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ABSTRACT: Cellulose based ZnO nanocomposite (RCZ)
films were prepared from cellulose carbamate−NaOH/ZnO
solutions through one-step coagulation in Na2SO4 aqueous
solutions. The structure and properties of RCZ films were
characterized using XRD, FTIR, XPS, SEM, TEM, TG, tensile
testing, and antibacterial activity tests. The content of ZnO in
RCZ films was obtained in the range of 2.7−15.1 wt %. ZnO
nanoparticles with a hexagonal wurtzite structure agglomerated
into large particles, which firmly embedded in the cellulose
matrix. RCZ films displayed good mechanical properties and
high thermal stability. Moreover, the films exhibited excellent
UV-blocking properties and antibacterial activities against
Staphylococcus aureus and Escherichia coli. A dramatic reduction
in viable bacteria was observed within 3 h of exposure, while all of the bacteria were killed within 6 h. This work provided a novel
and simple pathway for the preparation of regenerated cellulose films with ZnO nanoparticles for application as functional
biomaterials.
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■ INTRODUCTION

ZnO is an important multifunctional semiconductor material
that possesses a wide direct band gap of 3.37 eV and a high
excitation binding energy of 60 meV.1 It is widely utilized as a
material in semiconductors, optical devices, piezoelectric
devices, surface acoustic wave devices, sensors, transparent
electrodes, solar cells, and antibacterial activity, etc.2−5 In recent
years, there have been widespread reports on the synthesis of
ZnO nanoparticles and nanostructures using physical and
chemical methods, with efforts to control the morphology, size,
and shape.6,7 Coating suitable substrates with ZnO nano-
particles provides further potential applications for functional
materials in various fields.8−10

As a linear 1,4-β-glucan, cellulose is the most abundant
renewable natural polymer on earth and a promising raw
material in the chemical and biological industries.11 Cellulose
products, such as paper, regenerated cellulose (RC) films, and
nonwoven fibers, have many advantages including chemical
stability, biocompatibility, biodegradability, and good mechan-
ical properties.12 They have been used extensively in the fields
of membrane separation, pharmaceuticals, cosmetics, and the
food industry.11,12 Recently, there has been increased interest in
the use of nanofibrillated cellulose for the production of
nanocomposites containing inorganic nanoparticles.13−16 How-

ever, there have thus far been few reports concerning the
fabrication of ZnO coated cellulose matrix.17−31 In one
instance, Alejandro et al. reported a simple mixing process
using a high energy mixer/mill machine under high pressure
(750 MPa).22 Through a common papermaking process,
nanofibrillated cellulose coated with 1.21−2.28 wt % ZnO
was prepared with good antibacterial properties. Unfortunately,
direct mechanical mixing methods can only obtain microscale
interaction between ZnO and cellulose matrix, leading to poor
mechanical properties.24 Different carbohydrates (glucose,
sucrose, alginate, and starch) have thus been employed as
capping agents to facilitate the adhesion of ZnO nanoparticles
onto the surface of cellulose fibers.21 Chemical methods, such
as precipitation and sol−gel approaches, have shown some
distinct advantages over physical methods, including the
morphology control of ZnO and inexpensive equip-
ment.6,7,17−19 The synthesis is generally performed in an
alcohol or alkaline solution, and zinc salts such as ZnCl2,

25

Zn(NO3)2,
10,18,19,26 and Zn(Ac)2

5,17,30−34 are used as starting
materials. Cellulose in the form of fibers, paper, bacterial
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cellulose, and cotton fabrics are immersed into the precursor
solution, and nano- and microstructures grow directly on the
matrix. During the coating process, the reaction mixture should
be maintained at a high temperature (ca. 90−150 °C) for a
period of 3−20 h, allowing for the complete conversion of zinc
salts to ZnO. The process requires repetition on some
occasions to improve the adhesion of ZnO seed layer.18,26

Most recently, ZnO nanocrystallites were grown in situ on
cellulose nanofibers through a combination of electrospinning
and solvothermal techniques.20,27 The obtained hybrid nano-
fibers exhibited strong photocatalytic efficiency and antibacte-
rial activity but poor mechanical strength and low production
capacity. To the best of our knowledge, there has only one
report of cellulose/ZnO nanocomposite obtained directly from
cellulose solution because cellulose cannot be dissolved in
common solvents due to its strong intermolecular and
intramolecular hydrogen bonds.23

In our previous work, a green method was developed for the
preparation of RC multifilament and films from cellulose
carbamate (CC).35−37 CC was first efficiently prepared using
microwave heating; it was then dissolved in NaOH/ZnO
aqueous solutions through a freezing−thawing process. Finally,
the CC dope was coagulated in an acid bath to provide RC
fibers and films, and ZnO was transformed to zinc salt, which
subsequently washed off from the cellulose matrix. Further
research into the construction of cellulose nanocomposites
remaining zinc compound from the CC-NaOH/ZnO solution
would be highly valuable. In the present work, cellulose based
ZnO nanocomposite (RCZ) films were prepared from CC-
NaOH/ZnO solutions through one-step coagulation in
aqueous of Na2SO4. The morphology, structure, and
physicochemical properties of the films were comprehensively
investigated. ZnO nanoparticles were firmly embedded in the
cellulose matrix, resulting in the excellent UV-blocking and
antibacterial properties of the films. The process was advanta-
geous in the low cost of raw materials and the relative ease for
ZnO nanocomposites constructing while also avoiding the
addition of any other toxic substances.

■ EXPERIMENTAL SECTION
Materials. The cellulose sample (cotton linter pulp) was supplied

by Hubei Chemical Fiber Co. Ltd. (Xiangyang, China). The degree of
polymerization (DP) was determined as 800. In addition, ZnO,
NaOH, and Na2SO4 of analytical grade were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and used
without further purification.
Microwave Synthesis of CC. CC samples were prepared in

accordance with the method outlined in previous work.38,39 Cellulose
was immersed into a 45 wt % urea aqueous solution. The mixture was
then stood at ambient temperature for 1 h, which was followed by
dehydration, separation, and oven drying. The obtained mixture of
cellulose/urea was subsequently heated in a microwave oven
(Whirlpool, VIP 273F, 850 W, 10 levels) at 425 W for 12−15 min.
Finally, the sample was washed with water and vacuum-dried. The DP,

nitrogen content (N%), and degree of substitution (DS) of the CC
sample were determined as 660, 1.44%, and 0.17, respectively.

Preparation of RCZ Films. NaOH/ZnO aqueous solution was
prepared by mixing 7 wt % NaOH, 0−1.6 wt % ZnO and distilled
water in accordance with our previous work.36 CC was dispersed into a
NaOH/ZnO solution, which was then cooled to −12 °C. The frozen
mixture was subsequently thawed at room temperature, and a
transparent CC solution was obtained. As shown in Scheme 1, the
CC solution with a concentration of 5.5 wt % was cast on a glass board
to give a thickness of 0.5 mm and subsequently coagulated in 15 wt %
Na2SO4 solutions at 50 °C for 15 min. The coagulated films were then
transferred into distilled water to remove NaOH and Na2SO4. The
nanocomposite films were coded as RCZ4, RCZ8, RCZ12, and
RCZ16, according to the concentrations of ZnO in the solvent (0.4,
0.8, 1.2, and 1.6 wt %, respectively). RC films were prepared from CC-
7 wt % NaOH solutions by the same way.

Characterization. The intrinsic viscosity ([η]) of cotton linter and
CC in cadoxen was measured at 25 ± 0.1 °C. The DP was calculated
from [η] according to the Mark−Houwink equation.35 The nitrogen
content of the CC pulp was determined using an elemental analyzer
(CHN-O-RAPID, Heraeus Co., Germany). FT-IR spectra were
performed on a FTIR spectrometer (NICOLET 5700, Thermo
Electron Co., USA). The test specimens were prepared using the KBr-
disk method. The samples were cut into powder and then vacuum-
dried at 40 °C for 24 h before measurements. The UV−vis spectra of
the films were recorded on a UV-6100PCS (MAPADA, China) double
beam spectrophotometer in the range of 200−800 nm with a
resolution of 2 nm. The water contact angle was measured and
calculated using the dynamic mode on a Data Physics instrument
(OCA20). One drop of water (2 μL) was placed onto the surface of
the films using an automatic piston syringe and subsequently
photographed. Thermogravimetric (TG) analysis was applied on a
NETZSCH STA449c/3/G thermal analyzer (NETZSCH, Germany).
The primary thermograms were recorded in a temperature range from
ambient to 800 °C at a heating rate of 10 °C/min under an air
atmosphere.

X-ray diffraction (XRD) measurements were performed on an XRD
diffractonmeter (D8-Advance, Bruker, Germany). The patterns of Cu
Kα radiation (λ = 0.15418 nm) at 40 kV and 30 mA were recorded in
the 2θ region from 6 to 70° at a scanning speed of 2°/min. The
crystallinity index (CI, %) of cellulose in the RC and RCZ films was
calculated using the following equation:40

= ×
−I I

I
CI 100 020 am

020 (1)

where I020 is the maximum intensity of the principal peak (020) lattice
diffraction (2θ = 21.7° for cellulose II) and Iam is the intensity of
diffraction attributed to amorphous cellulose (2θ = 16° for cellulose
II). The average grain sizes (D) of ZnO nanoparticles in the RCZ films
were calculated using the Debye−Scherrer equation:41

λ β θ= −D K ( cos ) 1 (2)

where λ is the wavelength of the X-ray radiation (Cu Kα = 0.15418
nm), K is the constant taken as 0.89, β is the line width at half-
maximum height, and θ is the diffracting angle. X-ray photoelectron
spectra (XPS) were recorded using an ESCALAB 250Xi (Thermo
Scientific) X-ray photoelectron spectrometer with monochromatic Al
Kα (1486.6 eV) radiation as the excitation source. The binding energy
charge was corrected to 284.6 eV for C 1s.

Scheme 1. Preparation of RCZ Films from Cellulose Carbamate−NaOH/ZnO Solution through One-Step Coagulation in aq
Na2SO4
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SEM images were obtained on a Hitachi S-4800 microscope using
the back scattered electron imaging (BSE) mode. The wet films were
frozen in liquid nitrogen, immediately snapped, and then freeze-dried.
The samples were sputtered with gold for SEM measurements. Energy
dispersive X-ray spectroscopy analysis (EDS) being attached to SEM
was used to analyze the composition of the films. Transmission
electron microscopy (TEM), high-resolution TEM (HRTEM), and
selected area electron diffraction (SAED) pattern were performed on a
JEM 2010 FEF (UHR) microscope (JEOL, Japan) at 200 kV. RCZ8
and RCZ16 films were embedded in an epoxy resin, and ultrathin
slices were obtained for TEM measurements by sectioning on an LKB-
8800 ultratome.
The stability of RCZ films in acidic, neutral and alkaline media was

determined in 0.1 mol/L of HCl, NaCl, and NaOH aqueous solutions,
respectively. RCZ12 film (0.1 g) was immersed into the media
solution (100 mL) and stirred at 25 °C. The Zn concentration of the
media was determined by using an inductively coupled plasma optical
emission spectrometry (ICP-OES) (Intrepid XSP Radial, Thermo,
USA). The weight loss of ZnO (LossZnO) for RCZ12 film could be
calculated as following:

= × ×
× ×

×c
c w

Loss
81 0.1

65
100%ZnO

0 (3)

where c is the Zn concentration of the media (mg/L), c0 is the ZnO
content of RCZ12 film (mg/g), and w is the weight of RCZ film (g).
The mechanical properties of the films were measured in dry state on a
universal tensile tester (CMT 6503, Shenzhen SANS Test Machine
Co. Ltd., Shenzhen, China) at a speed of 2 mm/min according to
ISO527-3-1995 (E). Before testing, the films were allowed to rest for
at least 1 week at 75% RH. Conditioning was achieved to ensure the
equilibration of the water content in the films with that of the
atmosphere (stabilization of the sample weight). Each test was
repeated at least five times and the average value was reported.
Testing of Antibacterial Activity. The antibacterial activity of

the RC and RCZ films was examined using the disc diffusion method
and colony-forming count method for qualitative and quantitative
analyses, respectively. The Gram-positive bacterium Staphylococcus
aureus (S. aureus) and Gram-negative bacterium Escherichia coli (E.

coli) were administered; the final concentrations of bacterium were 1.0
× 108 and 3.0 × 108 CFU/mL, respectively. The bacteria were all
ATCC.

The disc diffusion method was performed using Luria−Bertani (LB)
medium solid agar in Petri dishes. RC and RCZ films were cut into 6
mm pieces, sterilized by UV light, and placed on S. aureus-cultured
agar and E. coli-cultured agar plates, which were then incubated at 37
°C for 24 h. After incubation, a bacterial inhibition zone formed
around the film. The width of the inhibition zone (Winh) was
calculated using the following equation:30

=
−

W
d d

2inh
1 2

(4)

where d1 is the total diameter of the inhibition zone and the film and
d2 is the diameter of the film (6 mm).

In the colony-forming count method, three pieces of RC or RCZ
films (1 cm × 1 cm) were sterilized by UV light and then immersed in
10 mL of the bacterial suspension in an Erlenmeyer flask. The solution
was then shaken at 200 rpm at 37 °C. Viable cell counts of the bacteria
were obtained using the surface spread plate method. At 0, 1, 3, and 6
h intervals, 0.2 mL of bacterial culture was taken from the flask and
serial dilutions were repeated with PBS in each initial sample,
respectively. Then 0.1 mL of diluent of the sample was spread onto
solid growth agar plates. The plates were incubated at 37 °C for 24 h,
and the number of viable cells was manually counted and then
multiplied by the dilution factor.

■ RESULTS AND DISCUSSION
Fabrication of Cellulose Based ZnO Nanocomposite

Films. Scheme 1 illustrates the preparation of RCZ films from
CC-NaOH/ZnO solutions. After casting the CC-NaOH/ZnO
solution on a glass board, the solution was immersed in a
Na2SO4 aq bath. RCZ films were then successfully fabricated
via one-step coagulation. A schematic presentation for the
construction of RCZ films is proposed in Scheme 2. In the
initial CC-NaOH/ZnO solution, the dissolved ZnO was
present as Zn(OH)4

2− (reaction R1), which could form strong

Scheme 2. Schematic Model Illustrating of the Formation of RCZ Films via One-Step Coagulation

Table 1. Results of X-ray Diffraction, Tensile Testing, Wettability, and Antibacterial Activity Test with RC and RCZ Filmsa

ZnO content
(wt %) dSEM (μm) Winh (mm)

sample W1 W2 CI (%) D (nm) surface
cross-
section Aw (deg) σb (MPa) εb (%) E (GPa) E. coli S. aureus

RC 0 0 66 79.7 (2.8) 40.6 (3.2) 11.1 (2.9) 2.5 (0.13) 0 0
RCZ4 6.4 2.7 66 15.3 1.0 (0.4) 1.1 (0.5) 87.5 (5.8) 55.0 (3.5) 10.1 (1.8) 3.0 (0.31) 5.8 (2.1) 8.7 (1.0)
RCZ8 12.1 7.4 61 16.4 1.6 (0.7) 1.5 (0.6) 96.2 (4.5) 57.1 (4.4) 10.1 (2.1) 3.1 (0.18) 7.2 (2.7) 9.7 (0.9)
RCZ12 17.1 11.7 57 18.2 2.1 (1.2) 1.9 (0.8) 103.4 (3.6) 49.0 (3.3) 10.6 (2.3) 2.7 (0.33) 8.8 (1.6) 12.3 (1.5)
RCZ16 21.6 15.1 55 19.2 2.4 (1.4) 2.1 (0.9) 102.0 (3.2) 43.3 (4.1) 8.6 (2.5) 2.6 (0.32) 10.2 (1.5) 18.8 (1.2)

aW1, the theoretical value; W2, determined by the TG analysis; CI, crystallinity index of cellulose; D, the average grain size of ZnO nanoparticles
calculated by XRD; dSEM, the mean size of the ZnO aggregates calculated by SEM; σb, tensile strength; εb, elongation at break; E, Young’s modulus;
Winh, width of the inhibition zone; Aw, the water contact angle.
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hydrogen bonding with CC to break the intermolecular
hydrogen bonds of polymer. Moreover, the large steric
hindrance of Zn(OH)4

2− increased the distance between the
polymer chains.35 During the coagulation process, the
precursor Zn(OH)4

2− decomposed into ZnO seed crystals
(reaction R2),21,25,29 and the strong interchain interactions of
the exposed chains led to the rapid self-aggregation of cellulose.
The abundant Zn(OH)4

2− facilitated nucleation on the ZnO
seed crystal and enhanced the growth of ZnO nanoparticles.
Moreover, the presence of Na2SO4 in the coagulating bath
allowed for the rapid regeneration of cellulose molecules. By
varying the ZnO concentration of the solvent from 0.4 to 1.6 wt
%, the ZnO content of the obtained RCZ films was in the range
of 2.7−15.1 wt % (Table 1), as determined by TG analysis.
Attributing to the exchange of solvent and coagulant during the
coagulation, the obtained RCZ films demonstrated lower ZnO
content than the theoretical value (6.4−21.6 wt %). Compared
with the previous work, this method is facile, green, and
economical due to the absence of organic reagents (DMF,20,27

acetone,20,27 triethanolamine,19,26 and alcohols25,29). It could
easily be applied to scale up production at a viscose film
(cellophane) plant.
Structure and Morphology of the Films. Figure 1 shows

the XRD patterns of the RC and RCZ films. RC films displayed

typical diffraction peaks at 2θ = 12, 20, and 22°, which were
ascribed to the (11 ̅0), (110), and (020) planes of the cellulose
II crystalline form, respectively.40 RCZ4 showed a similar
pattern with RC except for two broad peaks at 2θ = 34.5 and
36.2°. In the RCZ8, RCZ12, and RCZ16 films, significant new
peaks emerged at 2θ = 31.8, 34.5, 36.2, 47.8, 56.5, 62.8, and
68.0°, which corresponded to the (100), (002), (101), (102),
(110), (103), and (112) planes of the ZnO crystal structure,
respectively. All of the diffraction peaks were precisely indexed
as a hexagonal wurtzite structure of ZnO (ICDD card no. 36-
1451).23,30,41 In addition, the diffraction peaks of ZnO were
gradually strengthened with an increase of ZnO content.
Characteristic peaks for impurity, such as Zn(OH)2, were not
observed, suggested that RCZ films were achieved without any
impurities. The crystallinity index (CI) of cellulose II is

summarized in Table 1. It was noted that the CI values of the
films from RC to RCZ16 decreased from 66 to 55%, indicating
that the crystalline structure of cellulose was partially destroyed
by the ZnO nanoparticles. The average grain size of ZnO
nanoparticles (Table 1), as determined from the 101 planes,
increased slightly with increasing ZnO content in RCZ films
and was in the range of 15.3−19.2 nm. The results clearly
identified the successful attainment of cellulose/ZnO nano-
composite films through one-step coagulation.
FTIR spectra of the RC and RCZ films are shown in Figure

2. The peak at 1710 cm−1 in RC film was assigned to the

stretching vibration of the carbonyl (CO) in the base of
urethane.38 With the introduction of ZnO, the peak at 1710
cm−1 was weakened in RCZ4 film and almost disappeared in
RCZ16 film. This could be ascribed to the hydrolysis of
carbamate groups in the dissolving and regeneration processes
with the introduction of zincate in the solvent. Moreover, the
−OH stretching bands of cellulose at 1376 and 1420 cm−1

shifted to higher wavenumbers at 1382 and 1456 cm−1,
respectively, which confirmed the strong interaction between
ZnO nanoparticles and cellulose chains.20,42 The Zn−O
vibration (∼470 cm−1) was not obvious in the spectra due to
the low ZnO content of the nanocomposites.30,42

Figure 3 shows the wide-range XPS spectra of the RC, RCZ8,
and RCZ16 films. RC film displayed two distinct peaks (C 1s
and O 1s) in the binding energy spectra (Figure 3a). For RCZ8
and RCZ16 films, one pair of new peaks attributed to Zn 2p
were observed, indicating the presence of ZnO at the outermost
layer.30 Figure 3b illustrates the curve fitting of the high-
resolution multiplex scan spectra of the C 1s region. Three
peaks at 284.8, 286.4, and 288.5 eV were observed for RC film,
corresponding to the carbon of alkyl (C−C/C−H, absorbed),
alcoholic/ether (C−O−C/C−OH), and carbonyl (CO) of
carbamate groups, respectively.43 For RCZ8 and RCZ16 films,
the peaks of alcoholic/ether demonstrated higher binding
energy and were determined at 286.5 and 286.7 eV,

Figure 1. XRD patterns of the RC and RCZ films.

Figure 2. FTIR spectra of the RC and RCZ films.
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respectively. A similar phenomenon was observed in the
carbonyl peaks and which shifted to a higher binding energy for
RCZ16 (288.7 eV). The high resolution XPS spectra for the O
1s region are shown in Figure 3c. The peak at 532.4 eV for RC
film was characteristic of the oxygen of alcoholic/ether (C−O−
C/C−OH).44 With the introduction of ZnO nanoparticles, the
peak of alcoholic/ether shifted to a lower binding energy with a
value at approximately 0.2 eV for RCZ8 and RCZ16 films.
Moreover, new peaks for the O atoms of ZnO were observed in
RCZ8 and RCZ16 films (531.6 and 531.8 eV, respectively).
Figure 3d shows the high-resolution multiplex scan spectra of
the Zn 2p region of RCZ films. The peaks at 1022.4 and 1022.6
eV corresponded to Zn 2p3/2, while the peaks at 1045.4 and
1045.7 eV were assigned to Zn 2p1/2. Interestingly, the
binding energy of Zn 2p (2p3/2 and 2p1/2) shifted remarkably
to higher binding energy (about 0.6 eV) compared with those
of the ZnO nanofibers.41 However, the observed spin−orbit

splitting of Zn 2p (between Zn 2p3/2 and 2p1/2) for RCZ
films was approximately 23 eV, which was consistent with the
value of the pure ZnO nanoparticles, indicating a normal state
of Zn2+ of ZnO in RCZ films.41 Usually, binding energy shifts
in XPS spectra can be attributed to two different kinds of
mechanisms: the different electronegativities of metal ions and
the strong interaction (electron transfer) between nanocryst-
als.41 Therefore, the binding energy shifts for C 1s, O 1s, and
Zn 2p proved the strong interaction between cellulose and
ZnO nanoparticles in RCZ films.
Figure 4 shows the SEM images of the surface and cross-

section of the films in BSE mode. RC film exhibited a dense
and porous network structure. When the ZnO content
increased from 2.7 to 15.1 wt %, more and more particles
could be observed from the surface and inner-section of the
RCZ films. ZnO particles on the surface aggregated to an
irregular shape. As listed in Table 1, the mean size of the

Figure 3. XPS spectra of the RC and RCZ films: (a) the wide-range spectra, (b) C 1s region, (c) O 1s region, and (d) Zn 2p region.

Figure 4. SEM images of the (a1−e1) surface and (a2−e2) cross-section of the films; (a3−e3) EDS spectra of the films: (a1, a2, a3) RC, (b1, b2, b3)
RCZ4, (c1, c2, c3) RCZ8, (d1, d2, d3) RCZ12, (e1, e2, e3) RCZ16.
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particles increased with increasing ZnO content. ZnO particles
inside the films showed smaller size (1.1−2.1 μm) than those
on the surface (1.0−2.4 μm). Generally, the polarity of water
leads to the formation of agglomerated ZnO nanoparticles.
However, the porous network of cellulose matrix prevented the
diffusion of the precursor [Zn(OH)4

2−] to a certain extent and
enabled better control of the growth of ZnO particles.42

Therefore, the growth of ZnO particles inside the RCZ films
was more uniform than the electrospinning method.20 The
EDS spectra of the films are shown in Figure 4a3−e3. Only C
and O elements were present in the RC film, while C, O, and
Zn were identified in all of the RCZ films. The wettability of
the films was determined, and the results are summarized in
Table 1. The water contact angle of RCZ films varied from
87.5° to 102.0° as the ZnO content increased, which was
significantly larger than that of the RC film (79.7°). As shown
in Figure 4, the surface morphology of the films became more
and more rough with an increase of ZnO content. The
interspaces among the ZnO particles could trap air whose water
contact angle was considered as 180°.45 Therefore, the trapped
air could be served as part of the surface, resulting in a solid/air
composite surface to increase the hydrophobicity of RCZ films.
Figure 5 shows the TEM images of the RCZ8 and RCZ16

films. The images depicted the uneven dispersion of ZnO

particles in the cellulose matrix. It was evident that ZnO
particles were formed through the close agglomeration of ZnO
nanoparticles with a mean size of 18.6 nm (Figure 5c). This
value was in agreement with the results calculated from the
XRD analysis. ZnO nanoparticles in the RCZ16 film showed
lattice spacing of 2.47 Å (Figure 5d), which was indexed to the
(101) plane of the hexagonal wurtzite ZnO particle (ICDD
card no. 36-1451). The inset image of Figure 5d shows the
SAED pattern of the film. The calculated lattice constants were
indexed to the (100), (002), (101), (102), (110), (103), and
(112) planes of ZnO,46 respectively, which were in accordance
with the results of XRD.
Physical Properties of the Films. The stability of RCZ

films in acidic, neutral, and alkaline media was determined. As
the RCZ films immersed into 0.1 mol/L HCl solution, the
white films changed to transparent immediately, indicating that
ZnO particles were reacted with HCl and transferred into the

soluble Zn2+. However, the color of RCZ films in neutral and
alkaline media exhibited no obvious changes after the treatment
of 24 h. Figure 6 shows the weight loss of ZnO for RCZ12 films

immersed into different media with various times. It was noted
that about 98% of ZnO in the film was lost in 0.1 mol/L HCl
aq within 10 min. The loss of ZnO in 0.1 mol/L NaOH aq
increased with an increase of immersing time, and the LossZnO
value was about 16% after 24 h. Though ZnO could react with
NaOH to form the water-soluble Zn(OH)4

2−, the strong
interactions between Zn(OH)4

2− and cellulose resulted in the
relatively slow loss of ZnO from the films.35 The nano-
composite films displayed high stability in neutral media, and
only 1.6% of the ZnO particles escaped from the matrix after
the duration in 0.1 mol/L NaCl aq for 24 h.
Figure 7 shows the stress−strain curves of the films. RC film

had good tensile strength (σb) and Young’s modulus (E), with

values of 40.6 MPa and 2.5 GPa, respectively. An increase in the
ZnO content from 2.7 wt % (RCZ4) to 7.4 wt % (RCZ8) led
to a slight decrease in the elongation at break (εb) of the RCZ
films when compared with that of the RC film. However, the E
and σb values slightly increased and reached 3.1 GPa and 57.1
MPa with 7.4 wt % ZnO loaded. The values are comparable
with those of the cellulose−carbon nanotube film (E = 2.6 GPa

Figure 5. TEM images of (a) the RCZ8 and (b,c) RCZ16 films; (d)
HRTEM image of the RCZ16 film, inset is the SAED pattern of the
film.

Figure 6. Dependence of the immersing time on the weight loss of
ZnO (LossZnO) for RCZ12 films in different media at 25 °C.

Figure 7. Stress−strain curves of the RC and RCZ films.
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and σb = 59.4 MPa).47 The σb values of the films decreased with
increased ZnO content over 7.4 wt %. A similar result was
observed on cellulose−SiO2 nanocomposite films48 and
cellulose/graphene oxide composite films.49 This could be
attributed to the tendency of ZnO nanoparticles to form larger
agglomerates at higher content, leading to relatively poor
dispersion in the cellulose matrix. However, all of the RCZ
films displayed higher tensile strength than RC film, which
further confirmed the strong interactions between ZnO
nanoparticles and cellulose matrix.
Figure 8 illustrates the TG and differential thermogravimetry

(DTG) curves of the films under an air atmosphere. A small

amount of weight loss was observed below 100 °C, which was
assigned to the release of moisture from the films.15 RC film
showed two obvious weight loss steps under elevated
temperature. The first weight loss step occurred in the
temperature range of 280−350 °C, which was attributed to
the onset of cellulose decomposition.15 The second weight loss
peak occurred at 350−610 °C and was ascribed to the full
decomposition of cellulose.15 RCZ films exhibited similar
thermal decomposition process but demonstrated lower
complete degradation temperature (ca. 620 °C) than that of
RC film (ca. 690 °C). This could be attributed to the catalyst
properties of ZnO nanoparticles, which facilitated faster
breakdown of the cross-linking in the carbon skeleton.23

Figure 9a shows the UV−vis absorption spectra of the films.
RCZ films with higher ZnO content (RCZ8, RCZ12, and

RCZ16) clearly demonstrated a peak at 360 nm. The spectra of
RCZ films were similar to that of cellulose−ZnO composites
prepared from a wet chemical method (350 nm)26 and
cellulose−ionic liquid solution (358 nm).23 This suggested that
the ZnO particles in the composites were roughly the same
size.41 RC film did not show any major absorption peaks in the
same spectral region. ZnO absorption peaks were not observed
in the spectrum of RCZ4 films, which was attributed to its
relatively lower ZnO content. The band gap energy of the ZnO
nanoparticles was calculated according the following equa-
tion:41

α = −hv A hv E( )n
g

/2
(5)

where α, ν, Eg, and A is the absorption coefficient, light
frequency, band gap, and constant, respectively. Moreover, n
depends on the characteristics of the semiconductor transition:
direct transition (n = 1) or indirect transition (n = 4). For ZnO,
the value of n is 1 for the direct transition. Therefore, the band
gap energy of the ZnO nanoparticles in RCZ films could be
estimated from a plot of (αhν)2 versus photon energy hν. As
shown in Figure 9b, the band gap of ZnO for RCZ12 and
RCZ16 films was determined as 2.99 and 3.04 eV, respectively,
which was similar to the pure ZnO nanoparticles (3.22 eV).41

Figure 8. (a) TG and (b) DTG curves of the RC and RCZ films under
an air atmosphere.

Figure 9. (a) UV−visible spectra and (b) the energy band gap of the
RC and RCZ films.
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The results suggested that RCZ films had enhanced UV-
blocking properties compared to the RC film.
Antibacterial Properties. Figure 10 shows the inhibition

zone test of the films against E. coli and S. aureus. RC films did
not indicate any detectable inhibition zones. In contrast,
significant inhibition zones were observed for RCZ films. As
summarized in Table 1, the width of the inhibition zone around
RCZ films showed significant growth with increased ZnO
content for both S. aureus and E. coli after 1 day, varying in the
range of 8.7−18.8 mm and 5.8−10.2 mm, respectively.
Moreover, the nanocomposite films demonstrated a stronger
influence on S. aureus than E. coli. The results are in agreement
with previously reported literature.20,50,51 The nature of the cell
wall structure is one of the possible reasons for different
sensitivity.20 S. aureus is composed of multilayers of
peptidoglycan with an abundant amount of pores that renders
them more susceptible to reactive species, leading to cell
disruption. The cell wall of E. coli is relatively thin and is mainly
comprised of peptidoglycan, while the outer layer consists of
lipopolysaccharide, lipoprotein, and phospholipids, which
would be less vulnerable to the attack of a reactive species.
Therefore, RCZ films displayed better antibacterial activity
against S. aureus than E. coli.
The antibacterial properties of RCZ films were also

quantitatively evaluated using the colony-forming count
method (Figure 11). RC films did not demonstrate any
antibacterial activity for E. coli and S. aureus, and the number of

viable bacteria remained static. However, a 2-log reduction and
3-log reduction in the viable bacteria of E. coli were observed
within 1 h of exposure in RCZ8 and RCZ16 films (Figure 11a),
respectively. When the contact time increased to 3 h, a more
significant reduction in the viable bacteria of E. coli was
observed for RCZ8 (5-log) and RCZ16 films (7-log). After 6 h
of exposure, the E. coli bacteria were completely eradicated. As
shown in Figure 11b, RCZ films showed more rapid
sterilization for S. aureus than E. coli. After 1 h of treatment,
a 2.5-log and 4-log reduction was observed for S. aureus in
RCZ8 and RCZ16 films, respectively, and a 100% reduction in
viability was reached after 3 h for the RCZ16 film. Enhanced
antibacterial properties were identified in RCZ films compared
to ZnO nanostructures-deposited cotton fabrics51 and
chitosan−ZnO-based cotton fabric.52 This could be attributed
to the porous structure of RCZ films and the enhanced
dispersion stability of ZnO nanoparticles in the cellulose
matrix.20 The porous structure provided empty space that
allowed the water molecules to react with the incorporated
ZnO nanoparticles, leading to the generation of reactive
species, such as oxy-radical or hydroxyl-radical species.10,30,51,52

These reactive species caused oxidative injury inside the
bacterial cells, resulting in excellent antibacterial activities of
RCZ films.

Figure 10. Inhibition zone test of the RC and RCZ films against (a−e) E. coli and (f−j) S. aureus: (a,f) RC, (b,g) RCZ4, (c,h) RCZ8, (d,i) RCZ12,
(e,j) RCZ16.

Figure 11. Viable cell numbers of (a) E. coli and (b) S. aureus in the control group, RC, RCZ8, and RCZ16 films with different contact time.
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■ CONCLUSIONS
Cellulose based ZnO nanocomposite films were successfully
prepared from CC-NaOH/ZnO aqueous solutions through
one-step coagulation. With an increase of ZnO concentration
from 0.4 to 1.6 wt % in the solvent, the ZnO content of the
nanocomposites increased from 2.7 to 15.1 wt %. ZnO
nanoparticles with the size of 15−19 nm agglomerated into
large particles with the size of 1.0−2.4 μm, which were firmly
embedded in the cellulose matrix. The strong interactions
occurred between ZnO particles and cellulose matrix in the
RCZ films. The tensile strength and Young’s modulus of RCZ
films were enhanced with the incorporation of ZnO nano-
particles. RCZ films displayed good UV-blocking properties
and high stability in neutral media. Particularly, RCZ films
exhibited excellent antibacterial activities against E. coli and S.
aureus. A dramatic reduction in viable bacteria was observed
within 3 h of exposure and all of the bacteria were eliminated
within 6 h. Therefore, RCZ films have significant potential for
application in biomedical, catalysis, packaging, and electronic
fields.
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