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Abstract: The melt-mixing method was used to obtain nanocomposites of poly(ethylene-co-vinyl ac-
etate) (EVA) with 1, 3 or 5 wt% of hydrophilic zinc oxide (ZnO) nanoparticles. The contact angle, barrier
and antimicrobial properties of the obtained composites were investigated. The nanocomposites were
characterized by better hydrophilic and barrier properties, as evidenced by, respectively, a smaller con-
tact angle and lower water vapor permeability and water absorption compared to EVA, which can be
explained by the formation of hydrogen bonds between EVA and ZnO. In addition, the composites were
characterized by greater bactericidal activity against E. coli and S. aureus. The optimal physical and mi-
crobial properties were obtained with 3 wt% ZnO content.
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Nanokompozyty EVA/tlenek cynku do aktywnych opakowan do zywnosci:
wybrane wlasciwosci fizyczne i mikrobiologiczne

Streszczenie: Metoda mieszania w stanie stopionym otrzymano nanokompozyty kopolimeru etylen-
-octan winylu (EVA) z dodatkiem 1, 3 lub 5%mas. hydrofilowych nanoczastek tlenku cynku (ZnO).
Zbadano kat zwilzania, wlasciwosci barierowe i przeciwdrobnoustrojowe otrzymanych kompozytow.
Nanokompozyty charakteryzowaty sie lepszymi wiasciwosci hydrofilowymi i barierowymi, o czym
$wiadczy, odpowiednio, mniejszy kat zwilzania oraz mniejsza przepuszczalnos¢ pary wodnej i absorp-
cja wody w poréwnaniu z EVA, co mozna wyjasni¢ tworzeniem si¢ wigzan wodorowych pomiedzy EVA
i ZnO. Ponadto kompozyty miaty wieksza aktywnos¢ bakteriobdjcza wobec E. colii S. aureus. Optymal-
ny zespdt wiasciwosci uzyskano przy 3% mas. zawartosci ZnO.

Stowa kluczowe: nanoczastki ZnO, kopolimer etylen-octan winylu, wlasciwosci barierowe.

Microbial contamination is a major problem in food
packaging, storage, and transportation. It further
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decreased the quality and shelf lives of the foods [1].
Smart packaging protects against both external and
internal factors [2]. An introduction of antimicrobial com-
pounds in the packaging films can inhibit the microbial
growth and increase the shelf-lives of the food products
[3]. In this process, the packaging films were coated
with many antimicrobial compounds which can kill or
inhibit the growth of microbes on the food surfaces. It
also increases the functional properties of the packaging
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materials by decreasing the growth of the microorgan-
isms and increasing the shelf life of all products [3].

Poly(ethylene-co-vinyl acetate) (EVA) copolymer was
commonly used for packaging food products. EVA
combined the material and chemical properties of the
chemically-cross-linked elastomeric compound with the
engineered sticks that were cost-effective and easily man-
ufactured. This polymer is an elastic material which is
sintered for forming a porous product, like rubber, with
high toughness [4]. Researchers stated that EVA could be
used as an effective polymer in many applications like
food packaging, pharmaceuticals, and development of
medical devices. It was an innovative material which
could be tailored for developing many novel products
that could be used for different applications [5, 6].

The EVA nanocomposites were a novel class of
nanoparticles which included the properties of nano-
fillers, engineered sticks, nanofillers and elastomers.
The small size of the nanoparticles could affect the EVA
properties and significantly enhance their mechanical
and physical performance [7, 8]. George et al. [9] devel-
oped EVA/graphite nanocomposites using commercially
expanded and tailor-made graphite nano-flakes. The
dynamic and static mechanical properties of the com-
posites were significantly improved compared to pure
polymers. Some researchers studied the biomedical pro-
perties of silver/titanium dioxide (Ag/TiO2) incorpo-
rated LDPE/EVA nanocomposites. They noted that the
silver nanoparticles were uniformly dispersed on TiO,
nanoparticles in LDPE/EVA blend, which enhanced the
antimicrobial properties of the films [10]. The incorpora-
tion of inorganic nanoparticles was seen to be an effective
strategy which improved the properties of the polymeric
materials. The zinc oxide (ZnO) nanostructures showed
a larger volume to area ratio, good mechanical proper-
ties, a crystalline structure, higher thermal conductivity
and a lower coefficient of thermal expansion. Hence, they
were regarded to be potential candidates that could be
used as a reinforcing filler material in the polymer com-
posites. They also showed a higher radiation hardness,
good antimicrobial activities and high ultraviolet absorp-
tion, when the solution pH ranged between 7 and 8. As
a result, they could be used in various applications like
gas sensors [11], catalysts [12], antimicrobial compounds
[13] and optical devices [14].

Many researchers have used ZnO-based polymer
nanocomposites in different applications; however, very
few used EVA films for food packaging applications. This
study presents the effect of ZnO nanoparticles on EVA
selected physical, barrier and antimicrobial properties.

EXPERIMENTAL PART
Materials

Poly(ethylene-co-vinyl acetate) (EVA) with the trade
name Ube Polyethylene V215 (Ube-Maruzen Polyethylene

Co. Ltd., Japan) was supplied by Zarm Scientific and
Supplies, Sdn. Bhd. EVA contained 15wt% of vinyl ace-
tate and 85wt% of ethylene. ZnO nanoparticles and mag-
nesium nitrate-6-hydrate were supplied from Sigma-
Aldrich Chemical Co. (USA).

Methods
Fourier infrared spectroscopy

Fourier infrared spectroscopy (FTIR) (Perkin Elmer,
model Spectrum 100, USA) was used to analyze the
chemical structure. The spectra were recorded using at
least 64 scans with 4 cm™ resolution, in the spectral range
of 4000-300 cm™, using powder samples (63 um).

X-ray diffraction

X-ray diffraction (XRD) was used to study the com-
posites crystalline phase. The samples were analyzed
using a Shimadzu model XRD-6000 diffractometer using
Cu-Ka radiation at 30 kV and 30 mA, which is generated
by a Philips 2.7 Kw wide focus X-ray diffraction tube. The
analysis was performed at ambient temperature and was
performed at 20 in the range of 5° to 80° with a scan rate
of 2°/min. The sample was removed and then placed on
an aluminum sample holder. In XRD, a collimated X-ray
beam of A ~ 1.54 A was incident on the sample and dif-
fracted over the crystalline phase in the sample according
to Bragg’s law (Eq. 1).

NA =2d sinf (1)

where: N — the integer (number of peak), A — the wave-
length of incident wave, d — the spacing between the
planes in the atomic lattice/lattice spacing, 0 — the angle
between the incident ray and the scattering planes.

The results were compared with the Joint Committee
on Powder Diffraction Standard (JCPDS) and generated
graphs of diffraction peaks were used to calculate the
crystalline phase.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed
using thermogravimetric analyzer (TGA/SDTA 851,
Mettler Toledo, USA) in nitrogen atmosphere at heating
rate of 10°C/min, from 25 to 700°C.

Water contact angle (WCA)

The hydrophobicity of EVA/ZnO nanocomposites was
determined by measuring the water contact angle (WCA)
using the Theta Lite tensiometer (Biolin Scientific, Sweden).
A sessile drop process was applied. The water contact angle
was measured at 5 locations on the sample surface, and the
WCA value was the average for five measurements.
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Water absorption (WA)

The samples were dried in a desiccator for 1 week at 0%
relative humidity. They were then placed in another con-
tainer at 100% relative humidity and allowed to absorb
water to constant weight. The water uptake of the sam-
ples was calculated using the following formula:

Water uptake = [(W, - W)/W] x 100 3)

W, and W,were the initial and final (equilibrium)

weights of the samples, respectively. The average of five
measurements was taken as the result.

Water vapour permeability (WVP)

Water vapor permeability (WVP) was measured at
25°C according to ASTM E96-95 standard gravimetric
method using 3.5 cm diameter Payne permeability cups.
The samples were equilibrated at 54% relative humidity
with magnesium nitrate 6-hydrate. The WVP for the sam-
ples was estimated using the following formula:

WVP = (Am x 1)/ (A x t x AP) @)

wherein, Am — the weight loss noted in every cup; [ -
film thickness; A — contact area; f — time; AP — difference
in the partial pressures inside and outside the cups. The
average of four measurements was taken as the result.

Antibacterial activity

The antibacterial activity against Gram-negative
Escherichia coli (E. coli ATCC 25922) and Gram-positive
Staphylococcus aureus (S. aureus ATCC 12600) was evalu-
ated. Samples were sterilized at 121 psi prior to testing
and immersed in a nutrient broth containing a 72-hour
microbial culture at approximately 2.0 x 10° colony form-
ing units/mL (CFU/mL). The samples were incubated for
24 h at 37°C, and the number of viable microbial colo-
nies was counted manually using a counter-click and
pen. These results were expressed as the average value
of CFU/sample. All experiments were conducted without
exposing the samples to the UV light. The survival ratio
(SR) was estimated using the following formula:

SR =(N/N ) %100 5)

N, and N indicated the average number of bacterial

colonies on pure EVA and nanocomposite films, respec-

tively. The tests were carried out thrice and the average
value was determined.

Nanocomposite films preparation

Prior to processing, EVA and ZnO were dried at 50°C
for 24 h. EVA was first melted at 160°C for 4 min, using

an internal mixer (Plasticoder, Brabender), then ZnO (1,
3, and 5 wt%) was added and the process was continued
for 6 min. The composites were pressed into 500 um thick
sheets using a compression moulding machine (GT-7014-
H30C, GOTECH Co). The pressing temperature was
170°C, the preheating time was 4 min, and the pressing
and the cooling time was 4 and 2 min, respectively. The
samples were cut as required.

RESULTS AND DISCUSSION
Fourier transform infrared spectroscopy

FTIR analysis was performed to determine the effect
of ZnO on the chemical structure of the EVA copolymer.
The FTIR spectra show several absorption peaks related to
the carboxylate impurities (Fig. 1). The peaks at 1630 and
1384 cm™ are attributed to the asymmetric and symmetri-
cal stretching of the zinc carboxylate, respectively, confirm-
ing the existence of reactive carbon-containing carboxylate
moieties throughout the synthesis process [15]. The peaks at
2918, 2848 and 720 cm™ are associated with —CH, bond of
octadecylamine, and at 1466 cm-1 with stretching vibrations
of the CN-amide bond [16]. However, after the addition of
zinc oxide, the characteristic peaks of the EVA copolymer
remained unchanged (Fig. 1), indicating a probable physi-
cal interaction between the oxide and the copolymer [17-19].

The carbonyl band can be used to assess the thermal
degradation of the polymer matrix during processing.
There were no additional carbonyl bands indicating EVA
degradation and no increase in intensity and shift of the
EVA acetate band at 1744 cm™, which proves that the copo-
lymer chain did not break during processing [20, 21]. No
changes in the intensity of carbonyl peaks were observed
in the composites (Fig. 1). It can be concluded that the
ZnO nanoparticles did not accelerate the degradation
process and only physical interactions occurred between
the polymer matrix and the filler [22, 23].
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X-Ray diffraction analysis

Figure 2 shows the rhombic EVA structure with one
peak at 20 of 23° which correspond to plane 200 [24, 25].
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EVA crystallinity is controlled by the concentration of
vinyl acetate, which is mainly related to the length of the
ethylene segment [25-29]. The broad peak of the copoly-
mer is related to the concentration of vinyl acetate, which
ranges from 95 to 99% [22, 30]. The addition of zinc oxide
nanoparticles increases the crystalline peak of EVA/ZnO
composites, which suggests that zinc oxide improves the
composite organization. The amorphous phase undergoes
significant changes, showing that the zinc oxide causes
crystal packing of the polymer chains, finally reducing
the amorphous area. The change in nanoparticle content
in the composite leads to higher copolymer crystallinity,
which indicates an improvement in the structural organi-
zation of EVA after the oxide addition [31-33].

However, the oxide content higher than 3 wt% impairs
the organization of the composite and causes the forma-
tion of zinc oxide peaks. The behavior of the EVA/ZnO
(99/1) composite is comparable to that of pure polymer.
An increase in the content of zinc oxide in the composite
(Fig. 2) results in a decrease in the amorphous area, due to
the increased influence of the matrix-modified zinc on the
amorphous area, limiting the chain movement and increas-
ing the polymer structural organization [16, 34]. The varia-
tion in EVA/ZnO composites performance, as well as the
presence of the oxide peak in the diffraction pattern at
the lowest ZnO content, indicate the limit concentration at
which the matrix oxide dispersion fluctuates [35, 36].
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Fig. 2. XRD diffraction patterns of pure EVA and EVA/ZnO na-
nocomposites

Thermogravimetric analysis

The thermal decomposition of pure EVA and EVA/ZnO
composites is shown in Figure 3. The TG curves of all
samples show a one-step process of thermal degradation.
The mass loss from 138°C to 384°C is due to the degrada-
tion of the olefin meres (C-C and C-H bonds). The addi-
tion of ZnO nanoparticles improves the thermal stabil-
ity of EVA, as evidenced by the shift of the degradation
temperature towards higher values (283-477°C) and the
general tendency to increase thermal stability. The high
thermal stability of the ZnO network, as well as the pres-
ence of connections between the nanoparticles and the
polymer matrix, may be associated with the higher ther-
mal stability [37-39].
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Fig. 3. TGA thermograms of pure EVA and EVA/ZnO nanocom-
posites

Water contact angle

The water contact angle (WCA) indicated the relative
hydrophilicity and hydrophobicity of the substrates [3]. It
referred to the angle between the substrate and a tangent
line occurring at the contact point between the substrate
and liquid droplet. This value defined the substrate wet-
tability. A higher WCA indicates that the surface cannot
be wetted easily and is therefore more hydrophobic [40].
Fig. 4 shows the contact angle of EVA/ZnO nanocom-
posites. Results revealed that the contact angle value of
pure EVA (72° + 2) was like those described in the liter-
ature [40]. The hydrophobicity of EVA/ZnO composites
increased with increasing ZnO concentration. Addition
of 1 and 3 wt% ZnO to EVA increased the number of
polar groups in the composite, which was attributed to
the presence of the polar ZnO. This further increased the
surface energy of all composites, which slightly lowered
WCA value compared to pure EVA. This common phe-
nomenon was noticed when nanoparticles were incor-
porated into polymer composites. When the ZnO con-
tent increased to 5 wt%, there was a slight increase in the
WCA value. However, the surface roughness of the com-
posite increased significantly. As the surface roughness
increased, the surface energy of the material decreased
(i.e., the interfacial tension between the water and the
polymer decreased), thereby increasing the hydropho-
bicity of the material (which was like the phenomenon
observed in superhydrophobic materials). Polystyrene/
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Fig. 4. Water contact angle for pure EVA and EVA/ZnO nano-
composites
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Fig. 5. Barrier properties of EVA/ZnO nanocomposite films: a) water uptake, b) WVP

ZnO composites showed similar behaviour [41]. Hence,
a larger contact angle for the content of 5 wt% ZnO was
attributed to surface roughness, despite the presence of
polar ZnO particles (i.e., surface roughness was the domi-
nant factor at higher ZnO content).

Barrier and swelling properties of the films

The main purpose of adding nanofillers to polymers is
to obtain better barrier properties against vapours, gases,
or other organic molecules of food packaging films.
Excessive presence of moisture or oxygen is a major factor
in accelerating food spoilage.

These permeants could easily get transported between
the internal and external environments through the
composite packaging walls, thereby causing a constant
change in the shelf life and quality of the products.
Hence, the particular barrier requirements were depen-
dent on the characteristics of the products and their
intended applications [42]. The results of water uptake
and WVP are presented in Fig. 5. These parameters show
a gradual decrease with an increase in the ZnO content.
A minimal value of 46 and 69% was seen for these param-
eters, respectively, at the critical nanofiller load of 3wt%.
Results highlighted the improvements noted for the bar-
rier properties of the nanocomposite films against the
water vapour and water compared to the pure polymer
films. These improved values were higher than those
noted for organoclay [43]. Furthermore, the increase in
the ZnO loadings and crystallinity improved the tortu-
osity of the transportation path [44]. It was seen that this
increase in the tortuosity level outweighed the increased
hydrophilicity of the films. This finally decreased the
water uptake and WVP of the films. For the nanocom-
posites with a higher ZnO loading, the decrease in these
parameters was smaller than that noted in the sample
with a 3 wt% content. This was attributed to the presence
of small nanoparticle clusters that could form more pre-
ferred penetrant pathways, which could negatively affect
the barrier performance.

Antibacterial properties of the films

Addition of different antibacterial compounds to the
food packaging materials has garnered a lot of recent
attention [45]. The nanocomposite antimicrobial systems
were seen to be especially effective due to the higher sur-
face to volume ratio along with a better surface reactivity
of the nano-antimicrobial compounds. These properties
of the nanocompounds helped them decrease the growth
of the pathogenic microbes more effectively compared to
the micro- or macrocompounds. The carbon nanotubes,
metal nanoparticles (Ag, Cu, and Au) or metal oxide nano-
compounds were generally used for developing antimi-
crobial agents. Though the silver ions have been gener-
ally used as an effective antimicrobial agent in the food
and beverage storage-related applications, in the past few
years, ZnO nanoparticles were seen to offer a safer and
cost-effective packaging solution. Hence, in this study,
the antibacterial activities of the EVA nanocomposite
films against two human pathogenic microbes, i.e., S.
aureus (gram-positive) and E. coli (gram-negative) were
investigated. The results presented in Fig. 6 indicated that
the survival ratio for both the microbes decreased signifi-
cantly when the ZnO content increased. The highest anti-
microbial activity was noted for the composite containing
3 wt% ZnO. The bacterial inactivation was investigated
with respect to the homogenous dispersion of nanopar-
ticles within the composites, which provided a large
antimicrobial surface. The better bactericidal effect was
observed for the nanocomposite with lower ZnO content,
due to the better dispersion of nanoparticles in the poly-
mer matrix, as discussed above. The efficiency of the anti-
bacterial activity of the nanocomposites was influenced
by numerous factors like the particle size distribution
and their interaction with the polymer matrix [45]. For
deriving the maximal effect of the antimicrobial proper-
ties of the nanoparticles, they must be homogeneously
dispersed within the matrix without forming any aggre-
gates. It was also seen that the antibacterial activity of
the nanocomposites increased with a decrease in the par-
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Fig. 6. Resistance of EVA/ZnO nanocomposites to survival of E.
coliand S. aureus

ticle size [46]. Hence, the smaller clusters occurring in
the composites containing 5 wt% ZnO behaved as large
particles and exhibited a lower antibacterial activity com-
pared to the individual nanoparticles.

CONCLUSIONS

The EVA-based nanocomposites reinforced with the
uniformly dispersed ZnO nanoparticles were prepared
by melt mixing, without using any additional coupling
or surfactant molecules. The barrier, physical and antimi-
crobial properties were investigated. The nanocomposites
exhibited antibacterial activity against the human patho-
gens. The antibacterial activity against E. coli was higher
than against S. aureus. Optimum properties, i.e. maximum
hydrophilicity with minimum water and WVP absorp-
tion, were obtained for the composite containing 3 wt%
Zn0O. The nanocomposites which displayed an antimicro-
bial activity could be used as effective alternatives to the
synthetic stick-packaging materials, as they prevented the
growth of pathogenic and food spoilage microbes. This
increased the shelf life, safety, and quality of the food pro-
ducts during food storage and transportation.
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Fundacja na rzecz promocji nauki i rozwoju TYGIEL

zaprasza do udziatu w

VII Ogolnopolskiej Konferencji Naukowej

,Biopolimery — Zrodlo nowych materialow”
online, 18 maja 2023 r.

Biopolimery, ze wzgledu na swoje atrakcyjne wlasciwosci, ciesza si¢ coraz wiekszym
zainteresowaniem. Wykorzystywane sa w przemysle, medycynie, kosmetologii czy
farmakologii.

Celem Konferencji jest wymiana aktualnej wiedzy, najnowszych doniesien oraz odkry¢
zwiazanych z biopolimerami.

Do udziatu w Konferencji zapraszamy pracownikow naukowych z krajowych osrodkéw
naukowo-badawczych, specjalistéw z zakresu ochrony srodowiska, inzynierii materiatowej
i tkankowej, biochemikdw, biotechnologdw, jak rowniez lekarzy oraz farmaceutow.

Tematyka Konferencji:
e Nowoczesne biopolimery
e Biopolimery jako biomateriaty w inzynierii tkankowej
e Polimery w produkgji inteligentnych materiatéw
Nanotechnologia polimerow
Polimery biodegradowalne
Biopolimery w problemach srodowiskowych
Potencjalne zastosowania biopolimeréw

Pierwsza tura rejestracji trwa do 28 lutego 2023 r.
Szczegoty na temat Konferencji znajduja si¢ na stronie internetowe;:

https://fundacja-tygiel.pl/biopolimery/




