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Abstract To improve the porous properties of natural Ukrainian clinoptilolite, it was
treated with ethylenediamine tetraacetic acid. Ag-containing zeolite and gamma-
alumina samples were obtained by their impregnation with silver nitrate and the
thermal decomposition of the latter. Synthesized samples were investigated by using
SEM, TEM, low temperature nitrogen adsorption/desorption, FTIR spectroscopy,
and DTA/TG. Nanosized silver particles of 5-10 nm were detected on the zeolite
sample only. Total viable count determination was used to investigate the antibacte-
rial properties of the samples. Water samples from three Kyiv’s lakes (Sonyachne,
Svyatoshynske, and Radunka) were used in the study. In comparison with Ag—
Al,O3, Ag-containing zeolite sample demonstrates better performance in antibacte-
rial activity. The latter can be caused by the nanodimensionality of Ag species on the
zeolite surface as well as by the stronger interaction of silver with zeolite cations.

1 Introduction

Today, more than eighty types of natural zeolites are known [1, 2]. The latter, in
contrast to synthetic zeolites, usually contain a number of impurities from other rocks.
Clinoptilolite, as a zeolite of the heulandite group, finds considerable application [1—
4] in various fields. It is one of the most stable and common natural zeolites in the
world. Big deposits of clinoptilolite are available in the Transcarpathian region of
Ukraine. Despite its significant deposits, the use of the latter as a basis for catalysts
and sorbents is currently insignificant. The shortcomings of the porous structure of
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the clinoptilolite, on the other hand, limit the widespread usage of Ukrainian natural
zeolites.

In the past, silver in all of its forms has been utilized either alone or in conjunction
with other technologies as an antibacterial agent [5, 6]. Utilizing this metal as silver
nitrate or silver sulfadiazine has been studied for use in food packaging to prevent
contamination, in home appliances such as refrigerators and washing machines, and
in several industrial applications [6—10]. With the development of new knowledge
in nanotechnology and related sciences [11], it becomes possible to explore the
antibacterial potential of Ag nanoparticles deposited on carriers, too.

Silver nanoparticles have been imposed as an excellent antimicrobial agent being
able to combat bacteria in vitro and in vivo causing infections [5].

Ag nanoparticles have especially been employed as antibacterials, antifungals,
and antioxidants in agriculture and medicine. Ag demonstrates antibacterial activity
against gram-positive and gram-negative bacteria. However, the exact mechanism of
such behavior is still under discussion. The existing experimental evidence supports
different mechanisms that consider the physicochemical properties of Ag nanoparti-
cles, such as size and surface, which allow them to interact with or even pass through
cell walls or membranes and directly affect intracellular components. The growth and
multiplication of many bacteria, including Bacillus cereus, Staphylococcus aureus,
Citrobacter koseri, Salmonella typhii, Pseudomonas aeruginosa, Escherichia coli,
Klebsiella pneumonia, Vibrio parahaemolyticus, and Candida albicans, are shown
to be stopped by Ag nanoparticles by binding Ag/Ag* with the biomolecules [13].
Silver nanoparticles may produce free radicals and reactive oxygen species, which
can cause apoptosis and cell death by blocking cell replication.

In the paper [14], investigations were made into the antibacterial properties of
the Ag-coated Ti powder. A potential antibacterial effect has been noted. It was also
demonstrated that E. coli bacteria cannot survive in close proximity to these Ti—
Ag surfaces, and the observed antibacterial capabilities may not be connected to the
alloy’s release of a water-soluble component. Therefore, Ti—Ag alloys are a promising
material for antibacterial implants due to their local antibacterial properties, which
may also make them biocompatible.

Inorganic AgNOs-containing sorbents are widely used for the localization of
radioactive iodine volatile compounds [15].

The silver-containing sorbents, based on mineral carriers like alumina and silica
systems with a meso- and macro-porous structure, are chemically composed to be
both hydrophilic and hydrophobic. When compared to analogues, these sorbents
are quite inexpensive. Such sorbents can be used in gaseous and liquid media, for
example, for thiophenic compounds and mercury adsorption [16, 17]. It should be
taken on board that the use of sorbents, catalysts, or composite materials with devel-
oped surface area and porosity is a necessary condition for the effective course of a
range of heterogeneous processes [18-20].

Therefore, the aim of this study was to obtain promising nanoscale silver-
containing antibacterial sorbents using a complex modification of natural Ukrainian
zeolites.
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2 Experimental

2.1 Synthesis of the Samples

The raw starting material was clinoptilolite zeolite rock from the Sokyrnytsja
village deposit in the Transcarpathian region (Ukraine). Clinoptilolite was initially
crushed and fractionated. Medium-sized grains (0.5—1.0 mm) were used for further
processing. The modification process involved dispersing the zeolite sample in water,
adding crystals of ethylenediamine tetraacetic acid (EDTA), and boiling the resulting
mixture for three hours. The sample was then washed, its chemical composition was
determined, and it underwent further processing four times. The total treatment time
was 12 h.

One weight percent of silver was added to the sample by impregnating it with silver
nitrate according to its moisture content. Then, the sample was calcined at 480-500 °C
for 2 h. A gamma-Al,O3 sample with silver was prepared for comparison according
to the same modification procedure. Initial gamma-alumina (DSTU 8136-85) was
produced by JS “Katalizator” (Kamjanske, Ukraine).

Total viable count (TVC) determination was used to investigate the antibacterial
properties of the samples. The TVC was studied using the method of deep sowing
of water in nutrient agar according to the methodological instructions “Sanitary and
Microbiological Control of Drinking Water” approved by Order of the Ministry of
Health of Ukraine No. 60 of the 02/03/2005. All colonies, including microorganisms
that grew at 36 °C for 24 h and could be seen at a 2-5 times magnification, were
considered. According to the procedure described by the authors’ group, sterilization
of nutritional agar was carried out in a microwave oven for 2 min (30 s + 30 s +
1 min) at a radiation strength of 750 W [21].

2.2 Methods

SEM and TEM. Scanning electron microscopy (Zeiss EVO MA 10, Carl Zeiss
Microscopy GmbH, Germany) and transmission electron microscopy (JEM 2100F,
JEOL, Japan) were used for investigation of samples.

N> adsorption. Low temperature nitrogen adsorption/desorption isotherms for
samples were measured on a Quantachrome Autosorb NOVA 1200e® automatic
analyzer (USA) after thermal dehydration in the muffle furnace at 380 °C for 2 h and
additional in situ evacuation at 250 °C for 1 h. Utilizing the NOVAWin software, the
parameters of the porous structure were computed.

X-ray fluorescence (XRF) analysis. The determination of the silver content in
the obtained samples as well as the silica-to-alumina ratio was realized using XRF
analysis (Oxford Instruments X-Supreme 8000 analyzer, Great Britain).
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FTIR spectroscopy. A Shimadzu IR Affinity-1S FTIR spectrometer (Japan) was
used to record the FTIR spectra of zeolites in the 400-1500 cm™' region of the
framework vibration. The spectral resolution was 2 cm™.

DTA/TG. Using a Linseis STA 1400 system type derivatograph (Germany), the
zeolite samples were subjected to simultaneous thermogravimetric (TG) and differ-
ential thermal analysis (DTA) in the temperature range of 20—-1000 °C. As areference
material, 1200 °C-calcined alumina was used. Every determination was made in a
typical atmospheric setting. Each experiment used a sample amount of about 25 mg.

3 Results and Discussion

3.1 Samples Characterization

The first stage of zeolite sample modification involved the EDTA-induced four-fold
dealumination/decationation of its pores. Both processes occur simultaneously. After
this gentle process, the Si0,/Al,O3 ratio changed from 7.3 to 8.7 according to XRF
data, the specific surface area (Sggr) increased from 11 to 92 m?/g, and the micropore
volume (Vtmicro) raised from 0.002 to 0.036 cm?/ g (Fig. 1; Table 1). Furthermore, the
latter happened mostly as aresult of better access to the sample microporous structure.
SBET, micropore surface (Stpicro ), and volume (Vtpicro) all marginally decreased after
Ag impregnation, while overall pore volume (V) remained constant. Adsorption
properties of the clinoptilolite samples are quite different to those for mordenite—
clinoptilolite rocks of Transcarpathia [22, 23] and similar to mineral acid-treated
sample of clinoptilolite [24, 25]. In general, natural zeolites are characterized by
significantly lower surface areas compared to synthetic zeolites, for which the surface
areas according to BET are up to several hundred square meters per 1 g [26, 27].

500+

40 —=— Initial zeolite rock
|—e— EDTA-treated zeolite rock 400
—4— Ag-EDTA-treated zeolite

V, cm®/g

Fig. 1 Low temperature nitrogen adsorption/desorption isotherms for synthesized zeolite (a) and
alumina (b) samples
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Table 1 Adsorption properties of the samples

Sample SBET, m2/g Stmicro» m2/g Vtmicro» cm3/g V sum, cm?/ fos
Initial zeolite 11 5.5 0.002 0.031
EDTA-treated zeolite 92 79 0.037 0.0621
Ag-EDTA-zeolite 69 55 0.026 0.061

Al,O3 221 7 0.01 0.651
Ag-Al,03 201 6 0.002 0.634

SEM images of the initial zeolite rock and dealuminated zeolite samples (Fig. 2a,
b) show typical crystals for natural zeolites [28-31], but images of the initial sample
show some impurities on the zeolite crystals, which were removed after EDTA treat-
ment. Some external surface additions we can see after Ag impregnation on zeolite
(Fig. 2d, e). It is interesting that in the case of the zeolite sample, we have some
cloud-like Ag species and some nanoparticles, whose dimensions are difficult to
determine from SEM images. On the alumina sample, only cloud-like species are
formed in spite of the same procedure for their preparation (Fig. 2f).

Figure 3 displays TEM images of initial clinoptilolite rock (a), EDTA-treated
sample with Ag nanospecies (b, ¢), and an alumina sample after silver impregnation
of Ag-Al,03 (d). Clinoptilolite is the main phase in the initial rock, but it also
contains mordenite and magnetite as impurities. Despite XRF analysis confirming
the presence of 1 wt% of silver on the alumina sample, silver nanoparticles are not
visible in TEM images (d). On clinoptilolite, however, we can see many nanoparticles
measuring 5—10 nm. It is known that silver nitrate decomposition is negligible below
the melting point, but becomes appreciable around 250 °C and fully decomposes at
440 °C with Ag(0) formation. Silver oxide cannot be formed because it decomposes
at a lower temperature than silver nitrate, so the decomposition of silver nitrate yields
elemental silver instead. Why we do not see Ag species in the case of Ag—Al,03?
With the purpose of understanding these peculiarities, an Ag—Al,O3 sample was
additionally washed, and the water after treatment was analyzed for Ag-ion presence.
The reaction was negative. Therefore, silver nitrate is absent on the sample. Silver
nitrate, on the other hand, can react with amphoteric alumina to form AgOH. The
latter hydrolyzes to Ag,O oxide after being washed with hot water. The Ag—Al,O3
sample became gray after that. Thus, under the same conditions of impregnation
and thermal decomposition of silver nitrate on aluminum oxide, the formation of
visible silver nanoparticles is not observed. Obviously, silver forms a powdery or
porous layer on the alumina, which can be seen on SEM images as clouds.

Figure 4 shows the FTIR spectra of initial and EDTA-treated zeolite rock in the
region of lattice vibrations. The spectrum of the sample did not undergo significant
changes after processing, which indicates the absence of sample amorphization and
the preservation of its crystalline structure. However, there is a shift of absorption
bands of antisymmetrical valence vibrations of the (Si,Al)-O bond at 1015 cm™! for
the initial sample into the high-frequency region to 1035 cm™!, which is associated
with an increase in the proportion of silicon, that is, the silica-to-alumina ratio. This
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Fig. 2 SEM images of synthesized samples: a initial zeolite; b EDTA-treated zeolite; ¢ Al,O3; d,
e Ag-EDTA-zeolite; f Ag-Al,03

is consistent with the postulate of Woiciehovska et al. [32]: The higher the Si/Al
ratio, the band-specific ring oscillations shift toward higher frequencies.

The original form of the clinoptilolite rock and the EDTA-teared sample were
investigated using the DTA/TG method. Figure 5 shows the corresponding curves.
It is known that the loss of water from zeolite samples often takes place between
100 and 400 °C, and it may be seen in the DTA profiles as an extended endothermic
effect [29, 33].
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Fig. 3 TEM images: a initial zeolite; b, ¢ Ag-EDTA-zeolite; d Ag-Al,O3

Fig. 4 FTIR spectra of
initial and EDTA-treated
zeolite
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Fig. 5 DTA and TG results for original clinoptilolite zeolite rock (a) and EDTA-treated zeolite (b)

The original rock is characterized by an endotherm near 100 °C related to the
dehydration process. The dehydration rate is substantially higher in the original
sample than in the treated sample. For the first sample, dehydration is stopped at
500 °C, whereas for EDTA-treated zeolite, the dehydration process smoothly follows
by the dehydroxylation of acid sites, which is triggered after acid treatment. In the
case of original rock, there are no acid sites, and only dehydration takes place.
Clinoptilolite zeolite is one of the most thermally stable natural minerals that does
not show major structural changes until 800-900 °C, but a phase transition process,
indicated by an exothermic effect on the DTA curve, is observed at temperature close
to 900 °C.

3.2 Antibacterial Properties

To determine the starting point of bacterial contamination, the water of three of
Kyiv’s lakes (Sonyachne, Svyatoshynske, and Radunka) was previously examined.
Water samples were tested in June 2022. The initial characteristics of the water
samples were as follows: Lake Radunka—70-200 colony-forming units per cm?
(CFUs/cm?); Lake Sviatoshynske—150-250 CFUs/cm?; Lake Soniachne—1350—
3100 CFUs/cm?. According to TVC values, Lake Radunka water meets standards
for both drinking water (up to 100 CFUs/cm? of water) and open water bodies (up to
1000 CFUs/cm?® of water). The warnings for Lake Svyatoshynske water are a little
more ominous. Thus, Lake Sonyachne water ended up being the worst. Therefore,
this water sample was selected for further study.

In Table 2, we have the results of deep sowing of water into peptone-yeast agar
in the presence of 0.1 or 0.2 g of zeolite and alumina samples with silver. Using
Ag-zeolite increases the purification of water samples by 60-200 times. As a result,
according to this indicator, the water sample now fully meets the regulations for
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Table 2 Results of the deep

. . . Sample The number of microorganisms,
sowing of water into nutrient 3
. . CFUs/cm

agar in the presence of zeolite

and alumina oxide samples 01g 02g
Ag-EDTA-zeolite 51 16
Ag-AlL03 225 90
Initial water 3010

surface water and, moreover, even the regulations for drinking water. Then, Ag-
alumina requires only 13 and 30 times as much water for purification. Such pecu-
liarities can be caused by different states of applied silver particles, which are both
nanoscale and cloud-like in the case of zeolite and only cloud-like in the case of
alumina. But we cannot deny the role of Ag species’ interactions with zeolite matrix,
too. It is known, that the Si—O-Si groups are one of the clinoptilolite functional
groups with which heavy metals interact [34]. This interaction can be like the inter-
action of Bronsted and Lewis acid sites in zeolites and Bronsted/Lewis acid sites with
metal species that promote high zeolite acidity and activity [19, 36]. Ag nanoparti-
cles that localize near zeolites exchange cations can be stabilized by cations, which
additionally improve their antibacterial properties.

The effect of different sizes of silver nanoparticles on the zeolite matrix on antimi-
crobial properties and possible silver aggregation requires further investigation.

These conclusions are consistent with the findings of a group of authors [36-38]
who discovered that the Ag-clinoptilolite composite has a strong antimicrobial effect
against gram-negative bacteria and yeasts, as well as a significant effect on the vital
activity of S. aureus. It was determined also that the native form of clinoptilolite
has a better antibacterial effect against E. coli than its H-form. However, antago-
nistic activity against S. aureus was worse than against E. coli in both forms. When
different forms of clinoptilolite are combined with Ag(I), their antibacterial activity
is increased [37, 38].

4 Conclusions

The chemical modification of the Transcarpathian clinoptilolite rock with EDTA
resulted in the soft dealumination of the rock, the removal of impurities, and a
significant improvement of its porous properties according to the results of low
temperature nitrogen adsorption. Ag nanoparticles of 5-10 nm on the zeolite surface
can be obtained by impregnation with silver nitrate, followed by the thermal decom-
position of the latter, in contrast to a gamma-alumina sample. A considerable drop
in the values of total viable count of lake water suggests the potential of Ag-zeolite
application in the purification of not only surface water, but drinking water too. In
comparison with Ag—Al,O3, which also demonstrates some antibacterial properties,
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Ag-containing zeolite samples demonstrate better performance in antibacterial prop-
erties. The latter can be caused by the nanodimensionality of Ag species as well as
the stronger interaction of silver with zeolite cations.
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