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Abstract: In this study, a hybrid Ag-ZnO nanostructured micro-filler was synthesized by the
drop technique for used in plastic and medical industry. Furthermore, new antibacterial polymer
nanocomposites comprising particles of Ag-ZnO up to 5 wt % and a blend of a thermoplastic
polyolefin elastomer (TPO) with polypropylene were prepared using twin screw micro-compounder.
The morphology and crystalline-phase structure of the hybrid Ag-ZnO nanostructured microparticles
obtained was characterized by scanning electron microscopy and powder X-ray diffractometry.
The specific surface area of this filler was investigated by means of nitrogen sorption via the
Brunauer-Emmet-Teller method. A scanning electron microscope was used to conduct a morphological
study of the polymer nanocomposites. Mechanical and electrical testing showed no adverse effects on
the function of the polymer nanocomposites either due to the filler utilized or the given processing
conditions, in comparison with the neat polymer matrix. The surface antibacterial activity of
the compounded polymer nanocomposites was assessed against Escherichia coli ATCC 8739 and
Staphylococcus aureus ATCC 6538P, according to ISO 22196:2007 (E). All the materials at virtually every
filler-loading level were seen to be efficient against both species of bacteria.
Keywords: Ag-ZnO; thermoplastic elastomers; polypropylene; nanocomposites; hierarchical; antibacterial

1. Introduction
Recent years have witnessed a growing interest in developing polymer nanocomposites containing
hybrid nanoparticles [1]. Advances made in polymeric nanocomposites have ushered in a new
generation of macromolecular materials with low densities and multifunctional properties [2].
The primary advantage of nanocomposites is the tiny amount of filler needed to fulfil the given
requirements, which could be one or even two orders of magnitude less than required by conventional
micro-fillers [3].
Such advanced polymer systems incorporate a hybrid metal semiconductor materials that has
attracted particular attention. This is not only due to the fact that co-joined metal and semiconductor
nanoparticles possess a large specific surface area and high fraction of surface atoms, but also
because they feature a unique electronic band structure which results in certain chemical activity [4–6].
For instance, hybrid Ag-ZnO nanoparticles constitute a filler of such materials. Indeed, Ag-ZnO hybrid
nanoparticles are of particular interest since they exhibit biological, and photocatalytic activity,
low toxicity, and exert a synergetic antibacterial effect.
In addition, adding said nanoparticles into a polymer gives rise to new, hybrid systems with
combined properties and even some synergies. This was successfully proved for polymer melt
compounded materials having further utilisation in medical, agricultural and catalytic applications [7–9].
Some research studies aim to eliminate bacterial growth and pathogen formation on various surfaces
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of subjects, examples being electrical equipment, walls, tables, floors, cars, food packaging, public and
interior spaces and hospital facilities [10–16].
Nevertheless, nanoparticles may potentially cause problems due to safety issues. The occupational
health risks associated with manufacturing and utilizing nanomaterials are not yet clearly
understood [17–20]. Moreover, nanoparticles are difficult to process into thermoplastic polymers
by conventional methods, e.g., extrusion, melt-blow, compression or injection moulding, as the filler
forms micron-sized cluster-agglomerates and possesses a non-homogenous distribution. Therefore,
dispersion and distribution of the nanoparticles in the polymer matrix can be spatially varied in the
volume of prepared plastic article. Moreover, the surface of the product, if rendered as a thin film,
can show serious surface and optical defects. In addition, during the thermoplastic processing of
nanoparticles, hot spots can occur in the material adhering to heating elements, along with burns,
and a further disadvantage is a greater amount of non-processable waste [21–25].
One way to avoid the problems described above is to use nanostructured hierarchical
microparticles. These three-dimensional materials can offer advantages arising from their large
surface area, as building blocks are often nanoscale in extent. Nonetheless, primary nanocrystals
have been known to assemble themselves into complex structures, such as hierarchical flowers or
spheres, these ranging in size from mesoscale to microscale; this is a phenomenon driven by reduction
in overall system energy during synthesis. Therefore, multiscale hierarchical nanostructured materials
are promising due to (i) properties gained when their building blocks are nanoscale in size and
(ii) composite processability arising when at meso to micro scale [26,27].
A variety of synthesis methods for preparing Ag-ZnO have been reported. However, most are
limited to research purposes as a consequence of the need for high temperature and pressure,
expensive equipment, toxic reagents and a long reaction time [28–31]. In addition, many synthesis
techniques utilize extremely dilute solutions as the resultant nanoparticles have to possess a specific
structure [32–35]. These methods are not easily scalable to produce sufficient amounts of filler
for typical commercial means of processing plastic, e.g., extrusion, melt-blow, compression and
injection moulding.
In this paper, the authors offer up an original methodology for generating polymer nanocomposites
by melt-mixing a pre-prepared filler, which involves adding Ag-ZnO hierarchical microparticles to the
polymer matrix, in this case a blend of polypropylene and thermoplastic polyolefin elastomers (TPOs).
In less than a decade, TPOs, defined as materials combining small enough semi-crystalline domains
connected via amorphous elastomeric regions and renowned for their adjustable rubber-like
characteristics, have emerged as a core material processed by standard thermoplastic processing
equipment in automotive interiors and exteriors, buildings, wires and cables, film applications,
medical devices, adhesives, footwear, foams, and other extruded and moulded goods [36–38].
Proposed methodology of compounding secured not only disagglomeration of processed
micropartices into their building nano-blocks by shear forces during mixing but also ensured good
distribution and dispersion of the resultant nanoparticles. Preparing the Ag-ZnO hierarchical particles
merely calls for application of a facile hydrothermal method, even facilitating large-scale production
of the same. It will be viable if the chemicals in the filtrate are recovered and reused, namely silver.
Said polymer nanocomposites demonstrate excellent antibacterial properties against Staphylococcus
aureus and Escherichia coli, as well as boasting unwavering mechanical and electrical properties.
2. Materials and Methods
2.1. Materials
Silver nitrate AgNO3 (>99.5% purity) and Zinc nitrate hexahydrate (ZnNO3 )2 ·6H2 O (>99% purity)
were delivered by Penta (Praha, Czech Republic), while ammonium carbonate (NH4)2 ·CO3 (>99% purity)
was supplied by Sigma-Aldrich (Praha, Czech Republic). Demineralized water was used throughout the
experiments. Thermoplastic polyolefin elastomer of type Versify 3401 (Dow Europe GmbH; Rheinmünster,
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Germany) and polypropylene random copolymer TOTAL PPR 6298 S01 (Total Petrochemicals &
Refining S.A./N.V., Bruxelles, Belgium) were utilized as the polymer matrix or blends, respectively.
2.2. Synthesis of Ag-ZnO
Firstly, a solution of 0.1 mol (ZnNO3 )2 ·6H2 O was mixed together with a solution of 0.01 mol AgNO3 ;
the total volume of water used to dissolve both salts was 100 mL; the amount of 0.125 mol (NH4 )2 ·CO3
was dissolved in 125 mL of water separately. The solution of ammonium carbonate was slowly added,
during a period of 10 min, into the solution comprising (ZnNO3 )2 ·6H2 O and AgNO3 , which was
stirred vigorously throughout. The end product was washed by filtration and the powder obtained
then dried at 100 ◦ C for 8 h, then the intermediate was annealed at 450 ◦ C for 2 h to obtain product.
2.3. Preparation of Nanocomposites
Pellets of the polypropylene (PP) and thermoplastic polyolefin elastomer (TPO) were premixed
with the prepared filler and then the material was compounded by a co-rotating conical twin screw
extruder Micro-Compounder Xplore MC15 (DSM Xplore Instruments BV, Sittard, The Netherlands).
Melt treatment of a mixture at the speed of 50 rpm for 4 min at temperature set to 200 ◦ C for the
barrel, the die and the circular loop guaranteed achieving of a constant torque, thus demonstrating that
stabilization had occurred, thereby indicating that the filler had been homogeneously mixed into the
matrix. Afterwards, extruded strands were cooled in air and cut to the pellets. The filler concentrations
1, 3, and 5 wt % were chosen by the authors; hence, hereinafter the given filler containing compound is
referred to as Ag-ZnO1, Ag-ZnO3 or Ag-ZnO5.
Consequently, sheets of the polymer nanocomposites, measuring 1 mm and 4 mm in thickness,
were produced by the hot press method (Fontijne LabEcon 300, Barendrecht, The Netherlands);
this involved preheating at 200 ◦ C for 2 min, followed by compression for 4 min and subsequent
cooling under pressure of 200 kPa. A pure PP and a PP/TPO blends without any filler were prepared
in exactly the same way to obtain reference samples. The sheets obtained were applied as testing
samples for evaluating mechanical properties, electrical resistivity and antibacterial activity.
The aforementioned pure PP and PP/TPO blends were processed with various PP/TPO weight
contents, namely 100/0, 75/25 and 50/50 w/w, respectively. Hereinafter, these blends are referred to
as PP100, PP75, PP50.
2.4. Structural Characterization
The crystalline structure of the powder obtained was characterized by X-ray diffraction (XRD),
on a Rigaku Miniflex 600 X-ray diffractometer (Rigaku Europe SE, Neu-Isenburg, Germany) operated
at 40 kV and 15 mA. Nickel-filtered Co Kα1 radiation (λ = 1.78892 Å) was applied over a 25–90◦
angular region, with the step size and rate set to 0.02◦ and 10◦ /min, respectively. The crystallite size
(ddiffr ) of the samples was estimated using the Scherrer Equation (1):
ddiffr = (0.9λ)/(βcosθ)

(1)

This involved gauging the line-broadening (β, full width at half-maximum, corrected by the
response of the instrument) of the main peak intensity for zinc oxide (101) and (111) for silver, where λ
is the wavelength for Co Kα1 radiation and 2θ is the Bragg angle. Phase composition was evaluated
via Rigaku Miniflex 600 software, utilizing the normalized RIR method. The RIR is the ratio between
the integrated intensities of the peak of interest and that of a known standard.
The micrographs of the prepared powder and nanocomposites were taken on scanning electron
microscopes, a Phenom Pro (Phenom-World, Eindhoven, The Netherlands) unit for preliminary
and overall observations, and a Nova NanoSEM 650 (FEI, Brno, Czech Republic) unit equipped
with a backscattered electron (BSE) detector for detailed imaging. Foregoing coating of examined
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samples comprising a thin layer of gold/palladium had been applied by a SC 7640 sputter coater
(Quorum Technologies, Lewes, UK).
The specific surface area ABET was determined via multipoint Brunauer-Emmet-Teller (BET)
analysis of the nitrogen adsorption/desorption isotherms at 77 K, recorded on Belsorp-mini II
(BEL Japan Inc., Osaka, Japan) apparatus. Grain size is expressed as the mean diameter dBET , according to
Equation (2) [39]:
dBET = 6/(ρs ·ABET )
(2)
where ρs is the density of adsorbent material. The equation is based on spherical approximation of the
compact shape of grains.
The method of Barrett, Joyner, and Halenda (BJH) was employed for calculating pore size
distributions from experimental isotherms using the Kelvin model of pore filling. Pore size distribution
is calculated from desorption isotherm.
2.5. Investigation of Mechanical Properties
Tensile and three point flexural tests were carried out on a Testometric universal-testing machine of
type M 350-5CT (Testometric Co. Ltd., Rochdale, UK), equipped with a load cell of 300 kN. The tensile
properties of the polymer nanocomposites were investigated using a crosshead speed of 50 mm/min
and the length of the gauge equalled 50 mm. The dumb-bell-shaped specimens of Type 2 (specified by
ISO 527) of the thickness 1 mm were cut out from prepared sheets by the means of punching press.
In total, six specimens of each material were tested.
Five individual samples of dimensions 80 mm × 10 mm × 4 mm, according to the ISO 178
standard [40], for all the compositions were milled out from the 4 mm pressed sheets using CNC
milling machine Charly4U (Mecanumeric Co., Motta di Livenza, Italy) in order to define both the
flexural strength and modulus of the same. A span of 64 mm was applied, pertaining to a span to
depth ratio of 16:1. The samples were positioned in the middle of the supports, and the device was
operated at a speed of 1.0 mm/min. under ambient temperature conditions.
2.6. Investigation of Electrical Properties
The surface and volume resistivity of the prepared nanocomposite films (according to the
ASTM D257 standard [41]) was evaluated by means of a Keithley 8009 Resistivity Test Fixture, on a
Keithley 6517A Electrometer/High Resistance Meter (Keithley Instruments Inc., Cleveland, OH, USA).
Surface and volume resistivity was obtained under a DC voltage of 40 V after a bias time of 60 s.
The testing specimens in the shape of discs of a diameter 65 mm and thickness 1 mm were cut out from
the pressed sheets.
The electrical breakdown strengths of the polymer nanocomposites were gauged using a GLP1-g
High-Voltage Tester (Schleich Co., Hemer, Germany), with measurements being taken eight times for
each specimen for reasons of accuracy. A DC voltage was slowly applied to the sample(s) at a rate of
approximately 0.1 kV per second, and each voltage was maintained for 10 s in order to evaluate the
breakdown strength of said sample. The upper limit of current drawn during the experiment equalled
6 mA. All the tests were carried out at room temperature.
2.7. Evaluation of Antibacterial Activity
The surface antibacterial activity of the prepared compounds was assessed in vitro against E. coli
ATCC 8739 and S. aureus ATCC 6538P, these comprising the representative strains of gram-negative
and gram-positive bacteria, respectively; this was conducted according to ISO 22196:2007 (E) [42]
“Plastics—measurement of antibacterial activity on plastics surfaces”. The dimensions of the sample,
square test pieces of sheet were 25 mm × 25 mm × 1 mm. In light of previous experience with the
tests, modification to the original protocol was made that was adherent with ISO 22196:2007 (E) [42],
the purpose being to reduce the risk of false results. The number of colonies grown from recovered

“Plastics—measurement of antibacterial activity on plastics surfaces”. The dimensions of the sample,
square test pieces of sheet were 25 mm × 25 mm × 1 mm. In light of previous experience with the tests,
modification to the original protocol was made that was adherent with ISO 22196:2007 (E) [42], the
purpose being to reduce the risk of false results. The number of colonies grown from recovered cells
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ZnO phase in the sample indicates that Ag+ ions either enter into the lattice of the ZnO or substitute
a Zn site [44]. It is reasonable to expect, that metallic Ag particles are positioned on the surfaces or
interfaces of the ZnO nanoparticles. Other Ag peaks were not observed in the XRD patterns, which is
probably due to the small quantity of Ag nano-particles and their excellent dispersion.
The diffraction lines from the (101) and (111) planes in ZnO and Ag, respectively, as visible in
the diffractogram images at 2θ angle 42.42◦ and 44.60◦ , were applied so as to deduce the diffracting
area size ddiffr . Findings pertaining to the structural and morphological parameters obtained by
XRD are displayed in Table 1. Assuming that the grains are spherical in shape and of uniform size,
average particle size can be obtained via Equation 2 with respect to grain size dBET . Thus, the analysis
revealed the figure to be 64 nm. The average material density of Ag-ZnO was obtained from the
material composition estimated by XRD assuming the tabular material density of silver (10.49 g/cm3 )
and ZnO (5.61 g/cm3 ). The specific surface area for a crystallite (Adiffr ) is easily calculated from the
size of the crystallites (ddiffr ) and the material density of Ag-ZnO (5.64 g/cm3 ). According to analysis
of sorption/desorption isotherm, the pore sizes of our sample are expected to be approximately 17 nm.
Although pores may not be truly cylindrical, we refer to their sizes as diameters consistent with
Kelvin model, thus making the measurement error to be acceptable; therefore, we used the simple
BJH method.
Table 1. Summary of XRD and BET analyses of Ag-ZnO. SSA stands for Specific surface area.
BET Method

XRD Method

SSA, ABET
(m2 ·g−1 )

Grain Size,
dBETm (nm)

Pore Size,
(BJH) (nm)

16.6

64

17

Phase
Ag
ZnO

Crystallite Size,
ddiffr (nm)

SSA for Pure Phase,
Adiffr (m2 ·g−1 )

51
11.2
49
21.8
Total SSA of Ag-ZnO, Adiffr Ag-ZnO

Contribution of Phases to SSA for
Ag-ZnO (m2 ·g−1 )
0.15
21.52
21.7

Comparison can be made of results obtained from X-ray diffraction line-broadening analysis
and those obtained from gas sorption BET analysis. The first and usually the most valuable
information determined by BET concerns specific surface area ABET . As can be expected, ABET is
lesser than the specific crystallite surface area. The X-ray diffraction characteristics are correctly
obtained for coherently diffracting areas, i.e., pertaining to the size of the nanocrystalline domains,
while gas sorption analysis examines the actual surface of the porous body accessible to N2 molecules;
the latter analysis characterises the surface of grains. Consequently, the average diameter of grain
is bigger than that of nanocrystals. Hence, ABET relates to the surfaces of grains that consist of
one or more crystallites and to the amorphous phase, which should be present. Interface between
congruent particles is not accessible to nitrogen adsorption becoming thus virtually invisible for BET
measurement. It can be estimated from third powers of grain and nanocrystallite diameter that one
grain comprises of approximately two nanocrystallites only. Such small packing level testifies for
chain-like, weakly branched or twinning morphology of grains.
Higher activity of Ag-ZnO hierarchical particles with polymer matric against the microparticles
due to relatively the large surface area, can be assumed, therefore some features of the composite have
been improved.
3.2. Morphology of the Powder Filler
Microphotographs of the prepared filler obtained by SEM are shown in Figure 2. Here, Figure 2a,d
shows the intermediate. An overall image in Figure 2a shows large agglomerates possessing diameter
up to 70 µm. They exhibit complicated hierarchical morphology. A large agglomerate comprises
aggregates of the layered zinc hydroxide nitrate complex containing most likely nanoparticles of
silver oxide, as can be expected to be a product of mild basic precipitation conditions in the first
stage of synthesis. The apparent size of these primary agglomerates is about several micrometers and
they are arranged into grape-like assemblies that seems to be bound and covered by a network
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phase. Therefore, large agglomerates of the filler were dispersed in the polymer matrix on individual
particulates of the Ag-ZnO nanoparticles, said particulates measuring up to 100 nm in diameter and
these single particulates dispersed in the polymer matrix are evident in Figure 3 for all compared
nanocomposites. Separation of the silver nanoparticles from ZnO nanoparticles was neither
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Figure 3. SEM microphotographs of fracture surfaces of polymer nanocomposites with Ag-ZnO
particles: (a) PP100/Ag-ZnO5; (b) PP75/Ag-ZnO5; (c) PP50/Ag-ZnO5.

3.4. Mechanical Properties of the Polymer Nanocomposites
The authors chose to characterize the mechanical performance of the prepared nanocomposites
according to their basic characteristics, i.e., yield stress, strain at break and flexural modulus,
with adherence to ISO 527 [46] and ISO 178 [40]; the subsequent results are summarized in Table 2.
Comparing the neat polymer matrix TPO and PP with all the prepared nanocomposites revealed that
no adverse effects were exerted on the mechanical properties of the prepared material, either through
using the fillers or the given weight percent of the same or through the processing conditions applied.
Indeed, the mechanical properties e.g., flexural modulus, strain at break of the polymer nanocomposites
and PP/TPO blends were only influenced by the amount of TPO material present dramatically.
The yield stress and flexural modulus of the polymer nanocomposites slightly decreased alongside
parallel increase in strain at break.
It cannot be expected, the mechanical properties will be dramatically influence by used spherical
hierarchical microparticles of low-loading filler. On the other hand, the wettability and compatibility of
hierarchical microfiller by thermoplastic polymer matrix plays important role for transport mechanical
stress from polymer to filler.
Table 2. Mechanical properties of the compounds.
Samples

Yield Stress (MPa)
Mean ± SD

Neat PP100
PP100/Ag-ZnO1
PP100/Ag-ZnO3
PP100/Ag-ZnO5
Neat PP75
PP75/Ag-ZnO1
PP75/Ag-ZnO3
PP75/Ag-ZnO5
Neat PP50
PP50/Ag-ZnO1
PP50/Ag-ZnO3
PP50/Ag-ZnO5

a

Strain at Break (%)
Mean ± SD

30.9 ± 2.2
34.2 ± 2.5
32 ± 3
30 ± 5
18.8 ± 1.3
18.6 ± 1.4
18.5 ± 1.2
18.5 ± 1.6
15.5 ± 0.9
15.2 ± 1.3
14.8 ± 0.7
14.5 ± 1.1

14.5 ± 1.3
12.3 ± 1.4
13.6 ± 1.3
17.4 ± 2.6
1120 ± 120
1100 ± 110
1035 ± 150
1020 ± 130
1300 ± 130
1280 ± 150
1260 ± 130
1250 ± 170
a

a

Flexural Modulus (MPa)
Mean ± SD a
850 ± 50
840 ± 40
840 ± 40
830 ± 40
183 ± 15
180 ± 19
178 ± 17
181 ± 20
34 ± 7
32 ± 10
37 ± 7
38 ± 8

Standard deviation.

3.5. Electrical Properties of the Nanocomposites
Zinc oxide is a well-known semiconductor with a broad range of resistivity, which not only
depends on the morphology of the materials, but especially on the type and concentration of a dopant.
The resistivity can be varied within the range 10−4 to 109 Ω·cm by doping. This means that ZnO can
successfully be prepared even in a conductive state, although a heavily doped material and special

Materials 2018, 11, 363

9 of 14

conditions are required [47]. In contrast, silver is an excellent metallic conductor with a resistivity
of 1.59 × 10−6 Ω·cm [48]. Therefore, a combination of these materials could produce a hybrid with
reasonably high electrical conductivity, while Ag-ZnO as a powder filler would cause conductivity,
even under circumstances of low content of the filler in the polymer matrix, if the critical threshold
value is exceeded [6].
Nevertheless, due to their chemical nature, most TPO compounds and PP are fine electrical
insulating materials; they boast good dielectric strength and do not absorb moisture. To check the
performance of prepared nanocomposites, electrical properties were tested with special attention paid
to the electrical strength as a critical phenomenon related with the material endurance and failure.
Table 3 summarizes the electrical surface, volume resistivity and dielectric strength for all the neat
and prepared materials. The surface resistivity of the neat PP and PP/TPO blends lies in the region
3.2 × 1012 to 1.1 × 1013 Ω/sq, while volume resistivity ranges 7.2 × 1015 to 9.8 × 1015 Ω·cm. The surface
resistivity and volume of the neat PP and PP/TPO blend correspond to literature values [49],
whereas the hybrid, nanostructured Ag-ZnO microparticles (compressed into disc-shaped pellets)
exhibited the surface resistivity value 6.6 × 106 Ω·cm, which resembles the figure for semi-conductors.
The values observed for resistivity are almost identical for the polymer nanocomposites filled with
Ag-ZnO and the blend matrixes of neat PP or PP/TPO. Hence, it is evident that the resistivity of the
composite material is fully governed by the properties of the given matrix.
Although the filler is not conductive enough to establish conductivity due long-range connectivity
of the particles at high concentration, it may affect the critical behaviour of the material under condition
of electrical breakdown. The data on dielectric strength for all the samples are shown in Table 3.
When comparing them, the results are obvious: the values for dielectric strength vary insignificantly
for the PP/TPO blend. The polypropylene and pure blends reach dielectric strength at approximately
17 kV/mm. This is in contrast with the polymer nanocomposites, where a small yet pronounced trend
can be observed. These exhibit lower values of only 13.6 to 15.5 kV/mm. The decrease in breakdown
strength is attributed to the significant inhomogeneity of the local electric field, caused by differences
between the polarizability of the dielectric polymer matrix and the dielectric microparticles of the filler.
Table 3. Electrical properties of the compounds.

Sample
Ag-ZnO filler
Neat PP100
PP100/Ag-ZnO1
PP100/Ag-ZnO3
PP100/Ag-ZnO5
Neat PP75
PP75/Ag-ZnO1
PP75/Ag-ZnO3
PP75/Ag-ZnO5
Neat PP50
PP50/Ag-ZnO1
PP50/Ag-ZnO3
PP50/Ag-ZnO5

Resistivity, R

Dielectric Strength

Surface Resistivity (Ω/sq)

Volume Resistivity (Ω·cm)

Mean ± SD a (kV/mm)

1.1 × 1013
3.6 × 1012
3.0 × 1012
3.5 × 1012
7.5 × 1012
3.2 × 1012
4.0 × 1012
3.7 × 1012
3.2 × 1012
2.7 × 1012
3.0 × 1012
3.2 × 1012

6.6 × 106
9.8 × 1015
5.5 × 1015
4.1 × 1015
4.2 × 1015
8.7 × 1015
4.8 × 1015
5.5 × 1015
6.1 × 1015
7.2 × 1015
5.5 × 1015
4.0 × 1015
3.9 × 1015

17.4 ± 0.5
15.6 ± 1.4
14.8 ± 1.2
13.6 ± 0.6
16.8 ± 0.7
15.5 ± 1.2
15.2 ± 1.3
14.1 ± 0.6
17.2 ± 1.1
14.4 ± 1.2
15.5 ± 2.6
14.6 ± 1.4

a

Standard deviation.

3.6. Surface Antibacterial Activity
The relatively finite concentration of the filler utilized should not influence the mechanical
or electrical properties of the neat PP or PP/TPO blend dramatically; indeed, it was observed.
However, antibacterial activity has to be significantly evident if the filler can truly impart this desired
property to prepared compounds even at a 1 wt % loading. Herein, the antibacterial activities of
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the polymer nanocomposite materials were tested according to the standard ISO 22196:2007 (E) [42]
against E. coli and S. aureus.
The results are summarised in Table 4, where neat PP100, PP75 and PP50 comprise reference
samples, giving the Ut value, while the R value indicates the surface antibacterial activity of all
the prepared polymer nanocomposites. The earlier JIS Z 2801 standard [50], which preceded ISO
22196:2007 (E) [42], specified an R-value of 2.0 or more as demonstration of antibacterial activity.
Therefore, most of the prepared polymer nanocomposite materials can be categorized as exhibiting
antibacterial activity if they show values exceeding 2.0 on their surface; this categorization is brought
about by compounding them with fillers under testing This critical value of 2.0 is adequate for hygienic
and similar applications. Nonetheless, a value of 6.0, i.e., a 99.9999% reduction in cell count against
controls, is considered applicable for advanced medical uses of plastics [26].
All the prepared polymer nanocomposites containing 5 wt % of nanostructured Ag-ZnO filler
showed surface antibacterial activity against E. coli of greater than 6.2. The surface antibacterial activity
of said polymer nanocomposites against S. aureus exceeds 2.5, although only the PP100/Ag-ZnO5
sample demonstrated an R-value that reached 4.8. With respect to the peculiarity of S. aureus inhibition,
this result can also be evaluated as excellent, as the lower sensitivity of S. aureus to antibacterial agents
is generally recognized [6,9,20,26,51]. The antibacterial activity against both bacteria is lower for 3 wt %
content, but it is still sufficient for utilization in hygienic applications. It can be seen from Table 3,
that the higher concentration of TPO is present in the compound the lower R-value is experienced.
This effect is more pronounced for S. aureus and for lower concentrations of the filler.
Table 4. Evaluation of surface antibacterial activity of Ag-ZnO polymer nanocomposites according to
ISO 22196:2007 (E) [42].
Sample

R-Value for S. aureus
(-)

Efficiency against S. aureus
(%)

R-Value for E. coli
(-)

Efficiency against E. coli
(%)

Neat PP100
PP100/Ag-ZnO1
PP100/Ag-ZnO3
PP100/Ag-ZnO5

Ut = 5.4
2.2
4.6
4.8

99.3690
99.9975
99.9984

Ut = 6.2
4.2
5.5
>6.2

99.9937
99.9997
99.9999

Neat PP75
PP75/Ag-ZnO1
PP75/Ag-ZnO3
PP75/Ag-ZnO5

Ut = 5.7
0.7
2.2
2.8

80.0474
99.3690
99.8415

Ut = 6.3
2.5
5.5
>6.3

99.6838
99.9997
99.9999

Neat PP50
PP50/Ag-ZnO1
PP50/Ag-ZnO3
PP50/Ag-ZnO5

Ut = 5.9
0.5
1.8
2.5

68.3772
98.4151
99.6838

Ut = 6.3
1.5
2.5
>6.3

96.8377
99.6838
99.9999

The antimicrobial effects of materials coming from the mixture of an antimicrobial agent and
a non-active polymer are similar to some extent as the mechanism of the agent itself. The possible
mechanisms of killing microorganisms by Ag-ZnO filler were partly discussed elsewhere [6,8,20].
The effect of silver ions may be explained as follows: (1) uptake of free silver ions followed by disruption
of ATP (Adenosine triphosphate) production and DNA replication; (2) silver nanoparticle and silver
ion generation of reactive oxygen species (ROS); and (3) silver nanoparticle direct damage to cell
membranes [52–55]. Similarly, the release of Zn2+ cations or its complex forms is one of the proposed
mechanisms of ZnO’s activity [56] while the generation of reactive oxygen species (ROS) is another
relevant explanation [57], but it requires illumination of the material by light with at least some portion
of energy transferred by photons in the ultraviolet A (UVA) region [26,58]. Since the particles are
embedded in the polymer matrix, it can be expected that mechanical detachment of the nanoparticles
from the composite surface and their attachment to the surface of bacterial cells is not the principal
mechanism imparting antibacterial property to the material. Previously reported synergy between
silver and zinc oxide nanoparticles is based on direct contact and processes at the interface between
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the metallic particle and its semiconductor counterpart which may enhance both release of ions as well
as ROS generation but not the mechanical particle action [8,20,51].
The presence of filler particles in the surface-region of the composites seems to be the first approach
to understand observed trends in Table 4 [3,59]. Such direct mechanism would explain dependence
of antibacterial activity on the filler concentration. However, a strong effect of used polymer matrix
is clearly manifested too. Without any doubt, PP can be assessed as much efficient matrix than TPO.
Embedding of particles into polymer matrix in both surface and near subsurface-region invokes a
three step mechanism. First, it requires diffusion of water into the matrix, then corrosion of the filler
particles resulting into the release of ions or ROS generation and finally, replenishment of active species
on the polymer composite surface by diffusion [3,52].
According to the summary of results in Table 4, E. coli was more responsive to the effect of used filler
than S. aureus. It can be explained by the difference in the cell wall structure. The thick peptidoglycan cell
wall of Gram-positive bacteria protects its cell from silver penetration while Gramm-negative bacteria
lack this protection [60,61]. Similar effect of the cell wall may apply for the case of Zn2+ ions as well as
for ROS action [56,57,62].
The synergy effect of metal semiconductor hybrid Ag-ZnO antibacterial filler was demonstrated in
our previous work although on material prepared by other synthetic routes [9,20,51]. However, increase of
antibacterial efficiency towards S. aureus remains still a highly challenging issue which can be further
influenced by the effect of polymer matrix choice as discussed above.
4. Conclusions
This study has detailed a method with real potential for preparing an antibacterial polymer
nanocomposite. A conventional synthesis technique is applied that is simple, and information is given
on how to avoid issues when processing the nanomaterials into the polymer matrix.
This filler boasts excellent homogenous distribution, dispersion and adhesion to selected
representatives of polypropylene and thermoplastic elastomer and their blends. Furthermore, it can
support the antibacterial performance of the polymer nanocomposite. The surface antibacterial
activity observed herein of the prepared materials is assessed as excellent against E. coli and very high
against S. aureus; hence they compare favourably against other materials available currently. It seems,
that addition of TPO into polymer blend decreases the antibacterial activity of the nanocomposite
keeping filler concentration constant. On the other hand, the mechanical and other properties of PP
can be modified significantly by addition of TPOs in small concentrations only, as can be seen from
relatively small effect of doubling the TPO concentration in the compound from 25 to 50 wt %.
Moreover, the mechanical and electrical properties of the polymer resin and blends utilized are
not affected by adding a small amount of filler. Indeed, the prepared polymer nanocomposites possess
the same resistivity as the neat matrix while dielectric strength is lowered only a little.
These facts testify to the fact that antibacterial polymer systems comprising Ag-ZnO nanostructured
microparticles could potentially be employed as additives in plastic medical devices, in addition to
finding uses in industries that require antibacterial action by a material, e.g., sanitary, hygienic or other
interior applications.
Acknowledgments: This work was supported by the Ministry of Education, Youth and Sports of the
Czech Republic-Program NPU I (LO1504). This article was written with the support of Operational Program
Research and Development for Innovations co-funded by the European Regional Development Fund (ERDF) and
national budget of the Czech Republic, within the framework of the project CPS—strengthening research capacity
(reg. number: CZ.1.05/2.1.00/19.0409) and an internal grant from TBU in Zlin no. IGA/CPS/2017/007.
Author Contributions: Pavel Bazant, Ivo Kuritka and David Podlipny conceived and designed the experiments;
Pavel Bazant, David Podlipny and Pavlina Holcapkova performed the experiments; Tomas Sedlacek and
Ivo Kuritka analyzed the data; Pavel Bazant, Ivo Kuritka and Tomas Sedlacek wrote the paper.
Conflicts of Interest: The authors declare no conflict of interest.

Materials 2018, 11, 363

12 of 14

References
1.

2.
3.
4.
5.
6.

7.

8.
9.

10.
11.
12.
13.
14.

15.
16.
17.
18.
19.
20.

21.
22.

Shaviv, E.; Schubert, O.; Alves-Santos, M.; Goldoni, G.; Di Felice, R.; Vallée, F.; Del Fatti, N.; Banin, U.;
Sönnichsen, C. Absorption Properties of Metal–Semiconductor Hybrid Nanoparticles. ACS Nano 2011, 5,
4712–4719. [CrossRef] [PubMed]
Paul, D.R.; Robeson, L.M. Polymer Nanotechnology: Nanocomposites. Polymer 2008, 49, 3187–3204. [CrossRef]
Palza, H. Antimicrobial Polymers with Metal Nanoparticles. Int. J. Mol. Sci. 2015, 16, 2099–2116. [CrossRef]
[PubMed]
Aricò, A.S.; Bruce, P.; Scrosati, B.; Tarascon, J.-M.; van Schalkwijk, W. Nanostructured Materials for Advanced
Energy Conversion and Storage Devices. Nat. Mater. 2005, 4, 366–377. [CrossRef] [PubMed]
Scholes, G.D. Book Review of Semiconductor Nanocrystal Quantum Dots: Synthesis, Assembly, Spectroscopy
and Applications. J. Am. Chem. Soc. 2008, 130, 18028. [CrossRef]
Bazant, P.; Kuritka, I.; Hudecek, O.; Machovsky, M.; Mrlik, M.; Sedlacek, T. Microwave-Assisted Synthesis of
Ag/ZnO Hybrid Filler, Preparation, and Characterization of Antibacterial Poly(Vinyl Chloride) Composites
Made from the Same. Polym. Compos. 2014, 35, 19–26. [CrossRef]
Lu, W.; Liu, G.; Gao, S.; Xing, S.; Wang, J. Tyrosine-Assisted Preparation of Ag/ZnO Nanocomposites with
Enhanced Photocatalytic Performance and Synergistic Antibacterial Activities. Nanotechnology 2008, 19, 445711.
[CrossRef] [PubMed]
Ghosh, S.; Goudar, V.S.; Padmalekha, K.G.; Bhat, S.V.; Indi, S.S.; Vasan, H.N. ZnO/Ag Nanohybrid: Synthesis,
Characterization, Synergistic Antibacterial Activity and Its Mechanism. RSC Adv. 2012, 2, 930–940. [CrossRef]
Bazant, P.; Munster, L.; Machovsky, M.; Sedlak, J.; Pastorek, M.; Kozakova, Z.; Kuritka, I. Wood Flour
Modified by Hierarchical Ag/ZnO as Potential Filler for Wood–plastic Composites with Enhanced Surface
Antibacterial Performance. Ind. Crops Prod. 2014, 62, 179–187. [CrossRef]
Dufour, D.; Leung, V.; Lévesque, C.M. Bacterial Biofilm: Structure, Function, and Antimicrobial Resistance.
Endod. Top. 2010, 22, 2–16. [CrossRef]
Lindsay, D.; von Holy, A. Bacterial Biofilms within the Clinical Setting: What Healthcare Professionals
Should Know. J. Hosp. Infect. 2006, 64, 313–325. [CrossRef] [PubMed]
Beuchat, L.R. Pathogenic Microorganisms Associated with Fresh Produce. J. Food Prot. 1996, 59, 204–216.
[CrossRef]
Samuel, U.; Guggenbichler, J.P. Prevention of Catheter-Related Infections: The Potential of a New Nano-Silver
Impregnated Catheter. Int. J. Antimicrob. Agents 2004, 23, 75–78. [CrossRef] [PubMed]
Okelo, P.O.; Wagner, D.D.; Carr, L.E.; Wheaton, F.W.; Douglass, L.W.; Joseph, S.W. Optimization of Extrusion
Conditions for Elimination of Mesophilic Bacteria during Thermal Processing of Animal Feed Mash.
Anim. Feed Sci. Technol. 2006, 129, 116–137. [CrossRef]
Flores, G.E.; Bates, S.T.; Knights, D.; Lauber, C.L.; Stombaugh, J.; Knight, R.; Fierer, N. Microbial Biogeography
of Public Restroom Surfaces. PLoS ONE 2011, 6, e28132. [CrossRef] [PubMed]
Bartlett, K.H.; Kennedy, S.M.; Brauer, M.; van Netten, C.; Dill, B. Evaluation and Determinants of Airborne
Bacterial Concentrations in School Classrooms. J. Occup. Environ. Hyg. 2004, 1, 639–647. [CrossRef] [PubMed]
Seaton, A.; Tran, L.; Aitken, R.; Donaldson, K. Nanoparticles, Human Health Hazard and Regulation. J. R.
Soc. Interface 2009. [CrossRef] [PubMed]
De Jong, W.H.; Borm, P.J. Drug Delivery and Nanoparticles: Applications and Hazards. Int. J. Nanomed.
2008, 3, 133–149. [CrossRef]
Wiesner, M.R.; Lowry, G.V.; Alvarez, P.; Dionysiou, D.; Biswas, P. Assessing the Risks of Manufactured
Nanomaterials. Environ. Sci. Technol. 2006, 40, 4336–4345. [CrossRef] [PubMed]
Bazant, P.; Kuritka, I.; Munster, L.; Machovsky, M.; Kozakova, Z.; Saha, P. Hybrid Nanostructured Ag/ZnO
Decorated Powder Cellulose Fillers for Medical Plastics with Enhanced Surface Antibacterial Activity.
J. Mater. Sci. Mater. Med. 2014, 25, 2501–2512. [CrossRef] [PubMed]
Li, S.; Meng, L.M.; Toprak, M.S.; Kim, D.K.; Muhammed, M. Nanocomposites of Polymer and Inorganic
Nanoparticles for Optical and Magnetic Applications. Nano Rev. 2010, 1, 5214. [CrossRef] [PubMed]
Clemons, C.M.; Caulfield, D.F. Natural Fibers. In Functional Fillers for Plastics; Xanthos, M., Ed.;
Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2005; pp. 195–206. [CrossRef]

Materials 2018, 11, 363

23.

24.

25.
26.

27.

28.
29.

30.

31.
32.
33.

34.

35.
36.
37.

38.
39.
40.
41.
42.

13 of 14

Müller, K.; Bugnicourt, E.; Latorre, M.; Jorda, M.; Echegoyen Sanz, Y.; Lagaron, J.M.; Miesbauer, O.; Bianchin, A.;
Hankin, S.; Bölz, U.; et al. Review on the Processing and Properties of Polymer Nanocomposites and
Nanocoatings and Their Applications in the Packaging, Automotive and Solar Energy Fields. Nanomaterials
2017, 7, 74. [CrossRef] [PubMed]
Tanahashi, M. Development of Fabrication Methods of Filler/Polymer Nanocomposites: With Focus on
Simple Melt-Compounding-Based Approach without Surface Modification of Nanofillers. Materials 2010, 3,
1593–1619. [CrossRef]
Hornsby, P. Compounding of Particulate-Filled Thermoplastics. In Polymers and Polymeric Composites:
A Reference Series; Palsule, S., Ed.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 1–16.
Machovsky, M.; Kuritka, I.; Bazant, P.; Vesela, D.; Saha, P. Antibacterial Performance of ZnO-Based Fillers with
Mesoscale Structured Morphology in Model Medical PVC Composites. Mater. Sci. Eng. C Mater. Biol. Appl.
2014, 41, 70–77. [CrossRef] [PubMed]
Jang, Y.H.; Kochuveedu, S.T.; Cha, M.-A.; Jang, Y.J.; Lee, J.Y.; Lee, J.; Lee, J.; Kim, J.; Ryu, D.Y.;
Kim, D.H. Synthesis and Photocatalytic Properties of Hierarchical Metal Nanoparticles/ZnO Thin Films Hetero
Nanostructures Assisted by Diblock Copolymer Inverse Micellar Nanotemplates. J. Colloid Interface Sci. 2010, 345,
125–130. [CrossRef] [PubMed]
Zheng, Y.; Zheng, L.; Zhan, Y.; Lin, X.; Zheng, Q.; Wei, K. Ag/ZnO Heterostructure Nanocrystals: Synthesis,
Characterization, and Photocatalysis. Inorg. Chem. 2007, 46, 6980–6986. [CrossRef] [PubMed]
Dou, P.; Tan, F.; Wang, W.; Sarreshteh, A.; Qiao, X.; Qiu, X.; Chen, J. One-Step Microwave-Assisted Synthesis of
Ag/ZnO/Graphene Nanocomposites with Enhanced Photocatalytic Activity. J. Photochem. Photobiol. A Chem.
2015, 302, 17–22. [CrossRef]
Motshekga, S.C.; Ray, S.S.; Onyango, M.S.; Momba, M.N.B. Microwave-Assisted Synthesis, Characterization
and Antibacterial Activity of Ag/ZnO Nanoparticles Supported Bentonite Clay. J. Hazard. Mater. 2013, 262,
439–446. [CrossRef] [PubMed]
Ye, X.-Y.; Zhou, Y.-M.; Sun, Y.-Q.; Chen, J.; Wang, Z.-Q. Preparation and Characterization of Ag/ZnO
Composites via a Simple Hydrothermal Route. J. Nanopart. Res. 2009, 11, 1159–1166. [CrossRef]
Kakhki, R.M.; Tayebee, R.; Ahsani, F. New and Highly Efficient Ag Doped ZnO Visible Nano Photocatalyst
for Removing of Methylene Blue. J. Mater. Sci. Mater. Electron. 2017, 28, 5941–5952. [CrossRef]
Patil, S.S.; Mali, M.G.; Tamboli, M.S.; Patil, D.R.; Kulkarni, M.V.; Yoon, H.; Kim, H.; Al-Deyab, S.S.; Yoon, S.S.;
Kolekar, S.S.; et al. Green Approach for Hierarchical Nanostructured Ag-ZnO and Their Photocatalytic
Performance under Sunlight. Catal. Today 2016, 260, 126–134. [CrossRef]
Huang, Q.; Zhang, Q.; Yuan, S.; Zhang, Y.; Zhang, M. One-Pot Facile Synthesis of Branched Ag-ZnO
Heterojunction Nanostructure as Highly Efficient Photocatalytic Catalyst. Appl. Surf. Sci. 2015, 353, 949–957.
[CrossRef]
Liu, Y.; Wei, S.; Gao, W. Ag/ZnO Heterostructures and Their Photocatalytic Activity under Visible Light:
Effect of Reducing Medium. J. Hazard. Mater. 2015, 287, 59–68. [CrossRef] [PubMed]
Drobny, J.G. 7-Polyolefin-Based Thermoplastic Elastomers. In Handbook of Thermoplastic Elastomers; Plastics Design
Library; William Andrew Publishing: Norwich, NY, USA, 2007; pp. 191–199, ISBN 9780323221368.
O’Connor, K.S.; Watts, A.; Vaidya, T.; LaPointe, A.M.; Hillmyer, M.A.; Coates, G.W. Controlled Chain
Walking for the Synthesis of Thermoplastic Polyolefin Elastomers: Synthesis, Structure, and Properties.
Macromolecules 2016, 49, 6743–6751. [CrossRef]
Leone, G.; Mauri, M.; Pierro, I.; Ricci, G.; Canetti, M.; Bertini, F. Polyolefin Thermoplastic Elastomers from
1-Octene Chain-Walking Polymerization. Polymer 2016, 100, 37–44. [CrossRef]
Rouquerol, J.; Rouquerol, F.; Llewellyn, P.; Maurin, G.; Sing, K.S.W. Adsorption by Powders and Porous Solids:
Principles, Methodology and Applications; Academic Press: Cambridge, MA, USA, 2013; ISBN 978-0-12-598920-6.
Plastics—Determination of Flexural Properties; ISO 178:2010; International Organization for Standardization:
Geneva, Switzerland, 2010.
Standard Test Methods for DC Resistance or Conductance of Insulating Materials; ASTM D257-14; ASTM International
Standard: West Conshohocken, PA, USA, 2014.
Plastics—Measurement of Antibacterial Activity on Plastics Surfaces; ISO 22196:2007; International Organization
for Standardization: Geneva, Switzerland, 2007.

Materials 2018, 11, 363

43.

44.

45.

46.
47.
48.
49.

50.
51.

52.
53.
54.
55.

56.
57.
58.
59.

60.

61.

62.

14 of 14

Zhou, X.; Liu, D.; Bu, H.; Deng, L.; Liu, H.; Yuan, P.; Du, P.; Song, H. XRD-based quantitative analysis of clay
minerals using reference intensity ratios, mineral intensity factors, Rietveld, and full pattern summation
methods: A critical review. Solid Earth Sci. 2018, 3, 16–29. [CrossRef]
Saoud, K.; Alsoubaihi, R.; Bensalah, N.; Bora, T.; Bertino, M.; Dutta, J. Synthesis of Supported Silver
Nano-Spheres on Zinc Oxide Nanorods for Visible Light Photocatalytic Applications. Mater. Res. Bull. 2015, 63,
134–140. [CrossRef]
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