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Abstract: To broaden the application of silver nanoparticles (AgNPs), which are well-known antibac-
terial agents, they are supported on different substrates to prevent aggregation, increase their surface
area and antibacterial efficiency, and to be separated from the system more effectively at the end of
treatment. To produce nanocomposites that consist of silver nanoparticles on natural and modified
zeolites, silver ions (Ag*) were loaded onto zeolite (natural, Na-modified, H-modified) and then
thermally reduced to AgNPs. The effect of the exchangeable cations in zeolite on Ag* uptake, AgNPs
formation, size and morphology was investigated by the TEM, SEM, EDX, XPS, UV-vis, XRD and BET
methods. The silver amount in the nanocomposites decreased in the following order Na-modified
zeolite > natural zeolite > H-modified zeolite. Microscopic techniques showed formation of AgNPs
of 1-14 nm on natural and Na-modified zeolite, while the diameter of metal particles on H-modified
zeolite was 12-42 nm. Diffuse reflectance UV-vis and XPS methods revealed the presence of both
silver ions and AgNPs in the materials indicating that partial reduction of Ag* ions took place
upon heating at 400 °C in air. Additionally, antibacterial properties of the nanocomposites were
tested against Escherichia coli, and it was found that Ag—containing composites originating from the
Na-modified zeolite demonstrated the highest activity.

Keywords: silver nanoparticles; natural zeolite; modified zeolites; clinoptilolite; nanocomposites;
AgNPs-zeolite; antibacterial properties; TEM; XPS

1. Introduction

Zeolites are hydrated crystalline aluminosilicates, containing exchangeable cations
(Na*, K*, Ca?*, Mg?*) which compensate for the negative charge in the Al-O-Si network.
Clinoptilolite is highly abundant mineral in many geographic regions. It is isostructural
to heulandite, and both belong to the framework type HEU [1,2]. The SiO4 and AlO4
tetrahedral units, connected via shared oxygen atoms, form the three-dimensional structure
of clinoptilolite, which is characterized by three types of mutually crossing channels. Two
of them, channel A and channel B, corresponding to the 10-membered rings with the
dimension 3.1 x 7.5 A and the 8-membered rings having dimension 3.6 x 4.6 10%, are along
the c axis (001). Channel C is along the a axis (100) and formed by 8-member rings with
size 2.8 x 4.7 A [1]. Thus, two types of cages are formed by the intersection of channels A
and C, and the intersection of channels C and B. It was determined crystallographically
that in the framework there were four main cation positions, denoted as M1, M2, M3 and
M4 [3]. The M1 and M2 were assigned to be positions for Na* and Ca?* ions in channel
A and channel B, respectively. The M3 place was for K* ion in channel C, while M4 was
for Mg?* in channel A. Each cation was surrounded by a certain number of O atoms from
the framework and H,O molecules, and its coordination mode and location influenced the
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exchange capabilities of the metal ion [3]. The ion exchange was also affected by cation
charge, size and ionization potential [4].

The typical ion-exchange properties of natural zeolites derive from a facile exchange of
the aforementioned cations with many other metal cations. Natural zeolites are well-known
and low-cost exchangers for heavy metal removal from waste waters [5]. Furthermore,
based on the selective adsorption and natural availability of zeolites, investigations have
been carried out for many years to explore their application in water treatment [6], agricul-
ture [7], pharmaceuticals [8], and drug delivery [9] and to enhance their properties, such
as adsorbing cations [10,11], anions [12], and gaseous molecules [13] as well as catalytic
activity [14]. The sorption properties of natural zeolites can be tailored by modification
using chemical reagents (acids, bases, salts) that change the cation transfer ability, porosity
and even Si/ Al ratio in the zeolite framework that alters the ion-exchange capacity [15,16].
In this investigation we explore the consequence of pretreating natural zeolite with HCl
and NaCl on the silver uptake and the following reduction to metallic Ag.

Silver ions are among the cations that can be easily exchanged to govern the antibacterial
properties of modified zeolites and to widen the application of composites. The Ag-modified
zeolites could be desired for pharmaceutical use [17], water purification [18], food packaging
and preservation [19] because of their proven bactericidal efficiency, safety and thermal
stability mainly due to the antimicrobial action of silver and the stable and inert alumosilicate
support that allows the gradual and continuous release of Ag* into the medium [20]. Many
researchers have shown the antibacterial properties of Ag—zeolite composites by using both
natural and synthetic zeolites [21-23]. Not only Ag*-exchanged zeolites were applied but also
those having Ag,O or AgNPs on the zeolite surface were investigated for the effectiveness
and mechanism of action of Ag-loaded composites [21,23-26].

The methods, which have been developed to stabilize Ag on the nanoscale, comprise
a silver ion-exchange on zeolite followed by thermal or chemical reduction to clusters and
nanoparticles. Concepcion-Rosabal et al. heated silver-modified natural and synthetic
clinoptilolite in a hydrogen atmosphere at different temperatures to produce AgNPs of
various dimensions [27]. Flores-Lopez et al. achieved AgNPs by heating silver-exchanged
natural chabazite in air at 400 °C for 1 h [28]. Other authors used chemical reducing agents
such as sodium borohydride to reduce Ag* supported on zeolite to AgNPs-containing
nanocomposites [21,26] or trisodium citrate solution to treat silver-ion-immobilized ZSM-5
zeolite [29].

However, to the best of our knowledge little research has been done on the silver con-
tent and silver oxidation state stabilized in natural zeolite based on the exchangeable ions
in the precursors and their relationship with the antibacterial properties of nanocomposites.
The thermal stability of silver forms in silver-modified natural and synthetic clinoptilolite
were studied by Concepcion-Rosabal et al. [27]. The nature of the exchangeable cations
(H+, Na*, Cu*/Cu®", Ag*, Pb%*) and the effect of the Si/Al ratio in faujasite zeolites
on the silver oxidation state and the CH3I adsorption were reported very recently [30].
Hence, more investigation and experimental evidence are needed for silver species in
silver—zeolite composites to ensuring the directed synthesis of AgNPs-composites with
specific functionalities and applications.

In this study, we intended to modify natural zeolite to prepare silver-containing
nanocomposites and to test them for antibacterial activity against Escherichia coli. The
structural and elemental analyses of as-prepared materials were conducted by advanced
methods to evaluate the effect of exchangeable cations in natural and modified zeolites on
the metal loading and morphology of AgNPs incorporated in the zeolite. Microbiological
experiments were run to explore the effectiveness of new nanocomposites as antibacterial
agents and to select the most efficient one.
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2. Materials and Methods
2.1. Material Preparation

A natural zeolite from the region of East Rhodopes, Bulgaria, was used for all ex-
periments. The selected fraction of raw material with size 0.09-0.325 mm was rigor-
ously washed, dried and analyzed. The purified material contained 76% clinoptilolite-
Ca [Ca3(5Si30Alg)O7,-20H,0] and 24% Barrerite [(Na,K,Cag5)2(AlySi;0418)-7HyO] as per
XRD analysis. The classical silicate analysis showed the following composition (in wt%):
Si0; 69.25, Al,03 12.96, CaO 3.34, MgO 0.70, K,O 2.89, Na,O 0.46, Fe; O3 0.34, MnO 0.03,
TiO, 0.08, P,O3 < 0.05, SO3 < 0.05, LOI 9.82. Modification of natural zeolite in Na-form and
H-form was performed by using 2 M NaCl and 10~* M HCl solutions (pH 4.6), respectively,
at a solid-liquid ratio of 1:10 and constant stirring at room temperature for 7 days. Then,
the washed and dried materials were immersed in 0.1 M solution of AgNOs3 at pH 6 and
solid-liquid ratio of 1:20 and stirred for 4 h. After filtration and thorough washing with
distilled water till a negative reaction for Ag* in washings, the materials were dried at
50 °C and heated at 400 °C for 2 h in air. The obtained silver nanocomposites with natural
zeolite, Na-modified zeolite and H-modified zeolite were denoted as Ag—Zeo, Ag-NaZeo
and Ag-HZeo, respectively. More details about the preparation procedure are described in
our previous paper [31]. During the preparation and analysis precautions were taken for
the light sensitivity of silver-containing samples.

2.2. Material Characterization

The morphology and microstructure of nanocomposites were studied by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). The SEM images
were obtained on a JEOL 6390 scanning electron microscope (JEOL, Tokyo, Japan) and
TEM images were observed on a JEOL JEM-2100 microscope (JEOL, Tokyo, Japan) with
an accelerating voltage of 200 kV. The surface chemical composition of materials was
determined by energy dispersive X-ray spectroscopy (EDX) performed on INCA Oxford
analyzer (Oxford instruments, Concord, MA, USA) combined with SEM.

The X-ray photoelectron spectroscopy (XPS) was used to analyze the elements and
their oxidation states on the surface. The measurements were carried out in the chamber
of photoelectron spectrometer Escalab-MKII (VG Scientific, East Grinstead, UK) with
a base pressure of 1 x 1071 mbar. The electrons were excited with AlK« radiation
(hv = 1486.6 eV) at low power (5 mA /6 kV) of the X-ray source to minimize the effect of
irradiation on the sample during data acquisition. The binding energy calibration was
done by using the strongest Ols line in the spectra centered at 532.7 eV.

The specific surface area of nanocomposites was determined by using the Brunauer—
Emmet-Teller (BET) method on the Quantachrome NOVA 1200e Analyzer (Quantachrome
Instruments, Boynton Beach, FL, USA) by sorption of N;. Before measurement, the samples
were outgassed at 200 °C for 16 h under vacuum. The total pore volume and the average
pore diameter were obtained at a relative pressure of p/pg ~ 0.99 according to the Gurvich
rule. The surface area and volume of micropores, and pores distribution were calculated
by using t-method and the Barrett-Joyner-Halenda (BJH) method, respectively.

To evaluate different silver forms in zeolites, diffuse-reflectance UV-vis spectra were
taken on an Evolution 300 UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Spectralon was used for the background measurements.

The XRD patterns were obtained on Bruker D8 Advance powder diffractometer
(Bruker, Karlsruhe, Germany) with Cu Ko radiation and a LynxEye detector (Bruker,
Karlsruhe, Germany).

2.3. Antibacterial Tests

Escherichia coli strain 3398, used in the tests, was pre-grown on a Luria agar at
37.0 £ 0.1 °C for 16 h to obtain cultures in a log phase of growth. For preparation of
Peptone water (PW) 10.0 g peptone and 0.5 g NaCl were dissolved in 1 L distilled water.
Aliquots of 10 mL of PW were inoculated with E. coli (10> CFU/mL). To determine the min-
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imum inhibitory concentration (MIC) of the synthesized Ag—zeolite composites (Ag—Zeo,
Ag-NaZeo, Ag-HZeo0), the material was added to the inoculated PW at concentrations
from 0.2 to 5.0 mg/mL. The samples were cultivated for 24 h at 37.0 & 0.1 °C. Then 1 mL
of the suspension was diluted in sterile distilled water (serially in triplicate) and volumes
of 0.1 mL were aseptically inoculated onto the Lysogeny agar (LA)-Luria (0.5 g/L NaCl)
plates. The plates were incubated at 37.0 &= 0.1 °C for 24 h. After that the bacterial colonies
were counted and the number of viable cells was reported as CFU/mL. As controls were
used natural zeolite (from 0.2 to 5.0 mg/mL suspensions in PW) and E. coli suspension in
PW (without zeolite and nanocomposites added). The controls were treated (dilutions and
incubation) like the other samples variants. The antibacterial activity was calculated using
the formula:
o CFUcontror — CPuAg nanocomposite

Antibacterial activity (%) = CFU x 100
control

The lowest nanocomposite concentration that prevents visible growth of E. coli is
defined as the minimum inhibitory concentration (MIC) which corresponds to nearly 100%
antibacterial activity.

3. Results and Discussion

The nanocomposites Ag—Zeo, Ag-NaZeo and Ag-HZeo were prepared by heating
Ag-exchanged natural, Na- and H-modified zeolites, respectively at 400 °C for 2 h in air.
As-prepared materials were characterized by SEM, TEM, EDX, XRD, UV-vis, XPS, BET,
and their antibacterial activity towards E. coli was tested.

3.1. Characterization of Nanocomposites
3.1.1. SEM and Morphology

The morphology of the prepared samples was examined by SEM and the selected
micrographs are presented in Figure 1 and Figure S1. Irregular shapes, voids and aggregates
of plate-like, layered particles are typical for the silver nanocomposites. The samples
Ag-Zeo and Ag-NaZeo show rough surface with many clusters (Figure la,b). After
modification with HCl and subsequent Ag-loading, the morphology of Ag-HZeo was
changed and the surface was observed to be smoother (Figure 1c), most probably because
of the partial solubility of the zeolite in an acidic solution, which was confirmed by the
chemical composition of H-form (see Section 3.1.2).

Figure 1. SEM micrographs of samples: (a) Ag—Zeo, (b) Ag—NaZeo and (c) Ag-HZeo.

3.1.2. EDX and Element Composition

The chemical composition of silver—zeolite materials determined by EDX analysis
showed an increase in the Si/Al ratio in Ag-HZeo and a decrease in the amount of
exchangeable cations of K, Ca, Mg after treatment of natural zeolite in an acidic solution.
The Si/ Al ratio was 5.77 and 5.73 for Ag-Zeo and Ag-NaZeo, respectively, while that of
Ag-HZeo changed to 15.2 after intense dealumination (Table 1).
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Table 1. Element composition (in wt.%) for all samples based on EDX analysis.

Sample Si Al K Ca Mg Fe o Ag

Ag—Zeo 30.6 53 23 1.4 1.2 1.2 47.6 1041
Ag-NaZeo 29.8 52 24 1.2 - 0.9 459 14.6
Ag-HZeo 36.5 24 0.8 1.3 - 1.3 55.5 22

! reported data are mean values of EDX scanning at four points.

The H-zeolite form was found to have the lowest exchange rate of Ag* ions, as would
be expected for dealuminated zeolites [30], so that Ag-HZeo possessed the lowest Ag
content (2.2%) among the nanocomposites. The Ag uptake on natural zeolite in Ag—Zeo
was 10.4 wt.% (Table 1). The pretreatment of natural zeolite with NaCl enriched it with
Na ions, thus Na-modified zeolite possessed a higher amount of easy-removable Na* ions
resulting in an increased silver exchange and Ag upload [32]. This was the reason for the
highest silver load (14.6 wt.%) found in Ag-NaZeo. Na-modified clinoptilolite was reported
to be selective for Ag* ions with the standard free energy of exchange—6.0 kJ/equiv [33].
Lihareva et al. also found higher sorption of Ag* ions on Na-exchanged clinoptilolite than
on a natural one [34].

In our measurements, the Na* ion was not detected by EDX, implying it was entirely
exchanged by Ag* ions. The other exchangeable ions seemed to show different content
in the samples resulting from the pre-treatment of natural zeolite. In Ag-NaZeo, the
amount of Ca, Mg, Fe ions were lower in comparison with Ag-Zeo, indicating an intensive
ion-exchange. In Ag-HZeo, Ca and Fe were very close to Ag-Zeo, while the percent of K
and Mg was lower.

3.1.3. BET and Specific Surface Area

The nitrogen adsorption—desorption isotherms for all samples were typical for meso-
porous materials and displayed the H3 hysteresis loops, indicating that the materials
consisted of agglomerates from flat particles [35,36] (Figure S2), which was in line with
the SEM observations, as can be seen in Figure 1a,b and Figure S1. In case of the sample
Ag-HZeo, the hysteresis was extended to the lowest attainable pressure, most probably
due to irreversible gas adsorption or the swelling of the structure and enlargement of pore
volume (Figure S2c). The specific surface area and pore size (Table 2) of natural zeolite
were similar to what was previously reported for clinoptilolite from other regions [37-39].
The micropore surface area and volume were low (7 m? /g and 0.003 cm3/g, respectively)
which may be assigned to blocked zeolite channels by the exchangeable cations. Similar
values (5.6 m?/g and 0.003 cm?/g, respectively) were found for the clinoptilolite from
Slovakia [39]. At the same time, its specific surface area (33.5 m?/g) and external surface
area (27.9 m?/g) were higher than those of the Bulgarian clinoptilolite, which was not
surprising bearing in mind different phase composition of natural products [39]. The
natural zeolite-specific surface area (Spgr) and pore parameters were slightly affected by
the Na-ion-exchange, in contrast to the changes induced by H-modification. The specific
surface area of H-modified zeolite (Sger 184 m?/g) was significantly higher than that of
the natural and Na-modified zeolite (Sger 19 and 18 m?/g, respectively). The pore vol-
ume (Viggar 0.17 cm3/ g) increased and the average pore diameter (D,y 3.7 nm) decreased
in H-Zeo compared with that of Zeo (Viuy 0.08 cm3/ g and D,y 16 nm) and Na-Zeo
(Viota1 0.10 cm® /g and D,y 21 nm). After acid treatment, the total pore volume doubled,
while total micropore volume and micropore surface area increase 20 times due to the
exchange of cations in the pores and the dealumination of the zeolite framework (Table 2).
A progressive increase in specific surface area and pore volume and a decrease of pore
width by increasing of acid concentration in the treatment of natural zeolite were observed
by Wang et al. [40]. A similar trend in porosity was observed for silver-zeolite composites,
as Ag-HZeo showed higher Sgpr (90 m?/g) than did the Ag-Zeo or Ag-NaZeo samples
(both 15 m?/g). Similarly, the AgNPs loading on zeolites led to a decrease in Spgr and
total pore volume, as well as an increase in average pore diameter in comparison with
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silver-free precursors, which is attributed to the position of AgNPs in the zeolites’ cavities.
Such changes in specific surface area and pore dimensions were also observed with the
increasing in metallic Ag uptake in Ag-ZSM-5 nanocomposites [29]. Interestingly, the sur-
face area and volume of micropores in the samples Ag-Zeo and Ag-NaZeo were calculated
to be zero, indicating that those sites were blocked with tiny silver clusters or nanoparticles.
These results are consistent with the TEM images where nanoparticles as small as 1-2 nm
were observed.

Table 2. Specific surface area and pore size for samples Ag—Zeo, Ag-NaZeo, Ag-HZeo and their corresponding precursors.

Specific Micropore External Total Pore Total Micropore Average Pore
Sample Surface Area Surface Area Surface Area Volume Volume Diameter
(SBET, mz/g) (Smicror mzlg) (Sext, mzlg) (Viotals Cm3/g) (Vmicror CmS/g) (Day, nm)
Natural Zeolite 19 7 12 0.08 0.003 16
Na-modified Zeolite 18 2 16 0.10 0.001 21
H-modified Zeolite 184 139 45 0.17 0.06 3.7
Ag—Zeo 15 0 15 0.08 0.00 21.0
Ag—NaZeo 15 0 15 0.08 0.00 22.5
Ag-HZeo 90 59 31 0.14 0.03 6.1

The average pore diameter in both H-modified zeolite and Ag-HZeo was smaller than
for other samples, indicating that significant changes in the zeolite structure resulted from
the acidic pre-treatment of natural zeolite.

3.1.4. TEM and Size Distribution

The TEM images of silver-zeolite composites are shown in Figure 2. In all cases sphere-
like AgNDPs in a wide range of sizes was observed. To evaluate the effect of exchangeable
ions in zeolite precursors on the size and distribution of AgNPs in nanocomposites, TEM
images were used to determine the diameter of AgNPs. The particle size distributions,
shown in Figure 3a,b, reveal two types sub-size NPs in Ag-Zeo and Ag-NaZeo samples.
The small particles with a diameter of 1-2 nm were found in both materials. Such NPs are
too large to be located in the zeolite’s cages along the channels and can be attributed to
the formation of AgNPs on the outer surface of the zeolite crystals and evenly distributed
within the structure.

The second fraction of AgNPs with a mean size of 5 and 8 nm for Ag—Zeo and
Ag-NaZeo, respectively, as well as larger AgNPs with diameter in the range of 10-14 nm
were also observed in both samples. Most probably these particles were located on the
crystals’ surface and in the mesopores of clinoptilolite. The size difference in the samples
Ag-Zeo and Ag-NaZeo could be explained by the presence of different amounts and types
of exchangeable cations in the zeolite channels of both materials, and this affected the
migration of silver ions and the aggregation of Ag—clusters in the process of formatting
AgNPs [41].

The determined weight percentage of Ag in Ag-Zeo and Ag-NaZeo is 10.4 and 14.6%,
respectively (Table 1), indicating a high degree of Ag* ion-exchange in natural zeolite and
Na-modified zeolite, hence we suggest that the silver ions are regularly spread within the
zeolite framework of the precursors and are available for further reduction while being
immobilized by alumosilicate crystals. Once the Ag* ions are accommodated in the zeolite
channels, they undergo partial thermal reduction during heating at 400 °C for 2 h in air.

Bartolomeu et al. also found formations of AgNPs 3—4 nm in size after the calcination
of Ag—zeolite L and proposed Ag* reduction under oxidative conditions [42]. Such a pro-
cess takes place via stepwise growth of Ag—clusters in zeolite structure (Ag—Agr—Ags—

. —Agn) and further aggregation to AgNPs, the size of which depends on the zeolite
type, type of exchangeable ions and reaction conditions [41]. After heating in air, other
authors observed AgNPs with an average diameter of 8 nm on the surface of a chabazite
microcrystals [28] or a bimodal size distribution of AgNPs (3-5 and 20-25 nm) in natural
clinoptilolite [43]. Azambre et al. found the co-existence of Ag,* and AgmO clusters with
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Ag* cations and suggested an auto-reduction process for the formation of Ag—clusters in
silver-exchanged Y zeolites after calcination [30].

Figure 2. TEM images at high magnification of silver—zeolite composites: (a) Ag-Zeo, (b) Ag-NaZeo, (c) Ag-HZeo,
(d) HRTEM of AgNP.

Concepcion-Rosabal et al. found that after a reduction at 100 °C, in the sample
Ag-synthetic clinoptilolite, Ago* and Ag,®* clusters were formed in the clinoptilolite
pores, while in the Ag-natural zeolite (containing clinoptilolite, mordenite and other
mineral phases), both small Ag,*-Agy* and larger Agg’-Agg®* clusters were obtained, as
the latter were in the large mordenite channels or in the spaces between the zeolite particles.
At 400 °C, those clusters became unstable and aggregated to larger NPs 5-15 nm in size on
the surface of zeolite crystals for both samples [27]. Our TEM observations were in good
agreement with the results reported in [27] and showed that 1-14 nm AgNPs are formed
during heating at 400 °C of Ag—exchanged natural and Na-modified clinoptilolite.
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Figure 3. AgNP size distribution in silver—zeolite composites. (a) Ag—Zeo (b) Ag—NaZeo (c) Ag-HZeo.

In contrast, AgNPs in the Ag-HZeo sample were estimated to be within a size range
12-42 nm and positioned on the external surface of zeolite particles, as can be seen in
Figure 2c. Due to a lower amount of exchangeable cations (Ca?, Mg2+, Na*, K*) in the
channels of H-modified zeolite, fewer Ag* ions were immobilized on the zeolite. The lower
Ag* uptake on the H-modified zeolite led to the formation of fewer AgNPs, as seen in the
TEM images. Moreover, the NP size was larger in comparison with that in the Ag-Zeo and
Ag-NaZeo samples, most probably due to a higher Si/ Al ratio and lower acidity, which
favored the reduction of Ag* ions and growth of Ag clusters. Azambre et al. reported that
the Si/ Al ratio affected the state and distribution of silver in faujasite zeolites because at
a low Si/ Al ratio (2.5) the finely dispersed Ag™ and Ag clusters within the zeolite pores
are obtained, while at high ratio (Si/ Al = 40) metallic Ag NPs on the external surface were
formed [30].

Crystalline AgNPs formed by heating silver-exchanged zeolites were proven by high-
resolution TEM. The lattice fringes observed in the HRTEM image (Figure 2d) showed a dis-
tance of 0.20 nm, which corresponds to the (200) planes of cubic Ag structure (PDF 004-0783).
In addition to this, evidence for crystallographic planes of Ag,O crystals was not found.

In line with the TEM observations, the XRD patterns of all samples (shown in
Figure S3) did not show any peaks for the crystal phase of metallic Ag or Ag,O, which
may due to the small AgNPs evenly distributed within the zeolite framework and/or
the low fraction of metallic Ag® in the nanocomposites [43]. Overall, the observed XRD
peaks correspond to the XRD patterns of Ag-exchanged clinoptilolite (PDF 01-081-8531).
The crystallinity of Ag-HZeo decreased after treatment of natural zeolite with HCI and
Ag-ion exchange.

3.1.5. Diffuse Reflectance UV-vis Spectroscopy and Silver Forms in Nanocomposites

Diffuse reflectance UV-vis spectra were used to identify Ag species in the nanocom-
posites. For comparison, in Figure 4a UV-vis spectra of Na-modified zeolite, Ag-exchanged
Na-zeolite and Ag-NaZeo composite are shown. Na-modified zeolite exhibited a peak at
257 nm due to the zeolite framework, which was observed in all other samples as well. Such
a band was characteristic for zeolites and originated from the charge transfer from oxide
ion, 0%~ to AI** ion located at specific sites such as defects, corners and surfaces [44,45].
The Ag loading in Na-modified zeolite led to the appearance of the peak at 222 nm, which
was assigned to the charge-transfer band of Ag* ions immobilized in the zeolite [28,42,46].
After heating of the latter material, a new peak at 304 nm appeared in the spectrum of
the Ag-NaZeo sample and could be assigned to AgNPs. Thus, we can corroborate the
TEM finding for the observed metal Ag particles in all samples (Figure 2). Apart from
the peak at 304 nm in Figure 4b, a shoulder at 270 nm was also observed in the UV-vis
spectra of Ag—Zeo, Ag-NaZeo and Ag-HZeo, which might be assigned to Ag clusters
in zeolite channels. Gradually these clusters grew to nanoparticles which appeared at
higher wavelength in the UV-vis spectra. Some authors suggested absorption bands for
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silver clusters (Agy®* and Agy,) in the range of 240-350 nm [30,42,47] and surface plasmon
resonance of AgNPs at about 400 nm [21]; for example, the peaks at 300 and 410 nm were
assigned to AgNPs in [27]. The same authors reported that the peak observed at 275 nm
in the spectrum of Ag-synthetic clinoptilolite was attributed to Ag,°* clusters, while the
peaks at 325 and 290 nm were assigned to the Agg® and Agg®* clusters, respectively [27].

(a) (b)
4.0 o = ] 4.0 — 222 nm
222 nm Na-modified zeolite Ag-Zeo
— Ag-exchanged Na-zeolite 1 — Ag-NaZeo
B —— Ag-NaZeo Loy —— Ag-HZeo
3.0 3.0 - 257 nm
1 270 nm
25 25 J 304 nm
=3 304 nm =
o o 4
g 2.0 g 2.0
s s
[ 1]
£ £ 1
a 15 g 15
R 2 154
B < |
1.0 4 1.0 <
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Figure 4. Diffuse Reflectance UV-vis spectra of: (a) precursors Na-modified zeolite (black line),
Ag—exchanged Na-zeolite (red line), Ag-NaZeo (blue line); (b) nanocomposites Ag-HZeo (black
line), Ag-Zeo (red line), Ag-NaZeo (blue line).

Interestingly, the intensity of the bands at 222 and 304 nm increased in the order
Ag-HZeo < Ag-Zeo < Ag-NaZeo (Figure 4b), which accorded with the increase in Ag
content found by EDX (Table 1). Thus, the UV-vis spectra of the nanocomposites revealed
the presence of different silver species (Ag* ions, Ag clusters and AgNPs), which supported
the hypothesis for the thermal reduction of Ag* to AgNPs upon heating in air.

3.1.6. XPS and Surface Chemistry

The silver oxidation state in the nanocomposites was studied by means of XPS. The
doublets Ag3ds,, and Ag3dz,, of the Ag—Zeo, Ag-NaZeo and Ag-HZeo samples are
shown in Figure 5 and the values of the XPS parameters are given in Table 3. The binding
energy was calibrated with respect to O 1s signal observed as a singlet at 532.7 eV and arose
from oxide ions in the zeolite framework. This approach was chosen as an alternative for
the reference C 1s peak of adventitious carbon, which was not suitable in the case of poor
conductors like zeolites [48]. The Ag 3d peak positions for samples Ag-Zeo and Ag-NaZeo
were identical (369.4 and 375.4 eV for Ag3ds,, and Ag3ds;,;, respectively), but for sample
Ag-HZeo the signal was slightly shifted towards lower values (369.0 and 375.0 eV), which
might be ascribed to the greater Ag™ fraction in the latter nanocomposite. Moreover, the
peaks’ intensity increased in the order Ag-HZeo < Ag—Zeo < Ag-NaZeo in accord with the
Ag-—content in the zeolites (Table 1). Although the observed binding energy for Ag 3d was
higher than that reported for metallic Ag (368.3 and 374.3 eV for Ag3ds,, and Ag3d;/,)
and silver oxides (Ag3ds,, 367.5-368 eV) [49], we assumed the signals of nanocomposites
were due to both species Ag(0) and Ag(I) which was supported by the Auger parameter
as well. Peaks of Ag3ds,, at 368.5-369.7 eV for Ag-loaded zeolites were also reported in



Materials 2021, 14, 4153

10 of 14

the literature [12,23,50]. The small difference between the binding energies of Ag(0) and
Ag(I) and the narrow Ag3d peaks made the assignment difficult and ambiguous. That
is why, to confirm the silver species in the nanocomposites, we analyzed Auger spectra
(Figure S4) and calculated the Auger parameter ('), which was the sum of the binding
energy of Ag 3ds,, and the kinetic energy of AgMyNN [51]. The Auger lines AgM4NN and
AgM;sNN were expected at the binding energy of 1129 eV and 1135 eV according to the
reference book [49]; however, we observed those transitions at higher energy as wide peaks
that were deconvoluted into 4 components originating from two silver species Ag(0) and
Ag(I), and the binding energies for AgMyNN were estimated to be 1131 eV and 1133 eV
for Ag(0) and Ag(l), respectively (Table 3). The Auger parameter for the metallic silver
was 726.0 eV, and that of the silver ion, 724.0 eV [51]. The results for the kinetic energy
of AgMyNN transitions and the corresponding o’ parameters are given in Table 3. The
calculated values of the Auger parameter («) are 725.0 and 723.0 eV, which were attributed
to Ag(0) and Ag(l), respectively [50] showing that silver exists in different oxidation states
in the zeolite composites.

Ag3d
Ag3dy, SE

369.4 eV
Ag-NaZeo

369.4 eV
Ag-Zeo

369.0 eV
Ag-HZeo

I » I ' ! " ! % ! * 1 d |
390 385 380 375 370 365 360
Binding energy, eV

Figure 5. Photoelectron Ag 3d spectra of samples Ag-Zeo, Ag-NaZeo, Ag-HZeo.

Table 3. XPS parameters for samples Ag—Zeo, Ag-NaZeo, Ag-HZeo.

Ag3ds), Ag3d;) AgMy;NN ()
Agzeo 3604 754 11350 iy 230 po
o s e gm0 me e A
Ag-HZeo 369.0 375.0 1131.0 355.6 725.0 Ag(0)

1133.0 353.6 723.0 Ag(l)
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3.2. Antibacterial Activity of Silver-Zeolite Composites

The antibacterial activity of nanocomposites was investigated by determining the
minimum inhibitory concentration against the Gram-negative bacterium Escherichia coli
as an indicator strain. The tests were performed with concentrations in the range of
0.2-5.0 mg/mL of Ag-loaded nanocomposites (Ag-Zeo, Ag-NaZeo, Ag-HZeo). The
percent antibacterial activity of each nanocomposite was calculated based on a comparison
between the bacterial growth in its presence and the control (E. coli suspension in PW
without any zeolite), which exhibited bacterial growth 10 CFU/mL. The results are
presented in Figure 6, where it clearly shows that the antibacterial activity increased along
with the concentration of nanocomposite that was proportional to the Ag content in the
nanocomposite. The MIC for samples Ag-Zeo and Ag-NaZeo was estimated at 0.8 mg/mL
and for Ag-HZeo, 5.0 mg/mL.

W Ag-Zeo % Ag-HZeo Ag-NaZeo

100 -
B
S 80 -
o=
2
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(5}
=
.z 40_
¥
&
o 20 - I
.3
=
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0.2 0.4 0.6 0.8 1.0 3.0 5.0
Concentration, mg/ml

Figure 6. Antibacterial activity against Escherichia coli of samples Ag—Zeo, Ag-NaZeo, Ag-HZeo.

The antibacterial effect of the three nanocomposites applied in different concentrations
is illustrated in Figures S5-57. Inoculation of the plates with LA medium was performed
with microbial material (Escherichia coli 3398) taken from the reaction mixture (without
dilution). Figure S5 shows that all nanocomposites at concentration 5.0 mg/mL completely
inhibited bacterial growth for 24 h. In Figure S6, one can see that in case of Ag—Zeo and
Ag-NaZeo (3.0 mg/mL) no bacterial colonies were observed, while the concentration
3.0 mg/mL of Ag-HZeo was not enough to kill all bacteria, so antibacterial activity of
98% was calculated (Figure 6). Antibacterial effect of both Ag—Zeo and Ag-NaZeo at
concentrations of 1.0, 0.8 and 0.6 mg/mL was very similar, as can be seen in Figure S7.
However, at lower concentration (<0.6 mg/mL) Ag—Zeo showed lower activity (Figure 6).

It is worth noting that the parent natural zeolite had no antibacterial activity, however
some increase in the CFU was observed [43]. An increase in the number of colonies on
silver-free clinoptilolite was also found by other authors and it could be explained by better
conditions for growth of microorganisms attached on the zeolite surface [52].

According to the MIC results and the activity in the concentration range, the nano-
materials exhibited variable antibacterial properties. The sample Ag-NaZeo was found
to be the most effective followed by Ag—Zeo, whereas Ag-HZeo demonstrated a 6-fold
lower activity. We assume that the observed difference comes from different Ag content
in the nanocomposites. According to the EDX results, the lowest Ag loading was in H-
zeolite (Ag 2.2 wt%), while it was higher in Ag-Zeo and Ag-NaZeo, respectively 10.4 and
14.6 wt% (Table 1).
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The MIC values with respect to E. coli found in this work were in the range of values
reported by Hanim et al. for Ag-exchanged zeolite NaY and estimated as 2 mg zeolite/mL
in 0.9% saline solution and 0.05 mg zeolite/mL in distilled water [53]. Ferreira et al.
determined the MIC for silver-modified faujasite zeolites against E. coli at concentrations
of 0.2 mg/mL and 0.3 mg/mL [23]. The antibacterial properties of silver-loaded natural
zeolites against Gram-positive and Gram-negative bacteria were studied and reported by
other authors as well [18,19,23,30,54].

4. Conclusions

The comparison of the structural parameters and composition of silver—zeolite ma-
terials (Ag—Zeo, Ag-NaZeo and Ag-HZeo) revealed the effect of exchangeable cations
in the precursors (natural, Na-modified, H-modified zeolites) on the Ag ion load and on
the AgNP fraction formed on the zeolite. The modification of natural zeolite with HCl
and NaCl introduced variations in adsorptive and ion-exchange properties of the zeolite
framework, that allowed the control of the Ag content and Ag distribution via the change
in ion-exchange capability of the parent zeolite. The highest Ag uptake demonstrated Na-
modified zeolite, followed by natural zeolite, and the lowest Ag content had H-modified
zeolite. As was expected, Na-modified zeolite provided a large number of specific ion-
exchange sites for the immobilization of Ag* ions, thus ensuring a higher cation exchange
capacity. After heating at 400 °C in air, evenly distributed Ag* ions in zeolite channels
underwent nucleation to Ag clusters that aggregated to AgNPs and migrated onto the
surface of the zeolite crystals. In both samples, Ag-containing natural zeolite, Ag-Zeo and
Ag-loaded Na-modified zeolite, Ag-NaZeo, nanoparticles with a 1-14 nm diameter were
observed, while in silver-H-modified zeolite, Ag—-HZeo the AgNPs grew up to 10-42 nm.
The UV-vis and XPS data revealed that, in zeolite, AgNPs co-existed with significant
portion of Ag™ ions which remained unreduced at elevated temperature in the presence
of air. The Ag-loaded nanocomposites showed strong antibacterial activity against the
Gram-negative bacterium E. coli. The MIC for Ag-Zeo and Ag-NaZeo was found to be
0.8 mg/mL and for Ag-HZeo 5.0 mg/mL. The overall performance of Ag-NaZeo against
E. coli was greatest among the nanocomposites. The results of this study clearly showed
that natural and Na-modified zeolites can be ion-exchanged with Ag* ions and thermally
stabilized to acquire antibacterial properties; thus, such materials can be considered as
promising candidates as antibacterial agents.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ma14154153/s1, Figure S1: SEM micrographs of silver-zeolite composites: (a) Ag-Zeo,
(b) Ag-NaZeo, (c) Ag-HZeo, Figure S2: Adsorption-desorption isotherms for samples: (a) Ag—Zeo,
(b) Ag—NaZeo and (c) Ag-HZeo, Figure S3: XRD patterns of silver-zeolite composites Ag-Zeo,
Ag-NaZeo, Ag-HZeo, Figure S4: AgMNN Auger spectra of samples Ag—Zeo, Ag-NaZeo, Ag—
HZeo, Figure S5: Antibacterial activity of silver-zeolite composites at concentration 5.0 mg/mL:
(a) control sample, (b) Ag-NaZeo, (c) Ag—Zeo, (d) Ag-HZeo, Figure S6: Antibacterial activity of
silver-zeolite composites at concentration 3.0 mg/mL: (a) Ag—Zeo, (b) Ag-NaZeo, (c) Ag-HZeo,
Figure S7: Antibacterial activity of Ag—Zeo (upper row) and Ag-NaZeo (lower row) at concentrations
of 1.0, 0.8 and 0.6 mg/mL (from left to right).
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