCC 25923) and Gram-negative (Escherichia coli
ATCC 25922) bacteria was determined by the direct
composite addition method into the nutrient medium
for microorganisms growth. For this purpose, a nutrient
medium (meat-peptone agar) was added to a suspension
with different concentrations of the composite
(1, 2, 3,4, and 5 g/L, respectively), prepared using
sterile distilled water. The obtained samples were placed
in an autoclave for 20 min (temperature of 121°C and
pressure of 1.2 atm) and poured into sterile Petri
dishes. Once the medium solidified, a bacterial
suspension (accordingly, Staphylococcus aureus subsp.
aureus ATCC 25923 or Escherichia coli ATCC 25922)
in physiological saline, with turbidity equivalent to
the 0.5 McFarland standard (approximately 108 cells),
was applied to the surface. Then the samples were
kept in a thermostat for 2 days at 30°C. The presence
of antibacterial action was indicated by a reduced
number of microorganisms (or absence of their growth)
on the Petri dishes. Petri dishes containing nutrient
medium without applying the composite suspension
were used as controls, and they were similarly sowed
with the respective bacterial strain.

Results and discussion

The XRD patterns of clinoptilolite with a cubic
structure (Ref Code 01-087-1619) [14] and the Cu,O
nanoparticles/clinoptilolite composite prepared by the
sonochemical method are shown in Fig. 1. A decrease
in the intensity of clinoptilolite peaks in the range of
26=10"—28° (Fig. 1b) was observed compared to the
intensity of the clinoptilolite peaks in Fig. la.
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Additionally, new peaks appeared in the range
of 20=30°-93° corresponding to the crystalline
planes (110), (111), (200), (220), (311), (222), and
(400) of cuprite (Cu,O) with a cubic structure
(JCPDS No. 05-0667) [15]. The average diameter of
the Cu,0O crystallite, calculated using the
Debye-Scherrer equation, was approximately 13 nm.
The absence of peaks corresponding to other phases
indicated the high purity of the Cu,O crystals.

The EDX spectrum of the synthesized material
(Fig. 2), in addition to peaks corresponding to elements
such as Si, Al, and O, also contained peaks for Cu at
1.0 and 8.05 keV. It was determined that the Cu
content in the composite was 56.71 wt.%.
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Fig. 1. The XRD patterns of (a) clinoptilolite and (b) the
Cu,O nanoparticles/clinoptilolite composite prepared by the
sonochemical method
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Fig. 2. EDX spectrum of the Cu,0 nanoparticles/clinoptilolite
composite prepared by the sonochemical method

The SEM image of the obtained composite
(Fig. 3a) confirmed the uniform distribution of Cu,O
nanoparticles across the surface of the clinoptilolite
framework. The weighted average size of Cu,O
nanoparticles, determined taking into account the
particle size distribution (Fig. 3b), obtained using
specialized software (Carl Zeiss Vision AxioVision
Viewer 4.8), was 60.5 nm.

Two primary mechanisms of the antibacterial
action of nanoparticles (including Cu,O nanoparticles)
are distinguished [11]. The first mechanism involves
the release of positively charged cuprous ions (Cu*),
which, due to electrostatic interaction forces, neutralize
the negative charges of bacterial cell walls and plasma
membranes. This leads to the leakage of bacterial cell
contents and, consequently, their death. The second
mechanism involves the Cu,O nanoparticles-induced
generation of excess reactive oxygen species (primarily
free radicals), which cause oxidative destruction of
proteins, lipids, and DNA (the so-called «oxidative
stress»).

Based on studies of the antibacterial activity of
the Cu,O nanoparticles/clinoptilolite composite by
the method of its direct addition into the nutrient
medium, it was found that 100% bacterial death (both
Gram-positive Staphylococcus aureus subsp. aureus
ATCC 25923 and Gram-negative Escherichia coli
ATCC 25922) was achieved at a composite
concentration of 3 g/L in the suspension (Tables 1
and 2).

Therefore, the Cu,0O nanoparticles/clinoptilolite
composite synthesized by the sonochemical method
is an effective antibacterial agent.

Conclusions

For the sonochemical synthesis (US frequency
of 20 kHz and US power density of 200 W/L) of the
Cu,O nanoparticles/clinoptilolite composite, an
aqueous solution of copper sulfate (precursor) and
hydrazine (reductant of Cu?z ions in the clinoptilolite
framework to Cu,O nanoparticles) were used.

A decrease in the intensity of clinoptilolite peaks
on the XRD patterns of the synthesized composite
was observed compared to the clinoptilolite
diffractogram, along with the appearance of new peaks
in the range of 2=30°—93°, corresponding to the
crystalline planes (110), (111), (200), (220), (311),
(222), and (400) of cuprite (Cu,0O) with a cubic
structure. The average diameter of the Cu,O crystallite,
calculated by the Debye-Scherrer equation, was
approximately 13 nm. The SEM image of the
synthesized composite indicated the uniform
distribution of Cu,O nanoparticles, with a weighted
average size of 61 nm, across the surface of the
clinoptilolite framework.
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Fig. 3. SEM image of (a) the Cu,O nanoparticles/clinoptilolite composite prepared by the sonochemical method, and (b)
corresponding histogram of particle size distribution

Table 1
Antibacterial activity of Cu,O nanoparticles/clinoptilolite

composite against Staphylococcus aureus subsp. aureus
ATCC 25923

The results of antibacterial activity studies
confirmed the effectiveness of the synthesized product
against Gram-positive (Staphylococcus aureus subsp.
aureus ATCC 25923) and Gram-negative ( Escherichia
coli ATCC 25922) microorganisms at a concentration
of the Cu,O nanoparticles/clinoptilolite composite in
suspension >3 g/L.
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COHOXIMIYHUM CUHTE3 I AHTUBAKTEPIAJIbHA
AKTUBHICTb KOMITIO3UTY HAHOYACTHUHOK
Cu,O/KIIMHONITHJIOJIT

Cyxaupkuii 10O., Cozancoxuit M., Muux P., 3uax 3.

Kommnosur HanoyactuHku Cu,O/KIMHONTUIONIT OYyJI0
CHUHTE30BaHO COHOXIMIYHMM METOAOM (YacToTa YJIbTPa3ByKy —
20 xIl'u; muTomMa MOTYXHiCTh yabTpa3Byky — 200 Br/am?) 3
BUKOPUCTAHHSIM BOIHOTO PO3YMHY MiIHOTO KYIOpPOCY SIK Tpe-
Kypcopa Ta rimpa3uHy sl BigHOBJIeHHs ioHiB Cu’' y Kapkaci
KIMHONTWIONITY N0 HaHo4yacTMHOK Cu,O. MetomoM peHTre-
HiBCbKOI nudpakiiii Oyjgo MiATBEpIXEeHO HasSBHICTb (a3u
kynputy (Cu,0) 3 KyOiuHOIO CTPYKTYpPOIO B OJepKaHOMY
Kommo3uTi. 3a piBHsSHHSIM [ebas-Illeppepa Gyino po3paxoBaHO
ycepenHeHuit niamerp kpucrainity Cu,O, sIKMii CTaHOBUB
npubauszHo 13 HM. MeTomoM eHeproaucrepciiHOl peHTre-
HIBCbKOI CIEKTpOCKOIii Oyyno Bu3HayeHo BMicT Cu y KoMmIo-
3uti. Ha ocHoBi CEM-300paXeHHsI KOMITO3UTY ITiATBEPIKEHO
piBHOMIpHicTh posnoainy HaHodyacTuHOK Cu,O i3 cepeaHbo-
3BaXKEHUM PO3MIpoM 61 HM IO TMOBEpXHi Kapkaca KJIWHOITH-
JIONITY. Y pe3yabTaTi AOCHigXeHb aHTUOaKTepiadbHOI
AKTUBHOCTI KOMIO3UTY HaHOYacTUHKH Cu,O/KINHOMTUIONIT
METOIOM MOTO TMPSIMOTO BHECEHHs y TOXHWBHE CEpPEeIOBUILE
(M’sico-TienTOHHMIA arap) Oy/I0 BCTaHOBJIEHO, 1110 3arubesni 100%
OakTepiil (K TpaM-TIOBUTUBHUX Staphylococcus aureus subsp.
aureus ATCC 25923, tak i rpam-HeratuBHux Escherichia coli
ATCC 25922) nocsaranu 3a KOHILEHTpallii KOMIIO3UTY B
cycneHsii 3 r/om?.

Kmovosi cmoBa: HaHoyacTuHKU Cu,O, KJIMHOITUIIOJNIT,
KOMITO3UT, COHOXIMIYHUI CHMHTE3, METOM IPSIMOTO BHECEHHSI,
aHTHOaKTepiaJlbHA AaKTUBHICTb.
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The Cu,0O nanoparticles/clinoptilolite composite was
synthesized using a sonochemical method (ultrasound frequency
of 20 kHz; ultrasound power density of 200 W/L) with an
aqueous solution of copper sulfate as a precursor and hydrazine
as a reducing agent for Cu?" ions in the clinoptilolite framework,
forming Cu,O nanoparticles. X-ray diffraction confirmed the
presence of the cuprite (Cu,O) phase with a cubic structure in
the synthesized composite. The average crystallite diameter of
Cu,0, calculated using the Debye-Scherrer equation, was
approximately 13 nm. Energy-dispersive X-ray spectroscopy was
used to determine the Cu content in the composite. SEM imaging
confirmed the uniform distribution of Cu,0O nanoparticles
(weighted average size of 61 nm) across the clinoptilolite
framework. The antibacterial activity of the Cu,O nanoparticles/
clinoptilolite composite was evaluated using the direct addition
method in a nutrient medium. Complete bacterial elimination
(100%) was observed for both Gram-positive Staphylococcus
aureus subsp. aureus ATCC 25923 and Gram-negative Escherichia
coli ATCC 25922 at a composite concentration of 3 g/L in
suspension.

Keywords: Cu,O nanoparticles; clinoptilolite; composite;
sonochemical synthesis; direct addition method; antibacterial
activity.
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