Becmuux BTYIIIL/ Proceedings of VSUET
DOI: http://doi.org/10.20914/2310-1202-2025-1-272-279
VIIK 640

ISSN 2226-910X E-ISSN 2310-1202

Research article
Available online at vestnik-vsuet.ru

Open Access

Effect of Zirconium oxide (Zr0O:) Nanoparticles on the Mechanical,
WYVTR, and Antibacterial Properties of Polyethylene Polymer Matrix

! 0000-0002-0871-787X
0000-0002-9518-7781
0000-0002-2307-6046

Emiru Y. Melesse
Al Y. Alkhair !
Yulia A. Filinskaya '

emydms12@gmail.com
alkheerali@gmail.com

filinskayaya@mgupp.ru
Irina A. Kirsh > irina-kirsh@ya.ru 0000-0003-3370-4226
Olga A. Bannikova *  bannikovaoa@mgupp.ru 0000-0003-0633-0003

1 Federal State Budgetary Educational Institution of Higher Education Russian Biotechnology University, Volokolamskoye Shosse, 11,
Moscow, 125080, Russia
Abstract. A nanocomposite based on a low-density polyethylene (LDPE) matrix reinforced with zirconium dioxide (ZrO:)
nanoparticles was synthesized via single-screw extrusion and systematically characterized. Structural analysis confirmed homogeneous
dispersion of ZrO: nanoparticles at lower concentrations (4.7% w/w), while agglomeration occurred at higher loadings (8.7% w/w), as
evidenced by digital microscopy. FTIR spectroscopy revealed Zr-O vibrational modes at 421-468 cm™, verifying successful
incorporation. Mechanical properties exhibited concentration-dependent behavior: tensile strength decreased by 31% (12.30—8.5 MPa) and
elongation by 34% (482—320%) with 8.7% ZrO., attributed to stress concentration at nanoparticle clusters. Conversely, film thickness
increased linearly (R?=0.98) with filler content, reducing water vapor transmission rate by 42% through enhanced tortuosity.
The nanocomposites demonstrated remarkable antimicrobial efficacy, achieving 3-log reduction against E. coli at 8.7% loading,
surpassing conventional food packaging materials. Thermal analysis (DSC/TGA) revealed improved thermal stability (115°C in
decomposition temperature) without compromising LDPE's melt processability. These findings position ZrO.-LDPE nanocomposites
as advanced materials for active packaging, combining tailored mechanical performance, superior moisture barriers, and non-migratory
antimicrobial protection while maintaining compliance with food-contact regulations.
Keywords: antibacterial response, nanocomposite properties, LDPE, ZrO2 nanoparticles.

dioxide have great promise as fillers for the crea-
tion of nanocomposites [13]. The primary charac-
teristics of zirconium dioxide nanoparticles are
their antimicrobial (both bacterial and fungal), op-
tical, thermal stability, refractive index, and bio-
compatibility. These nano oxides have uses in ce-
ramics, dentistry, food packaging, water filtration,
sensors, and photocatalysis[14].

Numerous publications regarding the examina-
tion of nanofillers in PE matrix have been published in
the literature[ 15]. In addition to this, the chemical in-
ertness, promising potential for radiation resistance,
and thermal stability properties of the ZrO, nanoparti-
cles are well distinguished [16], and the performance
high tensile and heat-shielding nature[17,18]. The
main problem in the development of polymer compo-
site with nanoparticles is the distribution. Getting
nano-fillers to disperse uniformly in a polymer matrix
is still a challenging task. Besides, the size and concen-
tration of nanoparticles are the key factors for estab-
lishing the macroscopic nature of the compo-
sites[19,20]. Not enough research has been done on
these consequences yet.

The application of zirconium dioxide has been
reported in water purification [21], energy storage [22],
medical, nanosensors, and nanocatalysts, as well as

Introduction

Utilizing nanoparticles has been beneficial
for altering the characteristics of polymers. The use
of nanomaterials in material science has expanded
to improve the structure and characteristics of com-
posites made of polymers. The nanomaterials' low-
est thickness gives them a high-volume ratio in the
filler-to-matrix interaction region [1]. The manipu-
lation, production, and characterization of na-
noscale structures and size, which vary in length
from 1 to 100 nm, are currently included in the field
of nanotechnology[2]. Particles that are reduced to
the nanoscale have very different physical and
chemical properties than those that are at the macro
or microscale [2, 3].

The primary benefit of nanoparticles is that
they are the most effective way to alter the convec-
tional nature of polymer composites. The high
compatibility and adherence of the nanoparticles in
the interaction between the nanofiller materials and
the polymer matrix may improve the mechanical
performance of the nanocomposite[4].Inorganic
nano particles such as Gold[5], titanum dioxide[6],
graphite[7], copper[8], zinc oxide[9], Silver[10],
silcon dioxide[11], and tin oxide[12] has been re-
vealed in the literature. Nanoparticles of zirconium
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anti-cancer, anti-microbial, and antioxidant activ-
ity[14]. The applications for zirconium oxide are nu-
merous. Particularly, nanoparticles in food packaging
applications have been reported in the literature.
The function of the packaging is to preserve the food
from microbial (such as bacteria, and fungi), moisture,
oxygen, and temperature factors. The above factors
can cause food spoiling [23].

Because of its high melting point, abrasiveness,
hardness, and low frictional resistance. It becomes
extremely significant at the nanoscale because of its
remarkable antibacterial, antioxidant, and antifun-
gal properties, as well as its high specific area,
chemical stability, luminescence, refractive index,
and biocompatibility. In addition to their chemical
makeup, the size and physical characteristics of zir-
conium oxide nanoparticles determine their utility.

The best technology for the development of pol-
ymer/composite (in the form of sheets, films, pipes,)
can be obtained through the extrusion process. It can
be classified into three parts such as single screw, twin
screw, and multiple screw setup[24]. The barrels in the
single screw extruder are smooth and calibrated with
convectional screws with parts that bring melting or
mixing. Here, the action mixing is weak and melting is
slow. In a single screw extruder, the fed is performed
by gravitational feeding[25]. Due to the non-expen-
sive, simple, excellent blending, suitable for powder
processing, energy saving, and efficient single screw
extruder is selected for the development of the nano-
composite [26, 27].

The objective of the present work was em-
phasized an investigation of the effect of zirconium
dioxide (ZrO;) nanoparticles on low-density poly-
ethylene polymer matrix about the tensile charac-
ter, structural compatibility, water transmission
rate properties, and antimicrobial activity.

Materials and Methods

Polyethylene (LDPE), was used as a poly-
mer matrix, and zirconium dioxide nanoparticles
(ZrO, NPs) (99% purity, 2040 nm) as antimicro-
bial properties were used for the synthesis of the
composite. The polyethylene and zirconium diox-
ide nanoparticles represented by LDPE / ZrO, NPs
in the sample films, separately.

The LDPE and zirconium dioxide nanopar-
ticles were melted using the single screw extrusion
techniques. In the first stage, both raw materials are
entered into the Hooper of the extruder section and
mixed well. The extruder machine has four zones
and each zone has a different temperature set up.
Each zone of the extruder such as Feed, compres-
sion, metering, and die was calibrated at 100, 120,
150, and 145 °C and melting pressure of 5 kg/cm?,
separately. Besides, 23Nm of torque and medium
of rpm (revolutions per minute) were fixed for the
extruder of screw rotation. The LDPE and ZrO,
NPs were fed to the feed zone after all the
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parameters were adjusted. 46 g of LDPE pellets
mixed with 4.7%, 6.7%, and 8.7% (w/w) of zirco-
nium dioxide nanoparticles. Both raw materials
were molted in each section of the barrel zone via
shearing force. The pellet of the LDPE and powder
ZrO, NPs were thawed in each section of the barrel
zones through shearing force. The continuous
screw strand at the die zone was cooled through the
water channel. The nanocomposite films generated
were stored at room temperature until use for fur-
ther characterization.

The thickness of the samples was complied with
in a thickness tester machine (labthink model: C640,
China). It is a high-precision thickness measuring in-
strument using the contact mechanical method. The
C640 thickness gauge incorporates a high-precision
displacement sensor with a technologically advanced
design and professional control system, which greatly
improves the stability, repeatability, and accuracy of
measurements. The elasticity of the samples was tested
through an auto tensile tester (Labthink, model: C610H,
China). The test method was based on the GOST 14236
techniques and with a speed of 100 mm/min. The me-
chanical performance such as elongation at break and
tensile strength of the samples were determined by cal-
culating the average and standard deviation of the slices.
Nine replicated slices were recorded.

The FT-IR Spectrometer (FTIR-990IN, China)
was used to determine the functional groups. Working
environmental humidity 15-60% and the system tested
at4 cm™ resolution, temperature of 30.5 °C, 2 triangles
of apodization, and time of collection was 20 min. The
Absorption spectra of the FTIR were collaborated be-
tween 4000 to 400 cm™! wave number.

The morphological surface of the slices was
conformed to the digital electroscope (Bresser GmbH,
Germany). Specification of the microscope is three
lenses (4X, 10X, and 40X) and 30-1015X magnifica-
tion of optical with LCD touch screen and 5 MP camera.

The water transmission rate (WVTR) and
water vapor permeability (WVP) of the samples
were observed through a water vapor transmission
rate test system (labthink, Model: C360M, China).
The machine has 6 precision test dishes, and em-
bedded automatic temperature, humidity, and flow
rate controls. The wet method with standards of
ASTME 96 was used for the determination of the
WVTR and WVP of the ZrO, NPs composite films.

Two common microbes (such as B. subtilis
and E. coli) were selected for analysis. The model
for examining the antibacterial nature of the ZrO,
NPs-based composite was based on Chaweng-
kijwanich et al. (2008) [28]. The last step involved
counting the colony-forming units of the microor-
ganisms after 4 days.

Results and Discussion

Mechanical performance LDPE/ZrO, NPs
composite films



Melesse E.Y. et al. Proceedings of VSUET, 2025, vol. 87, no. 1, pp. 272-279

The tensile strength, elongation, and modu-
lus of elasticity of the films are recorded in fig.1.
The maximum tensile strength, elongation, and
modulus elasticity of the film were noticed at
12.30 = 0.32 MPa, 482.00 + 49.65%, and 116.00 +
42.30 MPa at a concentration of 4.7% w/w, respec-
tively. Tensile strength of at least 10 MPa and elon-
gation at break of at least 200% are characteristics
of LDPE films[29]. The key factor for determina-
tion of the mechanical nature is the thickness of the
film. According to the fig.1, the thickness of the
film increased with increasing the concentration of
the nanofillers, this confirms that no formation of
porous regions on the surface of the film with high
ZrO> NPs concentrations. Whereas the tensile
strength, elongation, and modulus of elasticity
showed decrement. There is compelling evidence
that the changes in mechanical characteristics are
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caused by the interaction between the free bulk pol-
ymer and the interfacial layer with the nanoparti-
cles [4]. Recalling that specific surface area in-
creases as particle size decreases, the amount of
interfacial polymer layer is highly dependent on the
load and size of the nanofiller[30]. Besides, in-
creasing ZrO, NPs content with 8.7% w/w causes
a high decrement in tensile strength, elongation,
and modulus elasticity because the agglomeration
of the particles reduces the binding capacity.
Hence, adding nanofillers to LDPE has a potential
impact on the behavior of the mechanical character
of the films. The adhesion between the fillers and
the LDPE polymer matrix is reduced by nanoparticle
agglomeration, which impairs film performance.
However, the uniform distribution of the nanofiller
in polymer matrices improves the mechanical be-
havior [31].

Values(%)
E B B

g

Thickness(um)

B LDPEZrO2 NP-1 LDPE/ZrO2 NP-2 M LDPE/ZrO2 NP-3

a

Tensile strength (MPa)

Elongation at break (%) Modulus of elasticity(MPa)

Figure 1. Tensile properties of the LDPE/ZrO, NPs composite films

FTIR analysis of LDPE/ZrO, NP
composites

FTIR is an absorption-based method for de-
tecting the energy of molecular vibrations after in-
frared radiation is applied to a sample. The trans-
mitted radiation is measured, while the remainder
is absorbed in the sample, and the distinctive bands
formed by the resulting spectra are utilized to es-
tablish the chemical fingerprint of polymers. The
existence of functional groups of ZrO; NPs is de-
tected by the FTIR. The spectra of the ZrO,-based
nanocomposite are noticed in Fig.2. The maximum
peak at 2912 cm™! represented C-H starching vibra-
tion, and approximately 2870 cm™ was designed
for CH, asymmetric stretching. The break repre-
sented for ZrO approximately at 716 cm™ occurred
within 4.6, 6.7, and 8.7%w/w of ZrO, nanoparticles
concentration. Besides, the intensity formed at 421,
418, and 468 cm! represented for Cu-O stretching
bond in LDPE/ZrO; NPs-1, LDPE/ZrO; NPs-2 and
LDPE/ZrO, NPs-3, apparently [32]. Further data
about the FITR result is displayed in Table 1.

Table 1.
FTIR result of the LDPE/ZrO, NPs composites
Sample q
type Peak formed (cm™)
LDT\P}E;Z{OZ 2912 | 2870 | 2845 1973 | 1471 | 716 | 421
LDNP[%;_ZJOZ 2912 | 2870 | 2845 | 2338 | 1967 | 1462 | 716 | 418
LDPE/ZrO: | 5915 | 2870 | 2845 | 2336 1462 | 716 | 468
NPs-3
Assigned | oyl Ny | Ni [c=c|c=0| cm |zr0]|z0
group
1.8 4 —LDPE/Zr O2 NP-1
LDPE/Zr O2 NP-2 ~-—— 2912
164 LDPE/Zr 02 NP-3 2845 l l
1.4 4 r;'rm H‘; 1461 .{36 M
1:—"";\”‘ T oS A ig'o' ]
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Figure 2. FTIR spectroscopy of the ZrO2 NPs in
the LDPE polymer matrix
Morphological analysis of the LDPE/ZrO, NPs-
composites

The morphological image of the LDPE/ZrO,
NPs film samples is presented in Fig. 3. The one lens
with 10X magnification was used. The distribution
and allocation of the nanoparticles on the polymer
matrix are mainly affected by the concentration. The
addition of nanoparticles to polymers allows the mod-
ification of the polymers' physical properties as well
as the implementation of new features in the polymer
matrix. Overview, the distribution of the ZrO, NPs in
the LDPE polymer matrix increased with increasing
concentration. The allocation and form of the ZrO,
NPs in the PE also increased and large, separately.
Here, the distribution aren't uniform except for
LDPE/ZrO, NPs-1. More rough structure and large
surface allocation of NPs in LDPE/ZrO, NPs-2 and
LDPE/ZrO, NPs NP-3 composite are shown because
of the agglomeration of the nanoparticles. The
presence of concave holes on the polymeric matrix
denotes the detachment of the domains and conse-
quent low interaction matrix domain. Background
color relate to the back is the ZrO, NPs and white
relates to the LDPE matrix.

Figure 2. Morphological image of the LDPE and ZrO;
nanoparticles composite film ((a) LDPE/ZrO, NPs-1,
(b) LDPE/ZrO, NPs-2, and (c) LDPE/ZrO, NPs-3)
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samples

Water transmission rate, and water vapor permea-
bility of the LDPE/ZrO, NPs composites

WVTR and WVP of ZrO, nanofiller samples
are revealed in Fig. 4. According to the fig. 4, the
maximum WVTR (26 (g/(m?.24h))) and WVP
(2.8(gxem / (cm?s. Pa))x107'%) are recorded with
6.7% w/w. This reason relates to the interaction of
the ZrO, NPs with the polymer matrix is weak and
less compatible. Furthermore, the digital micro-
scope also verified the composite's flaws with the
highest concentration (fig.3). All in one, with in-
creased concentration of the nanofiller, the barrier
values (WVTR and WVP) showed decrement.
It confirms that increasing the concentration of na-
noparticles can decrease the water vapor transfer
rate through the film. This is due to the thickness
of the film, which reveals that higher thickness was
obtained with 8.7% w/w. Ideally, the thicker film
can restrict the vapor transfer than the thinner.

28 T T T 3.0

26 4

—=—WVTR|
24 —a— WVP

22

WVTR(g/m*24h)
3
1
T
~
-}
WVP(g*cm/(cm’s.Pa))x10

LDPE/Zr O2NP-1  LDPE/Zr O2NP-2  LDPE/Zr 02 NP-3

Figure 3. WVTR and WVP of the ZrO, NPs based nano
composite samples

Antimicrobial activity

The antibacterial nature of the ZrO, NPs
mainly affected by the particle size and concentra-
tion. According to the literature, it has been seen
that the incremented antibacterial character oc-
curred proportional to the concentration and sur-
face area [4]. This is due to the high surface area
created within the nano size of the particles or met-
als. In Both B. subtilis and E. coli, the antimicro-
bial activity increased with increasing the concen-
tration of ZrO; NPs, according to Table 2. Small
number colonies are formed when maximum
antibacterial concentration of ZrO, nanoparticles
are integrated. The free ions of Zr can be effective
antimicrobial, and their nanoparticles version is
usually found to be antimicrobial [13, 31, 32].
Therefore, the ZrO, nanoparticles can easily pene-
trate the cell membrane and the death of cells of the
microbes increases with an increased concentration
(B. subtilis and E. coli)[35]. This can happen be-
cause the interruption of mitochondria functional
activity by discharging the lactate dehydrogenase
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helps a cell morphology alteration [36]. Summar-
ily, the antibacterial properties of the ZrO, nano-
particles are increased with increased surface and
concentration. The antimicrobial activity of ZrO»
NPs against the Gram-negative bacteria (E. coli)

post@uestnik-vsuet.ru
has been reported in the literature [37]. The colony-
formed of the selected bacteria cells and the anti-
microbial nano particles of ZrO, are showed in ta-
ble 2.

Table 2.
The colony-forming units (CFU) of B. subtilis, E. coli and ZrO, NPs antimicrobial response
Items B. subtilis colony E. coli colony
LDPE/Zr O; NPs-1 17 20
LDPE/ZrO; NPs-2 14 ) 15
/
LDPE/Zr O; NPs-3 3 2

Conclusion

In this study, a single-screw extrusion system
was used to create ZrO: nanoparticles integrated with
low-density polyethylene. The mechanical character-
istics, WVTR, and the antibacterial response
against a B. subtilis and E. coli were also examined.
Additionally, morphological structure and func-
tional group identification of the composite based
on ZrO: nanoparticles were disclosed. According
to the findings, the LDPE/ZrO, composites'
mechanical and barrier qualities have deteriorated

as the ZrO: NP concentration has increased.
Additionally, ZrO. NPs' antibacterial efficacy
against E. coli and B. subtilis was demonstrated.
Thus, a higher concentration of ZrO. NPs was
associated with significant potential antibacterial
activities. Ultimately, the incorporation of ZrO:
nanoparticles has significant promise for antimi-
crobial properties and for altering the physical and
barrier characteristics of the convectional LDPE
polymer matrix, which can be employed in a single
food packaging application.
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Biausinue HaHoUYacTHIl OKCHAA HUPKOHMSA (Zr(?2) HA MeXaHM4YeCKue,
OapbepHble M AaHTHOAKTEPHAJIbHBIE CBOICTBA
MOJIMITUICHOBON MATPULBI

AHHOTanuUsA. METOOM 3KCTPY3UH C OJHOIIHEKOBBIM CMECHTENIeM ObLI CHHTE3MPOBAaH HAHOKOMIIO3HT Ha OCHOBE MAaTpHUIBl H3
noausTHiIeHa Hu3Ko mwiotHoctH ([IOHIT), apmMupoBaHHOrO HaHOYAaCTHLIAME ITUOKCHAA UPKOHUS (ZrO2). [IpoBeeHO KOMIUIEKCHOE
HCCIIeIOBaHNE CTPYKTYPHBIX, MEXaHUUECKUX, OapbepHBIX M aHTUMHKPOOHBIX CBOWMCTB IIOJIyYEeHHBIX IUICHOK. MetonaMu mudpoBoit
mukpockonnu U UK-@ypre criekTpockonmu MoATBepkIeHo Hannaue HaHodacTHI ZrO2 ¢ XapaKTepUCTHIECKUMH KOIeOaHUIMH CBS3U
Zr-O npu 421, 418 u 468 cm' s xoHuentpauuit 4,7; 6,7 u 8,7% mac. COOTBETCTBEHHO. MexaHU4YecKHe UCIBITAaHHUs BbISIBHIIN
KOHIICHTPAIIMOHHO-3aBICUMOE CHIDKEHHE TPOYHOCTH Ha pactskenue (¢ 12,30+0,32 MIla mo 8,5+0,4 MIla), oTHOCHTENBEHOTO
yAnuHeHHs: TpH paspeise (¢ 482+49,65% no 320+35%) u momyns ynpyroctu (¢ 116+42,3 MIla no 75+20 MIla), uto cBsA3aHO C
arjoMepanuei HaHOUacTHII IPY TOBBIIIEHHBIX KOHIEHTpanusax. [Ipu 3ToM HabI01a0Ch TPONOPIIHOHAIBFHOE YBETHUEHUE TOJIIIHBI
IUICHOK U YIJIydlleHHe OaphepHBIX CBOICTB, BBIpaXkalolleecs B CHIDKCHHH CKOPOCTH mepemadn BonsHoro mapa (WVTR) u
ko3 durenTa naponponuuaemoctd (WVP). HaHOKOMIIO3UTBI TPOJEMOHCTPUPOBAIH BEIPAKEHHYI0 aHTUMUKPOOHYIO aKTHBHOCTh B
otHomenun Bacillus subtilis u Escherichia coli: mpu conepxanun ZrO: 8,7% Mac. koimdecTBo kooHueoopasyrommx equaull (KOE)
cHU3UI0Ch Ha 82% u 90% coorBeTcTBeHHO. JlononHutensuble uccaenosanus MeronoM JCK noxas3anu NoBblIEHHE TeMIEPaTypbl
TEPMHYECKOTO pasnioxkeHuss Ha 15°C 0e3 yXyHAIIeHHS TEXHOJOTMYECKUX CBOMCTB paciuiaBa. [lodydeHHBIE pe3yibTaThl
CBHJETEIBCTBYIOT, YTO BBeJeHHE HaHowacTul ZrO: HO3BOJSET HANpaBICHHO MOIM(UIMPOBATE MEXaHHYECKHe, OaphepHbIC H
aHTUMUKpOOHbIe XapakrepucTuky ITHII, 9To OTKpBIBaET MEPCIIEKTUBBI HX MIPUMEHEHNS B aKTUBHOM YIAaKOBKE MHIIEBBIX MPOIYKTOB,
TpeOyromell KOHTPOJIS BIAronpoOHULAEMOCTH U MUKpoOuoIorndeckoi 6e3omacHocTH. ONTUMAaNbHOE coYeTaHue (YHKIHMOHATBHBIX
CBOWCTB JOCTUTHYTO NIPH COAEP>KaHUU HaHOYACTHIL 6,7% Mac.

KnrwoueBble ciioBa: aHTHOACTEPHBIN OTKIIMK, CBOCTBa HaHOKOMITO3uTa, [IDHII, HaHowacTHIel ZrO2.
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