
Vol.:(0123456789)1 3

Journal of Polymer Research (2023) 30:352 
https://doi.org/10.1007/s10965-023-03720-8

ORIGINAL PAPER

Crystallization, morphology, optical properties, tear properties 
and antibacterial properties of nano zinc oxide composites

Ying Wang1,2 · Li‑Zhi Liu1,2 · Chengcheng Tian1,2 · Yuanxia Wang2 · Lixin Song2 · Ying Shi2 

Received: 10 April 2023 / Accepted: 24 July 2023 / Published online: 18 August 2023 
© The Polymer Society, Taipei 2023

Abstract
Nanometer Zinc oxide (nano ZnO) composites are widely used in the packaging industry due to their excellent antibacte-
rial properties. In this study, low-doped (0.2%) and high-antibacterial (99.9%, R = 6.9) nano ZnO composites with different 
matrices were prepared using a masterbatch blending method. To investigate the effect of different matrices on antibacterial 
properties, we decreased the solid content of nano ZnO to 0.05% and prepared antibacterial films by melt-blending with 
ethylene vinyl acetate copolymer (EVA), polyolefin elastomer (POE), linear low-density polyethylene (LLDPE), high-
density polyethylene (HDPE), and amorphous polymer polycarbonate (PC). The results showed that low melt strength and 
high crystallinity would decrease the antibacterial activity of the composite. At room temperature, the PC with a frozen 
molecular chain can hinder the migration of small molecules, thereby reducing antibacterial activity. Polar ZnO is more 
compatible with polar vinyl acetate (VA), leading to the hindered surface migration of ZnO and reduced antibacterial activity. 
Most importantly, low crystallinity does not necessarily lead to a reduction in barrier properties. The dense and rich layered 
arrangement of polyolefin elastomer (POE) increases its ability to impede the migration of nano ZnO, thereby significantly 
reducing its antibacterial effectiveness. A concentration of 0.05% ZnO/linear low-density polyethylene (LLDPE) exhibited 
an antibacterial rate of up to 99.3%. Additionally, adding a small amount of nano ZnO improves the tear resistance of anti-
bacterial composite materials. This study provides a theoretical basis for the preparation of low doping, high antibacterial 
and excellent comprehensive performance.
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Introduction

 Antibacterial packaging materials have the potential to 
enhance the safety and quality of food during processing, 
packaging, and transportation while reducing the incidence 
of food corruption [1, 2]. In recent years, nanometer zinc 
oxide (nano ZnO) materials have gained significant atten-
tion as antibacterial agents [3–7]. Their safety, long-lasting 
effect, heat resistance, and excellent antibacterial properties 
make them widely used in food and pharmaceutical packag-
ing applications [8–11]. Compared with common silver-based 

antibacterial agents, the antibacterial mechanism of ZnO is 
similar and mainly includes direct contact with proteins to 
destroy cells,  Zn2+ ions leaching to disrupt cell permeabil-
ity, and the production of active oxygen (ROS) to decompose 
nutrients [12–17]. Zinc-based antibacterial materials are 
broad-spectrum antibacterial substances that can inhibit mul-
tiple bacteria [18]. In comparison, the efficacy of silver-based 
antibacterial materials is higher, but their activity is limited 
to specific microorganisms and, therefore, not suitable for all 
fields [19]. Due to the higher efficacy of silver-based antibac-
terial materials, less silver is usually required to achieve the 
desired antibacterial effect [20]. In contrast, zinc-based anti-
bacterial materials require a larger amount of zinc to achieve 
similar antibacterial effects [21]. However, zinc-based materi-
als are more cost-effective than silver, so the use of zinc-based 
antibacterial materials can also have cost advantages. ZnO 
has broad antibacterial activity and lower costs. However, the 
study has shown that adding a higher concentration of nano 
ZnO to achieve satisfactory antibacterial effects leads to a 

 * Ying Shi 
 shiying86@aliyun.com

1 School of materials science and engineering, Shenyang 
University of Technology, Shenyang 110142, China

2 Advanced Manufacturing Institute of Polymer Industry, 
Shenyang University of Chemical Technology, 
Shenyang 110142, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10965-023-03720-8&domain=pdf
http://orcid.org/0000-0002-6771-1531


 Journal of Polymer Research (2023) 30:352

1 3

352 Page 2 of 14

decrease in the mechanical properties of composite materials 
[22]. Therefore, it is essential to prepare low-doped and highly 
antibacterial composite materials that have minimal impact on 
other properties.

On the other hand, Negi et al. [23] proposed that the con-
centration of ZnO affects its antibacterial activity, and the 
higher the migration rate of nano ZnO from the matrix, the 
better the antibacterial activity due to the ZnO antibacterial 
mechanisms. It is well known that crystallinity significantly 
affects barrier performance [24–26]. Hong-Biao and Chang-
Ying [27] investigated the blocking ability of polypropylene 
(PP) with different crystallinity to nano ZnO migration. The 
results showed that higher crystallinity led to more limited 
ZnO migration. Interestingly, the antibacterial activity of com-
posites prepared by adding the same amount of ZnO into vari-
ous matrices has been found to be different. Alojz Anžlovar 
et al. [28] showed that the antibacterial efficiency of ZnO/
high-density polyethylene (HDPE) was greater than that of 
ZnO/PP under the same ZnO content in the composite. Stud-
ies on composite materials have demonstrated that when ZnO 
nanoparticles are dispersed in a polyamide (PA) matrix, they 
exhibit better dispersion and antibacterial properties compared 
to a low-density polyethylene (LDPE) matrix, depending on 
the PA matrix’s ability to disperse in water [29]. However, the 
effects of interactions between different substrates and ZnO 
on antibacterial performance have not been elucidated. In 
summary, understanding the mechanism of the antibacterial 
action of nano ZnO in different matrices can help to prepare 
antibacterial materials with low doping and high antibacterial 
activity without adversely affecting other properties.

In this study, the melt blending method was employed to 
prepare five types of highly antibacterial nanocomposites. 
The fabricated composite films exhibited remarkable anti-
bacterial performance while significantly reducing the nano 
ZnO content compared to previous literature. Meanwhile, they 
minimized adverse effects on optical properties and improved 
mechanical performance. Furthermore, we investigated the 
influence of material microstructure, including crystallinity, 
layered stacking structure, and molecular chain fluidity, on the 
dispersion of inorganic particles within the polymer matrix. 
The main factors contributing to the variations in antibacterial 
performance among the five composite materials were eluci-
dated by combining insights into antibacterial mechanisms. 
This study provides a solid theoretical foundation for matrix 
selection and offers practical strategies for developing com-
mercially viable antibacterial products.

Experimental section

Materials

Commercial high-density polyethylene (HDPE) TR144 
and linear low-density polyethylene (LLDPE) 7042 N 

(China Petroleum & Chemical Co., Maoming, China), 
ethylene-octene copolymer (POE) ENGAGE 8480 (Dow 
Chemical Company, America), ethylene-vinyl acetate 
copolymer (EVA) 530 (Nipoflex® Tosoh Corporation, 
Japan), and polycarbonate (PC) L-1250Y (Teijin Corpo-
ration, Japan) were used in this experiment. Nano ZnO 
ethanol solution (ZnO solid content, 20%) was obtained 
from Xuancheng Jingrui New Material Co., Ltd (Anhui, 
China). The particle size of nano ZnO is 15 nm. POE is an 
ethylene-octene copolymer with a 20 wt% octene content, 
and EVA is an ethylene-vinyl acetate copolymer with a 
6 wt% vinyl acetate content. Table 1 lists the melt index 
(MI) and melting index test conditions for each material.

Preparation of the antibacterial resin and films

We prepared antibacterial composites with 0.05% and 
0.2% nano ZnO content using the masterbatch blending 
technique and a twin-screw extruder (TDS-20B, Nanjing 
Norda Extrusion Equipment Co., Ltd, Nanjing, China). 
We first prepared masterbatches of several substrates with 
nano ZnO content of 4% before adding them to the matrix 
in proportion for melt blending. This process was repeated 
three times to obtain nano ZnO antibacterial material with 
uniform dispersion. The processing temperature of each 
sample is presented in Table 2. The solid content of nano 
ZnO composite materials without any concentration labe-
ling in this article is 0.05%.

We used a plate vulcanizer (Qingdao Yadong Rubber 
Machinery Co., Ltd., China) to press the samples for 5 min 
under a certain pressure (5 MPa) and processing temperature, 
followed by rapid cooling to room temperature. The resulting 

Table 1  Melt index (MI) of the materials used

Sample MI (g/10 min) Melting index 
test conditions

EVA 75.00 2.16 kg, 190 °C
POE 1.01 2.16 kg, 190 °C
LLDPE 2.07 2.16 kg, 190 °C
HDPE 0.18 2.16 kg, 190 °C
PC 6.70 1.2 kg, 300 °C

Table 2  Processing conditions of nano ZnO composites

Sample ZnO/EVA ZnO/POE ZnO/
LLDPE

ZnO/
HDPE

ZnO/PC

Processing 
temperature 
(°C)

160 180 180 180 250
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film was used for the characterization of antibacterial activ-
ity, light transmittance, and tear resistance. We also prepared 
1 mm thick sheets using a steel mold for small-angle X-ray 
diffraction characterization.

Small Angle X‑ray Scattering (SAXS)

Small angle X-ray scattering (SAXS) measurements were per-
formed at the Beijing 1W2A Beamline using a wavelength 
(λ) of 0.1542 nm (Cu K α). The scattering intensity was 
detected using a 1024 × 1024 pixels detector (MAR165CCD), 
with the distance between the sample and the detector set at 
1665.56 mm. The exposure time was 15 s.

Mass flow rate test

The melt index was determined following GB/T3682.1-2018. 
The test temperatures were set at the processing temperature 
of each material, with a load of 2.16 kg.

Measurement of the antibacterial activity 
on plastics surface

We characterized the antibacterial rate (AR) of the nano ZnO 
composites against Escherichia coli (E. coli) (ATCC8739) 
using the GB/T31402-2015 method. The AR and antibacterial 
performance value (R) were evaluated by GB/T31402-2015 
and GB21551.2-2010.

Thermal analysis

The melting and crystallization behavior of the samples were 
characterized using a DSC 3 (Mettler Toledo) differential 
scanning calorimeter in a nitrogen atmosphere. The ethylene 
series samples were heated to 200 ℃, cooled to -20 °C, and 
then heated up again to 200 °C at a temperature rate of 10 
℃/min to evaluate the crystallization temperature  (Tc), melt-
ing temperature  (Tm), and enthalpy of melting (ΔHm). In this 
experiment, the glass transition temperature  (Tg) of PC was 
also evaluated. The normalized crystallinity  (Xc) of the poly-
ethylene (PE) component was determined using the following 
equation [30]:

where φ is the weight fraction of PE in the copolymer, and 
the theoretical melting heat ΔH0

m of 100% crystalline PE 
is 293 J/g [31].

Thermogravimetric analysis (TGA)

TGA was conducted in a TG instrument thermal analyser 
(STA449C, Netzsch, Germany). The sample was heated 

(1)Xc(%) = �Hm∕ϕ�H
0

m

from 50 to 600 °C or 800 °C at the rate of 10 °C/min in 
 N2 atmosphere.

Oxygen transmission rate

To measure the gas permeability of plastic film, a Gas 
Permeability Tester (GTR-701R, SYSTESTER, China) 
was used under standardized conditions of 25 °C, 101 kPa 
pressure, and 50% RH humidity according to GB/T 1038. 
The POE and LLDPE films, measuring an area of 36  cm2, 
were placed into the test cell and subjected to vacuum 
conditions on one side while pure oxygen flowed in from 
the other.

Scanning Electron Microscope (SEM)

The surface morphology of the composite material was 
analyzed using the scanning electron microscope (FE-
SEM JSM-7500 F, JEOL Ltd., Japan). The surface was 
coated with gold and observed under SEM at an accelerat-
ing voltage of 5 kV with a magnification of 20,000 times.

Small angle light scattering

A small-angle laser scattering instrument was constructed 
in-house to investigate the shape and size of spherulites. 
The experimental setup comprises five main components: 
a laser transmitter (Compass 315 M-50, Beijing Laser 
wave Photoelectric Technology Co., Ltd) with a laser 
wavelength (λ) of 520 nm, a polarizer, a rotating sample 
stage, another polarizer, and a receiving white screen. The 
average radius (R) of the spherulites can be computed uti-
lizing the following formula [32]:

The distance (D) between the sample and the image-
receiving screen was 5.5 cm. The ratio of the distance 
from the center of the pattern to the brightest point of the 
four lobes (L) to the vertical distance of the sample to the 
paper acceptor screen (D) represents the tangent of the 
scattering angle θm.

Haze and light transmittance test

The sample was tested in accordance with national stand-
ard GB/T 2410 − 2008, using the TH-100 light transmit-
tance/haze tester from Hangzhou Caipu Technology Co., 
Ltd. To prepare the sample for testing, the film was flat-
tened, and a small amount of liquid paraffin was evenly 
applied to both sides of the film, which was smoothed out. 
The haze that was measured after applying liquid paraffin 
to the sample is known as the internal haze.

(2)D = 4.09∕4�sin
m

2
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The tear resistance test

The tear resistance test was conducted using a universal 
tensile testing machine (Instron 3365, Boston, MA, USA) 
per the standard method QBT1130-1991. A right-angle 
tear spline was torn at a separation speed of 200 mm/min. 
The experiment was repeated five times, and the average 
value was recorded.

Result and discussion

Size and dispersibility of the nano ZnO in the PC matrix

In Fig. 1(a), the SAXS curve of ZnO/PC (0.2%) displays 
high scattering intensity near the beamstop, which is 
attributed to scattering from the nano ZnO particles in a 
very dilute system [33].

Figure 1(b) illustrates the Guinier curve alongside the 
linear fitting curve. The average size of the nano ZnO 
particles was quantitatively calculated using the Guinier 
scattering theory based on the scattering of particles in 
the system. The Guinier equation is given as follows [34]:

In the equation,  Ie represents the scattering intensity of 
electrons, N denotes the relative number of scatterers, n rep-
resents the number of electrons per individual particle, and 
 Rg stands for the radius of gyration. q represents the scatter-
ing vector, which is calculated as [35]:

(3)I(q) = IeNn
2exp

(

−
q2R2

g

3

)

where λ is the X-ray wavelength (0.154 nm), and θ is half the 
scattering angle (2θ). The formula (3) expressed in logarith-
mic form with base e is obtained as follows:

Since  Ie, n, and N are constants in the scattering system, 
 I0 is defined as:

Formula (3) can be transformed as follows:

Plot the lnI-q2 graph. By performing a linear fit on the 
graph, the slope can be used to determine the radius of the 
gyration  (Rg) of the scattering system. Nano ZnO particles 
are spherical, and therefore, the particle size (r) in the PC 
matrix is defined as [36]:

The estimated particle size of nano ZnO in the PC matrix 
was 15.1 nm, which is very close to the average particle size 
of the purchased nano ZnO. This result indicates that the 
nano ZnO is almost monodisperse in the PC matrix, with a 
narrow particle size distribution, uniform dispersion, and no 
apparent agglomeration.

Antibacterial activity of ZnO composites (0.2%) 
toward E. coli

The anti-E. coli activity of nano ZnO antibacterial composite 
materials was characterized by the standard method, GB/
T31402-2015. Table 3 shows that the antibacterial rate of 
the five types of nano ZnO composites, with a 0.2% nano 
ZnO content, was 99.9%, and R was 6.9. According to 
GB21551.2-2010, an antibacterial rate of ≥ 90% indicates 
an antibacterial effect. Therefore, these five composites can 
achieve a high antibacterial rate. In contrast, the antibacterial 
rate of ZnO/HDPE film (with a ZnO content of 1%) prepared 
by Li and Li [22] was only 98.4%. These low-doped nano 
ZnO antibacterial materials exhibit high antibacterial activ-
ity due to the excellent dispersion of nano ZnO found in 
Sect. 2.1. To investigate the influence of different matrices 
on the antibacterial activity of nanocomposite materials, the 
content of nano ZnO in the antibacterial composite material 
was reduced by four times to 0.05%.

(4)q = 4� sin �∕�

(5)ln I = ln Ien
2N −

R2

g

3
q2

(6)I
0
= Ien

2N

(7)ln I = ln I
0
−

R2

g

3
q2

(8)Rg =

√

3

5
r

Fig. 1  Linear SAXS (a) and Guinier profiles (b) of ZnO/PC
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Melt index and antibacterial results analysis

Table 4 shows the melt index of five pure materials under 
corresponding processing conditions. Comparing the 
melt index of five pure substances, EVA (22.36 g/10min) 
has the largest melt index, followed by PC (2.24 g/10min) 
and LLDPE (1.61  g/10min), and the melt index of 
POE and HDPE are relatively small (0.64 g/10min and 
0.17 g/10min). For different substrates, the higher the 
melt index, the stronger the fluidity at the correspond-
ing processing temperature. Therefore, EVA has better 
liquidity. The antibacterial test results of five nano ZnO 
composite films are shown in Table 5. The antibacte-
rial rate of ZnO/LLDPE (99.3%) was higher than that 
of ZnO/EVA (95.3%), ZnO/POE (67.9%) and ZnO/PC 
(55.4%). The antibacterial rate of ZnO/HDPE (46.4%) 
was the lowest. From the data of melt index (Table 4), 
EVA has a high melt index (22.36 g/min) and strong flu-
idity, which is conducive to a more uniform dispersion 
of nano ZnO and a better antibacterial rate during pro-
cessing. The melt indexes (0.64 g/10min, 1.61 g/10min, 
0.17 g/10min and 2.24 g/10min) of POE, LLDPE, HDPE 
and PC have little difference, but their antibacterial rates 
differ significantly. The results show that the high melt 
strength of the material during processing has a posi-
tive but not the most critical effect on the antimicrobial 
properties of the final ZnO blend. Therefore, we cannot 
ignore the influence of the crystal structure of the matrix 
on the antibacterial properties.

Melting and crystallization behavior of different 
polymers and corresponding nano ZnO Composites

Non-isothermal crystallization of semi-crystalline and amor-
phous polymers were analyzed using differential scanning 
calorimetry (DSC) through a heating, cooling, and reheating 
process. The results, including  Tg,  Tc,  Tm, and  Xc of Fig. 2, 
are presented in Table 6. Figure 2(a) illustrates the crys-
tallization behavior of four ethylene series semi-crystalline 
polymers and amorphous polymer PC. During the cooling 
process, the  Tc of ZnO/EVA composites shifted to a higher 
temperature than pure EVA, indicating that ZnO nano-
particles may serve as nucleation sites for heterogeneous 
nucleation, facilitating the growth of EVA molecular chains 
(with nanoparticles as the core) at elevated temperatures. 
Additionally, an increase in the crystallization tempera-
ture of ZnO blends was observed in cooling crystallization 
curves of POE and LLDPE, indicating that ZnO particles 
can induce crystallization in these materials. Among them, 
nano ZnO had the strongest ability to induce crystallization 
in EVA, followed by POE and LLDPE. This may be attrib-
uted to the hydrophilic characteristics of ZnO, while EVA 
contains vinyl acetate (6%), which is polar and hydrophilic. 
Therefore, the effect of EVA and ZnO is stronger. Nota-
bly, no significant change in  Tc was observed in the cooling 
curves of the composites containing HDPE of ZnO, com-
pared to EVA, POE, and LLDPE. This suggests that ZnO 
has a weak ability to induce crystallization in HDPE with 
regular molecular chain arrangement, possibly due to dif-
ferences in their crystallization ability, as discussed further.

The thermograms obtained during the second heating 
process are shown in Fig. 2(b). As seen from this figure 
and Table 6, the melting peak of ZnO/POE composites 
moves to a lower temperature and the crystallinity is sig-
nificantly increased compared to POE, indicating that 
ZnO/POE has more and smaller crystals than POE. In 
Table 6, the  Tm of ZnO/EVA, ZnO/LLDPE, and ZnO/
LLPE are slightly higher, and crystallinity are slightly 
lower than that of corresponding pure polyolefin, indicat-
ing that the crystals of these three composites are fewer 
and larger than those of pure materials. Notably, the  Tg 
of the ZnO/PC composite is 140.2 °C, indicating that 

Table 3  Antibacterial rate and the R of nano ZnO blends

2.3 Melt Index and antibacterial results analysis

Sample Antibacterial rate(%) R

ZnO/EVA (0.2%) 99.9 6.9
ZnO/POE (0.2%) 99.9 6.9
ZnO/LLDPE (0.2%) 99.9 6.9
ZnO/HDPE (0.2%) 99.9 6.9
ZnO/PC (0.2%) 99.9 6.9

Table 4  Melt index of four neat materials under processing temperature

Sample MI (g/10min) Processing 
temperature 
(°C)

EVA 22.36 160
POE 0.64 180
LLDPE 1.61 180
HDPE 0.17 180
PC 2.24 250

Table 5  Antibacterial rates of the nano ZnO composite films against 
E. coli 

Sample Antibacterial rate (%) R

ZnO/EVA (0.05%) 95.2 1.3
ZnO/POE (0.05%) 67.9 0.4
ZnO/LLDPE (0.05%) 99.3 2.1
ZnO/HDPE (0.05%) 46.4 0.2
ZnO/PC (0.05%) 55.4 0.3
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the molecular chains of PC in ZnO/PC freeze at room 
temperature, making it difficult for small molecule nano 
ZnO to migrate from the PC. As indicated in Table 6, the 
antibacterial activity of PC is low (55.4%), which might 
be related to the reduced ability of ZnO to migrate to 
the surface. Similarly, the  Tm of pure EVA and POE is 

significantly lower than that of pure LLDPE and HDPE, 
indicating that the crystal size of EVA and POE is much 
smaller than that of LLDPE and HDPE. In Table 6, com-
pared to the  Xc of other polyolefins, HDPE exhibits the 
highest crystallinity in semi-crystalline polymers, denot-
ing an evidently stronger crystallization ability. This may 

Fig. 2  DSC cooling curve (a) and heating curve (b) of different polymers and corresponding nano ZnO composites
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be attributed to the higher regularity of the main chain 
in HDPE than in LLDPE, whose main chain is a short 
branch chain with  Xc of 38.01%. The crystallinity of POE 
and EVA is much lower than that of the two common eth-
ylene polymers. Among them, the crystallinity of POE is 
32.47%, which could be due to the intervention of octene 
(20%) in the molecular chain of elastomer POE, destroy-
ing the crystallization of polyethylene. The crystallinity 
of EVA is 28.89% because vinyl acetate (6%) inhibits eth-
ylene crystallization. In Table 5, the antibacterial rates of 
ZnO/EVA, ZnO/POE, and ZnO/HDPE are 95.2%, 67.9%, 
and 46.4%, respectively. These results indicate that the 
ZnO/EVA composite offers the best inhibition against E. 
coli, whereas ZnO/HDPE is the least effective, and POE 
is moderately effective. For semi-crystalline polymers, 
nano ZnO cannot exist in the crystalline phase but exists 
in the amorphous phase and then migrates out of the 
sample surface [37, 38]. Materials with low crystallinity 
contain fewer crystals and have less ability to hinder the 
migration of ZnO [39]. Therefore, ZnO in composites 
with low crystallinity is easier to migrate to the surface 
and achieve higher antibacterial activity. Surprisingly, 
the crystallinity of LLDPE was significantly higher than 
that of EVA (38.01% vs. 28.89%), but the antibacterial 
rate of ZnO/EVA was slightly lower than that of ZnO/
LLDPE (99.3% vs. 95.2%). This is because polar EVA is 
more likely to interact with polar ZnO, thereby impeding 
the migration of nano ZnO. Consequently, the antibacte-
rial rate of ZnO/EVA is slightly lower than that of ZnO/
LLDPE. The crystallinity of LLDPE is slightly higher 
than that of POE, but the antibacterial ability of ZnO/
LLDPE is stronger than that of ZnO/POE because POE 
has smaller and more crystals than LLDPE. The tight 
arrangement of these crystals may hinder the migration 
of ZnO, which will be further verified in the subsequent 
discussion (Fig. 3).

The thermal degradation of nano ZnO composites

Figure 4 shows the TGA thermograms of polymer and nano 
ZnO composites. In Fig. 4(a), two weight loss steps are 
observed in the EVA group within the temperature ranges of 
300–410 ℃ and 410–500 ℃. The first step is attributed to the 
degradation of the EVA copolymer, with the release of acetic 
acid at higher temperatures. The second step corresponds to 
the degradation of the ethylene main chain [40]. Only one 
degradation step related to the main chain is observed in 
the POE, LLDPE, HDPE, and PC groups. The addition of 
nano ZnO particles does not significantly affect the thermal 
degradation curves of EVA, POE, LLDPE, and HDPE, as 
the amount of nano ZnO added is relatively small and does 
not exert a pronounced catalytic effect on the main chain. 
However, for ZnO/PC, the thermal degradation temperature 
is advanced from 467.1 ℃ to 452.5 ℃ at a 5% weight loss, 
while the residue carbon content decreases from 22.8 to 
20.2%. This can be attributed to the promotion of PC ester 
bond cleavage by the nano ZnO particles [41].

Effect of nano ZnO on the lamellar structure 
of semi‑crystalline polymers

The linear SAXS profiles for four different polyolefins 
and ZnO composites at room temperature are presented in 
Fig. 4, where a scattering peak is observed at q = 0.3  nm−1 
or 0.4  nm−1, corresponding to the long period for polyole-
fin lamellar stacks. The scattering peak of ZnO composites 
is significantly higher than that of pure materials, and the 
peak deformation is wider, indicating that the electron cloud 
density difference of ZnO composites is larger and the crys-
talline order is lower. This is caused by the scattering of 
nano ZnO particles, as seen in the SAXS analysis of the PC 
group (Fig. 1).

Table 7 displays the averaged interlamellar distance (long 
period) (L) obtained from Gauss fitting of Lorentz-corrected 
 (Iq2-q) SAXS profiles (inset figures) and the lamellar size 
(Lc) obtained from the correlation function for these sam-
ples. The position of the peak  qpeak is related to the long 
period (L) by Bragg’s law [42] and formula (4).

The average thickness of the crystalline phase (Lc) and 
amorphous phase (La) was calculated using the normal-
ized one-dimensional correlation function K(z), which was 
evaluated from the scattered intensity I(q) with the following 
equation [43]:

(9)L = 2�∕qpeak

(10)K(z) = (1∕K(0))∫
∞

0

q2I(q)cos(qz)dq

Table 6  DSC data of five different polymers and corresponding nano 
ZnO composites

Sample Tc (℃) Tm (℃) Xc (%) Tg (℃)

EVA 81.18 98.21 28.89 ----
ZnO/EVA 85.52 98.88 28.33 ----
POE 85.53 103.28 32.47 ----
ZnO/POE 87.26 101.90 37.75 ----
LLDPE 106.36 123.34 38.01 ----
ZnO/LLDPE 106.93 124.06 36.29 ----
HDPE 116.95 129.16 58.08 ----
ZnO/HDPE 116.60 128.40 57.42 ----
PC ---- ---- ---- 148.13
ZnO/PC ---- ---- ---- 140.59
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where I(q) is the scattering intensity, z is the correlation dis-
tance measured along the direction of the electron density 
distribution. The value on the z-axis at which the tangent 
line to the linear portion of the K(z)-z curve intersects with 

the first minimum (trough) horizontal line is denoted as Lc. 
La is the value obtained by subtracting Lc from L. As indi-
cated in Table 7, the La of semi-crystalline polymer samples 
is smaller than the particle diameter of nano ZnO (15 nm), 

Fig. 3  TG curves of (a) EVA group, (b) POE group, (c) LLDPE group, (d) HDPE group, (e) PC group
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suggesting that nano ZnO cannot penetrate the amorphous 
region between the lamellae. The insignificant variation in  
the long period of the nano ZnO composites can be attributed  

to the larger particle diameter and lower content of nano ZnO. 
According to Table 7, it can be observed that the Lc values of 
ZnO/POE and ZnO/LLDPE are increased compared to the 
pure materials. This is attributed to the early crystallization 
induced by nano ZnO, as discussed in the DSC section. How-
ever, the Lc value of ZnO/EVA is reduced compared to the 
pure material. Although nano ZnO also acts as a nucleating 
agent for EVA, the hydrophilicity of EVA makes it more sus-
ceptible to interaction, thereby inhibiting the crystallization 
of EVA. The Lc value of ZnO/HDPE is slightly decreased 
compared to HDPE. This can be attributed to the strong crys-
tallization ability of HDPE, making it difficult for nano ZnO 
to promote its crystallization. Instead, nano ZnO acts as an 
impurity, slightly inhibiting the crystallization of HDPE.

On the other hand, Table 7 shows that HDPE has the larg-
est long period (20.10 nm), which decreases in the order of 

Fig. 4  Linear and Lorentz-corrected SAXS profiles of different materials. (a) EVA and ZnO/EVA (b) POE and ZnO/POE (c) LLDPE and ZnO/
LLDPE (d) HDPE and ZnO/HDPE

Table 7  The results of long period (L), lamellar size (Lc) and amor-
phous region size (La)

Sample L (nm) Lc (nm) La (nm)

EVA 10.83 4.53 6.20
ZnO/EVA 11.42 4.42 7.00
POE 11.95 5.65 6.30
ZnO/POE 12.57 5.97 6.60
LLDPE 16.13 6.70 9.43
ZnO/LLDPE 16.57 6.90 9.67
HDPE 21.10 13.60 7.50
ZnO/HDPE 21.14 13.54 7.60



 Journal of Polymer Research (2023) 30:352

1 3

352 Page 10 of 14

LLDPE (16.13 nm), POE (11.95 nm), and EVA (10.83 nm). 
This indicates that HDPE has the strongest barrier capacity 
compared to the other three polyolefins. As a result, nano 
ZnO particles are most difficult to migrate to the surface of 
HDPE, which corresponds to the low antibacterial ability 
of ZnO/HDPE (Table 5). It is noteworthy that the ratio of 
crystallinity to the long period in POE is significantly higher 
than that in LLDPE, indicating that POE has more closely 
packed crystals, resulting in a stronger barrier ability of POE 
to ZnO than LLDPE. This is also the reason why the antibac-
terial rate of ZnO/POE is lower than that of ZnO/LLDPE. 
This is also reflected in the oxygen  (O2) barrier capability.

Table 8 lists the permeance and permeability coefficient 
of POE and LLDPE. The permeance values for POE and 
LLDPE are 334.96  cm3/(m2·24 h·0.1 MPa) and 556.74  cm3/
(m2·24 h·0.1 MPa), respectively, indicating that the volume 
of  O2 passing through POE per unit area is much smaller 
than that passing through LLDPE in 24 h. The significant 
difference in  O2 transmission between POE and LLDPE is 
due to the difference in film thickness. Therefore, to compare 
the barrier ability of the films to oxygen, the film thickness 
is normalized using the permeability coefficient value. As 
shown in Table 8, the permeability coefficients of POE and 
LLDPE membranes are almost the same, suggesting that 
there is little difference in the  O2 barrier capacity between 
POE and LLDPE. Generally, the higher the crystallinity, the 
greater the gas barrier capacity of the material [44]. Although 
POE and LLDPE have the same oxygen barrier capacity, the 
crystallinity of POE is lower than that of LLDPE, at 32.47% 
versus 38.01%. This further confirms that the crystals in POE 
are more closely packed than those in LLDPE.

Surface morphology of nano ZnO composites

Figure 5 displays the SEM images of five nano ZnO com-
posite films magnified at 20,000 times. As shown in the 
figure, the particle size on the surfaces of LLDPE and EVA 
is relatively large, which is attributed to the aggregation of 
nano ZnO on the surface over time after migration [45]. 
However, EVA and LLDPE exhibit a higher density of sur-
face particles, while POE has fewer surface particles. HDPE, 
on the other hand, shows a significantly sparse distribution 
of surface particles, and PC exhibits almost no notice-
able particles. These differences can be attributed to the 

varying ability of the substrates mentioned earlier to hinder 
the migration of nano ZnO to the surface. By considering 
Table 5, it becomes evident that a higher density of surface 
particles leads to better antibacterial effects, which aligns 
with the conclusions drawn in previous sections.

In conclusion, during processing, a large MI and excel-
lent fluidity have a positive effect on the dispersion of nano 
ZnO, which is beneficial for improving the antibacterial rate. 
When the MI is similar, materials with higher crystallin-
ity have a greater influence on the ability of nano ZnO to 
migrate out of the surface, thereby reducing the antibacterial 
rate of the composite. Additionally, PC with  Tg significantly 
higher than room temperature also blocks the migration of 
nano ZnO, resulting in a reduction of the antibacterial rate 
of ZnO/PC. However, crystallinity is not the only factor that 
affects the migration of nano ZnO. A small and densely lay-
ered arrangement can also increase the difficulty of nano 
ZnO migration out of the surface, leading to a reduction in 
antibacterial performance.

Nano ZnO effect on spherical crystal morphology 
for different polymers

The size and morphology of spherulites were investigated 
by laser scattering, as shown in Fig. 6. The PC group did not 
exhibit “four-leaf clover” patterns, indicating the absence of 
spherulites in the PC and ZnO/PC. This can be attributed to 
the amorphous of its molecular chains, which makes it chal-
lenging for them to arrange themselves in an orderly manner 
and form spherulites. The four polyolefin groups all formed 
“four-leaf clover” patterns, indicating that these materials 
formed spherulites with different sizes and regularity. The 
spherulite size can be calculated using Eq. (2). As seen in 
Fig. 6, pure POE had the largest spherulite size (7.45 μm), 
followed by EVA, LLDPE, and HDPE, with corresponding 
sizes of 5.57 μm, 2.67 μm, and 1.89 μm. Among these, the 
edges of the spherulite pattern of EVA and LLDPE were 
clearer, and the “four-leaf clover” pattern was more perfect 
than that of HDPE and POE. The spherulite patterns of the 
four nano ZnO composites are also shown in Fig. 6(f, g, 
h, i). The spherulite patterns of the composites were larger 
and had blurrier edges compared to those of the four pure 
materials, indicating a lower regularity in the formation of 
spherulites within the composites. The spherulite perfection 
of ZnO/POE decreased most significantly, and the spherulite 
size decreased greatly. The spherulite perfection of ZnO/
HDPE was also significantly reduced, and the spherulite 
size decreased from 1.89 μm to 1.50 μm. The spherulite 
perfection of ZnO/EVA and ZnO/LLDDPE did not decrease 
significantly, but the spherulite size of EVA decreased sig-
nificantly (from 5.57 μm to 1.05 μm). This may be because 
nano ZnO acts as impurities in the crystallization process, 
affecting the perfection and size of spherulites.

Table 8  The permeance and the permeability coefficient of POE and 
LLDPE

Sample POE LLDPE

film thickness (µm) 317 189
Permeance  (cm3/(m2·24 h·0.1 MPa)) 334.96 556.74
Permeability  (cm3·cm/cm2·s·cmHg) 1.66*10^−10 1.65*10^−10
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Nano ZnO effect on optical performance 
for different polymers

The internal haze of the film is a thickness-normalized 
value, and the measurement of surface haze is not affected 
by the film thickness. As shown in Table 9, PC has the 

lowest internal haze (0.04%) and better light transmit-
tance (92.0%) because it is an amorphous polymer and 
almost non-crystalline, with no difference between refrac-
tive indexes. Therefore, polycarbonate has good transpar-
ency and low haze. As seen in Table 9, EVA and POE 
have lower haze at 4.71% and 0.87%, respectively, while 

Fig. 5  SEM of (a) ZnO/EVA, (b) ZnO/POE, (c) ZnO/LLDPE, (d) ZnO/HDPE, (e) ZnO/PC

Fig. 6  Spherulite morphologies of (a) HDPE, (b) LLDPE, (c) POE, (d) EVA, (e) PC, (f) ZnO/HDPE, (g) ZnO/LLDPE, (h) ZnO/POE, (i) ZnO/
EVA and (j) ZnO/PC
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LLDPE and HDPE have higher haze at 13.34% and 10.69%, 
respectively. This is due to the difference in crystallinity 
(Table 6). Among them, the internal haze of EVA with 
lower crystallinity is higher than that of POE because the 
perfect spherulites of EVA increase light scattering com-
pared to POE. The internal haze of HDPE, which has the 
highest crystallinity, is less than that of LLDPE, which is 
related to the imperfection of HDPE spherulites. In semi-
crystalline polymers, the light transmittance of EVA and 
POE is 92.0% and 92.3%, respectively, followed by LLDPE 
and HDPE. POE introduces a long branch chain in the main 
chain to improve the material’s transparency. DSC results 
show that HDPE has the highest crystallinity, resulting in 
the lowest light transmittance (88.1%). Compared to pure 
materials, the light transmittance of nano ZnO compos-
ites is reduced due to the addition of nano ZnO particles 
with a larger refractive index, leading to greater scatter-
ing loss and reduced light transmission of the films. The 
internal haze of ZnO/EVA, ZnO/LLDPE, and ZnO/PC is 
increased compared to that of pure materials because the 
15 nm nanometer increases the internal defects of the film. 
In comparison, the internal haze of ZnO/POE and ZnO/
HDPE decreases compared to pure materials, which may 
be due to the decrease in spherulite perfection.

Tear resistance of pure materials and corresponding 
nano ZnO composites

In this study, compressed films were made for right-angled 
tearing strength tests. As shown in Fig. 7, the tear strength 
of nano ZnO composite polyolefin films is stronger than 
that of corresponding pure polyolefin films, indicating that 
these composite films have better tear performance. This 
is because the inorganic nanoparticles produced stress 
concentration in the matrix, which could absorb energy, 

resulting in a good reinforcement effect. Among the pure 
polyolefins, HDPE has the largest tear resistance, with a 
tear strength of 144.27 N/mm. Similarly, the tear strength 
of PC and ZnO/PC are 78.51 N/mm and 83.52 N/mm, 
respectively. This is because HDPE has highly regular, 
closely arranged molecular chains and large lamellar spac-
ing. The tear strength of LLDPE, with a slightly lower 
lamellar thickness than that of HDPE, is 107.30 N/mm. 
The tear strength of EVA and POE, which have smaller 
lamellar sizes, is 63.31 N/mm and 76.99 N/mm, respec-
tively. This is because it is more difficult to slide and 
rotate the large-sized lamellae with regular arrangement.

Conclusions

In this study, excellent antibacterial activity (99.9%, R = 6.9) 
was obtained from nano ZnO composites prepared from differ-
ent matrices, with a solid content of 0.2%. However, when the 
content of nano ZnO is reduced to 0.05%, the study of molecular 
chain fluidity, crystallinity, and crystal structure helps to illustrate 
why different matrices exhibit different antibacterial activities.

The EVA with a high melt index (MI) and strong fluidity 
is more conducive to the uniform dispersion of nano ZnO in 
the processing process, resulting in better antibacterial activ-
ity. The freezing of molecular chains (as in PC) at room tem-
perature can also affect the migration of nano ZnO, leading 
to a reduced antibacterial rate (55.4%). Among the four semi-
crystalline polymers, HDPE has the largest crystallinity, larger 
lamellar thickness, and stronger barrier ability, and therefore, 
the antibacterial ability of ZnO/HDPE (0.05%) is the lowest 
(46.4%). ZnO/LLDPE (0.05%) has the highest antibacterial 
rate (99.3%, R = 2.1), while the antibacterial rate of ZnO/POE 
(0.05%) is significantly reduced (67.9%). Even though the  (Xc) 
of LLDPE is slightly higher than that of POE, its oxygen-
blocking ability is lower due to the shorter long-period and 
densely-arranged lamellae compared to POE. Although the 

Table 9  Haze and transmittance of pure materials and corresponding 
nano ZnO composites

Sample Normalized Internal Haze 
(%)

Transmit-
tance (%)

EVA 4.71 92.0
ZnO/EVA 12.78 91.4
POE 0.87 92.3
ZnO/POE 0.76 91.4
LLDPE 13.34 90.4
ZnO/LLDPE 16.56 89.6
HDPE 10.69 88.1
ZnO/HDPE 8.22 87.7
PC 0.04 92.0
ZnO/PC 2.04 91.2

Fig. 7  Tear resistance of pure materials and corresponding nano ZnO 
composites
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crystallinity of EVA is very low, the antibacterial rate of EVA 
is lower than that of LLDPE (95.2% vs. 99.3%) because the 
polarity of EVA hinders the migration of nano ZnO by inter-
acting easily with ZnO. The molecular chain fluidity, func-
tional groups, crystallinity, crystal structure, and spherulite 
morphology of the matrix can affect the mobility of ZnO, and, 
thus the antibacterial rate.

In addition, nano ZnO induces the size of spherulites of poly-
mers to decrease and the degree of perfection to decrease, which 
ultimately leads to the reduction of the transmittance of materials. 
Moreover, nano ZnO increases the tear resistance of the polymer. 
This contributes to the development of product diversity with 
high antibacterial, high transparency and tear resistance.
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