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ARTICLE INFO ABSTRACT

Keywords: Due to various microbial species and decreasing healthcare costs, antimicrobial materials have become indis-
Coatiﬂg_ pensable for human society. Silver ions are among the most widely used and effective antimicrobial agents,
Composite capable of penetrating bacterial structures and disrupting their biological systems. In this research, silver ions
lgzgiettehylene were first introduced to the porous zeolite network through an ion exchange mechanism. Then, high-density
Silver polyethylene (HDPE) coatings containing 0, 10, 20, and 30 wt.% silver zeolite were used to coat AISI 304
Stainless Steel stainless steel using immersion methods. Subsequently, X-ray diffraction (XRD), scanning electron microscopy
Antimicrobial (SEM), Fourier-transform infrared spectroscopy (FTIR), adhesion tests, contact angle measurements, and

roughness analysis were employed for the characterization of the coatings. The results indicated that increasing
the silver zeolite content in the polyethylene matrix resulted in a more uniform coating with increased thickness
and corrosion resistance while decreasing its adhesive strength. Furthermore, the corrosion resistance of the
coatings using a 5 % sodium chloride salt spray for 800 h confirmed their good corrosion resistance. Finally. The
antimicrobial performance of the samples was evaluated against Escherichia coli, Staphylococcus aureus, Pseudo-
monas aeruginosa, and Aspergillus flavus using MIC, MBC, MFC, zone of inhibition, and colony count assays.
Results demonstrated that increasing silver zeolite content significantly enhanced antimicrobial efficacy, with
the strongest activity observed against Staphylococcus aureus. These findings highlight the broad-spectrum
antimicrobial potential of silver-zeolite composite coatings.

1. Introduction

Due to the rising threats posed by microbial pathogens and the
increasing demand to reduce healthcare costs, materials with inherent
antimicrobial properties have become essential for human applications.
In recent years, significant research has focused on developing materials
that possess intrinsic antimicrobial activity to prevent infections and
enhance public health. Compared to conventional chemical antibacte-
rial agents, which require frequent reapplication due to diminished ef-
ficacy, materials with inherent antimicrobial properties maintain long-
lasting activity[1,2]. Such durable antimicrobial behavior makes these
materials highly advantageous for a wide range of applications,
including medical devices, coatings, and packaging, textiles, cosmetics,
agriculture, and the environment where sustained microbial inhibition
is critical[3].

* Corresponding author.

Antimicrobial coatings have gained significant attention due to their
critical role in controlling microbial growth across a wide range of in-
dustries, including textiles, medical devices, food packaging, water pu-
rification, paints, air and water filtration systems, agriculture, and
energy sectors[4]. These coatings not only prevent surface contamina-
tion but also contribute to reducing healthcare costs and limiting the
spread of infectious diseases[5]. Among the most effective antimicrobial
agents for industrial applications are chitosan, carbon nanotubes, pep-
tides, plant extracts, silver (Ag), copper, zinc, and transition metal ox-
ides such as titanium dioxide, copper oxide, and zinc oxide[6]. Silver, in
particular, has emerged as a highly potent antimicrobial agent owing to
its unique physicochemical properties and broad-spectrum activity. Its
antimicrobial effect primarily arises from the Ag+ cation, which can
penetrate microbial cells and interact strongly with electron-donating
functional groups, including sulfur, oxygen, and nitrogen, present in
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biomolecules [7]. These interactions disrupt enzymatic activity, protein
function, and metabolic pathways, while binding to bacterial DNA and
RNA, thereby inhibiting replication and transcription. Silver further
offers advantages such as high thermal stability, low cytotoxicity, and
long-lasting antimicrobial performance, which make it particularly
suitable for diverse industrial and biomedical applications. Recent
research has focused on integrating silver into coatings and composite
materials in a controlled manner to enable sustained ion release,
enhancing antimicrobial efficacy over extended periods [8]. The
development of such durable antimicrobial coatings is crucial for ap-
plications requiring continuous microbial control, including medical
implants, surface coatings, and packaging materials[9]. By combining
silver with polymeric, inorganic, or hybrid matrices, it is possible to
achieve multifunctional materials that exhibit mechanical robustness,
chemical resistance, and prolonged antimicrobial activity[10]. This
combination of properties not only improves the safety and durability of
products but also supports environmental sustainability by reducing the
frequency of chemical disinfectants [11]. Zeolites are a group of hy-
drated crystalline aluminosilicates with fine porosity, containing
exchangeable cations from alkali and alkaline earth metal groups (Na™,
K', Mg?", and Ca®"). They reversibly adsorb and release water [12]. The
basic units of zeolites consist of tetrahedra SiO4 and AlQO4 structures
interconnected by oxygen atoms[13]. Secondary building units include
rings and simple structures, and each zeolite comprises one or more
types of these units[14]. During the ion exchange process, Na* ions are
replaced by Ag™ ions, giving the resulting zeolite new properties, such as
antibacterial characteristics[15,16]. The environmental conditions
suitable for releasing metal ions on the surface are precisely the condi-
tions conducive to the survival or growth of biological pathogens on the
surface[17]. The rate of silver release in zeolites is controlled, meaning
that silver is only released when substituted with another ion. Addi-
tionally, silver is released from zeolites only in the presence of moisture
[18]. While using zeolites in the structure of antimicrobial materials
may reduce mechanical properties[19], it remains a suitable solution as
a base for incorporating silver into materials with antibacterial and
corrosion-resistant properties[20].

It is well documented that polymer coatings provide excellent
corrosion resistance for cement and steel structures due to their high
chemical resistance, suitable adhesion, and good mechanical properties.
In these coatings, corrosion resistance is achieved through physical
barriers and absorbents for corrosive agents [21]. Additionally, by
shifting the corrosion potential towards more noble values, the corro-
sion rate of the metal surface decreases [22]. Considering the behavior
of polymer coatings, promising properties can be achieved using addi-
tives to synthesize organic and inorganic composite materials. Additives
can be zero-dimensional (including nanotubes and fibers),
one-dimensional (including mineral materials like zeolites), and
two-dimensional (including spherical particles) [23].

Due to the extensive use of steel, various protective methods have
been considered to enhance its corrosion resistance, with organic coat-
ings as the most common solution. Among them, polyethylene coatings,
especially high-density polyethylene, are widely used due to their
resistance to corrosive and chemical environments [24]. This polymer
exhibits excellent resistance to penetration by water molecules and
corrosive agents. Some advantages of polyethylene coatings compared
to chemical inhibitors include their easy application, non-toxic nature,
and minimal environmental and human health impact[25]. However,
undesired problems associated with the incorporation of hydrophilic or
polar organic and inorganic compounds into the above polymers
including aggregation and weak distribution, as a consequence of
immiscibility and incompatibility, and inability to recycle these mate-
rials have limited their processing conditions and product features [26].
In recent years, extensive studies have been conducted on using polymer
coatings on metals and alloys to prevent corrosion. Composite coatings
with a polymer matrix not only have good mechanical properties but
also benefit from the presence of natural clinoptilolite zeolite particles
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ion-exchanged with silver, providing excellent antimicrobial, mem-
brane, abrasion, and corrosion protection properties|3,27]. Despite all
these advantages, the most important of which are the low cost and
practicality of the coating, there is a gap in the literature on steel coating
via polyethylene-zeolite-silver. Hence, In this study, the synthesis and
characterization of silver-exchanged zeolite powder prepared from
natural clinoptilolite, along with the fabrication of high-density poly-
ethylene composite coatings containing silver zeolite via the dip-coating
method, are presented. The properties targeted for evaluation include
physical characteristics such as surface morphology by scanning elec-
tron microscopy (SEM), crystalline structure by X-ray diffraction (XRD),
chemical bonding by Fourier-transform infrared spectroscopy (FTIR),
and coating hydrophobicity as well as mechanical performance, assessed
through adhesion testing. In addition, the integrity of the coatings under
salt-spray conditions and microbiological assays for antibacterial effi-
cacy were conducted to identify the most effective composite formula-
tion as an antimicrobial agent.

2. Experimental
2.1. Materials

A natural celinoptilolite zeolite was used as feedstock material in this
research. It should be noted that celinoptilolite (Nag 12 Caj 32 Ko.72 Alg 11
Siay 84 Ogy.92) with a particle size in the range of 2—- 5 mm can be found in
nature. Commercial high-density polyethylene powder ((-CHz-CHz-)
linear) was used as a base polymer to prepare the coating. For Dip
coating, Xyelene (CgH4(CHs3)o (Merk, Germany) was used for HDPE
solubilization. The Silver ions were obtained using 99 wt.% Silver ni-
trate AgNO3 (Merk, Germany).

2.2. Specimen preparation

Table 1 shows the chemical composition of the 304 stainless steel
samples with a dimension of 20 x 2 x 2 mm?® used as the metal substrate.
To clean the surfaces, all substrates were ground with #80, #180, and
#320 grit sandpaper, then degreased in acetone and dried at room
temperature. The samples were then immersed in a solution of acids
containing sulfuric acid, hydrochloric acid, and double distilled water
with a volume ratio of 1:1:8 mL for 1 min to eliminate the oxide layers
and activate the surface before being washed and air dried.

2.3. Silver incorporation in clinoptilolite zeolite

Natural clinoptilolite zeolite containing sodium and calcium with a
chemical formula of (Na3412 Cal.gg K0_72 A18_11 Si27.84 087492) was milled
using a ball mill with steel balls at a ball: powder weight ratio of 10:1 ata
speed of 200 rpm for 3 h to reduce the particle size. After milling, the
powder was sonicated for 20 min in an ultrasonic bath and then washed
for 60 min with 70% ethanol using a magnetic stirrer at 300 rpm. The
resulting material was filtered through filter paper and then dried in an
oven at 80 °C. The obtained powder was further washed for 60 min with
a hydrochloric acid solution and water with a 10:90 vol ratio on a
magnetic stirrer and subsequently filtered through filter paper and dried
at 60 °C. It is worth noting that the acid treatment of natural clinopti-
lolite zeolite removes impurities such as calcium carbonate and in-
creases the specific surface area of the zeolite. A quantity of 3 g of zeolite
powder was mixed with 1 g of silver nitrate powder in 200 mm of water
and subjected to distillation for 16 h at 60 °C on a magnetic stirrer to
facilitate ion exchange between the silver nitrate particles and the
zeolite. During this process, the container was covered with aluminum
foil to prevent direct exposure to light since light exposure can cause
oxidation and darkening of the silver nitrate particles. After the desired
time for ion exchange of the silver nitrate particles with the zeolite was
completed, the solution was filtered through filter paper, which had fine
pores for separating the silver zeolite powder from the aqueous phase.
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Table 1
The chemical composition of the 304 stainless steel substrate.

Fe C Si Mn Cr Mo Ni Al Co Cu \% w Sb

Bal. 0.0649 0.412 1.56 19.0 0.0953 8.88 0.0024 0.126 0.190 0.0667 0.0156 0.0289
2.4. Preparation of composite coating

Table 2
. . . . . Coding of samples coated with silver zeolite polyethylene composite.
To prepare a coating suspension, silver zeolite particles were
dispersed in 20 mL of xylene for 20 min in an ultrasonic bath. Subse- sample type Composition
quently, polyethylene powder (HDPE) was added to the suspension. To code
enhance polymer adsorption on the surface of the prepared suspension P100 The pure polyethylene coating 0.5 g PE
particles, the mixture was subjected to mechanical agitation for 7 h at a P-10ZA The polyethylene composite coating - 10 % 0.45gPE +0.05 ¢
speed of 200 rpm. Suspensions with varying weight percentages of silver silver zeolite ZA
P R X p 3 p ying ghtp & P—-20ZA The polyethylene composite coating - 20 % 0.4 gPE + 0.1 gZA

zeolite, specifically 10, 20, and 30 wt./wt.%, were then formulated for silver zeolite
coating. The prepared suspension was dissolved in xylene at a temper- P—30ZA The polyethylene composite coating - 30 % 0.35gPE +0.15¢

ature of 90 °C. Steel samples were prepared and submerged in the so-
lution three times using a dip-coating apparatus, with each immersion
conducted at a speed of 2 mm/s. After each 2-minute immersion, the
samples were taken from the solution at the same speed. Following the
completion of the coating process, the samples were dried at 60 °C for
24 h. Fig. 1. shows a schematic of the silver zeolite polyethylene com-
posite coating on 304 stainless steel by dip coating method. The samples
are identified with the following codes in Table 2.

2.5. Characterization

The characterization of silver-exchanged zeolite was carried out
using X-ray diffraction spectroscopy (XRD, ASENWARE, AW-XDM300,
china), scanning electron microscopy (SEM, Philips, XL 30,
Netherlands) equipped with EDS analysis and Fourier transform infrared
Spectrometer in the range of 400-4000 cm L. (FTIR, Bruker, Tensor 27,
German). The present study investigated the impact of various weight
percentages of silver zeolite on the hydrophilicity of pure HDPE and
HDPE-silver zeolite. The contact angle of various samples with water
was assessed following the ASTM D5964 standard for analysis.

Surface wettability assessment of the samples was conducted using
the KVS, 500A-CA equipment. Subsequently, the surface roughness was
evaluated. The evaluation of adhesion strength between the coatings
and the substrate followed the ASTM D3359 standard, employing the
crosshatch tape method. This procedure introduced six deep cuts on the
samples in both directions, with a minimum distance of 1 mm between
each cut. Subsequently, the adhesion test was conducted by applying
and detaching the tape from the coating surface at the points of inter-
section of the cuts. Adhesion was quantified based on the number of
squares removed from the surface, utilizing a 0-5B scale. A rating of 5B
denoted the optimal adhesion (no square or edge damage), while OB
indicated the weakest bonding strength (all squares were damaged or

HDPE + Zeo/Ag + Xylene
T=25%
t=7h

Trigy

- ¢

silver zeolite ZA

removed from the surface). Salt spray experiments were carried out to
assess the visual performance of the samples. In this experiment, coat-
ings with x-scratches were subjected to the salt spray test using the S83
V4300 salt spray test cabin (manufactured by Pars Horm Co.) following
ASTM B117 standards (NaCl 5 wt. % solution) for 800 h.

2.6. Antibacterial testing

The antibacterial efficacy of the polyethylene-silver zeolite com-
posite was assessed against Staphylococcus aureus ATCC6538 (gram-
positive bacteria) and Escherichia coli. ATCC10536 (gram-negative
bacteria) strains. The agar well diffusion method was employed to
determine the antibacterial activity of the selected extracts. Nutrient
agar was prepared, autoclaved, and allowed to solidify at room tem-
perature. Autoclaved agar plates were inoculated with bacterial cell
suspensions. Wells (5 mm) were created in each agar plate using a sterile
metallic borer. Each well was loaded with 80 pL (1 mg/mL) of the
sample with E. coli. and S. aureus, serving as negative and positive
controls, respectively. All plates were then incubated at 37 °C for 24 h,
and the results were quantified by measuring the zone of inhibition in
millimeters. Bacterial cell counting or colony counting is one of the
various biological processes where the number of bacterial cells is
quantified in a specific volume. By placing a defined volume of cultured
cells on a Petri dish containing a culture medium, the number of
cultured cells can be enumerated. If cells are appropriately distributed in
the culture medium, it can be assumed that each cell creates a single
colony. Therefore, colonies are countable, and based on the specified
volume of the distributed culture medium in the dish, the cell concen-
tration can be calculated. Performing bacterial colony counting is useful
for estimating the infectivity of bacterial infections, such as beneficial

The samples were immersed in the
solution 3 times, for 2 minutes

dry at 25 °¢ for 2 minutes

|
,__l_, N

Fig. 1. Schematically illustrates the composite coating of silver zeolite-polyethylene on 304 stainless steel by the dip-coating method.
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bacterial infections. S. aureus (ATCC 6538) as a Gram-positive bacterium
and E.coli. (ATCC 10536) A Gram-negative bacterium was prepared at a
specific concentration in a normal saline solution according to the 0.5
McFarland concentration. Then, 30 % samples were incubated for 24 h
at a temperature of 37 + 2 °C.

The culture medium, along with the bacterial suspension, was
considered as a positive control for both bacterial strains. After this
period, serial dilutions of each sample were performed, and 10~° and
107! dilutions of bacterial-containing samples were prepared. A speci-
fied amount of the 107 dilution was streaked on an agar culture me-
dium, spread on the surface, and incubated for 24 h at 37 + 2 °C. The
number of colonies in each mentioned concentration was then counted,
and the increase or decrease in the colony count was assessed relative to
the control sample. This description outlines a microbiological experi-
mental procedure for assessing bacterial colony formation to measure
infectivity.

Materials Today Communications 49 (2025) 113874

2.7. Determination of minimum inhibitory and bactericidal/fungicidal
concentrations (MIC, MBC, MFC)

The antimicrobial efficacy of the tested samples was evaluated
against four representative microorganisms: Escherichia coli (Gram-
negative), Staphylococcus aureus ATCC6538 (Gram-positive), Pseudo-
monas aeruginosa, and the fungal strain Aspergillus flavus ATCC 22548.

MIC determination was performed using a standard broth micro-
dilution method. Briefly, microbial suspensions were prepared in suit-
able liquid culture media and adjusted to a concentration corresponding
to 0.01 % of a McFarland standard. Serial dilutions of each test sample
were prepared in the liquid medium, and aliquots were inoculated with
a defined volume of microbial suspension. Negative controls (culture
medium without microorganisms) and positive controls (culture me-
dium with microorganisms but without the sample) were included in
each assay. All test tubes were incubated at 37 + 2°C for 24 h for bac-
terial strains, while fungal cultures were incubated under appropriate

Fig. 2. SEM images (a, b) zeolite powder washed with ethanol (c, d) zeolite powder washed with HCI (e, f) ion-exchanged zeolite powder using AgNO3.
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conditions. After incubation, turbidity was assessed visually to deter-
mine the minimum inhibitory concentration (MIC), defined as the
lowest concentration of the sample that prevented visible microbial
growth.

To determine the minimum bactericidal/fungicidal concentration
(MBC/MFC), aliquots from the MIC tubes were transferred onto solid
agar plates and incubated under the same conditions. The lowest con-
centration at which no colony formation was observed on agar was
recorded as the MBC for bacteria and MFC for the fungal strain. This step
allows differentiation between inhibitory and lethal effects of the tested

Materials Today Communications 49 (2025) 113874

material.

All assays were performed in triplicate to ensure reproducibility, and
results were expressed as mean + standard deviation. This compre-
hensive approach enables precise evaluation of the antimicrobial po-
tential of the samples across both bacterial and fungal models, providing
insights into their broad-spectrum efficacy.
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Fig. 3. Elemental analysis obtained by scanning electron microscopy (a) zeolite powder washed with ethanol, (b) zeolite powder washed with HCI, (c) ion-exchanged

zeolite powder using AgNO3.
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3. Results and discussion
3.1. Microstructure and composition

The SEM images shown in Fig. 2. illustrate a washed natural cli-
noptilolite zeolite powder sample treated with ethanol. Due to the
presence of impurities and the inherent nature of the zeolite powder, the
particles appear clustered. Upon washing with hydrochloric acid,
various phases present in the powder, including calcium carbonate and
sodium carbonate, are removed, reducing the impurities in the powder.
After the ion exchange stage with silver nitrate, silver ions replace cal-
cium and sodium ions in the porous structure of the powder. The acid
treatment of the zeolite powder results in a significantly increased spe-
cific surface area due to the removal of calcium carbonate formed on its
surface.

Additionally, the SEM images of the zeolite powder containing silver
indicate no noticeable change in the powder morphology, and silver
particles are uniformly distributed within the zeolite structure [28,29].
Furthermore, the average particle size of the natural zeolite after milling
and ion exchange is approximately 11.5 + 3.24 um. These observations
suggest that the processing steps, including acid treatment and ion ex-
change, have specific effects on the composition and morphology of the
zeolite powder, particularly enhancing its surface characteristics and
incorporating silver ions into its structure.

The EDS pattern of zeolite was prepared both in its initial form and
after ion exchange, as shown in Fig. 3. As observed, the main peaks
corresponding to the elements Al, Si, and O in the EDS spectrum
represent the major elements of zeolite. Additionally, peaks related to
the elements Na and Ca are identified, indicating the presence of natural
clinoptilolite zeolite. Aluminum and silicon form tetrahedral bonds with
oxygen and sodium ions within the zeolite framework and stabilize the
negative charges of aluminum on the zeolite surface. Upon the intro-
duction of silver into the zeolite, a reduction in the peaks related to Na
and Ca and the appearance of the Ag peak are observed [16,30,31]. This
phenomenon can result from the ion exchange, where the Na and Ca ions
concentration in the zeolite powder is reduced. Conversely, the con-
centration of Ag ions is increased. Moreover, the intensity of the added
Ag peak is higher than the intensity of the reduced Ca peak. This sug-
gests that not all the displayed Ag in the figure is exchanged with Ca and
Na; a small amount may have formed deposits such as AgOH and AgCl.

3.2. XRD powder analysis

The XRD analysis results for the washed clinoptilolite powder with
ethanol, hydrochloric acid, and silver-ion exchanged are presented in
Fig. 4. Considering the X-ray diffraction pattern of Zeo-Ethanol and the
presence of main peaks at 20 = 8.9, 11.2, 22.4, 27.2, 26.1, 28.2, 30, 32,
and 36.4° angles, the existence of clinoptilolite zeolite is confirmed,
consistent with the JCPDS [96-900-1395] database. The peaks are
initially tall and sharp, becoming shorter and broader in the Zeo-HCl
pattern due to acid treatment with hydrochloric acid, indicating the
disruption of its crystalline structure. The Zeo-Ag pattern shows no
significant changes in the zeolite structure or phase alteration for the ion
exchange process. However, there is a clear reduction in the intensity of
the peaks in the Zeo-Ag pattern for the zeolite. This pattern is attributed
to the incorporating of silver and other cations into the zeolite structure,
leading to a redistribution of internal cationic charges and a loss of the
crystalline structure[31]. Additionally, the study by R. Garza et al. found
that the ion exchange of clinoptilolite zeolite with silver did not result in
significant changes in the XRD pattern [32]. In another study by Xu
et al., the addition of 73.365 mg/g of silver to zeolite type A showed no
observable structural changes in the X-ray diffraction pattern, indicating
an efficient cation exchange process [31]. In this research, the presence
of active chlorine ions resulting from acid washing led to the formation
of AgCl phases with the JCPDS [96-901-1667] code. The image shows
samples of coated P100, P-10ZA, P-20ZA, and P-30ZA with various
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Fig. 4. XRD pattern of (a) Zeo-Ethanol (zeolite powder washed with ethanol),
(b) Zeo-HCI (zeolite powder washed with hydrochloric acid), (c) Zeo-Ag (ion-
exchanged zeolite powder using AgNO3).

percentages of silver zeolite at three different magnifications. With an
increase in the percentage of silver zeolite, a relatively good dispersion
of silver zeolite on the polymer surface can be observed. The regular
dispersion of silver zeolite on the polymer surface is of special impor-
tance due to its desired high efficiency. The increasing amount of silver
zeolite enhances the specific antibacterial property efficiency. As
mentioned earlier, the integration of silver into the zeolite does not alter
its morphology and crystal sizes. Furthermore, silver zeolite does not
induce any structural changes in the polymer.

3.3. SEM coating analysis

In Fig. 5. the coated samples P100, P-10ZA, P-20ZA, and P-30ZA with
various percentages of silver zeolite are shown at two different magni-
fications. With an increase in the percentage of silver zeolite, a relatively
good dispersion of silver zeolite on the polymer surface can be observed.
The uniform dispersion of silver zeolite on the polymer surface is of
special importance due to the desired high efficiency. Considering the
increase in the amount of silver zeolite, the efficiency of the antibacterial
property increases. As mentioned earlier, incorporating silver into
zeolite does not alter the morphology and sizes of zeolite crystals.
Additionally, silver zeolite does not induce changes in the polymer
structure.

In Fig. 6. the elemental analysis of the P100 sample shows that the
coating is entirely carbon-based. In the subsequent samples, P-10ZA, P-
20ZA, and P-30ZA, with an increase in the amount of silver zeolite, the
amount of Ag increases, in addition to the base elements of zeolite Si and
Al, while the carbon content of the coating is reduced. In the P-30ZA
sample, the lowest amount of carbon and the highest amount of silver
are observed.

The EDS elemental analysis maps of the P-10ZA, P-20ZA, and P-30ZA
coatings are shown in Fig. 7. It can be observed that with an increase in
the elements present in the composite coating, the elements are uni-
formly distributed on the surface.

Fig. 8. presents the elemental analysis mapping of the P-30ZA
coating, selected as a representative sample to demonstrate the presence
of silver zeolite elements on the cross-sectional surface of the coating.
The uniform distribution of Si, Al, and Ag elements derived from natural
clinoptilolite zeolite can be observed within the composite matrix.

In Fig. 9. the cross-sectional surface of the composite coatings can be
observed, indicating a smooth and uniform surface on the 304 stainless
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Fig. 5. SEM images of (a, b) P100 coating. (c, d) P-10ZA coating. (e, f) P-20ZA coating, and (g, h) P-30ZA coating.
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Fig. 8. EDS elemental mapping analysis of the cross-sectional surface of the P-30ZA coating.

steel without layering or cracking. The average thickness of the P100, P-
10ZA, P-20ZA, and P-30ZA coatings is 98.1 & 80.59, 99.4 + 14.144,
100.4 + 301.154, and 50.4 + 174.168 um, respectively. It can be noted
that the thickness of the coating layers has increased with the addition of
ceramic composite materials, and uniform distribution of silver zeolite
can be observed in the coating layers, respectively. The increase in
coating thickness may be attributed to the enhanced wetting effect of the
coating. Furthermore, these results indicate that the immersion coating
technique can deposit thick coatings, overcoming challenges associated
with thick plasma-sprayed coatings (>100 pm)[28].

The porosity in the coating layers was estimated from microscopic
surface images of the coatings using ImageJ software for selected sam-
ples P100, P-10ZA, P-20ZA, and P-30ZA, as shown in Fig. 10. The
highest porosity is associated with the P100 coating, which is approxi-
mately equal to 22.3 %. The lowest porosity was calculated for the P-
30ZA coating to be 10.2 %. Additionally, the porosity for the P-10ZA
and P-20ZA samples are 19 % and 13.2 %, respectively. Considering that
the percentage and size of porosity in the samples decrease with an in-
crease in silver zeolite, it can be concluded that the porosity of the
coatings is inversely proportional to the amount of ceramic composite
materials. It can be inferred that silver zeolite particles have filled the

voids in the polymeric matrix.

3.4. XRD coating analysis

The XRD patterns of the coatings for samples P100, P-10ZA, P-20ZA,
and P-30ZA are illustrated in Fig. 11. The results indicate that two
crystalline peaks at 21.5° and 23.9° with the JCPDS [00-050-2241]
code, corresponding to the (110) and (200) planes, respectively, are
related to polyethylene. The other observed peaks are attributed to silver
zeolite and AgCl with the JCPDS [96-900-1395] and JCPDS
[96-901-1667] code compounds. Both amorphous and crystalline sec-
tions of polyethylene are demonstrated, and no shift in the positions of
polyethylene peaks is observed. This implies that various percentages of
silver zeolite do not induce any changes in the polyethylene structure
[33]. Additionally, it can be inferred that the intensity of polyethylene
peaks decreases, and the peaks of zeolite and silver chloride increase
with the rise in silver zeolite content.

3.5. FTIR analysis

The chemical composition of polyethylene and silver zeolite was
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Fig. 9. SEM images of the cross-sectional surface (a) P100, (b) P-10ZA, (c) P-20ZA, (d) P-30ZA coating.

Fig. 10. Images of SEM (a) P100, (b) P-10ZA, (c) P-20ZA, (d) P-30ZA coating at a magnification of 50 microns after measuring the coating porosity using ImageJ.

investigated through Fourier-transform infrared (FTIR) spectroscopy
analysis. Fig. 12. displays the obtained peaks from the FTIR test. The
height of each peak serves as an indicator of the higher percentage of the
corresponding bond. Moreover, a sharper peak suggests a more ordered
structure of the substance. Table 3 illustrates the bonds present in the
polymer coating at various wavenumbers.

Additionally, Table 4 corresponds to the peaks at different wave-
numbers for the polyethylene coatings with silver zeolite.

3.6. Evaluation of the adhesion of the polyethylene silver zeolite
composite coating

Fig. 13. illustrates the microstructure of the coated samples after the
peel adhesion test. All four coating models have been classified into their
respective classes. The coating of the P100 sample (3B), P-10ZA (4B), P-
20ZA (5B), and P-30ZA (2B) are found in their appropriate classes. The
adhesion is influenced by various factors such as coated layer thickness,
surface roughness, percentage of added ceramic particles, and com-
posite matrix (polyethylene). One of the adverse effects of adding an
excessive amount of particles to the polymeric matrix is the creation of
open and empty spaces at the particle-polymer interface due to the weak
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connection between polymer chains and silver zeolite particles[19].
This results in the formation of void spaces at the particle-polymer
interface[30]. Additionally, an increase in the common phase between
silver zeolite particles and the polyethylene matrix and the resulting
internal stresses in the coatings containing these particles (beyond the
optimal state) decrease the coating adhesion to the substrate. Therefore,
the presence of silver zeolite particles in heavy polyethylene, at a weight
percentage of 10 %, increases the relative adhesion of the coating to the
substrate. With an increase in the silver zeolite content to 20 wt.%, the
adhesion of the coating reaches its optimal state, represented by class
(5B). However, with 30 wt.% of silver zeolite in the coating, we observe
a reduced adhesion of the coating to the substrate. The reason for this
mechanism is the result of voids between polymer-particle connections.
Hence, the distribution of silver zeolite particles in heavy polyethylene
leads to a relatively higher surface roughness and, consequently, a
higher mechanical lock between polyethylene and particles. Coating
thickness is another factor that must be considered [35]. As shown in
Fig. 9. the thickness of the P100 coating is less than coatings with lower
silver zeolite content, resulting in lower internal stresses and a reduced
risk of coating detachment from the substrate. Since the thickness of
P-30ZA is higher than that of other coatings but has lower adhesion
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Table 3

T
2500

T
2000

T T T
1500 1000 500

wave number (cm™)

Bonding and wavenumber of polyethylene polymer [34].

Peak

Wavenumber [cm 1]

CH; (Asymmetric) 2925

CH,; (Symmetric) 2848

CH; (Wagging) 1467

CH_)Rocking) 721
Table 4

Bonding and wavenumber of clinoptilolite zeolite par-

ticles [24].

Peak Wavenumber [cm 1]
OH 3450
H-O-H 1635
Si-O 1080
Al-O 605
Si-O-Si 464
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compared to other coatings, it can be concluded that an increase in
thickness of up to a relatively acceptable and suitable amount is pref-
erable in the immersion coating model.

3.7. Wettability coating

Fig. 14. illustrates the wettability of the coated surfaces using water
droplet contact angle measurements. After coating the substrate with
heavy polyethylene (P100), the water repellency has a contact angle of
130.4°. Following the addition of silver zeolite up to 10 wt.%, consisting
of crystalline hydrated aluminosilicates with fine porosity containing
alkaline and alkaline earth metal cations, the contact angle decreases to
123°. In this state, the water droplet cannot wet the surface while
maintaining its spherical shape (a, b). With an increase in the silver
zeolite content to 20 and 30 wt. %, the contact angle decreases to 117
and 108.8°, respectively (Fig. 14c,d). Moreover, an increase in the
content of silver zeolite particles in the coating forms a more uniform
and dense coating. In this case, due to the high surface energy of the
silver zeolite polyethylene coating, the cohesive forces of the water
droplet are less than its adhesive forces to the surface. It is evident that
most oxide ceramics are hydrophilic with an equilibrium contact angle
close to zero. This can be attributed to the bonding energy of oxides with
water molecules compared to water surface tension. Kho et al. attributed
this phenomenon to the presence of many hydroxyl groups (OH) on the
surface of SiO, particles [36].

3.8. Salt spray

Fig. 15. illustrates images from the salt spray test for samples P-10ZA
(a, b), P-20ZA (c, d), and P-30ZA (e, f) before exposure to the salt spray
apparatus and after 800 h of testing, respectively. Essentially, the
polyethylene coating exhibits no discernible reaction with the sodium
chloride environment, which can be attributed to its unique and regular
(CH2), structure. The results indicate that the adhesion loss of the
coating after 800 h is negligible for the P-10ZA and P-20ZA samples,
with the coating remaining attached to the substrate surface and no
detachment observed during the wet adhesion test. Moreover, it can be
noted that the coating withstands well beyond 800 h in the salt spray
apparatus, signifying its robust protection in a moist environment.
However, for the P-30ZA sample with scratches, adhesion is compro-
mised after 800 h, and the coating fractures from the scratch site during
the wet adhesion test. It is worth noting that water molecule penetration
should be considered in a moist environment.

Studies suggest that water molecule penetration leads to swelling
and reduced adhesion in polar polymer coatings. The less polar heavy
polyethylene coating is highly impermeable to water and exhibits sig-
nificant water repellency. Therefore, in the P-10ZA and P-20ZA samples,
notable adhesion is not observed. Brewing notes that the effect of water
penetration and softening is much more pronounced in polar polymers
than in non-polar polymers; hence, wet adhesion is measured after a
specific duration in humidity, termed "wet adhesion" [35]. Fank and
Hagen observed that a film with water permeability and good wet
adhesion provides effective protection. Fank argues that wet adhesion is
the most critical parameter for a corrosion-resistant coating in a humid
environment. Other factors, such as exposure duration, electrolyte
presence in the joint season, permeation rate, reaction kinetics, corro-
sion products, and the presence of corrosion inhibitors, are crucial for
initiating corrosion in a coating with weak adhesion. Bahl found that a
weak adhesion itself is not the cause of poor corrosion resistance, and a
surface coating can maintain its protective effect even with complete
adhesion loss as long as it is a flawless, defect-free layer or if it possesses
very good adhesion. However, both features together provide excellent
corrosion resistance[37]. Bagheri investigated that polyethylene coat-
ings containing stabilizers have better mechanical resistance and
adhesion than simple polyethylene coatings after 700 h of salt spray
testing. He also added that continuous exposure of a sample to salt spray
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Fig. 13. Surface Image of (a) P100, (b) P-10ZA, (c) P-20ZA, and (d) P-30ZA Coating on 304 Stainless Steel Substrate after Tape Test according to ASTM-

D3359 Standard.
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Fig. 14. Images of wettability measurement for (a) P100, (b) P-10ZA, (c) P-
20ZA, (d) P-30ZA coating, and (e) diagram of contact angle changes of
the coatings.

Fig. 15. Salt spray test (a,b) P-10ZA coating, (c,d) P-20ZA coating, (e,f) P-30ZA
coating with scratches, (g,h) P-30ZA coating without scratches after 800 h
of testing.

for 1000 h is equivalent to 15 years of exposure in a humid atmosphere;
hence, a stabilizer-containing polyethylene coating can be effective
under these conditions[38]. Zheng found that copper-containing poly-
ethylene coatings (core, shell) produced by thermal spray in a seawater
environment exhibit high corrosion resistance and anti-fouling proper-
ties due to the presence of copper as a biocide. He also deemed this
polymeric coating highly suitable for marine applications[39].

In this study, considering the investigations that were conducted, it
can be stated that polyethylene coatings contain 10 wt.% and 20 wt.%
silver zeolite exhibits good adhesion with scratches. However, in the
30 wt.% silver zeolite sample, the adhesion of the coating has declined
due to the reduced composite matrix and the accumulation of sodium
ions in the environment beneath the coating, along with the formation of
open-tail structures and NaOH products. Generally, organic coatings
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have voids, cavities, and defects in their structure, which can serve as
pathways for the penetration of water molecules, ions, and oxygen. Due
to their high specific surface area, adding silver zeolite particles to the
polyethylene matrix results in a higher surface-to-volume ratio. It is also
noteworthy that zeolite is highly hydrophilic. On the other hand, the
boundary between the particle and the polymer is a susceptible area to
water infiltration. Therefore, with its high surface area to volume ratio,
the water-absorbent zeolite is more prone to water penetration, resulting
in a more significant reduction in adhesion in the scratched sample P-
30ZA due to increased water infiltration and accumulation. The P-30ZA
sample exhibited a minor decrease in adhesion in the dry state, but a
substantial reduction in coating adhesion was observed under the wet
adhesion conditions due to water infiltration through the coating sub-
strate interface. When water reaches the metal-coating joint season,
three different mechanisms can be considered for adhesion loss. The first
mechanism involves water accumulation in areas with lower adhesion
strength, leading to localized and gradual expansion of reduced adhe-
sion points under the coating. In the second mechanism, water reacts
with the metal surface, causing corrosion and the formation of corrosion
products. These materials often precipitate under the coating and at the
joint season due to their poor solubility in the electrolyte. These mate-
rials are practically devoid of adhesion to the coating, resulting in the
loss of adhesive bonds between the metal and the coating. The third
mechanism involves the hydrolysis of the coating in the joint season and
the partial destruction of the polymeric coating substrate connecting to
the metal surface. In essence, the polymeric part of the boundary is
degraded [40]. The 30 wt.% sample without scratches was exposed to
the salt spray apparatus for 800 h, and no changes in adhesion and
coating color were observed (g,h). It can be concluded that scratch-free
samples exhibit durability beyond 800 h in a moist, saline environment.

3.9. Antibacterial

Fig. 16. illustrates samples P100, P-10ZA, P-20ZA, and P-30ZA for
two bacterial culture environments, E.coli (gram-negative), and S.
aureus (gram-positive). In this test, the diameter of the wells considered
for examination is 0.5 cm. For the control sample in both bacterial types,
no halo formation occurred, and by adding silver zeolite, antimicrobial
properties could be induced.

The 30 % silver zeolite sample formed the largest halo diameter
(Fig. 16-h). Furthermore, the results indicate that the P-30ZA sample is
more effective against gram-positive bacteria compared to gram-
negative bacteria. This can be explained by the fact that gram-positive
bacteria have a thick layer of peptidoglycan in their cell walls and
lack an outer membrane. In contrast, gram-negative bacteria and a thin
layer of peptidoglycan have a complex outer membrane made of lipo-
polysaccharide[41,42]. This outer membrane creates an additional
protective layer, making them more resistant to antibiotics and immune
responses and reducing bacterial permeability [38,43]. Based on the
results of the antibiogram test using the halo diameter determination
method, it can be stated that the P-30ZA sample exhibited the largest
halo diameter against E.coli. and S.aureus bacteria, with values of
19.1 mm and 25.5 mm, respectively, compared to the 5mm well
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control -

Fig. 16. Microbiological biogram test images using the no-growth ring determination method for P100, P-10ZA, P-20ZA, and P-30ZA samples in the culture medium

of E.coli. (a, b, ¢, d) and S.aureus (e, f, g, h).

diameter. Therefore, this sample was selected and used for the colony
count test. The sample was incubated for 24 h at 37 + 2 °C with a
density of 107 in the presence of bacteria in an agar-containing culture
medium. It can be observed that the P-30ZA sample leads to a reduction
in the bacterial count. This sample has the highest amount of silver
incorporated into the clinoptilolite zeolite. In Fig. 17. it is evident that
the colonies of S.aureus bacteria immediately after inoculation are 665,
and after 24 h (c,d), this count has reduced to 114. the image related to
the E.coli. bacterial colony is presented after being placed on the P-30ZA
sample (a,b). In the left side of the image, it can be seen that at a tem-
perature of 37 £ 2°C, the number of colonies immediately after inocu-
lation was 205, but after 24 h, the count has reduced to 27. It can be
inferred that the bacterial colony of S. aureus has exhibited a more
pronounced response to silver ions compared to E. coli, leading to a
greater reduction in the number of bacteria. As explained in the previous

Fig. 17. Colonies counted in dilution 10~® for sample P-30ZA in the culture
medium of E.coli (a,b) and S.aureus bacteria (c,d).
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section, considering that S.aureus bacteria have a thick layer of pepti-
doglycan and lack an outer membrane, silver ions demonstrate better
permeability compared to E. coli. In addition to the peptidoglycan
membrane, E.coli has a complex outer layer. In essence, the silver anti-
microbial ion has a more significant impact on the genetics of S. aureus
compared to E.coli.[28,44,45].

The antimicrobial evaluation of the silver-zeolite sample demon-
strated a differential susceptibility among the tested microorganisms,
with Escherichia coli (Gram-negative) exhibiting the highest sensitivity.
The MIC for E. coli was observed at 3.9 mg/mL, with complete bacteri-
cidal effect (MBC) achieved at 7.81 mg/mL. In contrast, Staphylococcus
aureus required slightly higher concentrations (MIC = 7.81 mg/mL,
MBC = 7.81 mg/mL) for growth inhibition and bacterial eradication,
while Pseudomonas aeruginosa showed increased resilience (MIC =
7.81 mg/mL, MBC = 15.62 mg/mL). The fungal strain Aspergillus flavus
displayed markedly higher tolerance, requiring MIC and MFC values of
62.5 mg/mL and 250 mg/mL, respectively (Table 5).

The rapid inhibition of Escherichia coli can be attributed to its rela-
tively thin peptidoglycan layer and higher outer membrane perme-
ability, which facilitate efficient penetration of Ag* ions. Once inside,
these ions interact with critical cellular components, including thiol-
containing enzymes, proteins, and nucleic acids, disrupting metabolic
pathways, compromising membrane integrity, and ultimately inducing
cell death. In comparison, Staphylococcus aureus, a Gram-positive bac-
terium with a thicker peptidoglycan wall, presents a more robust
physical barrier, necessitating higher silver-zeolite concentrations to
achieve comparable bactericidal effects[46,47]. Similarly, Pseudomonas
aeruginosa exhibits intrinsic resistance mechanisms, such as efflux
pumps and biofilm formation, which impede silver ion uptake and delay
cell death. The antifungal activity observed against Aspergillus flavus
further highlights the influence of structural and physiological barriers
in microbial resistance; its rigid cell wall, composed of chitin and
B-glucans, limits silver ion penetration, requiring elevated

Table 5
Comparison of the antimicrobial activities of silver zeolite.

microorganism Silver zeolite

MIC (mg/mL) MBC (mg/mL)

Escherichia coli 3.9 7.81
Staphylococcus aureus 7.81 7.81
Pseudomonas aeruginosa 7.81 15.62
Aspergillus flavus 62.5 250
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concentrations for both growth inhibition and fungicidal activity.
Overall, these findings demonstrate that silver-zeolite possess
broad-spectrum antimicrobial efficacy, acting against Gram-negative
bacteria (E. coli and P. aeruginosa), Gram-positive bacteria (S. aureus),
and fungi (A. flavus). Notably, the coatings exhibit superior activity
against E. coli, reflecting the greater susceptibility of Gram-negative
strains due to their cell wall structure[48]. The controlled release of
Ag* ions from the zeolite matrix ensures sustained antimicrobial activity
while minimizing cytotoxicity, indicating that silver-zeolite coatings can
be tailored for rapid inhibition of more sensitive strains and adjusted for
resilient  pathogens. Silver-zeolite  coatings = demonstrated
broad-spectrum antimicrobial efficacy against Escherichia coli, Staphy-
lococcus aureus, Pseudomonas aeruginosa, and Aspergillus flavus, with
notably higher activity against E. coli due to its thinner peptidoglycan
layer and greater membrane permeability, enabling rapid Ag* ion
penetration[49,50]. Controlled ion release from the zeolite matrix en-
sures sustained antimicrobial performance across all tested microor-
ganisms (Fig. 18).

4. Conclusion

In this research, natural clinoptilolite zeolite was washed with
ethanol and hydrochloric acid. It then underwent ion exchange with
silver nitrate in a temperature-controlled bath. Following this process,
polyethylene composite coatings incorporating 0, 10, 20, and 30 wt%
silver-loaded zeolite were applied to 304 stainless steel using the dip-
coating method.

1. The calcium carbonate content in the natural clinoptilolite zeolite
was significantly reduced through an acid-leaching process with
hydrochloric acid. Silver-exchanged zeolite was then obtained by
exchanging an ion with a 1:3 ratio of silver nitrate to zeolite for 16 h
at 60°C.

2. A polyethylene coating was applied to silver-loaded zeolite using the
dip-coating method, resulting in homogeneous, dense coatings over
100 microns in thickness. Infrared spectroscopy confirmed the
presence of bonds associated with both polyethylene and zeolite. The
optimal concentration of silver-loaded zeolite in the composite
coating was up to 20 wt%, which enhanced the coating’s adhesion.
However, when the amount exceeded this concentration, the adhe-
sion of the coating decreased.

3. The addition of silver-loaded zeolite to the high-density polyethylene
matrix decreased the contact angle while remaining within the hy-
drophobic contact angle range. The surface roughness of the coating
increased as the content of the ceramic composite material, silver-
loaded zeolite, was raised.

4. The salt spray test results confirmed that the coating had high
corrosion resistance; however, the P-30ZA scratched sample showed
reduced adhesion due to the presence of blisters beneath the coating.

5. In the growth inhibition halo and colony count tests, increasing the
silver-loaded zeolite content demonstrated improved antimicrobial
properties against S. aureus compared to E.coli.

6. Silver-zeolite coatings showed broad-spectrum antimicrobial activity
against E. coli, S. aureus, P. aeruginosa, and A. flavus, with MIC and
MBC values indicating highest efficacy against E. coli due to its
thinner peptidoglycan layer and greater membrane permeability.
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