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Abstract

The multifunctional nanohybrid fillers have attracted widespread attention in the field of polymer nanocomposites. In this
study, carboxyl cellulose nanocrystals/copper nanoparticles (TCNC/Cu NP) nanohybrids were prepared by in situ growth
of copper ions on the modified carboxyl CNC, and further doped into waterborne polyurethane (WPU) via solution blend-
ing. TEM, FTIR, XRD, and UV-vis analysis were used to characterize the morphology, composition, crystallization and
structure of the as-prepared nanohybrid. TCNC/Cu NP nanohybrids exhibited good dispersion and interface compatibility
in WPU matrix. The nanocomposite film obtained significantly enhanced mechanical, thermal stability and scratch resist-
ance properties, which was attributed to a hydrogen bond network structure formed in the WPU matrix. Additionally, colony
count method was performed to test antibacterial properties of various films. Compared to the pure WPU film, all of nano-
composite films showed better antibacterial properties against Escherichia coli and Staphylococcus aureus. The antibacte-
rial ratio of the WPU nanocomposite film with the addition of TCNC/Cu NP (1:1) reach 99%. Furthermore, the results of
a copper ion sustained release experiment showed that the nanocomposite film had a long-term release effect, which was
ascribed to the strong bonding between TCNC/Cu NP nanohybrids and WPU matrix. Thus, Cu NP was firmly embedded
in the hydrogen bonding network structure formed. This work gives a new approach to prepare the antibacterial WPU film
with well mechanical properties.
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Introduction

Waterborne polyurethane (WPU) retains the excellent prop-
erties such as low temperature resistance, friction resistance
and lower volatile organic compound in comparison with the
solvent-based polyurethane [1]. In recent years, WPU has
been increasingly used for outdoor textiles such as tents, out-
door protective clothing and other fields [2]. Nevertheless,
bacteria can easily grow on the surface of WPU films in a
humid environment, which will endanger people's health and
sanitary environment [3]. Therefore, it is required to obtain
durable and effective antibacterial properties [4]. It is a com-
mon and effective strategy for preparation of the antibacte-
rial WPU by adding antibacterial components [5]. At pre-
sent, the antibacterial agents used for WPU mainly include
organic compounds, metal halides, quaternary ammonium
salts and so on [6]. Metal-based nanoparticles are widely
used because of its high efficiency at a lower dosage [7].
Among them, copper nanoparticle (Cu NP) is regarded to
possess great potential application in antibacterial materials,
because Cu NP and copper-containing compounds exhibit
high-efficiency and broad-spectrum antibacterial activity [8].
The antibacterial mechanism is explained as the contacting
of copper ion or releasing of reactive oxygen species [9].
Phana et al. [10] obtained Cu NP with good antibacterial
effect, and further explained the antibacterial mechanism.

Cu NP can easily enter the interior of bacterial cells through
the cell membrane and cause cell death [11]. However, one
of the main challenges is how to achieve uniform dispersion
and good interfacial bonding of Cu NP in polymers due to
the size effect and van der Waals forces of nanoparticles.
Nanohybrid composite is considered as a feasible method to
disperse Cu NP in the polymer matrix [4]. Meanwhile, the
introduction of another component can also reflect a syner-
gistic effect to endow enhanced the performances and more
functionality for the polymer matrix. Mirmohsenia et al.
[12] prepared copper nanoparticles/reduced single-layer
graphene oxide (Cu/rSLGO) nanohybrids by in situ reduc-
tion and stabilization of Cu®* ions on SLGO nanosheets,
which were added to the WPU dispersions, further obtaining
multifunctional antistatic and antibacterial WPU nanocom-
posite coatings.

Another challenge of the metal nanoparticles-based WPU
nanocomposite film is to achieve sustained release of metal
ions and long-term antibacterial effect. This requires that the
metal nanoparticles have a strong interface with the poly-
mer matrix, so that they can be stably and firmly fixed in
the polymer matrix to reduce their migration and detach-
ment from the polymer. Therefore, it is noteworthy to look
for a suitable carrier to immobilize copper nanoparticles
in the preparation of Cu NP based nanohybrid composites.
Recently, cellulose nanocrystal (CNC) has been one of the
hottest nanofiller used in polymer nanocomposites. As a
rigid rod-shaped nanomaterial with high aspect ratio, it has
many advantages such as excellent crystallinity, modulus,
strength and biocompatibility [13]. Also, it is often used as

@ Springer



3042

Journal of Polymers and the Environment (2023) 31:3040-3051

a reinforcing filler for polymers owing to the good disper-
sion and interfacial compatibility especially in water-based
resins. The physical and mechanical properties of the WPU
matrix can be improved by adding different forms of nano-
cellulose [14]. Mondragon et al. [15] isolated CNC from
sisal fibers and incorporated it into aqueous WPU to get an
aqueous suspension. The modulus of the WPU nanocompos-
ite film with 5% content increased by 100%, the elongation
was about 650%, in comparison with the pure WPU film. In
addition, CNC is considered as a carrier to directly conjugate
metal-based nanoparticles (NP) and highly active metal ions
were used as ion-ligand bridges to construct multifunctional
nano catalyst as previous work reported [16].

Based on the above considerations, CNC can be used as a
carrier for immobilizing copper nanoparticles to synthesize
the nanohybrid composite. In this study, carboxyl cellulose
nanocrystal (TCNC) was prepared by 2,2,6,6-Tetramethylpi-
peridine-1-oxyl (TEMPO) oxidation, which can selectively
oxidize primary hydroxyl groups on the surface of CNC to
carboxyl groups. Then, Cu NP was grown in situ on the sur-
face of TCNC to obtain TCNC/Cu NP nanohybrids. Next,
the obtained TCNC/Cu NP nanohybrids were added to aque-
ous polyurethane dispersion (WPU) and the nanocomposite
film was fabricated by casting. The structure, morphology,
thermal stability, mechanical properties and antibacterial
properties of the final WPU nanocomposite films were char-
acterized. The membrane material in this paper is mainly
used for outdoor supplies, such as tents, outdoor protective
clothing and so on.

Experiment
Materials

WPU was purchased from Jining Hua kai Resin Co., Ltd.;
(solid content 35%, polyester typ.) Microcrystalline cellulose
(MCC) was provided by Maclean Co., Ltd.; 2,2,6,6-Tetra-
methylpiperidine 1-oxyl (TEMPO), sodium bromide (NaBr),
sodium hypochlorite (NaClO, 5%), copper chloride (CuCl,),
sodium citrate (C4gHsNa;0;), ascorbic acid (C4gHgOg) and
sodium hydroxide (NaOH) were supplied by Hangzhou Mike
chemical Co., Ltd.; Escherichia coli (E.coli) and Staphylo-
coccus aureus (S. aureus) were provided by Shanghai Luwei
Technology Co., Ltd.

Surface Modification of CNC

CNC was obtained by acid hydrolysis of MCC as previous
work [17]. CNC was modified by NaClO/NaBr/TEMPO
oxidation system [18]. First, 0.2 g of CNC was dissolved in
50 mL of water to form a CNC suspension, and 80 mg of
sodium bromide (NaBr) was added to the above suspension
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to form solution A with ultrasonic stirring for 10 min. Then
140 mg of TEMPO was added to 10 mL of water to form
solution B. Then mixed solution A with solution B together
under stirring for 30 min. Finally, in order to keep the pH
at 10.5, NaClO solution and NaOH solution were dropwise
added simultaneously. The reaction was sustained for a
certain period of time and terminated with ethanol. After
washing with deionized water and ethanol in turn several
times, the final product carboxylated cellulose nanocrystals
(TCNC) was obtained through freeze-dried.

Synthesis of TCNC/Cu NP Nanohybrids

In a typical preparation, 1 mL of aqueous CuCl, (10 mL,
0.01 M) was added to the TCNC suspension (1 g, 1 wt%),
followed by 30 min of stirring. The mixture was heated to
95 °C, 0.025 g of sodium citrate and 10 mL of ascorbic acid
(10 mL, 0.01 M) were added in sequence. Finally, 10 mL
of sodium hydroxide solution (10 ml, 0.05 M) was added
with a dropping funnel. The reaction was continued for 1.5 h
until the solution turned reddish-brown. The reactants were
centrifuged and washed at 14,000 rpm for 10 min and freeze-
dried for 24 h to obtain TCNC/Cu NP. Under the same con-
ditions, while keeping the quality of TCNC unchanged, the
amount of CuCl, was changed to obtain nanohybrid compos-
ites with different mass ratios, namely TCNC/Cu NP (1:0.5),
TCNC/Cu NP (1:1), TCNC /Cu NP (1:2).

Preparation of TCNC/Cu NP-WPU Nanocomposite
Films

TCNC/Cu NP-WPU nanocomposite films were prepared by
the solution blending method. First, the as-prepared TCNC/
Cu NP (1:0.5), TCNC/Cu NP (1:1) and TCNC/Cu NP (1:2)
were dissolved in deionized water to form a dispersion liq-
uid, then added to the WPU matrix. After that, the dispersion
is stirred by ultrasonic wave for 1 h, and then poured into
the mold. The TCNC/Cu NP WPU film was stand at room
temperature for 8 h, and then dried in an oven at 80 °C.
These samples are denoted as TCNC/Cu NP (1:0.5)-WPU,
TCNC/Cu NP (1:1)-WPU and TCNC/Cu NP (1:2)-WPU.
The preparation process is shown in Fig. 1.

Characterization

The molecular composition of TCNC and TCNC/Cu NP
sample were determined by Fourier transform infrared
spectroscopy (FTIR, 5770, Nicolet). The wavelength range
surveyed was 4000500 cm™! at a resolution of 4 cm™,
and it was done 32 times. The morphology of samples was
observed with a JEM-2100 transmission electron micro-
scope (TEM) at an operating voltage of 200 kV. Sedimen-

tation experiments were performed to characterize the
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Fig.1 Schematic diagram of the synthesis process of TCNC/Cu NP-WPU

dispersibility of nanoparticles in water. The sedimentation
of various dispersion solution (0.5 wt%) was recorded after
settling for 2 h. The crystal structure of TCNC/Cu NP com-
posites was investigated using X-ray diffractometer (XRD,
D8 DISCOVERY, Bruker AXS). The scanning range was
10°-80°, 40 kV, 200 mA, and the scanning speed was 5°/
min.

Scanning electron microscope (SEM, Ultra55 Zeiss)
was used to observe the cross-section morphology of films.
The scanning voltage was 5.0 kV. An ultraviolet—visible
(UV-Vis) spectrophotometer (UV2600, Shimadzu) with
integrated balls was used to measure the UV-Vis spectra
in the wavelength range of 300-800 nm. The sample back-
ground material was barium sulfate. The surface character-
istic of the films was examined by atomic force microscope
(AFM) (Bruker Dimension Icon of Germany). Pencil hard-
ness measures the scratch resistance of the coating film to
pencils of different hardness. Pencil hardness was measured
with QHQ-A pencil hardness tester (Aipu Measuring Instru-
ment Co., Ltd.). The tested angle between the pencil and
the test piece was set at 45° to draw about 1 cm in front
of the tester. The scraping speed was 1 cm/s, and the pres-
sure of the durometer body on the pencil lead was kept at
1+0.05 kg. The mechanical properties of the nanocomposite
films were determined at room temperature using an Instron
3369 universal material testing machine. The size of the
samples was 30 mm X 25 mm, and the thickness is about
0.25-0.3 mm. The stretching speed was 100 mm/min. The

thermal stability of the WPU film and TCNC/Cu NP-WPU
films was determined using a thermogravimetric analyzer
(TG, PYRIS 1, Perkin Elmer, USA). The samples were
tested in a nitrogen atmosphere with a temperature range of
30-700 °C and a heating rate of 10 °C/min.

0.1 g TCNC/Cu NP (1:1)-WPU composites were put into
a volumetric bottle. Then fix the volume to 100 mL with
PBS solution. Then put it in a pot with a temperature of
30 °C. After 24, 48, 72, 96, 120 and 144 h, 10 mL of the
solution was taken. The inductively coupled plasma emis-
sion spectrometer (Agilent 720ES(OES)) was used to test
the sample solution. Each sample was measured three times
and the average value was obtained to calculate the copper
ion concentration of each sample [23].

The antibacterial activities of the films against S. aureus
and E. coli were detected by bacterial count method. Vari-
ous bacterial solutions were diluted to 10> and 100 pL of
the diluted treated and pure film were spread evenly on
Luria—Bertani (LB) agar plates. The antibacterial effect of
these samples can be observed by the colony count after
24 h. The antimicrobial reduction is obtained according to

Eq. (1):
Reduction of bacteria (%) = (A — B)/A x 100 (1)

where A and B are the number of bacteria on the pure
film and treated film after 24 h, respectively.

@ Springer



3044

Journal of Polymers and the Environment (2023) 31:3040-3051

*TCNC/CuNP(1:0.5),” \
. . "™\ 1732cm™

“TCNC/CuNP(1:1) ,

Transmittance(%o)

: TCNC/CuNP(1:2)s |

1 1788cm

2901cm”
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)
c i CuNP

(002)

2000

ay

Intensity(a.u.)

0 50 6 70
CNC

TCNC

10 20 30 40 50 60 70 80
2-Theta(degree)

1.0

b TCNC-CuNP(1:2)

0.8 ]
TCNC-CuNP(1:1) T — )

2 ~——_
=,0.6-"’—\
=
] TCNC-CuNP(1:0.5)
2
< . "‘—“\

‘g\g

0.0 T 4 T T Y T T
400 500 600 700 800
Wavelength(nm)
(11
(200)
-~ ~ (202) J__TCNC/CuNP(1:0.5) 220)
2
K
Z
§ J TCNC/CuNP(1:1)
= A < = bl SR VR
—
. JL LTCNC/CIL\'P(]:Z) A
T T T T T T
10 20 30 40 50 60 70 80

2-T heta(de;gree)

Fig.2 FTIR spectra of CNC, TCNC, TCNC/Cu NP (a) and UV-vis spectra of CNC, TCNC, TCNC/Cu NP (b), XRD patterns for CNC, Cu NP,
TCNC (c¢) and TCNC/Cu NP synthesized with different ratios of TCNC/Cu NP (d)

Results and Discussion

Characterization of Modified Cellulose
Nanocrystalline Loaded Copper Nanoparticles

Figure 2a displays the FTIR curves of CNC, TCNC and
TCNC/Cu NP with different ratios. The absorption peak of
—OH near 3418 cm™'and the absorption peak of C—H near
2905 cm™'are produced by stretching vibration. The peaks at
1430, 1372, and 1300 cm™! correspond to the bending vibra-
tion peaks of -CH, and —OH groups. A new carboxyl peak
(-COOH) appears at 1732 cm™" in the spectrum of TCNC,
indicating of a successful modification of CNC. In the
TCNC/Cu NP spectrum, the -COOH peak at 1732 cm™!is
shifted to 1788 cm™ because of the combination of -COOH
and Cu**. The stretching vibration peak of the hydroxyl
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group moves to 3430 cm™! with the introduction of -COOH
[19]. Figure 2b exhibits the ultraviolet—visible (UV—Vis)
absorption spectrums of CNC, TCNC, and TCNC/Cu NP
with different ratios. It can be found that there is no absorp-
tion peak on the spectrums of CNC and TCNC. By contrast,
all of TCNC/Cu NP nanohybrids could be examined with
a characteristic peak in the region of 500-600 nm. As the
increased ratio of Cu NP, the absorption peak intensity also
increased obviously [20]. It is known that the absorption
peak at 500600 nm of TCNC/Cu NP is attributed to the
surface plasmon resonance band of Cu NP, which demon-
strates that Cu NP is formed during the formation of Cu NP
in suspension.

Figure 2c¢ exhibits the XRD patterns of CNC, TCNC, Cu
NP, and various TCNC/Cu NP nanohybrids. As shown in
Fig. 2c, the characteristic peaks of CNC occur at 16°, 22°
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Fig.3 TEM images of in the TCNC/Cu NP (1:1) nanocomposites (a, b) and graph of sedimentation experiment of CNC, TCNC, Cu NP, CNC/

Cu NP and TCNC/Cu NP

and 34°, which are related to the (101), (002) and (040) crys-
tal planes of the cellulose I-type crystal structure, respec-
tively [21]. Although the carboxylation modification will
cause minor damage of CNC, it still maintains high crystal-
linity. The peaks at 43.3°, 50.6°, and 74.3°, correspond to
the (111), (200) and (220) crystal planes of nano copper,
respectively. The peaks at 36.5° and 61.5° are the (111) and
(113) crystal faces of CuO, respectively. The peak of 42.3°
is the (220) crystal faces of Cu,O. Figure 2d shows the XRD
patterns of different TCNC/Cu NP nanohybrids, which can
be ascribed to the diffraction of (111), (200) and (220) crys-
tal planes of metallic copper crystals at 43.1°, 50.9°, and
74.1° [22]. These patterns prove the formation of Cu NP
in the TCNC suspension. In addition, the peak at 36.5° is
related to the crystal plane (111) of CuO owing to the slight
oxidation of the Cu NP in the air.

Figure 3a and b show the TEM results of TCNC/Cu NP
(1:1) nanohybrids. The modified carboxylic acid groups

enable higher-density loading of Cu NP on the surface of
TCNC, and the size distribution of TCNC/Cu NP (1:1) nano-
particles is about 40-80 nm [23]. Copper ions are adsorbed
on TCNCs through electrostatic interaction and coordina-
tion, and grow in situ with TCNC as the nucleation site to
form a well-structured nanohybrid.

The results of sedimentation experiment are shown in
Fig. 3c, the pure Cu NP occurs obvious precipitation after
standing for 2 h, while Cu NP loaded on CNC also precipi-
tated at the bottom, demonstrating that only a part of Cu NP
was fixed at the CNC. However, the dispersion of TCNC/
Cu NP displays excellent stability after the carboxylation
of CNC. The surface of the modified cellulose nanocrystals
contains a large number of carboxyl groups and hydroxyl
groups, so copper ions could be uniformly and tightly
attached to the TCNC due to the presence of strong interac-
tion. This interaction reduces the mobility of copper ions
and stabilizes the Cu NP.
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Composition and Surface Morphology of WPU
and Various TCNC/Cu NP-WPU Nanocomposite Films

The ATR-FTIR curves of WPU and WPU nanocomposite
films are shown in Fig. 4a [24]. The observed peak around

3332 cm! is related to the N—H stretching peak vibra-
tion of urethane. The peak at 1742 cm™of the pure WPU
is attributed to the C=0 stretching vibration of polyester
polyol, and the peaks at 1145 and 1245 cm™! belong to
the vibration peaks of C—O—C in polyester, indicating of

b

Fig.5 SEM images of WPU film (a), TCNC/Cu NP (1:0.5)-WPU (b), TCNC/Cu NP(1:1)-WPU (c), TCNC/Cu NP (1:2)-WPU (d)
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polyester type polyurethane. The band near 1645 cm™!
corresponds to the —OH of TCNC and the C=0 group
in the carbamate on the molecular chain of WPU. The
strength of the peak decreases slightly with the continu-
ous increase of TCNC/Cu NP, which may be due to the
self-aggregation of excessive TCNC/Cu NP, thus hinder-
ing the interaction between the molecular chain of WPU
and TCNC/Cu NP nanohybrids [25]. The UV absorption
spectrums of different samples are shown in Fig. 4b. It can
be found that a clear absorption band appears in the WPU
dispersions with the addition of Cu NP and TCNC/Cu NP
nanohybrids, which confirms the loading of metallic Cu
NP on TCNC.

The fracture surface morphologies of the pure WPU film
and WPU nanocomposite films loaded with different ratios
of TCNC/Cu NP are displayed in Fig. 5 [26]. The fracture
surface of the pure WPU film is relatively smooth, and white
dots representing nanofillers can be clearly observed after
adding TCNC/Cu NP (1:0.5) as shown in Fig. 5b. When the
mass ratio of TCNC to CuCl, is 1:1(Fig. 5¢), the nanohybrid
particles are distributed uniformly on the fracture surface of
TCNC/Cu NP (1:1)-WPU film. However, the fracture sur-
face of TCNC/Cu NP (1:2)-WPU film has obvious agglom-
eration phenomenon and obvious pores with the increase of
Cu NP content (Fig. 5d). The TCNCs have good dispers-
ibility in the WPU matrix, and the dispersibility of copper
nanoparticles is improved due to the effective combination
of TCNCs with Cu NPs. However, too much copper content
will agglomerate in the matrix, thereby affecting its perfor-
mance [27].

The AFM images of WPU film and TCNC/Cu NP (1:1)-
WPU film in 3D as shown in Fig. 6. The root mean square
roughness (Rq) and average roughness (Ra) of WPU are
3.08 nm and 2.07 nm respectively, and the surface is flat. The
Rq and Ra of WPU with TCNC/Cu NP (1:1) were 8.9 nm

Height Sensor

and 6.35 nm respectively. With the addition of TCNC/Cu NP
composites, both Rq and Ra increase, and the surface rough-
ness increases. The roughness difference between pure WPU
and processed WPU can be observed in AFM image [28].

Mechanical, Scratch Resistance, and Thermal
Properties

The mechanical property of WPU films is essential in prac-
tical applications. As shown in Fig. 7a, the tensile strength
and modulus of the composite films with adding nanofill-
ers increased first and then decreased. In comparison with
the pure WPU film, the strength and modulus of WPU
nanocomposite film incorporated with TCNC/Cu NP (1:1)
increase from 15 and 66 MPa to 23 MPa and 134 MPa, sep-
arately. The significant improvement can be attributed to
the expected stress transfer at the interface between TCNC/
Cu NP and WPU thanks to the high aspect ratio of TCNC.
Also, the hydrogen bond networks formed between —OH,
—COOH groups of TCNC/Cu NP and —-NH groups of WPU
restrict the movement of WPU macromolecular chains,
which enhances the strength [29]. For the TCNC/Cu NP
(1:2)-WPU nanocomposite film, the mechanical properties
decreased. This may be due to the lack of tight bonding of
TCNC/Cu NP nanohybrids after the introduction of excess
amount of copper nanoparticles [30].

As shown in Fig. 7c, the pencil hardness is used to char-
acterize the scratch resistance of various samples. With
increased ratio of Cu NP to TCNC, the pencil hardness of
the WPU nanocomposite film added with TCNC/Cu NP
(1:1) can reach 4H. The increased modulus appropriately
avoids the phenomenon of stress concentration when the
film is scratched [31]. With the further increased ratio of
copper nanoparticles, the hardness of the composite film
decreases, which is attributed to the agglomeration of copper

Height Sensor

Fig.6 AFM images of WPU film (a) and TCNC/Cu NP (1:1)-WPU film (b) in 3D
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Table 1 Thermal analysis data of the pure WPU films and TCNC/Cu
NP-WPU films

Samples T10 (C) T50 (C)
WPU 252 337
TCNC/Cu NP (1:0.5)-WPU 245 343
TCNC/Cu NP (1:1)-WPU 271 348
TCNC/Cu NP (1:2)-WPU 266 350

nanoparticles in WPU, thus destroying the structure of the
composite film [32].

Figure 7d, e and Table 1 show thermogravimetric (TG)
and derivative (DTG) curves of the pure WPU and WPU
nanocomposite films. There are three obvious weight loss
stages on the thermal weight loss curve of each sample,
which is mainly because the structure of WPU is com-
posed of different components. This finding shows that the
modified WPU film and the pure WPU film exhibit simi-
lar thermal decomposition behavior at about 70°C—250°C.
The weight loss stages at 250 °C-375°C and 375 °C-450°C
correspond to the thermal decomposition of the hard and
soft segment domains, respectively [33]. The DTG curve in
Fig. 7d shows that the maximum weight loss temperature of
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WPU and TCNC/Cu NP-WPU is 324 °C and 345 °C respec-
tively. In Table. 1, the T, and T5, values of the pure WPU
film are 246 °C and 335 °C, respectively. While the T, and
T, of the WPU film with TCNC/Cu NP composites are
shown in Table 1. These results indicate that the addition of
TCNC/Cu NP composites remarkably improves the thermal
stability of WPU. This condition may be due to the high
crystallinity of TCNC and the strong interaction between
the TCNC/Cu NP and WPU, which promote to formation
of a three-dimensional network structure [34]. However,
the addition of TCNC did not improve the thermal stability
of the WPU soft segment, because the interaction between
TCNC/Cu NPs and WPU was mainly formed in the hard
segment micro-domains [35]. Therefore, the excellent ther-
mal resistance of TCNC/Cu NP-WPU nanocomposite films
may originate from the presence of Cu NP.

Antibacterial Activities

The antibacterial activities of all samples are evaluated using
colony counting method. Two series of bacterial species
are selected: Escherichia coli and Staphylococcus aureus
(Staphylococcus aureus, as Gram-positive and Escheri-
chia coli, as Gram-negative bacterial models, respectively).
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TCNC/Cu NP(1:0.5)-WPU
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Fig.8 Antibacterial properties of the films (a represents S. aureus; b
represents E. coli; 1, 2,3, 4 represents WPU, TCNC/Cu NP (1:0.5)-
WPU, TCNC/Cu NP (1:1-WPU) and TCNC/Cu NP (1:2)-WPU

Figure 8 shows the results of the antibacterial test against E.
coli and S. aureus. It can be concluded that a large number
of bacteria adhere to the pure WPU film with no antibacte-
rial activity. All of TCNC/Cu NP-WPU nanocomposite films
exhibit good antibacterial properties and the specific data
of antibacterial ratio is recorded in Fig. 8c. The presence of
TCNC/Cu NP nanohybrids imparts composite films with
good antibacterial properties that can be interpreted as the
mechanism of copper ion release and contact with bacteria
[36, 37]. In the case of TCNC/Cu NP (1:1), the antibacterial
ratio against E. coli and S. aureus both reach 99.9%, indicat-
ing of outstanding antibacterial properties [38].

Release concentration of Cu2+(mg/L)
=
w

0.2 4
—a— Release curves of Cu®*
0.1
0.0 T ® T T A T T ® T i T ¥ T
0 24 48 72 96 120 144 168 192

Time(h)

respectively. Bacteriostatic rate of WPU film and TCNC/Cu NP-WPU
film (¢) and Cu?* release curve of TCNC/Cu NP (1:1)-WPU (d)

As depicted in Fig. 8d, the Cu®* releasing behavior of the
TCNC/Cu NP (1:1)-WPU film was analyzed by inductively
coupled plasma optical emission spectrometer. In the release
process of copper ion, the release amount in the first 24 h
is 0.22 mg/L, and the release amount in 48 h is 0.35 mg/L.
The release amount in 72, 96, 120, 144, 168 and 192 h
were 0.410 mg/L, 0.440 mg/L, 0.470 mg/L, 0.480 mg/L,
0.487 mg/L and 0.490 mg/L respectively. The controlled
release of copper ions is mainly due to the effective binding
and loading of Cu NP on TCNC, which has good interfacial
compatibility with the WPU matrix. Thus, the antibacterial
agents of copper nanoparticles are firmly embedded in the

@ Springer
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hydrogen bonding network structure formed, achieving a
sustained release effect [39].

Conclusion

In summary, various WPU nanocomposite films incorpo-
rated with TCNC/Cu NP nanohybrids were fabricated via
casting method. The AFM and SEM results show that the
TCNC/Cu NP (1:1) nanohybrid is uniformly dispersed in
the WPU matrix. hydrogen bond network is also formed
between TCNC/Cu NP and the WPU matrix, resulting in
improved mechanical, thermal and scratch resistant prop-
erties. Compared with the pure WPU film, the strength of
TCNC/Cu NP-WPU increases by 53% (from 15 to 23 MPa),
and the scratch resistance increases from 2 to 4H. Further-
more, The TCNC/Cu NP (1:1)—WPU nanocomposite films
exhibit excellent antibacterial properties against E. coli and
S. aureus. It is noteworthy that the nanocomposite film has
a long-lasting antibacterial effect resulting from controlled
release of copper ions. This work provides a feasible path to
preparing the antibacterial WPU composite film.
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