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Abstract

With the increasing concern for health and safety, it is crucial to investigate how
antibacterial agents demonstrate high antibacterial activity in two-phase blend
systems. In this study, we prepared antibacterial films comprising a low concen-
tration (0.2%) zinc oxide/ethylene-octene copolymer (ZnO/POE) and ZnO/linear
low-density polyethylene (LLDPE) with high antibacterial activity (99.9%) and
an antibacterial property value (R) of 6.9. The addition of nanometer (nano) ZnO
induces the crystallization of pure materials, increasing their crystallinity and long
period and significantly reducing spherulite size. Using a two-phase blending pro-
cess, we achieved an antibacterial activity of (ZnO/POE)/(ZnO/LLDPE) (0.2%) of
99.9% with an R-value of 6.9, superior to the single-phase blending of POE/(ZnO/
LLDPE) (0.2%) (99.0%, R=2.0). Significantly, this difference can be attributed to
the fact that nano-ZnO promotes the compatibility of POE and LLDPE in the two-
phase blending process. Additionally, the two-phase blending process enhances tear
strength and light transmittance compared to single-phase blending. These findings
are of great significance for developing nano-ZnO-based two-phase blend antibacte-
rial materials with low concentration and high antibacterial activity.
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Introduction

In recent years, antibacterial polymer materials have garnered significant atten-
tion in biomedicine [1]. Numerous types of antibacterial polymers have been
extensively researched and developed [2, 3]. By incorporating safe and depend-
able antibacterial agents, these polymer materials demonstrate the ability to
inhibit bacterial growth effectively [4, 5]. Nanometer zinc oxide (nano-ZnO) has
emerged as a widely used choice in food [6], medical [7], and other industries due
to its non-toxicity, persistent activity, low cost, and biocompatibility [8—10]. The
antimicrobial properties of nano-ZnO against Escherichia coli (E. coli) have been
extensively studied [11]. For instance, Li et al. [12] incorporated ZnO nanopar-
ticles (0.8%) into linear low-density polyethylene (LLDPE), while Li et al. [13]
utilized nano-ZnO (1%) in high-density polyethylene (HDPE) packaging.

Furthermore, careful selection of suitable materials plays a crucial role in the
design of medical devices in the field of functional nanocomposites. LLDPE, a
semicrystalline polymer, finds wide-ranging applications in manufacturing vital
biomedical devices like medical packaging films, medical infusion bags and
catheters, owing to its exceptional puncture resistance and flexibility [14-16].
Moreover, the ability of nano-sized ZnO to migrate to the surface of polyolefins
is directly proportional to the ultimate antibacterial performance of the compos-
ite material. Compared to other ethylene-based polyolefins, LLDPE exhibits a
weaker hindered arrangement structure that impedes ZnO migration, resulting in
higher antibacterial activity [17]. Ethylene-octene copolymer (POE) offers com-
prehensive properties such as high elasticity and transparency [18-20]. It demon-
strates excellent compatibility with LLDPE and serves as an ideal candidate for
enhancing the puncture resistance and elasticity of polyethylene (PE) [21-23].
The thermal properties and phase behavior of LLDPE/POE blends have been
extensively studied [24-26].

Polyethylene and its blends are commonly used in biomedical devices due to
their excellent cost-effectiveness and desirable functional performance [27]. Some
researchers have prepared ZnO/low-density polyethylene (LDPE)/ethylene—vinyl
acetate (EVA) (4/100/15) blends for use in antibacterial medical catheters [28].
However, the immiscibility or incompatibility between polyolefins and hydro-
philic or polar organic and inorganic compounds can lead to undesirable issues
such as aggregation and poor distribution during the blending process [29, 30].
For example, it is common to incorporate 3-5% antimicrobial agents into poly-
mer blends in order to achieve a high level of antimicrobial activity. For instance,
Promhuad et al. [31] demonstrated that the addition of 0.9% ZnO resulted in only
a slight reduction in microbial growth, whereas the inclusion of 4.5% ZnO effec-
tively inhibited the growth of Escherichia coli in PBAT/PBS blends during stor-
age. Shankar and Rhim [32] utilized 3% ZnO to prepare PLA/PBAT antimicrobial
composite films with exceptional antimicrobial properties. On the other hand, for
non-blended materials, the addition of 0.5-1.5% antimicrobial agents often yields
desirable antibacterial effects. Wang et al. [33] obtained satisfactory antibacte-
rial effects using 1% ZnO in PBAT blends. Consequently, achieving excellent
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antibacterial performance often necessitates the addition of higher amounts of
antibacterial agents. However, the specific mechanism by which antibacterial
agents exert their activity in two-phase structures has yet to be fully discussed.
Therefore, it is crucial to explore the effects of antibacterial agents on the phase
behavior and crystal structure of the two-phase system to enhance the antibacte-
rial efficacy in such systems.

In this paper, we selected a two-phase blend system of LLDPE/POE (80/20) and
successfully prepared a two-phase blend antibacterial composite material with high
antibacterial activity (99.9%, R=6.9) by incorporating a small amount of nano-
ZnO as an antibacterial agent. We systematically investigated the impact of nano-
ZnO as an antibacterial agent on the phase behavior, crystal structure, and spherical
morphology of LLDPE/POE by deliberately controlling its dispersion in differ-
ent regions of the two-phase system. Furthermore, we explored the variations in
mechanical and optical properties induced by nano-ZnO. The findings of this study
contribute to a deeper understanding of the development of two-phase blend anti-
bacterial materials, facilitating their further advancements in product development.

Experimental section
Materials

The commercial LLDPE (7042N) was sourced from China Petroleum & Chemical
Corporation, and the commercial POE (ENGAGE 8480) was purchased from Dow
Chemical. The POE is an ethylene-octene copolymer with a 20 wt% octene content.
Nano-ZnO ethanol solution (ZnO solid content, 20%) was obtained from Xuancheng
Jingrui New Material Co., Ltd. The particle size of the nano-ZnO is 15 nm. The
density of nano-ZnO is 5.606 g/cm?.

Preparation of the antibacterial composites

The sample used in this experiment was produced by melt blending with a twin-
screw extruder (TDS-20B, Nanjing Norda Extrusion Equipment Co., Ltd., Nanjing,
China). The POE/LLDPE blend is prepared by melt blending 20% POE and 80%
LLDPE. The antibacterial resin is prepared by combining an antibacterial agent with
the substrate material. The ethanol solution of nano-ZnO used in the experiment
contains 20% solid ZnO. By melt blending a mass of m of nano-ZnO ethanol solu-
tion with a mass of n of POE matrix, ZnO/POE masterbatch is prepared. The solid
content of nano-ZnO in the ZnO/POE masterbatch, denoted as A, is calculated as
follows:

A= mx20%)/(mx20% + n) X 100% )

where m is 20 g, n is 96 g, and after calculation, A is 4%. The preparation method
for the ZnO/LLDPE masterbatch is the same as that for the ZnO/POE masterbatch.
The solid content of nano-ZnO in the ZnO/POE masterbatch is 4%. The purpose
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of preparing the masterbatch is to facilitate the uniform mixing of nano-ZnO in the
substrate. The names and corresponding formulations of the prepared antibacterial
resins are listed in Table 1.

The ZnO/POE antibacterial resin is prepared by three rounds of melt blending of
the ZnO/POE masterbatch and POE matrix. The solid content of nano-ZnO in the
ZnO/POE antibacterial resin is denoted as B, and it satisfies the equation:

B = (4% X Myp) [ (Mzp + Mp) X 100% )

In Table 1, the values of M,p and M, are listed. After calculation, B is determined
to be 0.2%. Similarly, using the same method of preparation, the ZnO/LLDPE anti-
bacterial resin also has a solid content of nano-ZnO denoted as C, which is 0.2% as
well. POE/(ZnO/LLDPE) is prepared by first melt blending the ZnO/LLDPE mas-
terbatch with the LLDPE matrix and then undergoing three rounds of melt blend-
ing with the POE matrix. This process is referred to as single-phase blending. The
calculation formula for the solid content of nano-ZnO in POE/(ZnO/LLDPE) (D) is
as follows:

D = (4% X My ) /(Mg + Mp + M) x 100% 3)

The masses of My, Mp, and M, are listed in Table 1. After calculation, D is
determined to be 0.2%. For (ZnO/POE)/(ZnO/LLDPE), the intermediate product
“X” is prepared by melt blending the ZnO/POE masterbatch with POE. The inter-
mediate product “Y” is obtained by melt blending the ZnO/LLDPE masterbatch
with LLDPE. In both “X” and “Y,” the solid content of nano-ZnO accounts for 0.2%
of either “X” or “Y” to ensure uniform dispersion of nano-ZnO. Finally, through
three cycles of melt blending, 20% of “X” and 80% of “Y” are mixed together to
obtain (ZnO/POE) / (ZnO/LLDPE). This process is referred to as two-phase blend-
ing. The calculation formula for the solid content of nano-ZnO in (ZnO/POE) /
(ZnO/LLDPE) (E) is as follows:

E = (4% XMy ) + (4% X Myp) [ (My + Myp + Mp + Mp) X 100% )

The relevant masses are listed in Table 1. After calculation, £ is determined to
be 0.2%. Among them, nano-ZnO in POE/(ZnO/LLDPE) is primarily present in the
LLDPE phase, accounting for a total mass content of 0.2%. In (ZnO/POE)/(ZnO/

Table 1 Names and corresponding compositions of antibacterial resins

Name

Mass ZnO/POE ZnO/LLDPE POE/(ZnO/ (ZnO/POE)/

LLDPE) (ZnO/

LLDPE)

ZnO/POE masterbatch (M) 50¢g Og Og 10g
ZnO/LLDPE masterbatch (M) Og 50¢g 50¢g 40¢g
POE matrix (Mp) 950 g Og 200 g 190 g
LLDPE matrix (M;) Og 950 g 750 g 760 g
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LLDPE), nano-ZnO is present in both the LLDPE and POE phases. Specifically, in
(ZnO/POE)/(ZnO/LLDPE), nano-ZnO carries a content label of 0.2% by weight in the
POE phase and an equivalent content label in the LLDPE phase, resulting in a com-
bined total mass content of 0.2%. The nano-ZnO content in all antibacterial resins
accounts for 0.2% of the total weight of the material. All samples used in this study are
listed in Table 2. The melt index (MI) was determined using the GB/T3682.1-2018 test
method, with a 190 C test temperature and a 2.16 kg load. The MI values are summa-
rized in Table 2.

A plate vulcanizer (QINGDAO YADONG RUBBER MACHINERY CO., LTD.
China) was employed to prepare thin films and sheets. The samples were pressed at
5 MPa and 180 “C for 5 min and then kept under the same pressure while rapidly cool-
ing to room temperature. The prepared films were used for antibacterial activity charac-
terization, light transmittance, and tear strength testing. A sheet with a 1-mm thick bot-
tom was prepared using a steel mold for small-angle X-ray diffraction characterization.

Thermal analysis

The melting behavior and crystallization behavior were characterized by TA Q200 dif-
ferential scanning calorimeter (DSC) in a nitrogen atmosphere. The sample was first
heated to 200 °C for 5 min to eliminate previous thermal mechanical history. Then, it
was cooled to 20 “C at a rate of 10 “C/min and reheated back to 200 °C at the same rate.
The crystallization temperature (7,), melting temperature (7,,), and enthalpy of melt-
ing (AH,,) were evaluated through non-isothermal crystallization behavior and melting
behavior. The normalized crystallinity (X,) of the polyethylene (PE) component was
calculated using the following equation:

X (%) = AH,,/pAH? x 100% 5)

where ¢ is the weight fraction of PE in the copolymer, and the theoretical melting
heat AHSI of 100% crystalline PE is 293 J/g [34].

Table 2 The melt index (MI) of

the materials used Sample MI (¢/10 min)
POE 1.01
ZnO/POE (0.2%) 1.03
LLDPE 2.07
ZnO/LLDPE (0.2%) 2.11
POE/LLDPE 0.90
POE/(ZnO/LLDPE) (0.2%) 1.68
(ZnO/POE)/(ZnO/LLDPE) (0.2%) 1.64
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Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) measurements were carried out at the Beijing
IW2A Beamline. The wavelength (4) is 0.1542 nm (Cu K a). The pixel size of the
signal detector (MAR165CCD) is 1024 x 1024 pixels. The distance between the
sample and the detector was set at 1665.56 mm. The exposure time was 15 s.

Small-angle light scattering

The shape and size of spherulites were investigated using a small-angle laser scatter-
ing instrument that we built. The experimental setup mainly consisted of five parts:
a laser transmitter (Compass 315 M-50, Beijing Laserwave Photoelectric Technol-
ogy Co., Ltd) with a laser wavelength (4) of 520 nm, a polarizer, a rotating sample
stage, another polarizer, and a receiving white screen.

The average radius (r) of spherulites can be evaluated according to the following
formula:

(7]
r=4.094/4x sin 7’” 6)

The distance (D) between the sample and the receiving screen for the small-angle
laser scattering instrument was 5.5 cm. The tangent of the scattering angle 6,, was
calculated as the ratio of the distance from the center of the scattering pattern to
the brightest point of the four lobes (L) to the vertical distance of the sample to the
image receiving screen (D).

Measurement of the antibacterial activity

The antibacterial activity (AR) of the nano-ZnO composite against Escherichia
coli (ATCC8739) was determined using the GB/T31402-2015 method. Prior to
the experiment, high-temperature sterilization at 120 °C for 5 min was conducted.
The sample size was 5*5 cm® The bacteria were counted using the plate count-
ing method and compared with the number of bacteria in the control sample. The
experiment was repeated three times. AR and the antibacterial performance value
(R) were evaluated according to GB/T31402-2015 and GB21551.2-2010. The AR
and R can be evaluated according to according to the following formula:

AR = (B-C)/Bx100% @)
R=U,—-A, 8)

where B represents the number of bacteria adhered to the non-antibacterial sample
after 24 h of cultivation, while C represents the number of bacteria adhered to the
antibacterial sample after 24 h of cultivation. U, represents the logarithmic mean
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of bacterial count (CFU/cm?) obtained from the untreated samples after 24 h of
inoculation, and A, represents the logarithmic mean of bacterial count (CFU/cm?)
obtained from the antibacterial treated samples after 24 h of inoculation.

Haze and light transmittance test

The light transmittance and haze were measured according to national standard
GB/T2410-2008 using a light transmittance/haze tester (TH-100, Hangzhou Caipu
Technology Co., Ltd.). To eliminate the surface haze impact on the measurement of
internal haze, a small amount of liquid paraffin was evenly applied on both sides of
the flat film and smoothed out.

The tear strength test

The tear strength of the samples was determined using a universal tensile testing
machine (Instron 3365) following the standard method QBT1130-1991. The tear
strength was tested with a separation speed of 200 mm/min, and the experiment was
repeated five times to obtain the average tear strength.

Result and discussion

Effects of nano-ZnO and processing methods on crystallization and thermal
behavior of composites

The non-isothermal crystallization behavior of POE, LLDPE, and their correspond-
ing nano-ZnO composites (0.2%) during cooling at a rate of 10 ‘C/min from melt
and subsequent heating at a rate of 10 “C/min was studied using DSC. The details of
Fig. 1, including the T, T,,, and X, are summarized in Table 3, and the nano-ZnO
content in all composites was maintained at a constant 0.2%. Figure 1a demonstrates
the crystallization behavior of POE, LLDPE, and the corresponding nano-ZnO com-
posites. The 7. of LLDPE is 106.1 C with a crystallinity of 38.1%, which is much
higher than that of POE (80.5 °C and 32.3%). These results indicate that the crystal-
lization ability of POE is significantly lower than that of LLDPE. The T, of ZnO/
POE and ZnO/LLDPE shifts to a higher temperature than pure POE and LLDPE,
respectively, suggesting that the ZnO nanoparticles can act as sites for heterogene-
ous nucleation, resulting in the growth of the POE and LLDPE molecular chains
(with nanoparticles as the core) at a higher temperature. Notably, the T, of the POE
group increased more significantly than that of the LLDPE group, which may be
due to the stronger crystallization ability of LLDPE and the less obvious induction
effect. The crystallization behavior of POE/LLDPE, POE/(ZnO/LLDPE) (0.2%),
and (ZnO/POE)/(ZnO/LLDPE) (0.2%) blends is shown in Fig. 1c. As displayed in
the figure, POE/LLDPE and the two kinds of nano-ZnO blends prepared by different
processes exhibit two crystallization peaks, with the higher temperature correspond-
ing to the crystallization peak of LLDPE and the lower temperature corresponding
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Fig.1 DSC cooling curve (a, ¢) and heating curve (b, d) of pure polymers, blend and corresponding
nano-ZnO composites

Table 3 DSC data of pure

Sampl T.(C T, (C X. (%
materials, blends and ample (O n(© (%)
corresponding nano-ZnO POE 80.5 100.3 323
composites ’ ' ’

ZnO/POE (0.2%) 87.5 102.6 324

LLDPE 106.1 123.6 38.1

ZnO/LLDPE (0.2%) 109.6 122.6 43.6

POE/LLDPE 107.8 121.4 349

POE/(ZnO/LLDPE) (0.2%) 109.3 122.2 40.9

(ZnO/POE)/(ZnO/LLDPE) (0.2%) 108.6 121.6 39.4
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to that of POE. It is noteworthy that the crystallization peak area of LLDPE in (ZnO/
POE)/(ZnO/LLDPE) (0.2%) is significantly smaller than that of POE/LLDPE and
POE/(ZnO/LLDPE) (0.2%), while the crystallization peak area of POE increases.
This suggests that the crystallization of LLDPE is inhibited while the crystallization
of POE is promoted. This is because more POE, influenced by nano-ZnO, enters
LLDPE, inhibiting its crystallization, while pre-crystallized LLDPE acts as nuclea-
tion sites to promote the crystallization of POE.

Figure 1(b, d) illustrates the secondary heating traces of POE, LLDPE, POE/
LLDPE, and their corresponding nano-ZnO composite materials. As shown in
Fig. 1b and summarized in Table 3, the T,, of ZnO/POE is higher than that of pure
POE, indicating the formation of some crystals with a larger size. The T,, of ZnO/
LLDPE did not show a significant increase compared to pure LLDPE, indicating
that the crystal size did not significantly change. The cause of this phenomenon is
the poor crystallization ability of POE, which allows sufficient space for gradual
growth as POE crystals develop around the crystal nucleus. In contrast, LLDPE
displays a stronger crystallization ability, and the introduction of nano-ZnO results
in the formation of numerous crystal nuclei. The LLDPE crystals grow simultane-
ously around these abundant crystal nuclei, limiting the growth space for LLDPE
crystals and thereby restricting the increase in their average size. Furthermore, the
crystallinity of ZnO composites is higher than that of the pure materials due to the
induced crystallization of nano-ZnO. Additionally, In Fig. 1d, there are two melt-
ing peaks for POE/LLDPE and corresponding nano-ZnO composites. The melting
peak at approximately 122 °C is contributed by LLDPE, and the melting peak at
around 119 °C is caused by POE forming separate crystalline regions due to its poor
compatibility with LLDPE. In Fig. 1d, it can be observed that compared to POE/
(ZnO/LLDPE) (0.2%) and POE/LLDPE, the area of the main peak (about 122 °C)
of (ZnO/POE)/(ZnO/LLDPE) (0.2%) decreased significantly, while the area of the
shoulder peak (about 127 °C) increased, and T,, shifted to the left. This further dem-
onstrates that the content of some large crystals decreases, and the content of small
crystals increases. This is because nano-ZnO facilitates the entry of more POE into
the LLDPE phase, suppressing the crystallization of LLDPE. Simultaneously, the
pre-crystallized LLDPE and nano-ZnO promote the crystallization of POE, leading
to a finer grain size.

Effect of nano-ZnO and processing technology on microstructure of composites

Figure 2(a, b) shows the linear SAXS profiles for POE, LLDPE, and ZnO com-
posites at room temperature. A scattering peak is observed around ¢=0.3 nm™!
or 0.4 nm™!, respectively, corresponding to the long period for polyolefin lamellar
stacks. The less ordered scattering from the nano-ZnO composites of pure polymers
can be attributed to the impact of the scattering signal of the inorganic nano-ZnO
particles at low g. The averaged interlamellar distance (long period) of the materi-
als can be obtained from the Lorentz-corrected SAXS scattering profiles, as dem-
onstrated in Fig. 2b. It can be observed that the scattering peak for ZnO/POE and
ZnO/LLDPE is located at a smaller q value than that of the corresponding pure
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Fig.2 Linear (a, ¢) and Lorentz-corrected (b, d) SAXS profiles of pure polymers, blend and correspond-
ing nano-ZnO composites

Table 4 The results of long

period (L), lamellar size (Lc) Sample L@m) Le(m) La(nm)

and amorphous region size (La) POE 11.95 5.65 6.30
ZnO/POE (0.2%) 12.62 5.92 6.70
LLDPE 16.13 6.85 9.28
ZnO/LLDPE (0.2%) 16.28 6.91 9.37
POE/LLDPE 14.60 6.68 7.92
POE/(ZnO/LLDPE) (0.2%) 14.93 6.87 8.06
(ZnO/POE)/(ZnO/LLDPE) (0.2%) 15.43 6.86 9.57

polymer, which indicates a larger average long period for the nano-ZnO composites
of pure polymers. In Table 4, it can be observed that the addition of nano-ZnO leads
to a greater change in the amorphous thickness of both POE and LLDPE. This can
be attributed to the distribution of 15 nm nano-ZnO particles, which typically fall
within the range of 6-28 nm [36]. Some of these smaller particles are able to enter
the amorphous regions, thereby increasing the amorphous region size (La). After
the addition of ZnO, the lamellar size (Lc) of POE significantly increased, while the
lamellar size (Lc) of LLDPE did not show a significant increase, which is consistent
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with the crystal size changes observed in DSC analysis. Higher scattering intensity
is also observed for ZnO/POE and ZnO/LLDPE (Fig. 2b), likely due to the greater
density difference between neighboring polyolefin crystal lamella and amorphous
lamellae, caused by increased density in the amorphous region with the addition of
nano-ZnO.

SAXS studies were conducted for POE/LLDPE blends and the corresponding
nano-ZnO blend composites, and the results are shown in Fig. 2c. The SAXS scat-
tering peak of the POE/LLDPE blend is located between the peaks of pure POE and
pure LLDPE, contributed by both components. The evaluated long period for POE/
LLDPE, as listed in Table 4, is 14.6 nm. Due to the similarity in repeating units
between LLDPE and POE, their molecular interactions are identical. However, due
to differences in molecular structure, the LLDPE/POE blend system exhibits partial
compatibility. Assuming a model for partially compatible two-phase polymers, the
dispersed phase is distributed at various scales within the continuous phase, while
a compatible region, known as the interface layer, forms at the boundary between
the dispersed phase and the continuous phase. The thickness of this interface layer
in both phases can be determined using the Porod law, which relies on SAXS test
results [36]. In an ideal system with well-defined phase boundaries, i.e., an incom-
patible polymer blend, there is no affinity at the interface. Hence, at the tail end of
the scattering curve at large scattering angles, the intensity follows the following
formula:

. 4 _
SILI?OS I(S) =k 9)

Here S=4nsind/A, where A is the wavelength, and 6 is half of the scattering angle.
k is the Porod constant, an important parameter related to structure, and I(S) is the
scattering intensity function corrected by slit collimation. If the interface between
the two phases in the system is not well-defined, i.e., the interface is blurred, or there
exists an interfacial layer, then the Porod law can be corrected as follows:

ey — _ 2@
lim §*1(8) = kexp (—0>5%) (10)

where o is the thickness of the interfacial layer between the two phases. Figure 3 rep-
resents the In(S*1(S))-S? curve for both the blend and the corresponding composite
material with ZnO. At larger values of S, a straight line with a certain slope should
be obtained. The slope of the line can be used to determine the value of o, repre-
senting the thickness of the interfacial layer. After performing calculations, it was
determined that the minimum value of ¢ for POE/LLDPE is 2.02. The values of o
for POE/(ZnO/LLDPE) (0.2%) and (ZnO/POE)/(ZnO/LLDPE) (0.2%) are 2.09 and
2.16, respectively. The thicker interfacial layer in (ZnO/POE)/(ZnO/LLDPE) (0.2%)
suggests a more uniform interface region, resulting in reduced scattering caused by
sharp interfaces. To eliminate the influence of nano-ZnO at low g, the curve after
Lorentz transformation is presented in Fig. 2d. Interestingly, even though having the
same ZnO content (0.2%), the increased intensity of the scattering peak and broad-
ening of the peak shape of the g-ig* curve for (ZnO/POE)/(ZnO/LLDPE) (0.2%)
compared to POE/(ZnO/LLDPE) (0.2%) indicates that the crystal arrangement of
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Fig. 3 Plot of In(S*#I) vs. S for blend and corresponding nano-ZnO composites

(ZnO/POE)/(ZnO/LLDPE) (0.2%) is more disordered due to the good compatibility
of the two-phase blending process. In addition, the increase in the size of the amor-
phous region (La) listed in Table 4 indicates that nano-ZnO has a greater impact
on the amorphous region. Therefore, the compatibility of nano-ZnO-based POE/
LLDPE composites processed by the two-phase blending process is significantly
enhanced despite having the same content of ZnO. These findings underscore the
ability of nano-ZnO to enhance the compatibility between POE and LLDPE under
two-phase blending processes.

Effect of nano-ZnO and processing technology on the morphology of composite
spherulites

For regular spherulites, the characteristic pattern of a "four-leaf clover" can be
obtained in the Hv mode of laser scattering. As shown in Fig. 4, all samples form
a "four-leaf clover" pattern, indicating that these materials form spherulites with
different sizes and regularity. The size of the spherulites can be calculated using
Eq. (6). In Fig. 3, the maximum spherulite size of pure POE is 8.93 pm, and the
spherulite sizes of LLDPE and POE/LLDPE are 2.99 pm and 3.63 pm, respectively.
Compared to the sample without nano-ZnO, the nano-ZnO composite has a larger
spherulite pattern and more blurred edges, indicating that the spherulite regularity of
the formed composite is worse. The spherulite size (2.10 pm) of (ZnO/POE)/(ZnO/
LLDPE) (0.2%) is smaller than that of POE/LLDPE and POE/(ZnO/LDPE) (0.2%),
which may be due to better interface compatibility between POE and LLDPE, result-
ing in restrained growth of the spherulites in (ZnO/POE)/(ZnO/LLDPE) (0.2%).
These results highlight how nano-ZnO can enhance the compatibility between POE
and LLDPE under two-phase blending processes.
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Fig.4 Spherulite morphologies of a POE, b ZnO/POE, ¢ LLDPE, d ZnO/LLDPE, e POE/LLDPE, f
POE/(ZnO/LLDPE) (0.2%), g (ZnO/POE)/(ZnO/LLDPE) (0.2%)

Effect of nano-ZnO and processing technology on antibacterial activity
of composite materials

The antibacterial activity of the nano-ZnO composite film against E. coli was
evaluated by testing the film surface with the antibacterial activity test. Accord-
ing to GB21551.2-2010, an antibacterial rate of >90% indicates a significant
antibacterial effect. As shown in Table 5, at a concentration of 0.2% nano-ZnO,
the antibacterial rate of ZnO/POE and ZnO/LLDPE was 99.9% with an R-value
of 6.9. Here, the R-value represents the antibacterial effectiveness with multiple
"9"s. If the R-values of two materials differ by 2, in reality, the difference in the
quantity and capability of eradicating E. coli is of the magnitude of 10> There-
fore, both composite materials have achieved a high level of antibacterial activity.
Previous researchers added 0.8% ZnO (50 nm) to prepare ZnO/LLDPE compos-
ite films with similar size of ZnO on the film surface and obtained 91.7% anti-
bacterial activity [12]. In the experiment described in reference [12], researchers

Table 5 Antibacterial rate and

Sample Antibacterial rate R
the R of nano-ZnO blends ;
(%)
ZnO/POE (0.2%) 99.9 6.9
ZnO/LLDPE (0.2%) 99.9 6.9
POE/(ZnO/LLDPE) (0.2%) 99.0 2.0
(ZnO/POE)/(ZnO/LLDPE) (0.2%) 99.9 6.9
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utilized larger-sized ZnO particles with a diameter of approximately 50 nm, and
there were about 220 ZnO particles per gram of ZnO/LLDPE resin. In our experi-
ment, we used ZnO particles with a smaller size of approximately 15 nm, and
there were around 2000 of these particles per gram of ZnO/LLDPE resin. Adding
smaller-sized nano-ZnO particles results in a higher number of particles being
dispersed within the antibacterial film. This facilitates a more uniform distribu-
tion of ZnO within the base material, thereby enhancing the antibacterial activ-
ity of the ZnO composite material. The antibacterial activity results of POE/
LLDPE nano-ZnO composites prepared using different processes are presented in
Table 5. It was found that the antibacterial activity of (ZnO/POE)/(ZnO/LLDPE)
(0.2%) was 99.9%, with an R-value of 6.9, which is significantly higher than that
of POE/(ZnO/LLDPE) (0.2%) (nearly 10° times higher). In the case of POE/
(ZnO/LLDPE) (0.2%) prepared through a single-phase blending process, most of
the nano-ZnO particles are present in the LLDPE phase and then migrate to the
POE phase. Due to the immiscibility between LLDPE and POE, the migration
of nano-ZnO is influenced by the compatibility between the two phases, result-
ing in a low content of nano-ZnO in the POE phase (Fig. 5). In the antibacterial
activity test on the surface of composite films, the dimensions of the film samples
were 55 cm”. To achieve excellent antibacterial performance, it is necessary to
ensure a uniform distribution of a sufficient quantity of nano-ZnO particles across
the entire surface of the film. This uneven distribution of nano-ZnO on the sur-
face of the POE/(ZnO/LLDPE) (0.2%) film significantly reduces its antibacterial
ability compared to the ZnO/LLDPE composite. On the other hand, (ZnO/POE)/
(ZnO/LLDPE) (0.2%) achieves an improved uniform distribution of nano-ZnO
particles by employing a two-phase blending approach, thereby obtaining the
same high level of antibacterial activity as ZnO/LLDPE (Fig. 4). In fact, in actual
industrial production, the two-phase blending process is highly effective in reduc-
ing the use of antibacterial agents and achieving even better antibacterial activity.

. O : (JLLDPE phase | e AT,
¢ . ‘\__'_x\' ¢ ( Y ,:
(O :POE phase . . 3 F .

. o . e e :nano ZnO ° ° o
< If;—~‘\\ . Y |:.
. . § \ 9
™ L4 N ¢ . °

b o
(D o/ A =,
POE/(ZnO/LLDPE) (ZnO/POE)/(ZnO/LLDPE)

Fig.5 Phase region images of POE/(ZnO/LLDPE) (0.2%) and (ZnO/POE)/(ZnO/LLDPE) (0.2%)
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Effect of nano-ZnO0 and processing technology on optical properties
of composites

The internal haze of the film is a thickness-normalized value, and the measurement
of the surface haze is not affected by the film thickness. Table 6 shows that the haze
of POE is 0.87% lower, while that of LLDPE is 16.56% higher, which is due to the
difference in crystallinity (Table 3). The light transmittance of POE is 92.3%, which
is higher than that of LLDPE at 90.4%. This is due to the introduction of long branch
chains in the main chain of POE to improve material transparency. Compared with
pure material, the light transmittance of the nano-ZnO composite is reduced. This
is because the addition of nano-ZnO particles with a higher refractive index causes
greater scattering loss and lowers light transmission of the film. The increase in
internal haze of ZnO/POE and ZnO/LLDPE is due to the increase in internal defects
of the film caused by nano-ZnO. Similarly, the internal haze of POE/(ZnO/LLDPE)
(0.2%) increases and the transmittance decreases compared to POE/LLDPE due
to the addition of nano-ZnO. The difference is that the haze of (ZnO/POE)/(ZnO/
LLDPE) (0.2%) is lower than that of POE/(ZnO/LLDPE) (0.2%), which may be due
to the good compatibility between POE and LLDPE. Although the haze of (ZnO/
POE)/(ZnO/LLDPE) (0.2%) is also higher than that of POE/LLDPE, the addition
of nano-ZnO through two-phase blending helps improve compatibility, reduce haze,
and increase light transmittance compared to single-phase blending.

Effect of nano-ZnO and processing technology on tear properties of composites

The tear strength of the sample films is presented in Table 7. The tear strength of the
pure sample nano-ZnO composite films is weaker compared to the pure polymer, as
shown in Table 7. This decrease in tear strength is attributed to the poor interface
bonding between the nano-ZnO and the matrix. Similarly, the tear strength of POE/
(ZnO/LLDPE) (0.2%) is lower than that of POE/LLDPE due to the uneven disper-
sion of nano-ZnO in the matrix. However, it is noteworthy that the tear strength of
(ZnO/POE)/(ZnO/LLDPE) (0.2%) is better than that of POE/LLDPE (158.78 N/mm
vs. 148.48 N/mm) due to the good compatibility of POE and LLDPE in (ZnO/POE)/
(ZnO/LLDPE) (0.2%) and the uniform dispersion of nano-ZnO in the matrix. This
further indicates that when using a two-phase blending process, nano-ZnO can act

Table 6 Haze and transmittance
of pure materials, blends and
corresponding nano-ZnO

Sample Normalized Transmit-
internal haze (%) tance (%)

composites POE 0.87 923
ZnO/POE (0.2%) 1.37 91.5
LLDPE 16.56 90.4
ZnO/LLDPE (0.2%) 23.46 89.9
POE/LLDPE 12.94 90.6
POE/(ZnO/LLDPE) (0.2%) 16.08 90.3
(ZnO/POE)/(ZnO/LLDPE) (02%)  14.83 90.4
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Table 7 Tear strength of pure

. ' Sample Tear
materials and corrgspondlng strength (N/
nano-ZnO composites mm)

POE 104.68
ZnO/POE 96.12
LLDPE 209.73
ZnO/LLDPE 166.06
POE/LLDPE 148.48
POE/(ZnO/LLDPE) 146.64
(ZnO/POE)/(ZnO/LLDPE) 158.78

as a compatibilizer of POE and LLDPE, thereby improving the tear strength of anti-
bacterial materials.

Conclusions

This study investigated the effects of nano-ZnO and its processing technology on the
phase behavior, crystal structure and properties of antibacterial composite materi-
als. In this article, antibacterial films of ZnO/POE and ZnO/LLDPE were prepared
with a low concentration of nano-ZnO (0.2%) and exhibited high antibacterial activ-
ity (99.9%, R=6.9). Nano-ZnO induces crystallization of pure materials, increasing
crystallinity and long period. The spherulite size of the nano-ZnO-based pure mate-
rials significantly decreased. However, the light transmittance and tear strength of
pure materials were reduced by the influence of nano-ZnO.

Through further investigation of the thermal behavior, lamellar structure, and
spherulite size of nano-ZnO-based POE/LLDPE antibacterial composites prepared
by different processes (two-phase mixing and single-phase blending), it was found
that the melting and crystallization peaks of LLDPE decreased significantly, while
those of POE increased. The lamellar stacking of (ZnO/POE)/(ZnO/LLDPE) (0.2%)
was more disordered, and the spherulite size was smaller compared to POE/(ZnO/
LLDPE) (0.2%). At the same time, the antibacterial ability of ZnO/POE/(ZnO/
LLDPE) (0.2%) (99.9%, R=6.9) was significantly superior to POE/(ZnO/LLDPE)
(0.2%) (99.0%, R=2.0). Nano-ZnO-based POE/LLDPE blends produced by the
two-phase blending process showed better light transmittance and tear strength than
those produced by the single-phase blending process. Therefore, a new hypothesis
was proposed that nano-ZnO can improve the compatibility of POE and LLDPE
through a two-phase blending process. This provides a new way to develop antibac-
terial blends with excellent comprehensive properties.
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