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ABSTRACT

In this work, different Ag-zeolites have been evaluated as biocide materials against two
common bacteria, displaying an excellent bactericidal activity in different media. The
results demonstrate that the amount of silver, the type of zeolitic structure and the
zeolite SV/Al ratio strongly influence on their bactericidal activity. The higher Ag
amount, the better antimicrobial activity; the larger pore opening of the zeolite and the
closer to 2 SVAI ratio, the better bactericidal effect. The characterization of Ag-zeolites
by different techniques shows that the incorporation of Ag at the zeolites does not alter
the zeolite structure and that Ag is incorporated as Ag* cations.

The most promising Ag-zeolites with a Si/Al ratio of 2 were introduced in a polymer
matrix of polypropylene, showing very high biocide activity against S.aureus. The
applicability of the resulting Ag-zeolite-polymer material is limited because its
darkening due to the presence of reduced silver species. The incorporation of a photo-
stabilizer does not decrease the biocide activity, while maintains the original color of
the polypropylene polymer. It has been shown that lixiviated Ag* cations are the biocide
active species. These Ag-species are released even when the Ag-zeolite is incorporated
into the polymer, providing bactericide effects to the final Ag-zeolite-polymer

composite.
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1. INTRODUCTION

Biocide materials can be defined as materials with one or more active compounds
intended to control, remove or destroy any organism by chemical or biological
processes [1]. Biocides, and specifically antimicrobials, control the growth of bacteria,
fungi, viruses and other microbials [2]. Although some of these microbials are
necessary for our survival, others are infectious agents and can produce important
problems both in human health and ecosystems [3].

Focus on medical environments [4-6], it is really important to preserve all the
surfaces free of pathogenic microorganisms, responsible of most of Healthcare-
Associated Infections (HAIs). Only at European intensive care units, 8.3% of the
patients suffer these infections, causing 37000 death per year [7, 8]. An option to
overcome this problem is to attach or to cover the surface of medical devices or
furnishings with biocide materials, permitting the leaching of biocide substances into
the surrounding environments [9]. However, these applications present several
drawbacks, being the most important, their short-time effectiveness.

These medical applications must comply with the strict legal measures for being safe
and the biocide materials must be sustainable and cost-effective [3]. The incorporation
of biocide properties to diverse materials, such as polymers, paints, fibbers or glass is
far from being trivial. Despite of legal requirements, the biocide materials must be
resistant to autoclaving temperature, radiation and/or mechanic stress [10] and must
possess a long-life biocide effectivity. A successful example is the incorporation of

biocide substance in polymeric materials in order to inhibit the growth of



microorganisms, through the gradual release of the biocidal agent to the materials
surface [11].

Among the different chemical substances with antimicrobial properties, inorganic
materials present important advantages over organic agents. Indeed, inorganic biocides
typically have a better chemical and thermal stability, mechanic resistance, safeness and
longer biocide effects than organic ones [3]. One of the most recognized and used
biocide is silver [10, 12]. This metal presents a broad antimicrobial spectrum, being
active against diverse bacteria, fungi, viruses, yeast, and algae [13-15]. The biocide
effects of silver are evident and 0.001 ppm of Ag* cations are effective in controlling
bacteria populations, but at the same time, they present low toxicity for eukaryotic cells
[16, 17]. It has been evidenced the multiple attack of Ag species on different bacteria
organelles [18, 19], but the biocide mechanism of Ag* cations is not yet fully
understood [20].

The incorporation of silver on carrier materials is a strategy to improve the gradual
release of silver and to improve the biocide effect during time. Among all possible
materials to support silver species, zeolites are one of the best choices [3, 21-23]. These
aluminosilicates are inorganic, microporous, three dimensional and crystalline solids
materials widely used in catalytic, separation and adsorption processes [24]. Zeolites
present cation exchange capacity, permitting to incorporate cations inside zeolitic
porous and channels and controlling their release [25]. Ag-zeolites have been studied as
supported biocide substances by different authors at in vitro experiments against
bacteria, virus and fungi [3, 10, 18, 26-31] and most of these studies showed a
correlation between the biocide effects and the lixiviation of Ag [32]. However, for

practical uses, the Ag-containing zeolite must be incorporated in final devices. The



studies of Ag-zeolites additives in polymers, surfaces, etc. are scarce. To our
knowledge, most of them consist of Ag-zeolites in acrylic paints [27, 33] and some
polymers [34-37].

Herein, we report the synthesis of diverse Ag-zeolites studying the influence of silver
loading and zeolitic structure on the biocide activity. The Ag-zeolites were
characterized by different physic-chemical techniques and their bactericidal properties
were evaluated by in vitro tests against two common bacteria, Staphylococcus aureus
and Escherichia coli. Afterwards, the most active biocide materials were embedded into
a polypropylene matrix, preparing different multifunctional polymeric plates and their
corresponding in vivo biocide activities were evaluated. Moreover, the photostability of
the resulting active polymers has been improved by adding appropriated stabilizers to
the final polymer blending. Finally, release experiments were carried out to evaluate the
migration of the biocide species from the support or from the polymeric matrix to the

external medium.



2. EXPERIMENTAL

2.1. Preparation of Ag-zeolites

Two types of zeolites with different Si/Al ratio were used: Linde Type A (LTA) and
Faujasite (FAU). LTA with a Si/Al ratio of 1 (LTA-1) was supplied by Sigma-Aldrich
(4A). LTA with a Si/Al ratio of 2 (LTA-2) was prepared using a gel composition of
1,19Na,0:4,64TMAOH:AI,03:6Si0,:200H,0 and LTA with a Si/Al ratio of 5 (LTA-5)
was prepared with a gel composition of
19,7Si0,:Al,03:6 TEAOH:4DEDMAOH:TMACI:NaCl:342H,0 [38, 39]. FAU with
Si/Al ratios of 1.3 and 2.4 were supplied by Zeolyst. The silver was incorporated to the
zeolites by an ion-exchange procedure [22]. Samples were labelled as LTAAg or
FAUAg depending the zeolitic structure, followed by the Si/Al ratio and by the ion-
exchange percentage. Thus, LTAAg-1 50% is the zeolite with LTA structure with a
SV/AIl ratio of 1 and 50 % of Ag ion-exchange. When the percentage of silver is not
indicated in the sample labelling, the amount of silver is 2 wt.%. Thus, sample FAUAg-
2.4 is the zeolite with FAU structure with a Si/Al ratio of 2.4 and a 2 wt.% of Ag. The

studied samples are shown in Table 1.

2.2. Characterization

A Varian 715-ES inductively coupled plasma-optical emission spectrometer (ICP-
OES) was used to evaluate the chemical composition of the solids. For carrying out
these experiments, 30 mg of each sample were digested for 24 h in an acid agqueous

solution (10 vol.% HNO3; and 3.3 vol.% HF). On the other hand, the concentration of



silver in liquid samples was analyzed using an atomic absorption spectrometer with a
Zeeman graphitic furnace, Varian SpectrAA 240Z-GTA120.

X-ray diffraction analysis was carried out using a X’pert Panalytical diffractometer
with monochromatic CuKoy » radiation (A = 1.5406, 1.5444 A; Ka,/Kay intensity ratio =
0.5). Crystallinity and purity of modified-zeolites were checked and identified using the
JCPDS files.

Hydrogen temperature programmed reduction (H,-TPR) was carried out with a TPD-
TPR Autochem 2910 equipment with a thermal conductivity detector (TCD).
Approximately 100 mg of each sample was loaded in a quartz cell and treated under Ar
flow during 30 min. Subsequently, the gas flow was changed to a mix H,:Ar (1:9) and
the temperature was increased from room temperature up to 750 °C with a ramp of 10
°C/min.

Field Emission Scanning Electronic Microscope (FESEM) equipped with an energy
dispersive X-ray spectroscopic device (EDS) was used to evaluate the morphology of
the samples and to determine the composition and distribution of the elements in the
samples. The measures were performed with a ZEISS ULTRA 55 equipment working at

20 keV.

2.3. Polymeric plates preparation

Polypropylene SABIC 71KE71PS was combined with Ag-zeolites and, in some
cases, also with commercial HALS additive (hindered amine light stabilizer) creating
the polymeric plates. The preparation of the functionalized polypropylene was made
employing an internal intensive load mixer. This procedure permitted the adequate

incorporation of the additives to the polymer with a homogenous distribution. The



polymeric plates were prepared using 40 g of mixed material that was introduced during
5 min in the mixer at 180 °C. Once the mixture was ready, the blending was transferred
to a hydraulic press with temperature regulation where squared plates with 2.1 mm
depth were prepared during 2 min at 200 °C. Finally, the square plates were immersed

in cold water (quenching) for 1 min obtaining a flat plate.

2.4. Antimicrobials tests

Bactericidal experiments were performed with two different bacteria: Staphilococcus
aureus CECT 240, one of the most usual Gram-positive bacteria and Escherichia coli
CECT 516, one of the most common Gram-negative bacteria. The in vitro experiments
were performed according to the macro-dilution method describe by Clinical and
Laboratory Standards Institute [40]. This method evaluates the minimum inhibitory
concentration (MIC), meaning, the lowest concentration of the biocide material that
inhibits the bacterial growth [41]. Different Ag-zeolite solutions (1, 0.1, 0.3, 0.03, 0.003
and 0 wt.%) were prepared using tryptic soy broth (TSB) or peptone water (PW) as
solvent. The solutions were inoculated with the bacterium, in the mid-exponential phase
of growth, obtaining a final concentration of 1x10° CFU/mI and then, incubated at 37
°C for 24 h. After this incubation time, serial decimal dilutions were prepared and 1 ml
of these solutions was sub-cultivated on Plate Count Agar plates (PCA: peptone, yeast
extract, glucose and agar). After a second incubation time at same conditions, colony
forming units (CFUs) were evaluated, obtaining the MIC value for each sample by
comparison with the control sample (blank) [42].

The determination of the bactericidal effect by in vivo experiments was evaluated
over polymeric plates, following JIS Z 2801:2010 standard (ISO 22196:2007). This

standard evaluates specifically the antimicrobial effectivity of no-porous materials, as
polypropylene. 400 mL of S.aureus suspension (2.5x10° to 10x10° cel/mL), prepared



using nutritive broth, was deposited over the polymeric plate and a very thin
polyethylene blade was placed over the suspension to force the contact between the
bacterial medium and the polypropylene plate. After 24 h of incubation at 37 °C with a
relative humidity higher than 90 %, the liquid suspension was recovered with a syringe
and decimals dilutions were performed with subsequent sub-cultivation at PCA plates.
Finally, after 24 h of incubation of the PCA plates, the CFUs were counted at each PCA
plate. The bactericidal effect of each Ag-zeolite/polymer was evaluated using the R
value (

Equation 1) or the percentage of reduction of bacteria population (compared with

the blank). R values equal or higher than 2 are related with positive bactericidal effects

and those materials could be considered as bactericidal materials.

Equation 1: Calculation of the biocidal parameter R (Standard JIS Z2108-2010)

Cglll{s of problem sample

CFUs of control sample
_ mL
R = log

2.5. Lixiviation studies

The amount of Ag released from the zeolites was determined according to Liu et al.
[43]. The lixiviation of Ag from the zeolites was studied with suspensions of 100 ppm
of Ag-zeolites in PW. During one day, different aliquots of the suspensions were
extracted and analyzed by GFAAS to evaluate the amount of Ag released from the
zeolite to the biological broth. On the other hand, the Ag lixiviated from the
functionalized polymeric plates was measured following the standard JIS Z 2108:2010
without the incorporation of the bacteria in the medium. After the incubation and sub-
cultivation periods, liquid samples were taken and the Ag concentration was analyzed

by GFAAS.



3. RESULTS & DISCUSSION

3.1. Characterization results

Figure 1 displays the X-Ray patterns of the Ag-exchanged LTA-2 zeolites (green
patterns) showing the characteristic peaks of LTA zeolites [45, 46] at 20 = 7.22°,
10.21°, 12.50°, 21.71°, 24.04°, 27.16°, 29.99° and 34.42° (JCPDS: 00-38-0241),
indicating that the incorporation of silver to the zeolite does not modify the zeolitic
structure [22]. However, depending on the amount of silver in each zeolite, the XRD
peaks have different intensities. This modification can be explained by the diverse
scattering factor of Ag and Na. Besides, no any diffraction peak assigned to silver oxide
or metallic silver [3, 44] is observed. This strongly suggest that cationic silver (Ag*) are
the main silver species within the Ag-exchanged zeolites. Similar results were obtained
with the Ag-LTA with different S/Al ratios and with the Ag-FAU.

Chemical composition of as-prepared Ag-zeolites and parent zeolites are listed in
Table 1. The Ag content obtained by ICP-OES (bulk technique) and EDS (punctual
technique) is very similar, demonstrating that silver is homogeneously distributed in the
zeolite. Besides, comparing the samples with a theoretical exchange degree of 100%, it
can be seen that FAU-type materials and LTA-1 almost get theoretical exchange values;
meanwhile LTAs with Si/Al ratio of 2 and 5 do not get the expected total exchange.

As can be seen at Figure 2, the incorporation of high amount of Ag in FAU-2.4 does
not modify the morphology and size of the zeolitic crystals. These evidences had been
already observed with Ag-LTA in previous studies [18, 22], indicating that the
incorporation of Ag in the zeolitic materials does not modify the structure, as XRD

results have already shown.
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H,-TPR studies of almost total exchanged LTA zeolites with different SVAI ratio
(Figure 3) have been performed. Although, the three samples have Ag* as initial Ag
species [22], the three profiles are different. This is probably due to the different amount
of silver and to the different distribution and location of the Ag* species inside the
zeolite. In the case of LTAAgQ-2 100% and LTAAg-5 100%, the first positive peak
appears between 100-125 °C whilst it appears close to 150°C for the LTAAgQ-1_100%.
This peak can be related to the reduction of Ag* at different positions of the zeolitic
structure producing Agm™ clusters or metallic Ag [47]. However, since no further
hydrogen consumption is observed in the TPR experiments, total reduction of the Ag*
to AgP is assumed. Moreover, the most significative observation in the TPR profiles of
the two LTA samples with higher Si/Al ratio is the presence of negative signals,
corresponding to H, release. In the case of LTAAQ-2_100%, the negative signal appears
at 420 °C with a shoulder at 450 °C, and in the case of LTAAg-5 100% the negative
peak appears at 325 and 420 °C. The released H, can be attributed to the re-oxidation of
Ag® by protons at relatively high temperature, as it has been previously reported by
Berndt et al. [48]. The results indicate that the Ag amount and the Si/Al ratio influence
in the reducibility of Ag species, and this can be related with their different location in
the zeolitic framework and then, with their mobility, as it has previously reported by

Ferreira et al. [3] based on XPS data analyses.

3.2. Invitro bactericidal results

The bactericidal effects of the LTAAg-1_100% was evaluated against both S.aureus
and E.coli bacteria in two different media (TSB and PW) by in vitro tests. As Figure 4

shows, the lowest values of MIC were obtained in PW media against both bacteria. This
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can be explained due to the different type of broth media, PW is less nutritive than TSB.
Thus, bacteria exhibit less resistant in PW than in TSB broth. To a better study of the
biocide effects, henceforth, experiments were carried out at TSB broth permitting to see
differences in the biocide activity of the studied Ag-zeolites.

The biocide activity of fully Ag-exchanged LTA zeolites having different Si/Al
ratios are shown in Figure 5 (left). There, it is observed that the lowest MIC for both
bacteria is provided by the zeolite presenting S/Al ratio close to 2. Similar results were
obtained for 50% Ag* exchanged LTA zeolites Figure 5 (right), suggesting that the
bactericide effect relays more in the Si/Al ratio of the carrier than on the metal loading.
Indeed, the best MIC value was obtained for the LTAAQ-2-50% sample, even
presenting lower Ag content.

Similar results were obtained with total exchanged FAU zeolites with different Si/Al
ratio, being more active the FAUAg-2.4_100% than FAUAg-1.3_100%, even with less
amount of Ag at its composition. These results indicate that the Si/Al ratio of 2 is the
optimum to obtain the best bactericide effects, independently the zeolitic structure.

On the other hand, three total exchanged Ag-LTA were calcined during 10 h at 550
°C and their bactericidal activity was also studied. This thermic treatment does not
result in any improvement in the biocide activity, even a decrease on this effect is
shown for the three zeolites against both bacteria. These results indicate that the silver
species obtained during the thermic treatment are less active against bacteria than as
prepared Ag-zeolites.

We followed our study decreasing the silver content of the zeolite down to 2 wt.%
for accomplishing with legal limitations and to have less silver content than in

commercial Ag-zeolites with biocide applications such as Agion® or Zeomic® [49-51].
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The outcomes reported in Figure 6 show that these zeolites still present important
biocidal capacity, but as expected, lower than the fully and half exchanged zeolites,
demonstrating the influence of the amount of Ag in the biocide activity. Low Ag
content zeolites having large pores (FAU) show lower MIC values and then, better
biocide activities. The larger pore opening and the presence of supercavities of FAUs
(7.4x7.4 A), in comparison with LTAs (4.1x4.1 A), favor the release of Ag*+ cations to
the media, increasing their bactericidal activities [52, 53]. Finally, comparing the same
structures with different Si/Al ratio and similar Ag content, in both LTA and FAU
zeolites, the best bactericide activity was observed on zeolites with a SI/Al ratio close to
2.

Furthermore, all bactericidal experiments present much higher MIC values for
S.aureus than for E.coli. The lower biocidal activity of Ag-zeolites against S.aureus
could be attributed to the wider peptidoglycan layer of Gram-positive cells compared

with Gram-negative bacteria, that results in a higher resistance to the Ag* [54].

3.3. Lixiviation studies

The different biocide activity obtained when changing Ag amount on the zeolite,
SI/Al ratio of topology suggests that the biocide mechanism is related to the release of
Ag* cations to the medium where bacteria are found [31].

Demirci et al. carried out lixiviation experiments with zeolites with high Ag content
[55]. The authors describe high lixiviation at the wvery beginning and a gradually
abatement. Others authors have studied the Ag release in biological media with bacteria
obtaining higher release rates. In our case, we have performed release experiments to

elucidate the Ag* release rate of selected Ag-zeolites presenting different structures
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(FAU and LTA) and diverse SVAI ratios (LTA-1 and LTA-2). Figure 7 shows the
percentage of released Ag versus time of leaching, showing a progressive lixiviation of
the bactericidal agent during the first 8 h and later reaching a plateau. After 24 h,
FAUAQ-2.4 releases 20% of total Ag to the media, while for LTAAg-2 and LTAAg-1
release 10% and 6%, respectively. Comparing the Ag release curves, it is clear that the
lixiviation of the biocide agent strongly depends on the zeolitic structure and less
importantly on the Si/Al ratio. The rates of Ag release of the different zeolites are in
agreement with the biocidal activities, suggesting that the presence of Ag* in the media

is the controlling parameter of biocide activity.

3.4. Biocidal polymers, in vivo tests

The polymeric plates were functionalized by incorporating different amounts (0.2,
0.4 and 1 wt.%) of Ag-containing zeolites with 2 wt.% of Ag and optimum Si/Al ratio
of 2 (Table 2). The incorporation of different percentages of Ag-zeolites produced
different level of darkness at the polymeric plates (Figure 8), an undesirable effect for
the application of the polymer as, for instance, covering material. The darkening of the
polymer increases as the Ag-zeolite content does. This color modification does not
come exclusively from the incorporation of Ag-zeolites, also, the reduction of Ag* to
AgP during the thermic treatment, need for the preparation of the functionalized
polymeric material, is responsible for the darkening of the polymer [56]. ldentical
studies with parent zeolites (Na-zeolites) did not show any modification of the
polymeric plates (images not shown), confirming that silver is the darkening substance.

To minimize this effect we only evaluated the bactericide effects of materials with

0.2 or 0.4 wt.% of Ag-zeolites. The results presented in Figure 9 shows that the Ag-
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zeolite functionalized polymers present a remarkable biocide activity, reaching even
100 % reduction against S.aureus at in vivo experiments for some of the essayed
polymers. The biocidal activity of Ag-zeolite-polymer composites increases as the Ag
content does, being more clearly observed at LTA, because the very high activity of
FAU reaches nearly full reduction, even for the polymer that contains less Ag-FAU
zeolite.

Nevertheless, still some darkening of the material remains and restricts its possible
application. In order to improve it, a photochemical stabilizer so-called HALS (hindered
amine light stabilizers coming from 2,26,6-tetrametylpipedinine) has been added.
HALS are usually used to protect polymers from negative photo-effects of free radicals
and others substances. We have prepared new polypropylene blends using HALS and
Ag-zeolites, using the same method than before and evaluating their biocidal activity
(Table 2). The visual inspection of the polymers indicates that HALS successfully
prevents the darkness at polymeric plates. Moreover, incorporation of HALS does not
decrease the biocidal effects of the Ag-zeolites, presenting almost total reduction of the
CFU and even higher R values than the composites without HALS (Table 2). Thus,
according to the standard, these materials can be defined as bactericidal materials.
However, to confirm that the biocidal properties of optimum Ag-zeolite-HALS-polymer
composite are due to the presence of Ag cations, a blank experiment has been carried
out. A similar composite prepared skipping the presence of Ag-zeolite was essayed as
biocidal material. This test showed neglectable R values and percentages of reduction

lower than 20%, confirming that in absence of silver there is not biocidal activity.

3.5. Lixiviation studies
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The release of Ag from functionalized polypropylene polymeric plates (following
standard JIS Z 2108:2010 procedure without bacteria) is shown in Figure 10. The
results indicate that the highest amount of Ag in the polymeric system, the highest
release of Ag* to the media and, therefore the best bactericidal activity. Moreover, the
incorporation of HALS favors the lixiviation of Ag*, confirming that its presence in the

polymeric matrix improves the biocidal activity, besides of keeping the visual aspect.

4. CONCLUSIONS

The Ag-zeolites show excellent bactericidal activity in different bacteria growth
media against both S.aureus and E.coli bacteria. The results demonstrate that the
amount of Ag, the type of zeolitic structure and the Si/Al ratio of the zeolite are the
most important variables to obtain the best bactericidal activity. In that sense, best
results were obtained with zeolites containing higher amount of silver and exhibiting
largest pore opening and Si/Al ratio close to 2. Ag-zeolites were characterization by
different techniques showing that the incorporation of Ag at zeolites does not modify
the structure of the zeolite, being the main silver species the exchanged Ag* cation.

The real applicability of the most promising Ag-zeolites as biocide materials was
studied through the functionalization of propylene with Ag-zeolites presenting Si/Al
ratio of 2. The Ag-zeolite-polymer composite has a very high biocide activity against
S.aureus. However, the incorporation of Ag-zeolites at the polymeric formulation is
limited due to the darkening of the sample, probably because of the presence of reduced

silver species. To solve this, a photo-stabilizer substance (HALS) was incorporated to
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the new polymeric formulation. This new Ag-zeolite-HALS-polypropylene composites
keeps the bactericide activity of the polymeric material and also maintains the color of
the original polymer.

Finally, lixiviation studies were carried out with the Ag-zeolite and with the
functionalized polymer composites. The results reveal that the release of Ag is related to
the bactericidal effects and silver can even release from the Ag-zeolites that are

embedded in the polymeric matrix.
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CAPTION FIGURES

Figure 1: XRD patterns of LTA-2 with different Ag content (greens) and of the parent
LTA zeolites with different SVAI ratio (Na form)

Figure 2: FESEM images of parent FAU-2.4 and

Figure 3: TPR profiles of the LTA zeolites completely exchange with Ag (LTAAg-
1 100%; LTAAg-2_100%; LTAAgG-5 100%)

Figure 4: Bactericidal activity (MIC) against S.aureus and E.coli in TSB and PW broth
of LTAAg-1_100%.

Figure 5: Bactericidal activity (MIC) against S.aureus and E.coli in TSB with total and
half silver exchange LTA zeolites.

Figure 6: Bactericidal activity (MIC) against S.aureus and E.coli in TSB with different
zeolites with 2 wt.% Ag.

Figure 7: Ag lixiviation studies of three different zeolites at PW

Figure 8: Images of the polymeric plates prepared with different % and diverse Ag-
zeolites

Figure 9: Biocidal properties of the surface of polymeric plates functionalized by
different amount of LTAAgQ-2 and FAUAg-2.4, following JIS Z 2108:2010

Figure 10: Percentage of released Ag from different polymeric plate
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TABLES

Table 1: Chemical composition of the zeolites measured by ICP-OES?and EDSP

Ag-zeolites Wt.% Ag? Ag Exchange (%) 2  Si/Al molar Wt% Wt.%
ratio? Na? AgP
LTA-1 - - 1.0 15.3 -
LTAAg-1_100% 48.4 95.9 0.9 0.5 49.1
LTAAg-1_50% 29.0 50.1 0.9 7.9 -
LTAAQ-1 1.8 2.7 0.9 13.9 1.9
LTA-2 - - 2.0 9.7 -
LTAAg-2_100% 30.8 83.9 1.9 0.8 27.4
LTAAg-2_50% 17.2 38.6 2.1 - -
LTAAgQ-2 2.2 6.0 1.9 6.1 6.1
LTA-5 - - 4.9 5.6 -
LTAAg-5_100% 18.0 77.9 4.6 1.0 20.9
LTAAg-5_50% 8.3 43.0 5.0 - -
LTAAQ-5 1.9 8.7 4.8 5.1 1.5
FAU-1.3 - - 1.3 13.9 -
FAUAg-1.3_100% 46.7 92.2 1.3 - 40.9
FAUAQ-1.3 2.3 5.3 1.4 9.9 2.0
FAU-2.4 - - 2.4 9.6 -
FAUAg-2.4_100% 30.6 934 2.5 1.2 32.5
FAUAgQ-2.4 1.3 3.5 2.4 6.8 1.6

Table 2: Composition of different polymer plates (%) and the bactericidal activity represented by R value

Ag-zeolites Polypropylene (% Ag-zeolite (% HALS (% R

0.29% LTAAg-2 99.8 0.2 - 0.4
0.4%LTAAg-2 99.5 0.4 - 3.2
0.4% LTAAg-2 +HALS 99.2 0.4 0.4 3.7
0.2%FAUAg-2.4 99.7 0.2 - 17
0.4% FAUAg-2.4 99.4 0.4 - 3.3
0.4%FAUAgQ-2.4 + HALS 99.3 0.4 0.3 4.1
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FIGURES
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Figure 1: XRD patterns of LTA-2 with different Ag content (greens) and of the parent LTA zeolites with different

Si/Al ratio (Na form)

Figure 2: FESEM images of parent FAU-2.4 and FAUAg-2.4_100%.
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Figure 3: TPR profiles ofthe LTA zeolites completely exchange with Ag (LTAAg-1_100%; LTAAg-2_100%; LTAAgQ-

5_100%)
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Figure 5: Bactericidal activity (MIC) againstS.aureusand E.coliin TSB with total and half silver exchange LTA
zeolites.
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Figure 6: Bactericidal activity (MIC) againstS.aureusand E.coliin TSB with different zeolites with 2 wt.% Ag.
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Figure 7: Ag lixiviation studies of three different zeolites at PW
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Figure 8: Images of the polymeric plates prepared with different % and diverse Ag-zeolites
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Figure 9: Biocidal properties of the surface of polymeric plates functionalized by different amountof LTAAg -2 and
FAUAg-2.4, following JIS Z2108:2010
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Figure 10: Percentage of released Ag from different polymeric plates
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