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The utilization of metal nanoparticles for antibacterial thermoplastic composites has the potential to
enhance the safety of human and animal life by mitigating the spread and transmission of foodborne
pathogenic bacteria. The dispersion, antioxidant and antimicrobial activities of metal nanoparticles directly
affect the application performance of the composites. This study focused on achieving amine-carboxyl
co-modified copper nanoparticles (Cu-AC) with excellent antioxidant properties and monodispersity
through in situ grafting of amine and carboxyl groups onto the surface of copper nanoparticles via ligand
interaction. Polyacrylic acid's extended carbon chain structure was utilized to improve its dispersion and
antioxidant properties, and its antibacterial properties were synergistically enhanced using secondary
amines. It was found that Cu-AC possesses high antibacterial properties, with a minimum inhibition con-
centration of 0.156 mg mL™. Antibacterial masterbatches and their composites (polypropylene/Cu) man-
ufactured by melt blending of polypropylene and Cu-AC exhibited excellent antibacterial rates of up to
90% and 99% at 300 ppm and 700 ppm Cu-AC, respectively. Additionally, Cu-AC bolstered the thermal
degradation, processing and mechanical properties of polypropylene. The successful implementation of
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1. Introduction

According to published studies by the WHO, there are over
600 million foodborne illnesses and 420000 related deaths
globally each year."” Foodborne bacterial pathogens are the
most common cause of foodborne illness or foodborne
disease worldwide.®> The common strains, such as Escherichia
coli (E. coli), mould, Staphylococcus aureus (S. aureus), and
Salmonella, are present throughout food production, proces-
sing and storage as well as the living environment.””
Antibiotics have traditionally been used to combat these bac-
teria, but their overuse has led to antibiotic resistance, posing
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a serious threat to the health of humans and animals.® In
order to reduce the use of antibiotics and combat pathogenic
bacteria, broad-spectrum antibacterial agents and antibacterial
thermoplastic composites can be used to prevent their repro-
duction and spread.””® These composites are cost-effective and
light weight, and their development and application will sig-
nificantly improve the safety of human and animal life.

Silver and copper nanoparticles, due to their small size,
high surface activity and broad-spectrum antibacterial pro-
perties, are widely used as antibacterial agents in coatings,
plastics and other materials to protect them from microbial
attack.’®™” Among them, copper nanoparticles are not only in-
expensive and less biotoxic, but also have better antibacterial
properties than silver nanoparticles."®* In addition, copper
plays an important role in human metabolism as one of the
important trace elements and an essential cofactor of metallo-
proteins.** Copper nanoparticle-based antimicrobial agents
are expected to replace Ag nanoparticle-based antibacterial
agents and expand the scope of composite applications. The
disadvantage of copper nanoparticles is that their high activity
makes them prone to agglomeration and oxidation, which
greatly limits their application.>>*® Therefore, surface modifi-
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cation of copper nanoparticles via grafting organic molecules
is an effective way to improve their application
performance.”’>° This technique can establish a spatial site
barrier, effectively curbing agglomeration, mitigating oxidation
and concurrently restricting particle size. Currently, various
types of surface-capping agents including polymers, acids,
amines, bromides, ligands, thiols and silicates are commonly
used for the modification of copper nanoparticles.*
Specifically, grafting polymer modifiers with long carbon
chain structures, akin to those present in polymer resin
materials, onto the surface of copper nanoparticles proves
advantageous for enhancing their dispersion in polymer
resins. Moreover, the antimicrobial efficacy of antibacterial
nanoparticles and polymers is influenced by the structure of
different amine groups.*'">* Notably, homopolymers with sec-
ondary amine groups demonstrate optimal performance in
this regard.?* It is reasonable to speculate that imparting long
carbon chains and secondary amine group structures to
copper nanoparticles will confer better antimicrobial
properties.

Antimicrobial agents have the capacity to modify polymers,
resulting in the formation of antibacterial composites. This
enables the incorporation of pathogen-inhibiting properties
into various environmental components, thereby significantly
improving the safety of human and animal life. Polymer melt
blending represents a widely adopted approach for polymer
modification, offering ease of processing and unlimited oppor-
tunities to produce materials with versatile properties.*®
Through melt blending with copper nanoparticles, antibacter-
ial thermoplastic composites can be synthesized. However, the
limitations of physical blending can give rise to aggregation
during the mixing process, thereby affecting the resulting
application properties.*® To address this challenge, secondary
blending and dilution of high concentration copper master-
batches can be employed to effectively ameliorate the agglom-
eration phenomenon associated with copper nanoparticles,
ensuring their superior application performance.®”

In order to achieve precise control over the particle size and
uniformity of copper nanoparticles, this study employs a dual
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functionalization technique involving secondary amines and
polycarboxylic acids as modifiers to concurrently modify
amine and carboxyl groups. By leveraging the vacant orbitals
and facile ligand coordination of copper, this approach capita-
lizes on the synergistic antimicrobial effect resulting from the
incorporation of secondary amine groups. Furthermore, the
inclusion of a long carbon chain structure within polyacrylic
acid serves to enhance the binding affinity between the resin
molecular chains and copper nanoparticles, thereby improving
the dispersion of copper nanoparticles in the resin matrix.
Also, composites are generally prepared by melt blending and
dilution of high concentration copper masterbatches to ensure
better dispersion of copper nanoparticles in the polymer.
Given the significant growth of polypropylene (PP) as one of
the primary synthetic resins, this paper specifically focuses on
probing the influence of copper nanoparticles on the structure
and properties of antibacterial thermoplastic composites
using polypropylene as a representative resin. The prepared
antibacterial PP sheets exhibit remarkable efficacy against bac-
teria at low concentrations of copper nanoparticle additives
and have demonstrated their successful application in the pig
breeding industry.

2. Experimental
2.1 Materials

Copper hydroxide (Cu(OH),) was purchased from Hubei
Jusheng Technology Co., Ltd; hydrazine hydrate (N,H,-H,0)
was purchased from Xi’an Quanyu Chemical Raw Materials
Co., Ltd; alcohol (EtOH) was obtained from Mengzhou Jinsen
Chemical Products Sales Co., Ltd; 32* paraffin oil was pur-
chased from Zibo Xinjiu Rubber Additives Co., Ltd; polyacrylic
acid (PAA, AR) was obtained from Tianjin Kemio Chemical
Reagent Co., Ltd; and diethylamine (DEA, AR) was purchased
from Tianjin Damao Chemical Reagent Factory. Unless expli-
citly stated, all reagents were of industrial grade and utilized
without prior purification.

The polymer resins used in this study were polypropylene
(PP, K8003) and polyethylene (PE, DMDA-8008) obtained from
Kunlun Dushanzi Petrochemical Company. The acrylonitrile
butadiene styrene copolymer (ABS, PA-757) was obtained from
Qimei Industrial Co., Ltd and nylon 66 (PA66, EPR27) was
obtained from Pingdingshan Shenma Engineering Plastics
Co., Ltd.

2.2 Preparation of copper nanoparticles and antibacterial
composites

This study presents an innovative liquid-phase one-step
method for the preparation of copper nanoparticles with
exceptional antioxidation, dispersion and antibacterial pro-
perties. The resulting copper nanoparticles as polymeric anti-
bacterial fillers were utilized to form antibacterial master-
batches, films and sheets.

2.2.1 Preparation of copper nanoparticles. In order to
avoid the introduction of acid ions containing heteroatoms
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during the synthesis of copper nanoparticles, this study
employed copper hydroxide as a precursor. Copper hydroxide
(0.4 mol), PAA, DEA and 40 g of ethanol were added to a
500 mL three-necked flask, supplemented with 320 mL of pure
water and stirred well to form a suspension with a copper
content of 8%-10%. The suspension was heated to 80 °C and
maintained at a constant temperature for 30 min, and hydra-
zine hydrate (15 g, 0.24 mol) was then added to the flask to
react for 2 h to form a dispersion of amine-carboxyl co-modi-
fied copper nanoparticles (Cu-AC).

2.2.2 Production of the polymer/Cu masterbatch. The
polymer/Cu masterbatch was prepared by distilling the Cu-AC
dispersion, replacing the solvent with paraffin oil, and melt
blending the Cu-AC/paraffin oil with a resin. The paraffin oil
wrapped around the surface of Cu-AC also serves to impede
oxygen-induced degradation. The Cu-AC dispersion was mixed
with 25 g of paraffin oil and stirred at 80 °C for 30 min. The
mixture was then subjected to distillation under reduced
pressure to remove the aqueous ethanol solution, forming a
copper nano-oil dispersion (Cu-AC oil). The polymer resin was
blended with Cu-AC oil in a mass ratio of 8: 2 and then passed
through a twin-screw extruder to form the copper antibacterial
masterbatch. A total of 12 heating zones of the screw were
selected for co-mixing, with the heating temperature of the
polypropylene composite ranging from 150 °C (inlet) to 190 °C
(outlet) at a screw speed of 50 rpm. The whole melt blending
process was carried out under ambient conditions and no
inert gas was used to prevent the oxidation of copper. In this
study, the PP/Cu masterbatch was used as a representative
blend. In addition, PE/Cu, ABS/Cu and PA/Cu masterbatches
were also developed according to their characteristics.

2.2.3 Antibacterial polymeric materials. Due to the simi-
larity of plastic processing, this paper uses PP as a typical
matrix. The solid contents of Cu-AC in the antibacterial films
and sheets after dilution at different concentrations are
100 ppm, 300 ppm, 500 ppm, 700 ppm, 900 ppm, and
1200 ppm, and each material is denoted as PP/Cu-XXX ppm.

Antibacterial films: PP/Cu masterbatches were added to PP
resin at 0.1%, 0.3%, 0.5%, and 0.7% and film blown into anti-
bacterial films with different concentrations of copper. Blown
film conditions: melt temperature 175 °C and film thickness
20 pm.

Antibacterial sheets: PP/Cu masterbatches were added to PP
resin at 0.1%, 0.3%, 0.5%, 0.7%, 0.9%, and 1.2%, respectively,
and compression molded into sheets. Molding conditions:
molding temperature 190 °C, pressure 20 MPa, closing time
6 min, and mold thickness 1 mm.

2.3 Structural characterization

The Cu-AC dispersion was centrifuged and washed three times
with ethanol, and then dried at 50 °C for 24 h. After that, it
was ground into powder and finally subjected to a series of
structural characterization analyses. The morphology, particle
size and dispersion state of copper nanoparticles were
observed using a transmission electron microscope (TEM;
JEM-2100 plus, JEOL). The brittle fracture surface morphology
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of the polymer was studied using a scanning electron micro-
scope (SEM; TESCAN VEGA3) at an accelerating voltage of 5
kv. The crystal structures of copper nanoparticles and copper-
loaded polymers were analyzed using X-ray diffraction (XRD;
DX-2700, Dandong Haoyuan Instrument, China; Cu Ko radi-
ation, 4 = 0.15418 nm; voltage: 40 kV, current: 40 mA) in the 26
range of 10°-80°. Cu valence analyses were conducted using
an X-ray photoelectron spectrometer (XPS, Thermo escalab
250XI). Relevant parameters: monochromatic Al Ka (hv =
1486.6 eV), power 150 W, 650 pm beam spot, voltage 14.8 kV,
and current 1.6 A, and charge correction was performed using
C 1s = 284.8 eV. The chemical characteristics of the copper
nanoparticles were analyzed by Fourier transform infrared
spectroscopy (ATR-FTIR; Nicolet 170sx, Thermo Fisher
Scientific). The thermal performances of the copper nano-
particles, copper antibacterial masterbatch and polymer com-
posites were measured by thermogravimetric analysis (TGA;
TG209, NETZSCH) in flowing nitrogen (10 °C min~"'). The
surface morphology of the composite sections sputtered with
Au was characterized using a scanning electron microscope
(SEM; Gemini SEM 500, Carl Zeiss). The thermograms of the
composites were recorded by differential scanning calorimetry
(DSC; DSC3, METTLER TOLEDO) ranging from 30 to 200 °C to
examine the crystallization and melting behavior of the
composites.

2.4 Processing and mechanical properties of the PP/Cu
composite

2.4.1 Rheological properties. The shear rheological behav-
ior of polypropylene melts was tested using a rotational rhe-
ometer (Anton Paar MCR 302e) with a round table heated par-
allel plate configuration. The parallel plate rotor has a dia-
meter of 25 mm, a release spacing of 3 mm and a test spacing
of 1 mm. The following test modes were employed: (1) strain
scan mode: scan mode 0.1-100% and frequency 1 rad s™; (2)
temperature scan: heating rate and cooling rate 2 °C min™,
scan range 150-190 °C, shear strain 0.1-1%, and frequency 10
rad s™'; and (3) frequency scan: scanning range 0.01-500 rad
s~ and shear strain 1%.

2.4.2 Tensile test. The mechanical properties of PP/Cu
antibacterial sheets were evaluated according to the GB/T1040-
92 standard test method for plastic tensile properties using a
universal testing machine (GOTECH TCS-2000; GOTECH
testing Machines Incorporation, Taiwan, China). The test was
conducted at a temperature of 25 °C and a tensile rate of
10 mm min~". To ensure the accuracy and reliability of the
test, five samples were tested in parallel.

2.5 Verification of antibacterial ability

In order to study the antibacterial effect of Cu-AC, in this
paper, E. coli (ATCC 25922) was used as a representative of bac-
teria. The antibacterial ability of Cu-AC was determined using
the minimum inhibitory concentration (MIC) and the
minimum bactericidal concentration (MBC) (shown in the
ESI}) and the antimicrobial effects of the prepared PP/Cu mas-
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terbatches, sheets and films were tested according to the
guidelines provided in GB/T21510-2008 and GB/T31402-2015.

2.5.1 Oscillation method for testing the polymer/Cu mas-
terbatch. To perform the test, a conical flask filled with 1 g of
antibacterial masterbatch, 95 mL of liquid medium and 5 mL
of 10° CFU mL™" of bacterial suspension was incubated at
37 °C while shaking for 20 h. Then, an appropriate amount of
the mixture was dispersed on agar medium and incubated at
37 °C and 56% relative humidity (RH) for 24 hours to count
the viable bacteria and calculate the antibacterial rate. To
ensure good reproducibility and stability, three samples were
tested in parallel.

2.5.2 Lamination method for testing PP/Cu sheets and
films. Square samples of size 5 x 5 cm” were prepared using
surrogate films and sheets, followed by UV sterilization for
30 min. Subsequently, 0.4 mL of bacterial suspension (10°
CFU mL™") was added dropwise to the surface of the speci-
men, covered with a 4 x 4 cm?® polyethylene film, and incu-
bated at 37 °C and 90% RH. After 18 h of contact incubation,
20 mL of PBS solution was added, and the bacterial solution
was eluted repeatedly. An appropriate amount of bacterial sus-
pension was dispersed on agar medium and incubated at
37 °C and 56% RH for 24 h to count the viable bacteria and
calculate the antibacterial rate. To ensure reproducibility and
stability, three extracts of each sample were tested in parallel.

The antibacterial rate R was calculated according to eqn (1),
where R represents the antibacterial rate (%), A represents the
average number of recovered colonies (CFU mL™") of the
control sample coming into contact with the test bacteria after
a certain time, B represents the average number of recovered
colonies (CFU mL™") of the test sample coming into contact
with the test bacteria after a certain time:

R=(A—B)/A x 100% (1)

3. Results and discussion
3.1 Fabrication of Cu-AC and antibacterial composites

Fig. 1 schematically illustrates the primary fabrication process
of copper nanoparticles (Cu-AC) and their antibacterial compo-
sites (PP/Cu), as well as the application of the polymeric anti-
bacterial composite and its antibacterial mechanism. The
in situ synthesis of copper nanoparticles shown in Fig. 1a con-
sists of three typical processes: (1) carboxyl and amine groups
dissolve part of Cu(OH), and form a water-soluble complex. (2)
The water-soluble complex is preferentially reduced to form a
copper nucleus, and the excess ligand is dislodged from the
surface of the nucleus to participate in the dissolution of Cu
(OH), once again. (3) Accompanied by this dynamic process,
copper nanoparticles with a specific size were synthesized. The
dual functionalization technique endows copper nanoparticles
with excellent properties. The elongated carbon chain struc-
ture of PAA creates steric hindrance, which improves their
compatibility with the polymer matrix. The presence of DEA in
conjunction with copper nanoparticles synergistically contrib-
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utes to their antibacterial activity. Fig. 1b shows the prepa-
ration process of the PP/Cu masterbatch and PP/Cu compo-
sites. PP/Cu composites were formed by melt mixing PP/Cu
masterbatches with PP resin particles, followed by com-
pression molding or film blowing. This process can signifi-
cantly improve the dispersion of copper nanoparticles within
the polymer matrix. The molecular chains of the surface-modi-
fied layer of Cu-AC are entangled with the molecular chains of
the polymer to form a uniformly distributed PP/Cu composite.
Fig. 1c sketches out the potential antibacterial mechanism of
Cu-AC, which encompasses multiple modes of action:**™*° (1)
the interaction between copper and bacterial membranes,
either through physical or chemical means, leads to the
destruction of these membranes; (2) copper nanoparticles
generate reactive oxygen species (ROS) via Fenton-like reac-
tions, which result in enzymatic and non-enzymatic mediated
oxidative damage, including lipid peroxidation, protein oxi-
dation and DNA damage; and (3) copper ions are released
from the nanoparticles to disrupt bacterial membranes and
penetrate them, inducing oxidative stress responses.

3.2 Structural characterization

3.2.1 Characteristics of Cu-AC. A series of copper nano-
particles with different particle sizes were synthesized by
adjusting the content and ratio of amine and carboxyl modi-
fiers. After dual functionalization, copper nanoparticles exhibi-
ted good dispersion without agglomeration and the average
particle sizes of copper nanoparticles were 30 nm, 50 nm,
80 nm and 150 nm, respectively, as confirmed by TEM photo-
graphs (Fig. 2a-d). The XRD plots (Fig. 2e) reveal the character-
istic diffraction peaks of Cu located at 43°, 50°, and 74°
without any signs of oxidation, which corresponds to the
crystal planes of Cu (111), (200) and (220), respectively.
Meanwhile, the XRD plots (Fig. S1af) of Cu-AC, stored only in
self-sealing bags under ambient conditions for a duration of
more than 6 months, still maintained the metallic Cu(0)
without any evidence of oxidation. The Cu LMM spectrum
(Fig. S1bt) had only one obvious peak of Cu(0) species at 568.2
eV, which confirmed that Cu-AC predominantly existed in the
form of metallic Cu(0).*"** This result indicates that it has
good antioxidant properties. The infrared spectra (Fig. 2f)
exhibit distinct absorption peaks corresponding to the amine,
carboxyl and alkyl groups in the as-prepared Cu-AC samples.
Notable peaks include the telescopic vibration peak of O-H at
3450 cm™', the telescopic vibration peaks of alkyl groups at
2941 em ™, 2889 em ™' and 2827 cm™’, the telescopic vibration
peak of C=0 at 1631 cm ™", the bending vibration peak of O-H
at 1542 cm ', the bending vibration peak of N-H at
1450 cm™', and the C-N stretching vibration peak at
1091 em™'. These observations provide clear evidence of the
successful grafting of amine and carboxyl groups onto the
surface of copper nanoparticles. A comparison of the positions
of the corresponding characteristic peaks associated with the
C=O0 stretching vibration peak and the O-H bending vibration
peak in PAA reveals that the characteristic peak of Cu-AC
shifted to lower wavenumbers. This shift can be attributed to
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Fig. 1 Schematic illustrations of (a) the synthesis of surface-modified Cu nanoparticles and (b) melt blending for antibacterial masterbatches and
their processing into composite films and sheets. (c) Schematic illustrations of the application of the polymeric antibacterial composite and its anti-

bacterial mechanism.

the formation of a =} conjugated bond (-COO™) in PAA co-
ordinated with copper nanoparticles, which is affected by the
combined effects of induction (-I) and conjugation (+C).
Consequently, a reduction in the wavenumber of absorption
results for the functional group.

TG plots (Fig. 2g) show two weight loss plateaus in the
weight loss curves, corresponding to the decomposition of
amine groups (at 95 °C) and carboxyl groups (at 260 °C), which
further indicates the successful grafting of amine and carboxyl
groups onto the surface of copper nanoparticles. It was also
observed that as the particle size decreased, the total weight
loss of the samples increased. This observation suggests that
the decrease in particle size is accompanied by an augmenta-
tion of the modifier content. The presence of the modifier

1324 | Nanoscale, 2024, 16,1320-1330

imparts spatial hindrance to the copper nanoparticles, thereby
restraining particle growth and retarding the oxidation
process.

3.2.2 Characteristics of Cu-AC in polymer resins. The dis-
persion of copper nanoparticles in the polymer matrix plays a
crucial role in determining the processing and application pro-
perties of the thermoplastic composites. It is difficult to detect
trace amounts of Cu-AC in the antibacterial composites during
characterization. Therefore, the PP/Cu masterbatch was used
to analyze the dispersion of Cu-AC in the resin matrix and its
effect on the stability of resin materials. Cu-AC particles of size
80 nm were chosen as antimicrobial filler because they exhibi-
ted better antibacterial performance compared with Cu-AC of
other particle sizes (Fig. S1c-f{). The results in Fig. S21 show

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a—d) TEM photographs of copper nanoparticles; (e) X-ray diffraction patterns of copper nanoparticles; (f) FT-IR spectra of copper nano-
particles; (g) thermal weight loss curves of copper nanoparticles; (h) XRD patterns of PP and the PP/Cu masterbatch; (i) thermal loss characteristics
of PP and the PP/Cu masterbatch; (j) DSC cooling and melting thermograms of PP and the PP/Cu masterbatch.

that Cu-AC in the brittle part of the composite exhibits good
dispersion without aggregation even when added at high con-
centration (10 wt%). The oxidation resistance of copper nano-
particles at high temperature can significantly affect the appli-
cation performance of the material. Therefore, XRD testing
was conducted to determine whether the oxidation of Cu-AC
occurred during high temperature melt blending and com-
pression molding. As shown in Fig. 2h, Cu-AC did not exhibit
the characteristic diffraction peaks of CuO and Cu,O during
the high temperature processing, but the characteristic diffrac-
tion peaks of Cu are still maintained, which indicates that it
has excellent antioxidant properties.

To evaluate the effect of Cu-AC on the thermal degradation
behavior of the PP matrix, we summarized and analyzed the
temperature of characteristic inflection points during thermal
degradation of the samples, presenting the findings shown in
Fig. 2i. The weight loss curve of pure PP shows a single
thermal decomposition phase, in contrast to the PP/Cu curve

This journal is © The Royal Society of Chemistry 2024

which shows two distinct stages of weight loss. The results
suggest that the first stage of weight loss in PP/Cu is mainly
attributed to the decomposition of paraffin oil, while the
second stage is attributed to the degradation of PP. By compar-
ing the second stage of weight loss of PP/Cu with that of pure
PP, it was found that all three characteristic temperatures
showed a shift toward higher values, accompanied by a decel-
eration in the thermal degradation rate. This indicates that the
addition of copper nanoparticles improved the thermal degra-
dation stability of PP. Furthermore, in combination with the
decomposition trend of the modification layer of Cu-AC
(Fig. 2g), the melt blending temperature of the PP/Cu compo-
site (190 °C max.) is lower than the decomposition tempera-
ture of the modification layer on the surface of Cu-AC, which
suggests that the entanglement of the modification layer with
the molecular chains of PP still exists during the blending
process. This improvement can be ascribed to two primary
factors: (i) Cu-AC exhibits good dispersion within PP, and its

Nanoscale, 2024, 16, 1320-1330 | 1325
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surface modification layer intertwines with the PP molecular
chain, resulting in a strong interaction force between PP and
Cu-AC and (ii) Cu-AC impedes the diffusion of PP decompo-
sition products.

The melting and crystallization processes of composites
have a large impact on their processing and mechanical pro-
perties. According to the DSC curves of PP/Cu, shown in
Fig. 2j, the addition of Cu-AC increases the crystallization
temperature and decreases the melting temperature, thus
enhancing the mechanical and processing properties of PP/
Cu.

3.3 Processing performance

To gain insights into the impact of copper nanoparticles on
the intrinsic characteristics of the polypropylene matrix and its
processing properties during high temperature melt mixing,
dynamic rheological tests were performed. The high tempera-
ture melt mixing process involves both viscous flow and elastic
deformation,”® and these tests provided evidence of the influ-
ence of Cu-AC on the system. The results are displayed in both
3D plots (Fig. 3) and 2D plots (Fig. S31). Amplitude scanning
tests were employed to determine the linear viscoelastic region
of the composites. Fig. 3a shows that the energy storage
modulus (G') of the composites exhibited a decreasing trend
followed by an increasing trend as the addition of Cu-AC
increased. The linear viscoelastic zone of the composites also
slightly widens with the increase of Cu-AC. This observation
can be attributed to the stress imposed by Cu-AC on the

Melting of PP
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polymer chains, which leads to a reduction in internal friction
and enhanced motility, thus resulting in the expansion of the
linear viscoelastic range platform. Subsequent temperature
scan and frequency scan tests were performed within its linear
viscoelastic zone of 0.1-1% and 1% strain. The blending temp-
erature is an important parameter for polymer processing. The
temperature scan (Fig. S3df and Fig. 3b) revealed that the
modulus and viscosity of the composites increased as the
temperature decreased, and the composites containing Cu-AC
exhibited lower modulus and viscosity compared to pure PP.
By comparing the changes in the modulus and viscosity of the
composites with varying amounts of Cu-AC, Fig. S3dt reveals
that the intersection of the energy storage modulus and loss
modulus shows a tendency to move to the low temperature
region, indicating that the melting temperature of PP is
lowered, which is favorable for processing at lower tempera-
tures. This result is consistent with the DSC analysis. Fig. 3b
illustrates that the viscosity of the composite initially
decreased and then slightly increased with increasing copper
nanoparticle content in each temperature range, but is gener-
ally lower than that of pure PP. The low-viscosity melt exhibits
high fluidity, which makes it easier to process and reduces the
processing energy and outlet pressure. In the frequency scan
mode, as shown in Fig. 3c, the viscosity of the composite
decreased with increasing shear rate, exhibiting shear-thin-
ning behavior of a pseudoplastic fluid. Meanwhile, the
addition of Cu-AC reduced the viscosity of the composites in
the melting state. The behavior of Cu-AC to improve the pro-

8x108 C)

n* (mPa-s)

T T T T
0.01 01 1 10 100
 (rad/s)

Melting of PP/Cu

Fig. 3 Rheological performances of PP and PP/Cu composites. (a) Variation curves of modulus with strain in strain scan mode; (b) variation curves
of complex viscosity with temperature in temperature scan mode; (c) variation curves of complex viscosity with angular velocity in frequency scan
mode; (d) schematic illustrations of molecular chain movement within PP and the PP/Cu composite during the melting process.
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cessing performance can be attributed to the role of Cu-AC as
a plasticizer as shown in Fig. 3d. The incorporation of Cu-AC
within the PP molecular matrix attenuates the intermolecular
forces among PP chains. As a result, it shortens the necessary
time for PP nuclei to disentangle molecular chains, promotes
interchain slippage, and increases the overall mobility of PP
molecular constituents. Simultaneously, the excellent thermal
conductivity of Cu-AC expedites the thermal conduction within
the composite, further facilitating the movement of molecular
chains.

3.4 Mechanical properties

The mechanical properties of polypropylene composites are
crucial for their performance and durability. Fig. 4 shows the
tensile properties of PP/Cu composites, including their tensile
strength, yield strength, yield point and elongation at break.
The tensile strength, yield points and yield strengths of the PP/
Cu composites increase with the addition of Cu-AC (Fig. 4a).
This is because the surface modification layer of copper nano-
particles forms a core-shell structure, where the molecular
chains of the shell layer entangle with the molecular chains of
PP, forming an elastic interface (Fig. 4c). When the composite
material is stressed, stress concentration points can form
around the copper nanoparticles, which deform the elastic
interface between them and PP. This prompts the shell layer of
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copper nanoparticles to yield and deform over a larger area,
thus consuming most of the energy, resulting in an increase in
the yield strength and tensile strength. The comparative
elongation at break trend (Fig. 4b) shows that the elongation at
break of the PP/Cu composites is greater than that of PP in the
range of 100-1200 ppm of Cu-AC addition, and it exhibits an
increasing and then decreasing trend with increasing amounts
of Cu-AC. The reason for this phenomenon is speculated to be
the elastic interface of Cu-AC enhancing the mutual interfacial
interaction with PP (Fig. 4c). When the composite was
deformed by the force, the stress transferred by Cu-AC drove
the PP molecular chains to slip, thus increasing the plasticity
of PP/Cu composites and showing an increase in elongation at
break. However, as the Cu-AC nanoparticles are rigid and the
PP matrix has a difference in elasticity, the stress concen-
tration point increases with their addition, causing the
material to exhibit a decreasing trend in elongation at break.
Therefore, the presence of copper nanoparticles can enhance
the mechanical properties of the PP composites and indirectly
increase the service life of the material.

3.5 Antibacterial properties

In this study, antibacterial composite materials loaded with
Cu-AC were prepared by the masterbatch dilution method.
Initially, various polymeric masterbatches, including PE, PP,
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Fig. 4 Mechanical properties of PP/Cu composites. (a) Strength of PP/Cu composites as a function of Cu-AC addition. (b) Elongation at break with
Cu-AC additions. (c) Schematic illustrations of the interfacial action between Cu-AC and the PP matrix.
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ABS, and PA66 were synthesized by melt extrusion and granu-
lation with the addition of 10 wt% Cu-AC nanoparticles. The
antibacterial efficacy of these polymer masterbatches was eval-
uated, and they all exhibited excellent antibacterial perform-
ances of up to 99.9% (Fig. 5a). As an example, the Cu/PP mas-
terbatch was selected to prepare the antibacterial composite.
The addition of Cu-AC nanoparticles in the range of
100-1200 ppm was determined based on MIC and MBC test
results of copper nanoparticles. The antibacterial properties of
the resulting antibacterial composites, in the form of sheets
and films, were then evaluated. As shown in Fig. 5b and c, a
progressive increase in the antibacterial rate when increasing
the content of copper nanoparticles is illustrated. Even at
100 ppm of copper nanoparticles, the antibacterial sheet and
film composites displayed some degree of antibacterial
activity, corresponding to the MIC value of Cu-AC. When the
copper nanoparticle content exceeded 300 ppm, the surface
antimicrobial rate of the composites surpassed 90%, thus
achieving a class II antibacterial effect. Notably, at a copper
nanoparticle content of 700 ppm or higher, the surface anti-
bacterial activity exceeded 99%, indicating exceptional antibac-
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terial performance and attainment of a class I antibacterial
effect. When the surface antibacterial rate of the composite
material reaches more than 99%, the amount of Cu-AC added
corresponds to its MBC value. Consistent results were obtained
from the samples collected from different regions, indicating
the homogeneous dispersion of Cu-AC within PP and its con-
sistent and reliable role in conferring antibacterial activity.
This distribution state of Cu-AC in PP is further evidenced by
the SEM mapping image presented in Fig. 5b. In order to illus-
trate the antibacterial performance of the Cu-AC and PP/Cu
composites described in this study, a comparative analysis was
conducted with relevant literature reports. Fig. 5d depicts the
antibacterial properties of PP-based antibacterial composites
with various antibacterial agents, including metals, oxides,
metals/oxides, etc., along with the concentrations of antibac-
terial agents.'®'>>144™48 Apparently, the copper nanoparticles
and their antibacterial composites synthesized by the method
described herein are characterized by low copper addition and
high antibacterial activity.

Based on the experimental procedures and test outcomes of
the PP/Cu composite material described in this study, we
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Fig. 5 (a) Culture photographs of antibacterial masterbatches after antimicrobial testing and an optical photograph of PP/Cu antibacterial master-
batches. Statistical chart of the viable bacteria number and antibacterial rate of the PP/Cu composite after bacterial culture: (b) sheets and (c) films.
(d) Comparison of the antibacterial performances of PP-based antibacterial composites fabricated in this work and those reported elsewhere.
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developed a specialized mold for the creation of a poultry
manure leakage plate using the PP/Cu composite material
(Fig. S47). Employing the compression molding technique, we
successfully produced antibacterial PP/Cu dung leaking
boards, which are currently being utilized in piglet farms.
According to the cost implications and incorporation amount
of Cu-AC, it is postulated that the price escalation of PP/Cu
composites amounts to a mere 1.5-2% per ton, thereby exhi-
biting a notable competitive edge in terms of pricing. The
inclusion of copper nanoparticles in the composite material
has endowed it with remarkable antibacterial characteristics,
which renders it an excellent choice for applications requiring
hygienic surfaces. The use of PP/Cu dung leaking boards has
proven to be effective in preventing bacterial proliferation and
curtailing the transmission of diseases in piglet farms, thereby
improving the health and productivity of animals. The success-
ful implementation of this product serves as a testament to
the potential applications of PP/Cu composite materials across
diverse industries.

4. Conclusion

This study reports the synthesis of copper nanoparticles with
excellent antioxidant, monodispersant and antibacterial pro-
perties via a one-step method combined with in situ surface
modification techniques. By grafting diethylamine and poly-
acrylic acid onto the surface of copper nanoparticles, we suc-
cessfully endowed PP with excellent antibacterial properties.
Notably, the higher the content of Cu-AC in the composites,
the more effective the antibacterial effect, with an antibacterial
rate of over 90% being achieved at a copper content of
300 ppm and over 99% at 700 ppm. Moreover, the effects of
Cu-AC on the thermal degradability, processability and
mechanical properties of typical thermoplastic PP were system-
atically investigated. The results indicate that the interaction
between the dual functionalized Cu-AC and PP molecular
chains leads to a reduction of the viscosity and modulus of PP,
and improves the processability, thermal stability and mechan-
ical properties of PP. Overall, the outstanding antimicrobial
properties of copper nanoparticles and the ease of processing
and improved thermal/mechanical performance of their anti-
bacterial thermoplastic composites make them highly versa-
tile, holding great promise for future applications in various
industries, such as protection, breeding, building materials,
home appliances, and more.
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