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Abstract

Composite consisting of natural zeolite and silver nanoparticles (AgNPs-zeolite) has been synthesized
by ion exchange followed by a thermal treatment. The prepared material is characterized by BET,
EDX, TEM and XPS. The antibacterial activity of the synthesized material has been studied against E.
coli. Results on the influence of the material's doze and treatment time on the antimicrobial action of
the composite are presented. The minimum inhibitory concentration is 10 mg AgNPs-zeolite/mL of
culture medium containing E. coli (10° CFU/mL). Bactericidal activity has been observed after 300
minutes of treatment. The bactericidal action of the synthesized nanocomposite against E. coli is
maintained after three repeated re-inoculations, and after the third inoculation it is 99.9%. Possible
mechanism of the observed antimicrobial action is briefly discussed.
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1. INTRODUCTION AND TASK JUSTIFICATION

Availability of safe water for drinking, household, industrial and recreational purposes represents one
of the most serious health and economics problems. It is estimated that 3.6 billion people live in areas
that are potentially water-scarce at least one month per year, and this population could increase to 4.8—
5.7 billion by 2050 [1]. Health risks may arise from consumption of water contaminated with many
different pollutants, among them microbial pathogens. As reported by World Health Organization
(WHO), in 2017, 2.2 billion people worldwide used drinking water without safely managed services.
WHO estimation is that the 829 000 people die each year from diarrhea as a result of use of unsafe
drinking water [2].

Disinfection is of undoubting importance in the supply of safe drinking water. The destruction of
pathogenic microorganisms is absolutely necessary. Chlorination is considered to be the most
important process for preventing the spread of waterborne diseases. Residual disinfection is used to
provide a partial safeguard against low-level contamination and growth within the distribution
systems. However, there are some concerns regarding chlorine usage that may inspect its uses, such
as: i) Chlorine reacts with many naturally occurring organic and inorganic compounds in water to
produce undesirable disinfection by-products (DBPs); ii) Hazards associated with chlorine use require
special treatment and response programs; iii) High chlorine doses can cause taste and odor problems.

Disinfection by ozonation and use of ultraviolet light can be also applied but these technologies are
more expensive and in addition, they do not possess residual effect, which means that after their
application a certain level of chlorination has to be applied to avoid undesirable bacterial growth in
distribution systems for already treated water.

The membrane processes of most significance in water disinfection are reverse osmosis, ultrafiltration
and microfiltration. However, these technologies are energy and operationally intensive. These
systems still require considerable capital investments, engineering expertise and infrastructure.
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Development of more easy to use disinfectant that can be applied, for example, in conventional
filtration systems represents a challenge.

Silver (Ag) has been known to have antibacterial properties since Roman times. It possesses potential
to be a water disinfectant that does not result in DBPs [3]. Effectiveness of silver ion (Ag*) (generated
from silver salts [AgNOs, AgCI] or produced electrolytically) was tested against a range of bacteria
and its activity was assessed by the log reduction in bacterial numbers.

Hwang et al. [4] studied the efficacy of Ag® ions (up to 100 pg/L), derived from silver nitrate
(AgNOQO3), against Legionella pneumophila, Pseudomonas aeruginosa and Escherichia coli (all at 1.5 x
107 CFU/mL) in synthetic drinking water (pH 7, temperature 25 °C). After a three hour contact time
with the highest concentration of silver the following log reductions were obtained: L. pneumophila -
2.4 log reduction, P. aeruginosa- 4 log reduction and E. coli - 7 log reduction.

Huang et al. [5] studied the efficacy of Ag* ions, derived from AgCl, against 3 x 108 CFU/mL of P.
aeruginosa, Stenotrophomonas maltophilia and Acinetobacter baumannii. At the highest
concentration used (80 pug Ag*/L) a 5 log reduction in P. aeruginosa CFU was seen after 12 hours,
while for S. maltophilia it was seen after 6 hours. For A. baumannii the 5 log reduction was achieved
after 72 hours of exposure.

Cunningham et al. [6] carried out experiments aimed at determining the minimum inhibitory
concentration (MIC) of AgNO; on Escherichia coli (E. coli). They reported 24 hour MIC of between
60 and 80 pug Ag" /L. Approximately a 4 log reduction was seen at 100 pg/L after 24 hours of
exposure.

Pathak and Gopal [7] evaluated the influence of the concentration of Ag* ions (1, 2, 5, 10 and 20
pg/L), produced from silver electrodes, for up to 60 minutes on the efficacy of antibacterial activity
against E. coli (with initial concentration 1.75 x 10° CFU /mL). Complete stopping of the bacteria
activity was observed at neutral pH and 20 °C in 20 minutes at 20 pg/L concentration, in 40 minutes -
at 10 pg/L, in 50 minutes - at 5 ug/L, in 60 minutes - at 2 pg/L.

It is accepted by the scientific community that when Ag* ions are loaded onto a solid carrier, they can
be slowly released into the environment, thus their antibacterial activity is maintained over a long
period of time [8, 9]. Because of this, silver loaded systems have been used in biomedical applications,
for example, as a coating. In this line, different studies have considered the impact of silver coating on
ceramic filters.

Zeolites have been also studied as solid carriers of Ag* ions. Zeolites type X and A, with different
Al/Si ratio were exchanged with Ag* and the obtained Ag* contents were between 31.4 and 42.7 wt. %
[9]. The release of metal ions from the loaded zeolites into tryptic soy broth was from 22.9 - 45.7
mg/L for 0.5 h to 58.1 - 70.8 mg/L for 24 h. At an initial bacteria concentration of 1x10” CFU/mL the
MIC towards E. Coli was 64 ug Ag* /mL except for the Ag*™ exchanged zeolite with the lowest Si/Al
ratio where the MIC was 32 pg/mL.

Silver-exchanged zeolite NaY with different concentrations of uploaded Ag* was prepared by zeolite
contacting with AgNOs with different concentrations based on 25, 50, 100 and 200% of the cation
exchange capacity (CEC) of the zeolite [10]. The obtained silver-exchanged zeolite NaY (ZSA) was
functionalized by contacting with different concentrations (0.01, 0.2 and 04 M) of 3-
aminopropyltriethoxysilane (APTES) [H2N(CH)sSi(OCzHs)s]. The disc diffusion test and MIC
technique were used to study the antibacterial activity of the prepared materials. The tests showed the
highest antibacterial activity of samples prepared by exchange with AgNO;3 in concentrations equal
and higher than 50% of the CEC and APTES - 0.01 M. The MIC value with respect to E. Coli
ATCC11229 was 0.05 g zeolite/L in distilled water and 2 g zeolite/L - for 0.9 % saline solution.

Nowadays, silver nanoparticles (AgNPs) are widely examined as an alternative antibacterial agent to
Ag", since it is expected that the high specific surface area of AgNPs considerably increases the area
available for the microbes to be exposed to. This allows enhanced interactions with the cell membrane
and easy penetration into the cell, leading to more complete destruction of microbial cells compared to
the case where Ag*ions are used. In addition, when used in reasonable amounts, silver metal does not

Page 56


http://www.scientific-publications.net/

Ecology & Safety Journal of International Scientific Publications
ISSN 1314-7234, Volume 14, 2020 www.scientific-publications.net

negatively affect the human body [3, 11, 12]. By using the InQ™ Cell Research System instrument
with HEK 293 cells, it was found that AgNPs at concentration of 2 ppm and 4 ppm were not toxic for
human healthy cells, but inhibit bacterial growth [13].

It has been found that the antimicrobial activity of Ag and its compounds is directly proportional to the
number of biologically active Ag* ions released, and its availability for interaction with the bacterial
cell wall [7, 12]. In this line, AgNPs are a good and more permanent (compared to added Ag*
solutions) source of the antimicrobial agent [12]. In order to be applied effectively for water
disinfection, nanoparticles must be prevented from aggregation and supported on different substrates.

Lv and coauthors uniformly decorated AgNPs onto porous ceramic materials to form composite by
using 3-aminopropyltriethoxysilane (APTES) as a connecting molecule [14]. The composite did not
lose AgNPs under washing and was able to be stored for long periods. The composite sterilized water,
polluted with E. coli (10° CFU/mL) when used as antibacterial filter at a flow rate of 0.01 L/min.
However measurements on silver concentration in the filtered water were not reported.

Nangmenyi et al. [15] impregnated fibreglass with different amounts of AgNPs (<30 nm) and studied
the performance of thus prepared materials at immersion and during filtration. When silver
impregnated mat (1 wt.% Ag) was immersed into 100 ml E. coli suspension (10° CFU/mL), E. coli
was not detected in the suspension after an hour. When E. coli concentration of 102 CFU/mL was
used, the AgNP fibreglass mat (1.8 wt.% Ag) ensured a 7 log reduction in concentration in five
minutes. Antibacterial filters (5 wt.% Ag) were prepared and a bacterial solution (10 CFU/mL E. coli)
was passed through the filter at a flow rate of 20 mL/min. E. coli were not found in the treated water (a
6 log reduction, of which 1 log reduction was due to the fibreglass).

Heidarpour et al. [16] studied the capability of AgNPs-coated polypropylene filters to remove E.coli
from water. They passed 15 litres of distilled water containing 10° CFU/mL E. coli through silver-
coated filters or uncoated at a flow rate of 3 L/h. The E. coli concentration from the silver-treated filter
was zero after 7 hours of filtration and recirculation, whereas the concentration in the water from the
untreated filter remained at 10> CFU/mL. Scanning electron micrographs showed that E. coli cells
were attached to the surface of the AgNPs coated filter. AgNPs were not found in the treated water.
The observed bacterial removal was assigned to a combination of the bacteriostatic and bactericidal
impact of the silver and the decrease in the pore size of the Ag-treated polypropylene (pore size of 1.3
wm in comparison with the untreated material - 9.9 pum).

Zeolites have been also considered a promising inorganic material for hosting AgNPs. Because of
their rigid and stable network of hollow channels and pores and their thermal stability, natural and
synthetic zeolites are ideal templates for formation and growth of various nanoparticles. Even more,
small nanoparticles are physically prevented from aggregation to larger nanoparticles or micron-sized
particles [17]. Thus, the zeolites have attracted the attention as promising substrate for producing
composite materials bearing AgNPs.

Flores-Lopez and coauthors [18] prepared composite representing AgNPs supported on the surfaces of
the natural zeolite chabazite. The bactericide properties of the prepared material (containing 18.57 %
Ag) were tested against several types of bacteria (Staphylococcus epidermidis, Staphylococcus aureus,
Salmonella typhimurium, Escherichia coli, Shigella flexneri and Pseudomonas aeruginosa). A saline
solution containing powdered silver chabazite nanocomposite at different concentrations, including a
control sample of chabazite without silver, was mixed with the bacteria (10° CFU/mL) and incubated
for 1, 24 and 48 h. After incubation time, the number of bacteria colonies were counted in each case. It
has been found that the Killing of bacteria was complete in all cases except for S. aureus, where two
CFU/ mL were found after 48 h.

Synthetic commercial zeolite A (NaA) was loaded by impregnation with Ag* ions. Further, the Ag*
ions were reduced with sodium borohydride to prepare AgNPs loaded NaA [19]. The antibacterial
activity of the AgNPs-NaA composites was studied by determining the reduction in the number of
viable Staphylococcus aureus (ATCC 6538) and Escherichia coli (ATCC 25922) bacteria at initial
concentration of 10" CFU/mL. The composite showed a dose- and time-dependent antimicrobial
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activity against the Gram-positive S. aureus and Gram-negative E. coli bacteria, but was considerably
more effective against E. coli.

The WHO report issued in 2018 (but generally covering studies in the period 2005 - 2015) [3] and
aimed at assessing the efficacy of application of silver (ionic silver and silver nanoparticles) in
drinking water treatment concluded that "the overall evidence base does not indicate that the
supplemental use of silver nitrate or silver nanoparticle application in water filters improves the
microbiological quality and safety of the filtered water".

However, the demand for safe potable and household water is increasing, as well as the efforts of
scientific community in this direction.

A household water treatment filter device has been developed that is fabricated from man-made zeolite
cotton packed in a tube [20]. Zeolite cotton (ZC) is elaborated by growing mesoporous zeolite onto the
surface of cotton fiber. The material showed cation-exchange capacity over 6.5 mg/g (Cu?*) and
treatment efficiency of 84 mL/(day g), ensuring the removal of heavy metals to the concentrations less
than 5 ug/L. In order to give it antibacterial properties, the zeolite cotton is loaded with silver - 1 mg/g.
The experiment with bacterial solution having E. coli concentration of 0.97 x 10® CFU/100 mL
showed that no viable colony was obtained in the solution flowed through a tube containing 5 g of Ag
exchanged ZC (AgZC). However, the remained Ag*® concentration in the effluent was 0.310 ppm, 6
times over the safety limit. Further, a dual-bed filter configuration was proposed in which 5 g of AgZC
were set at the top of the filter and 5 g ZC were placed at the bottom. The low mass loading of silver
does not significantly affect the performance of ZC for heavy metal ions. The idea is that bacterial
polluted water would be initially purified by AgZC. Further, the excessive Ag*, possibly released from
the AgZC above, would be re-adsorbed by un-exchanged ZC. In this way the water leaving the filter
tube would contain neither bacteria nor overdose Ag* ions. The concentration of Ag* was 0.025 ppm
that is lower than the safety concentration.

The above idea may be developed further by using natural zeolite that does not require chemicals and
energy for its synthesis. Incorporation of AgNPs in the zeolite would ensure a more uniform effect,
where microorganisms will be more exposed to silver released from the nanoparticles.

In this regard, and on the basis of our preliminary experiments [21, 22], we have decided to continue
the work on the preparation of AgNPs-clinoptilolite nanocomposites, and in particular - on testing
their antimicrobial activity, which is the main subject of this article.

2. MATERIALS AND METHODS
2.1. Preparation and characterization of AgNPs-clinoptilolite composite

Natural zeolitic rock from East Rhodopes region (Bulgaria) was used in the study. The material was
milled, sieved and the fraction 0.09-0.325 mm was utilized. After its washing and drying, the material
was analyzed - classical silicate analysis was applied to determine its chemical composition that was
(in wt. %): SiO, — 70.28, Al,O; — 10.90, CaO — 2.97, MgO - 0.51, K>0 — 3.41, Na,O — 0.46, Fe,Os3 —
0.28, MnO - 0.04, TiO - 0.06, P203; < 0.05, SO3 < 0.05, LOI — 10.99. The theoretical cation exchange
capacity of the material was 211 meq/100 g zeolite. The XRD analysis of the washed material has
shown that it contained 73 % clinoptilolite.

Silver ions were loaded on the zeolite by contacting it with 0.1 M AgNO; solution at solid to liquid
ratio = 1 : 20 for 4 hours. Silver-loaded zeolite (71 mg Ag/g zeolite) was washed with distilled water
until negative reaction for Ag* in washings was observed. Then it was dried at 50 °C overnight. The
Ag-loaded zeolite was heated at 600 °C under air conditions for 2 hours to obtain AgNPs-clinoptilolite
composite (AgNPs-Z). Considering silver light sensitivity, all experiments were carried out under dark
conditions.

The specific surface area of AgNPs-composite was measured by applying the Brunauer, Emmett and
Teller (BET) method, using Quantachrome NOVA 1200e Analyzer working with N2. EDS elemental
mapping and EDX spectrum were made with JEOL - JSM-6010PLLIS/LA. The XPS measurements

Page 58


http://www.scientific-publications.net/

Ecology & Safety Journal of International Scientific Publications
ISSN 1314-7234, Volume 14, 2020 www.scientific-publications.net

were carried out in the analysis chamber of electron spectrometer Escalab-MklI (VG Scientific) with a
base pressure of 1x10° mbar. The spectra were excited with AlKa radiation (hv = 1486.6 ¢V) at
instrumental resolution of 1.1 eV as measured by FWHM of Ag3d5/2 photoelectron line. TEM
analysis of prepared composite was carried out on JEOL, model JEM 2100, 200 kV analytical electron
microscope. Concentration of Ag* ions released in the inoculated culture medium was determined by
ICP-OES.

Details on the preparation of the Ag-loaded zeolite and the AgNPs-composite, as well as on composite
characterization, can be found in our previous work [21, 23].

2.2. Antibacterial tests

E. coli strain 3398 was pre-grown on a Luria agar for 16 h at 37 = 0.1 °C to obtain cultures in a log
phase of growth. Peptone water (PW) was prepared by dissolving 10.0 g peptone and 0.5 g NaCl in 1
L of distilled water. Samples of 10 mL of peptone water were inoculated with E. coli (10° CFU/ml). In
order to study the minimum inhibitory concentration (MIC) of the synthesized AgNPs-clinoptilolite
composite, the synthesized material was added to the inoculated PW in concentrations from 1 to 20
mg/mL. Thus prepared samples were cultivated for 24 hours at 37 = 0.1 °C. Further, 1 mL of the
suspension was serially diluted in triplicate in sterile distilled water and volumes of 0.1 mL were
aseptically inoculated onto the Lysogeny agar-Luria (0.5 g/L NaCl) plates. The plates were incubated
at 37.0 £ 0.1 °C for 24 h. After the incubation period, the bacterial colonies were counted and the
number of viable cells was reported as CFU/mL. The controls were natural zeolite (from 1 to 20
mg/mL suspensions in PW) and E. coli suspension in PW but without any addition of zeolite. The
controls were treated in the same manner (dilutions and incubation) as the sample variants. Results for
MIC determination are expressed as % of bactericidal activity of AgNPs-Z (CFUagnes-z) With respect
to untreated control (CFUcontrot), i.€.

% Of baCtel’ICIda| aCtiVlty = [(CFUcontrol - CFUAgNPs-Z) / CFUcontrol] X 100

In order to establish the minimum exposure time required for the bactericidal activity, 100 mg of
composite was added to 10 mL of peptone water inoculated with E. coli (10° CFU/mL). Samples of
0.1 mL were taken at 1, 5, 30, 60, 180, 300 and 420 min, inoculated onto the Lysogeny agar-Luria
(following the same dilutions as above) and incubated at 37.0 + 0.1 °C for 24 hours. Then, the
bacterial colonies were counted and reported as CFU/mL.

Multiple use of bactericide materials is important from both economic and technological point of
view. However, such studies are very scarce [24]. In order to study the possible re-use of the
synthesized nanocomposite, one and the same material was used three times (in concentrations 10
mg/mL) to impact PW inoculated with E. coli (10° CFU/mL). After the first and second 7 hours cycle
of its use, the nanocomposite was separated and washed with sterile distilled water. Then, the test
procedure followed the one with application of virgin nanocomposite. The bactericidal activity of
AgNPs-zeolite is presented as % of with respect to untreated control.

3. RESULTS AND DISCUSSION
3.1. AgNPs-composite characterization

BET measurements showed 22% reduction in the specific surface area of AgNPs-composite,
compared to unloaded zeolite treated under the same temperature, which confirms the incorporation of
AgNPs into the zeolite.

The EDX spectrum of the composite showed the presence of the basic elements found in zeolite, in wt.
%: O (47.69), Si (32.52), Al (7.42), K (2.67), and Ca (1.64), as well as Ag (8.06). EDS elemental
mapping showed that silver is uniformly distributed in the zeolitic material - Figure 1.

XPS spectra (Ag3d photoelectron and AgMNN Auger-lines) indicated presence of Ag° in the
composite.
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Fig. 1. EDX spectrum and elemental mapping (Ag) of the zeolite applied in the antimicrobial tests

TEM analysis of prepared composite revealed that AgNPs with diameter in the range of 20-30 nm
were observed on the material's surface and particles with diameter in the range of 3-6 nm were
situated in the zeolite secondary pores - Figure 2.

3.2. Antibacterial activity of AgNPs-composite

Gram-negative bacterium E. coli was used as an indicator strain to screen the antibacterial activity of
AgNPs-clinoptilolite composite. The experiments for determining the MIC were performed with
AgNPs-Z concentrations from 1 mg/mL to 20 mg/mL, and the results are presented as % bactericidal
activity compared to untreated control - Figure 3.
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Fig. 3. Antibacterial activity of AgNPs-Z against E. coli (%)
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Natural zeolite (not bearing AgNPs), applied in concentrations identical to those of the AgNPs-Z
nanocomposite, did not show any antimicrobial activity, even some increase in the CFU was observed.
An increase in the number of colonies on zeolite without silver was found also by other studies [11].
The finding could be explained by the creation of better conditions for the development of the
microorganism by fixing it on the zeolite surface.

As it can be seen from Figure 3, AgNPs-Z composite, when applied in concentration of 1 mg/mL, had
no bactericidal effect against E. coli. Increasing the applied concentration of the AgNPs-Z
nanocomposite lead to appearance of bactericidal activity. The MIC was established at a AgNPs-Z
concentration of 10 mg/mL. The MIC value with respect to E. Coli found by us is in the range of that
found by Hanim et al. [10] in 0.9 % saline solution, i.e. 2 mg zeolite/mL, but in their case the Ag load
on zeolite was approximately 4 times higher.

The determined MIC was used to study the antibacterial activity of AgNPs-Z, as a function of the
time, of the test microorganism exposure. E. coli was treated with 10 mg/mL AgNPs-Z for 1, 5, 30,
60, 180, 300 and 420 min and the number of viable cells (CFU/mL) was counted. Data obtained are
presented in Figure 4.

\ AgNPs-Z (10mg/ml)
3 \---comro\
2
1 \

0 1 5 30 60 180 300 420

E. coli colonies (log,,CFU/ml)

Incubation time (min)

Fig. 4. Evolution of number of E. coli colonies survived in presence of 10 mg/mL AgNPs-Z, as a
function of time

As it can be seen in the Figure 4, the control (E. coli suspension in PW without any zeolite) exhibits
bacteria growth to 106 CFU/mL. The survival of the strain decreased by one degree after 60 minutes of
exposure - Figure 4. The viability of the test microorganism dropped sharply after the treatment of 180
min. Cell growth was completely absent after 300 min of contact. Our results are comparable to the
results of Guerra et al. [11] for AgNPs - Mexican clinoptilolite composite, who observed a decrease in
the number of colonies (when contacted with 3.3 mg/mL composite containing 2.1 wt. % of silver)
after 60 min and all bacteria killing after 120 min, but for initial concentration of 2.5x10> CFU/mL.
Flores-Lopez and coauthors [18] also found 60 min as enough time for killing 10° CFU/mL E. coli
when contacting with 1 wt. % of composite representing silver nanoparticles supported on the surfaces
of the natural zeolite chabazite, but their chabazite-based composite was approximately 2.5 times
richer in silver.

We extended the contact of E. coli with the composite other 120 min (totally 420 minutes) to confirm
the bactericidal (not only bacteriostatic) action of the material - practically all bacteria were killed till
7th hour. The bactericidal concentration of 10 mg/mL AgNPs-Z (corresponding to 710 pg bound
silver per mL) determined by us is near to the reported for commercial 4 A zeolite loaded with 56 mg
silver per g of zeolite [25]. The lasting effect could be explained by the slow-release theory, according
which Ag* could be slowly released from AgNPs-Z into the medium containing E. Coli. Actually,
many authors relate the antibacterial activity of AgNPs or AgNPs-composites with the amount of the
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released Ag* ions [12, 26]. It has been reported that 100 pg Ag* per L of water kill around 60 % of
different bacteria and 100 % are killed by 200 pug Ag*/L [26]. We have to note that the later value is
equal to the USEPA health advisory concentration for drinking water [3]. It is assumed that the
released Ag* ions react with sulphydryl (—SH) groups of bacteria thus destroying the enzyme activity
of bacterial cells. As a result the cells lose their division and proliferation abilities and die [25].

The possibility for a repeated use of the AgNPs-Z composite is important for its practical application.
Results from the triple application of one and the same material (after its separation and washing) at
concentration 10 mg/mL are presented in Figure 5.
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Fig. 5. Antibacterial activity of AgNPs-Z (10 mg/mL) after three times of re-use towards E. coli

As it can be seen from Figure 5, the nanocomposite contacting with E. coli exhibits 100% antibacterial
activity in the initial 2 cycles of use and in the third cycle the activity is 99.9%. The persistent
bactericidal action supports the notion of a slow continuous release of Ag* from the composite. The
zeolite matrix in which AgNPs are embedded ensures AgNPs homogeneous distribution along the
surface, thus enabling uninterrupted release of Ag™ and preventing nanoparticles' agglomeration.

The idea for Ag* continuous release is supported also by the residual silver concentrations found -
1.75, 1.45, 1.05 mg/L - after 1st, 2nd and 3rd application cycle correspondingly. These concentrations
are higher than the health advisory concentration for drinking water, but significantly lower than the
concentration of silver ions that would be obtained if all the silver present in the composite is leached
for a given stage. Our previous experiments [23] showed that in the low concentration range natural
zeolite immobilizes over 90% of Ag* from water solutions. Consequently, contacting the disinfected
water with natural clinoptilolite is expected to remove the residual Ag* ions and the use of the
combination AgNPs-Z / natural zeolite is foreseen as the future development of the study.

4. CONCLUSIONS

AgNPs-zeolite composite has been successfully prepared by natural clinoptilolite loading with Ag*
ions and its reduction at 600 °C under air conditions. The composite contains small (with diameter 3-6
nm) AgNPs located in the zeolite secondary pores, and bigger AgNPs (with diameter 20-30 nm) that
are located on the surface of the material.

The AgNPs-Z composite shows significant bactericidal action against Gram-negative bacterium E.
coli. The minimum inhibitory concentration is 10 mg AgNPs-zeolite/mL for culture medium
containing E. coli (10° CFU/mL). Bactericidal activity has been observed after 300 minutes of
incubation.

The bactericidal action of the prepared nanomaterial against E. coli is maintained after three
consecutive re-inoculations, and after the third inoculation it is 99.9%.
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