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ABSTRACT

In this work, we developed and characterized the membranes based on polyvinyl chloride plastisol modified with
silver nanoparticles deposited on silica. The aim of the study was to obtain a functional PVC plastisol composite
for use as linings and protective coatings, with improved mechanical, thermal, and antimicrobial properties. The
plastisol was prepared by mixing PVC resin with a plasticizer (bis(2-ethylhexyl) adipate). Silver nanoparticles
were produced by two methods: chemical reduction using sodium citrate and gum arabic, and these particles were
deposited on Aerosil®200 silica. These composites were introduced into plastisol at different concentrations and
then processed into films by gelation and hydraulic pressing. The formation of silver nanoparticles was confirmed
by UV-Vis spectrophotometry, and the morphology of the composites was examined by scanning electron mi-
croscopy. Further characterization of the materials included infrared spectroscopy, thermomechanical analysis,
mechanical property testing, and thermogravimetric analysis. Mechanical properties such as Young’s modulus,
tensile strength, and elongation at break were determined by static tensile tests. Shore hardness tests were also
performed to evaluate the stiffness of the composites. The antimicrobial activity of the membranes was evaluated
according to ASTM method E2149-01 using reference strains of S. aureus and E. coli. Studies have shown that
silver nanoparticles effectively inhibited the growth of E. coli, especially at higher concentrations of AgNPs, while
they had no effect on S. aureus. AgNPs modified membranes obtained from the reduction of AgNOs with sodium
citrate and deposited on silica showed higher microbiological activity than those with AgNPs reduced with gum
arabic. An optimal filler content in the range of 1 to 1.5% provides the most favorable combination of mechanical,
thermal, and antibacterial properties.
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INTRODUCTION properties. They affect the way the PVC plastisol

flows, which is important when selecting the coat-

PVC plastisol pastes used to be an underes-
timated part of polyvinyl chloride, but have now
become a highly desirable material. PVC plastisol
is a type of plastic combining suspended emulsion
PVC particles in a liquid plasticizer. It exhibits a
number of interesting physical and chemical prop-
erties, such as flexibility, durability, and chemi-
cal resistance. Plastisol pastes can be modified
by adding stabilizers, pigments, fillers, and other
additives that give the finished coating the right

ing application method. The most commonly used
methods are coating, spraying, injection molding,
and rotational molding [1, 2]. After heating, the
viscosity increases due to the absorption of the
plasticizer by the PVC particles, which creates a
flexible material that is resistant to stretching, re-
sistant to changing weather conditions and at the
same time has good decorative values [3-5]. PVC
plastisol coatings are also characterized by excel-
lent chemical resistance and are dielectrics. In the
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past, they were mainly used for the production of
paste for caps and screw caps. Currently, they are
a very good material for casting or coating vari-
ous surfaces such as non-woven fabrics, metals,
wood [6]. Plastisol coatings also create functional
external layers that are used in everyday life or
in specific, difficult conditions in the automotive
industry as protective coatings for vehicle chassis
[2]. The areas of application are very diverse and
depend primarily on the composition of the PVC
plastisol. Application in the textile, footwear or
medicine industries [7-9].

The latest technological solutions taking into
account environmental protection and safety
have led to many innovative applications of PVC
plastisol products. The latest compositions of
PVC coatings are primarily aimed at minimiz-
ing the use of health-hazardous plasticizers such
as phthalates. Due to serious negative health ef-
fects, their use has been restricted in the European
Union and several other countries [10, 11]. Many
works have described bioplasticizers, which in-
clude plasticizers based on lactic acid, vegetable
oil and waste vegetable oil, polyester plasticizers,
adipates, citrates, etc. [12—15]. Inorganic and or-
ganic fillers of natural origin are used as additives
to PVC plastisol. Fillers primarily affect changes
in mechanical properties, improve resistance
to external factors, improve optical properties,
change rheological properties and reduce the costs
of the finished product. The most commonly used
fillers are calcium carbonate, kaolin, titanium di-
oxide and silica [16]. Many authors have inves-
tigated the effect of organic fillers [17-20] and
mineral fillers [21-23] on changes in mechanical
properties and rheology of plastisol pastes. The
subject of numerous studies is the modification of
polymer materials with filler particles, which pro-
vide many functional properties, such as optical
properties [24], bactericidal and antifungal effects
[25, 26]. Studies of polymer composites with the
addition of metal nanoparticles are particularly
popular in science [27]. These include, among
others, materials containing silver nanoparticles,
which, as is commonly known, belong to antibac-
terial and antifungal agents. Thanks to numerous
studies, many materials with specific properties
for various applications have been developed. For
example, Vance et al. [28] developed a list of con-
sumer products containing nanomaterials, includ-
ing AgNPs, Liu et al. [29], Hu et al. [30] described
the effectiveness of dressing materials and hydro-
gels with silver nanoparticles in wound treatment,
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Przemieniecki et al. [31] demonstrated the effect
of AgNPs on the soil microbiome, and numerous
publications on their use in agriculture as plant
protection products [32, 33, 34], Assis et al. [35]
obtained a PVC-SiO,-Ag composite that also
eliminates SARS-CoV-2 for use in everyday de-
vices such as smartphones, glasses, etc. However,
silver nanoparticles are unstable in physiological
conditions, they aggregate and lose their antimi-
crobial activity. Therefore, they can be dispersed
on metal and nonmetal oxides to form composites.
In such forms, they have a wide range of applica-
tions, including energy conversion and environ-
mental applications [36] and in coating materials
with antibacterial properties [37—42].

The research undertaken in this work aimed
to obtain a PVC plastisol composite for use as
linings and protective coatings. An additional
objective was to demonstrate the favorable
physicomechanical properties, and above all, the
antibacterial effectiveness of the developed ma-
terial. A more environmentally and health-friend-
ly plasticizer in the form of bis (2-ethylhexyl)
adipate was used for the research. Silver nanopar-
ticles were obtained by chemical reduction and
applied to Aerosil® 200 fumed silica. The mem-
branes obtained from the modified plastisol were
subjected to mechanical and thermal tests. The
antibacterial properties of the produced materials
were also assessed in relation to Gram-positive
and Gram-negative bacteria.

MATERIALS AND METHODS

Materials

To prepare the plastisol, an emulsion
poly(vinyl chloride) called Vinnolit E-2059 was
used, with a K number of 59, reduced viscosity of
86.0 cm?-g! and density of 0.520 g-cm™3, manu-
factured by Vinnolit GmbH Co. KG, Carl-Zeiss-
Ring 25, Ismaning, Germany. Bis (2-ethylhexyl)
adipate with the trade name Ergoplast ADO, man-
ufactured by Boryszew S.A., Sochaczew Branch,
Poland, was used as a plasticizer. Plasticizer
properties: molecular weight of 370 g-mol™, den-
sity of 0.924 g-cm™, viscosity of 13 mPas. To ob-
tain silver nanoparticles deposited on silica, hy-
drophilic fumed silica Aerosil® 200 from Evonik
Operations GmbH, Germany, with a surface area
of 200 m? - g, silver nitrate (V) p.a. from Avan-
tor Performance Materials Poland S.A., Gliwice,
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sodium citrate p.a. from Avantor Performance
Materials Poland S.A., Gliwice, and spray-dried
gum arabic from Pharma Cosmetic K.M. Adamo-
wicz sp. z 0.0., Krakéw, Poland were used.

Preparation of plastisol poly(vinyl chloride)

The plastisol was prepared by preliminary
mixing in a mortar 800 g of powdered PVC poly-
mer with 880 g of ADO plasticizer. The whole was
mixed for 2 hours daily. After mixing, the plastisol
was degassed each time at rest in a HZV vacuum
dryer at a pressure of 6.5 hPa and a temperature of
20 °C. The cycles were repeated for 21 days. After
this time, the plastisol was rubbed on a triple-roller
EXAKT 50I from EXAKT Advanced Technolo-
gies GmbH, Germany, with a roller diameter of 50
mm. The speed/roller ratio was 1.8, and the gap
settings were 5 and 3. The plasticizer used solvated
and dissolved the poly(vinyl chloride) grains,
which is confirmed by the homogeneous mass
formed, which did not contain air bubbles.

Preparation of silver nanopatrticles

Silver nanoparticles were obtained by chemi-
cal reduction using sodium citrate and gum arabic
as reducing agents. The reagents were weighed
on a RADWAG AS220.R2 laboratory scale with
an accuracy of 0.1 mg. The formation of AgNPs
was confirmed by spectrophotometric methods.
The obtained Ag nanoparticles were deposited on
Aerosil®200 silica. The description of the me-
thods is presented below:

e Method 1 — the AgNO, solution with a con-
centration of ImM was heated to a tempera-
ture of 95 £ 5 °C. A previously prepared 3 mM
sodium citrate solution was poured into the
silver nitrate solution with continuous stirring.
The pH of the reaction mixture was main-
tained between § and 9. The solution quickly
changed color to yellow and then to brown.
The whole was heated and stirred for 2 hours.
The solution was cooled to room temperature,
and then 11 g of silica was added as a carrier
for AgNPs. The suspension was stirred for 15
minutes. The whole was dried in an oven at 90
+ 2 °C for 12 hours.

e Method 2 — a 3 wt% aqueous solution of gum
arabic was prepared and heated to 90 + 3 °C.
A weighted amount of AgNO, corresponding
to a solution concentration of 0.006 mM was
added to the solution. The pH of the solution
ranged from 7.5 to 8.5. The mixture was stirred

continuously for 2 hours at 500 rpm. Then the
solution was set aside for another hour. The
color change from a colorless mixture to tea
color indicated the presence of silver nanopar-
ticles. 11 g of silica was added to the solution
as a carrier for AgNPs. The suspension was
stirred for 15 minutes, then dried in a dryer at
90 + 2 °C for 12 hours.

Preparation of PVC plastisol membranes
with silver nanoparticles on silica

Up to 50 g of PVC plastisol was introduced
1; 1.5; 2% by weight of silica with AgNPs ob-
tained by two methods. All samples were rubbed
three times on a three-roller EXAKT 501 under
the same conditions as the PVC plastisol. The
obtained compositions were gelled in an oven at
140 °C for 60 minutes. The films prepared in this
way were placed in a hydraulic press in a press-
ing mold. The films were pressed under a pres-
sure of about 50 bar at a temperature of 140 °C
to a thickness of 2 mm. The obtained films were
circular in shape with a diameter of 180 mm and
a thickness of 2 mm, from which samples were
taken for further tests.

Methods

UV-VIS spectrophotometry

Confirmation of AgNPs formation was per-
formed by spectrophotometric absorption meas-
urements using a SHIMADZU UV-1280 UV-VIS
spectrophotometer. The analysis was performed
over the wavelength range of 300750 nm. The
presence of silver nanoparticles was confirmed by
the absorption maximum observed between 380
and 450 nm. Prior to the UV-Vis measurements,
the AgNPs solutions were diluted.

Scanning electron microscope

The morphology of the plastisol-based com-
posites and the inorganic filler were analyzed using
scanning electron microscopy (SEM) — Zeiss Mer-
lin Zeiss GmbH, Oberkochen, Germany, where
prior to the morphology studies the samples were
coated with the thin gold layer to maintain uniform
conductivity of the material while analysis.

FTIR spectroscopy

Infrared (FTIR) spectroscopic studies of silver
nanoparticle (AgNPs) samples were performed
using a Bruker Alpha-P spectrometer equipped
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with a diamond attenuated total reflectance (ATR)
accessory. The OPUS 6.5 software was used for
spectral acquisition. The measurements were car-
ried out in the wavenumber range of 350—4000
cm!, with a spectral resolution of 4.0 cm™'. The
tests were carried out on modified PVC films. No
additional sample preparation was required. In-
frared radiation was transmitted through the crys-
tal and partially absorbed at the sample—crystal
interface. The attenuated beam was then directed
to the detector for analysis.

Shore hardness of coatings

The hardness of PVC plastisol films with Aer-
osil® 200 silica modified with silver nanoparti-
cles was measured using a Shore A device from
Zwick Roell, Ulm, Germany according to the PN
EN 868-2003 standard [43]. The material hard-
ness was measured after 15 seconds at 5 measure-
ment points. The hardness result is the arithmetic
mean of all measurements.

Thermomechanical tests

Thermomechanical tests were carried out
using a Hoppler consistometer from VEB MLW
Priifgerate-Werk ~ Medingen/Sitz, = Germany.
Measurements were taken in the temperature
range from 20 to 140 °C at a load of 494 g. The
deformation degree was read at a temperature in-
crease rate of 2.0 °C min™'. The test results were
presented as graphs of the dependence of defor-
mation under a given load on temperature. The
experiments were repeated on two samples.

Mechanical properties

The mechanical properties were tested in static
tension using an Instron 5966 testing machine at a
tension speed of 30 mm-m'. Strips of 110 x 2 mm
and 100 mm in length were cut from the films. The
tests were conducted on three samples. The tests
were used to determine Young’s modulus, tensile
strength of the films and elongation at break.

Thermogravimetric analysis

Thermogravimetric analysis of the mem-
branes was performed using a Netzsch TG 209
F3 Tarsus device. The tests were performed in
a nitrogen atmosphere in the temperature range
of 30 to 900 °C with a rate of change of 10 °C
- min~!. The initial decomposition temperatures,
the temperature corresponding to the first and sec-
ond decomposition maximum, the temperature of
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the maximum decomposition rate and the final
decomposition temperatures were determined.
The temperature values were determined from
the intersection of the extrapolated baseline and
the tangent of the inflection of the TGA and DTG
lines. Netzsch Proteus — Thermal Analysis (ver-
sion 4.8.5), dedicated to the TGA device, was
used to determine these values. The mass losses
of the tested samples during the first and second
stages of decomposition were determined.

Microbiological tests

The antimicrobial activity of the membranes
was assessed based on the American Society
for Testing and Materials (ASTM) E2149-01
method [44]. Two reference strains of microor-
ganisms from the American Type Cell Culture
(ATCC) collection were used - Staphylococcus
aureus ATCC 6538P (Gram-positive bacteria)
and Escherichia coli ATCC 25922 (Gram-nega-
tive bacteria). The membranes from samples 1 to
7 were cut into 1.5 cm squares and each side was
disinfected using UV-C radiation (25 minutes
each). The microorganisms were cultured on
TSA medium (Tryptic Soy Agar, Merck 22091)
at 37 °C for 24 hours. After this time, standard-
ized bacterial suspensions of 0.5 McFarland
density were prepared in sterile physiological
saline solution and further diluted to 107 CFU/
ml to obtain a working suspension. Suspensions
of each bacterium together with a small amount
of TSB medium were introduced into eight ster-
ile flasks (10 ml each), and then carriers were
placed in them: carrier with sample 1, carriers
with samples 2—4, carriers with samples 5-7.
One of the samples was a suspension without
carrier as a control for the growth of the inocu-
lum itself. All samples were placed in a shaking
incubator (INC 125 FS digital (SP20) Incubator
shaker) at 37 °C, 80 rpm, and the number of mi-
croorganisms was determined at time 0 and after
1, 3 and 24 h. For this purpose, 1 ml of suspen-
sion was taken from each flask, which was dilut-
ed in 0.85% NaCl in the range of 10-1-10-7 and
plated on selective media. For E. coli bacteria,
it was ENDO medium (Merck, 104044), and for
S. aureus, Chapman medium (Merck 105404).
Incubation was carried out at 37 °C for 24-48
h, after which the number of microorganisms
in the initial samples was determined and ex-
pressed in log10. The reduction in the number of
microorganisms (CFU) was also calculated by



Advances in Science and Technology Research Journal 2025, 19(9) 353-368

subtracting the logarithmized number of CFU
of the test samples from the logl0 CFU in the
control samples.

RESULTS

UV-VIS analysis of the obtained silver
nanoparticles

UV-VIS studies showed absorption maxima
at 400 nm and 420 nm, which confirms the pres-
ence of silver nanoparticles in the obtained solu-
tions after chemical reduction. The plasma band
is quite wide, which may be caused by the uneven
size distribution of AgNPs particles. Different
peak intensities reflect changes in the concentra-
tions of silver nanoparticles (Figure 1).

Morfology of of the plastisol-based
composites and the inorganic filler

PVC plastisol and AgNPs-modified silica
were used to obtain films with different filler
contents. The properties of the finished coating
materials largely depend on the composition and
method of obtaining the plastisol paste. 0.5; 1;
1.5; 3; 5; 7 and 10% of silica with AgNPs were in-
troduced into the plastisol. Based on preliminary
studies, it was found that films containing 5% or
more of the filler showed a lack of continuity and
delamination. For this reason, plastisol composi-
tions with lower filler contents were selected for
further studies. Figure 2 shows SEM images of
silver nanoparticles on silica obtained by meth-
od 1 (Figure A) and method 2 (Figure B) and
cross-sections of samples of pure PVC plastisol
and silica-modified plastisol films with deposited
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silver nanoparticles. The morphology of the plas-
tisol-based composites and the inorganic filler
were analyzed using SEM — Zeiss Merlin Zeiss
GmbH, Oberkochen, Germany, where prior to
the morphology studies the samples were coated
with the thin gold layer to maintain uniform con-
ductivity of the material while analysis. Figure 2
A-B shows the bare inorganic filler obtained with
two different techniques. As can be seen, both
silica suspensions modified with the AgNPs re-
veal the granular structure-based aggregates. The
differences in brightness result from the uneven
overlapping of individual grains. The following
images were captured for plastisol-based com-
posite filled with the abovementioned structures
in different wt.%, in particular 1, 1.5, and 2%
wt%. Composite samples were broken in half af-
ter cooling in liquid nitrogen and the cross-sec-
tion was analyzed. Figure 2 C shows the homo-
geneous structure of unmodified PVC plastisol,
while the following figures present the composite
filled with the silica-AgNPs particles. As can be
seen in Figure 2 D-F demonstrate the composite
with the filler obtained with method 1 for 1, 1.5,
and 2% wt%, respectively, where the aggregates
of the silica-AgNPs can be distinguished. The
higher the content of silica results in the aggre-
gates in the composite cross-section. As a result
of the differences in the hydrophilicity of the
composite components. The effect can be caused
by the varied hydrophilicity of the composite in-
gredients. At the same time, the observed differ-
ences in the filler distribution can be caused by
the degassing of the PV C plastisol composite dur-
ing sample preparation. The observed differenc-
es in filler distribution may be due to the sample
preparation process. In future studies, the process

—— Ag NPs method 1
......... Ag NPs method 2

300 350 400 450

500 550 600

wavelength, nm

Figure 1. UV-VIS spectrum of AgNPs obtained by 1 and 2 method
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Figure 2. SEM images of (A) Aerosil® 200 silica suspension modified with AgNPs obtained with procedure 1,
(B) procedure 2, (C) PVC plastisol, and PVC plastisol modified with silica suspension modified with AgNPs
obtained with procedure 1 with (D) 1% wt%, (E) 1.5% wt., (F) 2% wt., and silica suspension modified with
AgNPs obtained with procedure 2 with (G) 1% wt., (H) 1.5% wt., and I) 2% wt.%

of silica distribution in the polymer matrix should
be improved. Images presented in Figure 2 G-I
show films with the highest homogeneity for the
1% wt% of the filler, while the higher wt% results
in the non-uniform distribution of the filler in the
composite. SEM images provided valuable infor-
mation on the homogeneity of the films to be in-
cluded in the following studies, especially when
it comes to mechanical studies.

Hardness test results of PVC plastisol
compositions

In order to assess the quality and durability
of the coatings, hardness tests of the obtained
films were carried out. Table 1 presents the com-
positions of the tested PVC plastisol composi-
tions and the results of hardness measurements.
Hardness tests show that as the content of silica
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with AgNPs increases, the hardness of the films
decreases. The films containing Ag nanoparticles
obtained by method 2 have lower hardness than
those obtained by method 1.

Thermomechanical deformation of modified
PVC plastisol

Thermomechanical tests consisted in deter-
mining the deformation of a modified PVC plas-
tisol sample under the action of a constant load,
which was recorded as a function of temperature
in the form of a thermomechanical curve. The
tests were performed on a Hdoppler consistom-
eter, recording the deformation of a 6 mm thick
sample under the influence of the load. The
study was started at an initial temperature of 20
°C, and subsequent strain measurements were
taken at 2 °C intervals. The initial section of the
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Table 1. Composition of the tested PVC plastisol compositions modified with Aerosil® 200 silica with silver

nanoparticles and the results of the film hardness test

Sample number | Plastizol/type of silver ion reducer | Aerosil® 200 silica percentage of AgNPs, % Shore ?srr]dness,
1 Plastisol PVC 0 35.0
2 Plastisol PVC/SC 1.0 32.0
3 Plastisol PVC/SC 1.5 315
4 Plastisol PVC/SC 2.0 29.5
5 Plastisol PVC/GA 1.0 29.5
6 Plastisol PVC/GA 1.5 26.5
7 Plastisol PVC/GA 2.0 19.0

thermomechanical curve corresponded to the elas-
tic state region, where the thermal energy of the
polymer macromolecules was too low to cause
deformation under load. The onset of deformation
of the pure PVC plastisol was observed at 60 °C,
while in the case of plastisols modified with sili-
ca with the addition of silver nanoparticles (Ag-
NPs), this temperature decreased to 50 °C. It was
observed that the higher the silica content in the

composition, the lower the deformation onset tem-
perature. These are the designated temperatures of
the so-called heat resistance, which determine the
temperatures of the actual usability of the poly-
mer. This is the temperature to which the polymer
can be heated without the risk of its significant
softening. When examining the relationship be-
tween deformation and temperature in samples 2
to 4, no significant changes in deformation were
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Figure 3. Temperature dependence of strain for PVC plastisol films and PVC plastisol modified with silica
suspension modified with AgNPs
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observed depending on the content of silica with
AgNPs obtained by the first method. In the case
of PVC plastisol composites modified with silica
with AgNPs obtained by method 2, a lower defor-
mation value of 0.1 mm was observed for samples
5 and 7. A further increase in temperature caused
an increase in deformation and a transition to the
liquid state. The flow temperature of the pure plas-
tisol was 110 °C, and the modified plastisol was
higher and ranged from 123—133 °C for samples
5-7 and from 130-139 °C for samples 2—4 (Figure
3). Table 2 presents the softening and flow temper-
atures of the tested PVC plastisol compositions.

Mechanical properties of PVC plastisol with
nanoparticles

During use, PVC plastisol composites are
subjected to various mechanical factors. There-
fore, tensile strength tests were performed at
break, its elongation and a parameter character-
izing the stiffness of the material Young’s modu-
lus were determined. Figure 4 shows the values
of Young’s modulus, tensile strength at break and
relative elongation of PVC plastisol modified
with silica with silver nanoparticles.

The data presented in the figure show that the
PVC plastisol membrane was characterized by
the highest value of relative elongation. Similar
elongation values were found in compositions
containing 1 wt.% of silica with AgNPs (sample
2 and 5). The elongation at break decreased with
the increase in the amount of filler. The mem-
branes with 1 and 1.5 wt.% filler had higher ten-
sile strength than the membrane with unmodified
plastisol. This strength decreased with the in-
crease in the amount of filler in the membrane.
The Young’s modulus of the plastisol depends

Table 2. Determined softening and flow temperatures
of PVC plastisol films and modified composites

on many factors, such as temperature, chemical
composition and degree of plasticization. This
is an important utility parameter. The Young’s
modulus of the modified membranes was 2.7 to
3.8 MPa, and of the PVC plastisol itself 1.5 MPa.
The Young’s modulus decreased with the increase
in the amount of filler. The exception is sample
6 containing 1.5% of silica with silver nanopar-
ticles obtained by method 2. The studies showed
that the best strength properties were possessed by
films 2, 3 and 5 containing 1 and 1.5% by weight
of filler. Higher filler content caused deterioration
of mechanical properties, which was caused by
weaker adhesion at the interface between the fill-
er and the polymer. In these films, discontinuities
in the polymer structure were also observed in
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5 6
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6 71 133 and relative elongation of PVC plastisol films
7 29 128 and films modified with silica-supported silver
nanoparticles as a function of nanoparticle content
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the form of empty spaces, which is confirmed by
SEM images. The even distribution of silica in the
polymer matrix also had an impact on mechanical
properties. In the plastisol containing 2% or more
of silica with silver nanoparticles, the mechanical
properties of the plastisol deteriorated.

Studies of polymer-plasticizer interactions
using infrared spectroscopy

Good polymer-plasticizer miscibility is essen-
tial for effective plasticization of poly(vinyl chlo-
ride) and obtaining coating materials with desired
thermal and mechanical properties. Using infrared
spectroscopy, the compatibility of PVC-plasticiz-
er resulting from physical interactions between
the components was investigated (Figure 5).

In the spectrum, characteristic for poly(vinyl
chloride) bands of 28002900 cm™! stretching vi-
brations of the asymmetric (-CH,-) group, defor-
mation vibrations —CH in the range of 1250-1430
cm and a band of 600—700 cm' stretching vibra-
tions of the C- Cl bond were observed, which in-
dicates an unchanged structure of the main PVC
chain. The spectrum shows characteristic bands
of the ester plasticizer in the form of a band of
1735 ecm! for carbonyl groups of esters, a band
of 1120-1170 —COC- groups in esters and a band
of —CH groups from 2870-2950 c¢m of alkyl
chains. Spectra in the range of 1900-2400 cm™! of
samples with different filler content differ slightly
in the magnitude of transmittance. Clear chang-
es are visible in the range of 1900-2800 cm!,
where there are bands corresponding to hydroxyl
groups, multiple bonds, etc. formed as a result of
oxidation reactions. In the range of 1000-1100

cm', there are indeed intense signals, but they
can also be attributed to the ester vibrations C—
O-C present in the matrix, related to the presence
of the plasticizer. In the range of ~800 cm™, only
weakly outlined signals are visible, which may
correspond to C—Cl vibrations from PVC, and not
unequivocally to Si—O groups. The lack of clear,
intense bands indicates that the content of silica in
the sample was probably very low or the signals
from silicon could have been masked by intense
vibrations of organic groups in the polymer ma-
trix (PVC and plasticizer).

Thermal stability

To investigate the synergistic effects of the
additives on the thermal stability and degradation
behavior of the resulting composite films, thermal
analysis was performed. Figure 6 presents the
DTG curves of the thermal decomposition of neat
PVC and PVC containing silver nanoparticles
supported on silica.

From the thermogravimetric curves, the initial
temperature, the temperature of maximum degra-
dation rate, and the final degradation temperature
were determined, along with the corresponding
mass loss of the samples. Table 3 summarizes the
individual degradation stages of the PVC plasti-
sol membranes and the composites modified with
silica-supported AgNPs.

In the temperature range from 20 to 1000 °C,
two stages of sample mass change occur. Each
stage is assigned a temperature corresponding to
the initial decomposition, a temperature at which
the maximum rate of decomposition occurs, and
a temperature marking the end of decomposition.

Transmittance %
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-PVC/2% AgCS
——PVC/2% AgGA
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Figure 5. The spectra of PVC plastisol and compositions modified with silica with AgNPs
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Figure 6. Thermogravimetric curves of mass changes
of plastisol films and their composites with silver
nanoparticles modified silica

The percentage change in mass is also recorded.
All PVC plastisol samples exhibit similar initial
decomposition temperatures. In the range from
150 °C to 400 °C, the main mass loss (80 wt%)
takes place. This is due to the dehydrochlorina-
tion of PVC, resulting in the formation of polyene

sequences along the PVC polymer backbone. The
second stage, from 400 °C to 520 °C, involves a
mass loss of about 10 wt%, associated with the
decomposition of polyene sequences and the gen-
eration of carbon residues. The presence of Ag-
NPs reduced by sodium citrate (Ag/SC) does not
alter the degradation mechanism of the plastisol.
The addition of silver nanoparticles reduced by
gum arabic (Ag/GA) slightly enhances the ther-
mal resistance of the plastisol. Degradation occurs
within a similar temperature range, but the process
is more distributed and less rapid. This may be
due to the stabilizing effect of silver nanoparticles,
which influence the polymer degradation mecha-
nism, for example, by limiting the mobility of free
radicals or interacting with the polymer matrix.

Microbiological tests

The results of microbiological tests clearly
indicate that only E. coli (Gram-negative) was
sensitive to the antimicrobial effect of nanosilver
contained in both types of membranes (Figure 6,
7). Antibacterial efficacy was correlated with the
percentage of silica with AgNPs in the plastisol,
which was most clearly visible in the case of the
PVC composite obtained by method 1 after 24
hours of contact with E. coli cells. The effect of
antibacterial action appeared after 3 hours, but
it was definitely weaker than at the end of the
experiment. As can be seen from Table 4, the
strongest antimicrobial effect after 24 hours was

Table 3. Transformation temperature values for the first and second stage of decomposition of the tested materials,
where Tp — initial decomposition temperature, Tm — inflection temperature, the highest decomposition rate, and

Tk — final temperature

Sample | Decomposition | Initial decomposition | Temperature of maximum | Final decomposition | Weight change in wt%,
number stage temperature, T, °C | decomposition rate, T__,°C | temperature, T, °C (-) weight loss
1 157 277 396 -81.16
1 2 397 455 509 -11.97
1 160 276 390 -80.18
2 2 391 457 500 -11.71
1 157 277 374 -80.73
s 2 374 455 513 -12.45
1 161 280 366 -78.6
‘ 2 367 459 510 -11.38
1 155 250 368 -79.7
° 2 369 447 513 -11.94
1 156 261 365 -79.52
° 2 366 458 514 -12.03
1 159 267 372 -79.18
! 2 373 455 521 -11.89
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demonstrated by the plastisol with 2% silica with
AgNPs, causing a reduction in the number of bac-
teria by almost 4 log compared to the control, and
thus reducing the population of E. coli by 99.9%.
Carriers with AgNPs at concentrations of 1% and
1.5% inhibited bacterial growth slightly less ef-
fectively; however, their antimicrobial activity re-
mained very high, resulting in a 99.9% reduction
in CFU in both cases.

The effect of the PVC plastisol modified with
silica with AgNPs obtained by the second method
turned out to be much weaker (Figure 8). Only the
film with the highest content of silica with silver
nanoparticles (sample no. 7) caused a decrease
in the number of E. coli by 96.8% after 24 h of
contact. Lower concentrations of AgNPs did not
reduce the number of bacteria (Table 5).

Gram-positive bacteria — S. aureus, proved to
be resistant to nanosilver in both types of mem-
branes, regardless of its concentration (Figure 9,
10). A slight decrease in the bacterial population

occurred only in the first hour of contact of cells
with both types of membranes, with a stronger
biocidal effect exerted by nanosilver obtained by
method 2 in samples 6 and 7 at concentrations of
1.5 and 2% (population reduction by 24.09 and
89.7%, respectively) (Table 5).

DISCUSSION

The results of the studies showed that during
the gelation of the PVC plastisol and modified
composites, membranes with a network consist-
ing of physically connected polymer chains and a
homogeneous structure were obtained. The plas-
ticizer used showed good solvation capacity, pen-
etrated into the PVC grains causing their swell-
ing and plasticization. This behavior is consistent
with typical gelation processes described for plas-
tisols based on PVC [45]. Studies on the hardness
of the PVC plastisol composite membranes with

logCFU - mL 1

time [hours]

Figure 7. Number of E. coli cells in membrane medium with different silica content with silver nanoparticles
obtained by method 1 and in control sample (C)

logCFU - mL?

0 1

time [hours]

Figure 8. Number of E. coli cells in the membrane environment with different content of silica with silver
nanoparticles obtained by method 2 and in the control sample (C)
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Figure 9. Number of S. aureus cells in the membrane environment with different contents of silica with silver
nanoparticles obtained by method 1 and in the control sample (C)
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Figure 10. Number of S. aureus cells in the membrane environment with different contents of silica with silver
nanoparticles obtained by method 2 and in the control sample (C)

Table 4. Effect of different concentrations and contact time of membranes on the reduction of bacterial populations

Bacteria :jgg:; Fumed S;icigﬁ]fgqt?\?vteo/zf AgNPs, Contact time [hours] Log reduction % reduction
1 0 0
2 1 3 0.7 80.9
24 2.9 99.9
1 0 0
E. coli 3 1.5 3 0.6 73.9
24 3.3 99.9
1 0 0
4 2 3 0.8 84.5
24 3.8 99.9
1 0.1 27.3
2 1 3 0 0
24 0 0
1 0.3 441
S. aureus 3 1.5 3 0 0
24 0 0
1 0 0
4 2 3 0 0
24 0 0
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Table 5. Effect of different concentrations and contact time of membranes on the reduction of bacterial populations

Bacteria ﬁj::gle? Z;mggﬁ%ﬁ;ﬁfjgt?ﬁg /:)I Comgﬁtr;i]me Log reduction % reduction
1 0.1 6.1
5 1 3 0.2 41.7
24 0 0
1 0 0
E. coli 6 1.5 3 0.1 22.6
24 0 0
1 0.02 4.1
7 2 3 0.9 88.7
24 1.5 96.8
1 0.1 241
5 1 3 0 0
24 0 0
61 1.0 89.7
S. aureus 6 1.5 3 0 0
24 0 0
1 0.3 47.3
7 2 3 0.01 3.5
24 0.02 3.3

the addition of silica with AgNPs showed that
the hardness of the membranes decreased with
the increase in the filler content. Similar effects
were observed by Olgun et al. [46], who reported
that increasing the content of AgNPs and silica in
PCL-based films resulted in softening of the com-
posite structure, despite improved antimicrobial
functionality.

The results of SEM studies confirmed the
homogeneous structure of the unmodified PVC
plastisol membrane. In contrast, irregularly dis-
tributed clusters of silica particles with AgNPs
were observed in the modified membranes. The
more filler in the membrane, the more free spaces
in the cross-section of the sample. Their presence
affects the deterioration of the mechanical prop-
erties of the material, which has been previously
reported in other polymer nanocomposites, where
agglomeration of nanoparticles induced structur-
al defects [47]. Therefore, the next research step
will be to develop an appropriate method for dis-
persing the filler in the plastisol paste. Improved
dispersion methods, including surface modifica-
tion of fillers or use of compatibilizers, have been
shown to enhance homogeneity and mechanical
stability in similar systems.

The results of thermomechanical tests of
membrane samples showed that the strain-tem-
perature curve was influenced by the content of

silica with AgNPs. An increase in the amount of
filler in the membranes caused an increase in de-
formation and a slight decrease in the softening
temperature of the composite and an increase in
the flow temperature from about 15 to 30 °C. This
indicates limited thermal stabilization and slight
reinforcement, which is in agreement with previ-
ous studies on nanocomposites containing silver.
Strength tests showed that the membranes con-
taining 1% silica with AgNPs had a similar ten-
sile strength at break as the plastisol membrane
without filler. With an increase in the amount of
filler, the strength gradually decreased. The rela-
tive elongation of the modified PVC plastisol was
higher than that of the plastisol without filler. With
an increase in the amount of filler, the elongation
value decreased. An exception was the membrane
with the addition of silica with AgNPs obtained
by method 2 in the amount of 1.5%, which may
be attributed to more stable particle dispersion or
improved interaction between filler and matrix.
The Young’s modulus of the modified PVC plas-
tisol membranes was higher than that of the PVC
plastisol paste. Moreover, FTIR spectroscopic
studies did not reveal any significant changes in
the chemical structure of PVC or plasticizer, sug-
gesting that the modification of the composite
does not affect the basic chemical structure of the
material. This agrees with findings from Long et
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al. [48] and Milczarek et al. [49] who observed
that silver nanoparticles supported on silica do
not chemically alter the matrix polymer but in-
fluence its morphology and performance. Ther-
mogravimetric analysis showed that the presence
of AgNPs in PVC-plastisol composites did not
significantly affect the degradation mechanism
of the material. However, silver nanoparticles ob-
tained by method 2 (Ag/GA) slightly improved
the thermal stability by changing the mass distri-
bution during decomposition.

In the antimicrobial activity tests, PVC-plasti-
sol composites with AgNPs showed high efficacy
against E. coli, especially in the case of samples
with 2% silica AgNPs content. The antimicrobial
effect was much stronger in samples obtained
by method 1, which may indicate better activity
or availability of AgNPs against this bacterium.
Similar trends were reported by Olgun et al. [46],
where AgNPs combined with silica showed su-
perior activity against Gram-negative bacteria. In
the case of S. aureus, silver nanoparticles showed
practically no bactericidal activity, suggesting
that their action is specific to certain bacterial
strains. This is also in line with findings from
Long et al. [48], who noted that AgNPs supported
on silica spheres had a much stronger effect on F.
coli compared to Gram-positive bacteria.

CONCLUSIONS

The conducted studies have shown that the
modification of PVC plastisol by adding silver
nanoparticles deposited on silica significantly af-
fects the physical, mechanical, thermal and anti-
microbial properties of the obtained composites.
The optimal filler content was about 1-1.5%, at
which the best compromise between mechanical
strength, thermal stability and biological effec-
tiveness of the material was obtained.

Silver nanoparticles obtained by the reduction
method using sodium citrate (Ag/SC) showed
higher antimicrobial activity against E. coli com-
pared to nanoparticles obtained using gum arabic
(Ag/GA). At the same time, it was observed that
increasing the amount of filler leads to deteriora-
tion of mechanical properties due to the presence
of voids and agglomerates in the membrane struc-
ture. FTIR spectroscopy and thermogravimetric
analysis confirmed that the modification process
does not significantly affect the chemical struc-
ture of the PVC matrix or the plasticizer used,
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which indicates the physical nature of the modi-
fication. The obtained results confirm the validity
of using silver nanoparticles in PVC composites
as a component that gives the material antimicro-
bial properties, while maintaining favorable func-
tional properties.
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