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Abstract
This paper reports the synthesis and application of nanosilver antibacterial materials. The preparation methods of nanosilver 
complexes are described. The effect of silver nitrate concentration and nanosilver dispersion on antibacterial properties was 
analysed. In this experiment, TEMPO oxidant was used to oxidize hydroxyl on the C6 position of wood nanocellulose into a 
carboxyl group. Meanwhile, carboxyl compound was used to react with AgNO3, the silver composite material was prepared 
with PVA as the substrate. We use interface grafting. The surface of cellulose is bonded with reactive functional groups to 
form a transition layer. To improve the interface bonding between matrix and reinforcing fiber. The Ag-NC-PVA nanocom-
posite film was characterized by UV–Vis, SEM, TEM, mechanical properties and antibacterial properties analysis. SEM and 
TEM images showed that the size of most silver nanoparticles ranged from 5 to 20 nm; the mean particle size was 10 nm. 
The mechanical properties of Ag-NC-PVA films were greater than that of PVA film. When the amount of Ag-NC was 4%, 
its tensile strength was 71.3 MPa; it’s almost 15% higher than PVA. After antibacterial analysis, Ag-NC endowed PVA with 
excellent antibacterial properties. The prepared Ag-NC-PVA greatly promotes the practical application development of the 
silver-based composite bacteriostatic material.
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1  Introduction

In recent years, with the continuous development of nano-
technology in the field of materials, many new materials 
have emerged, such as: nanomaterials. Then came a new era 
of nanomaterials. Nanosilver was an advanced functional 
material; nanosilver had the characteristics of small size 
effect, surface effect and macroscopic quantum tunnelling 
effect. It had an important application value in optoelectron-
ics, biosensing, catalysis, antibacterial, etc. It can be applied 
to optical materials [1–4], catalyst materials [5–8], antibac-
terial materials [9–15], biosensor materials [16, 17], battery 
electrode materials [18–20], low temperature superconduc-
tor materials [21], etc. Silver nanoparticles (AgNPs) have 
been widely used due to its broad spectrum of antimicrobial 
activities and low toxicity toward mammalian cells [22, 23].

At present, there were many ways to prepare nanosilver. 
According to the principle of preparation, the preparation 
methods of silver nanoparticles can be divided into three 
categories: Physical method [24, 25]. Chemical method [26, 
27]. Biological method [28, 29]. Among them, the physical 
method was widely used, the operation process was simple 
and produced fewer impurities, but the product was easy to 
reunite, the required equipment requires high technology, 
expensive production costs, and unable to mass production. 
The second, biological method for preparing nanosilver only 
stays in the research stage. Due to the low purity of micro-
organisms and the general biological reducibility was weak, 
one of the reasons why it cannot be applied on a large scale. 
Also, most chemical synthesis of silver nanoparticles was 
to reduce Ag+, thereby obtaining a silver atom, and form 
elemental silver particles, the advantage of this method was 
that many of metal nanoparticles could be produced in a 
short time. Moreover, the pore diameter and size distribution 
of metal nanoparticles can be better controlled. However, the 
nanosilver produced by this faster method. Nanoparticles 
have high surface energy; they were very easy to reunite 
[30]. Therefore, some amounts of dispersant or stabilizer 
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were needed, such as: PVP(polyvinyl alcohol)to control the 
process of reaction. But this process cost was high, pollute 
the environment, need to improve urgently. Antibacterial 
mechanism of nanosilver [31]: silver ion contact reaction, 
causes the microorganism common component destruction 
or produces the function barrier. When tiny amounts of sil-
ver ions reach the membrane of a microbial cell, because 
the latter was negatively charged, rely on coulomb gravity to 
make the two firmly adsorb, the silver ions penetrate the cell 
wall and enter the cell, and reacts with the oxygen metabo-
lism enzyme -SH group, coagulate the protein, the activity 
of cell synthase was destroyed. Cellulose the ability to divide 
and multiply and die. Silver ions can also destroy microbial 
electron transport systems, respiratory systems and material 
transport systems.

The interface of composite materials is not a simple 
geometric plane. It is a three-dimensional interfacial phase 
[32, 33] containing the transition region between the two 
phases. The chemical composition, molecular arrange-
ment, thermal properties and mechanical properties of the 
interfacial phase show a continuous gradient change. The 
interface phase is very thin and submicroscopic, but it has 
an extremely complex structure. Thermal stress [34, 35], 
interfacial chemical effect [36] and the interfacial crystallisa-
tion [37–39] can occur in the composite process of PVA and 
silver-bearing cellulose. The interface microstructure and 
properties caused by these effects have a direct impact on the 
macroscopic properties of composites. In this experiment, 
a unique method was adopted: the composite antibacterial 
material was prepared by using nanocellulose as dispersion, 
silver-carrying nanocellulose as filler, and polyvinyl alco-
hol [40, 41] as substrate. Its cost reduction, resource-saving 

and mechanical performance [42] have been significantly 
improved. This nanosilver PVA material [43], which was 
dispersed by nanocellulose, can be made into dry material, 
according to demand can also be prepared as a gel mate-
rial. It is widely used in food packaging, chemical catalysis 
[44], environmental protection and other fields,it has a good 
development prospect.

2 � Materials and Methods

2.1 � Materials

The pulp board (obtained from Hohhot, Inner Mongolia, 
China). Polyvinyl alcohol and sodium hypochlorite pur-
chased from Fuchen (Tianjin) Chemical Reagent Co. Ltd, 
China. Silver nitrate was purchased from Tianjin Tiangan 
Chemical Technology Development Co. Ltd, China. Sodium 
bromide and sodium borohydride were purchased from 
Tianjin Shengao Chemical Reagent Co. Ltd, China. Other 
reagents applied in this experiment were analytical grade 
(Scheme 1).

2.2 � Extraction of Nanocellulose

2.2.1 � Pretreatment of Cellulose

To remove lignin and hemicelluloses from the pulp, the 
fiber needs to be pretreated. The pulp board (obtained from 
Hohhot, Inner Mongolia, China) was torn, sealed and stored 
for later use. A certain amount of samples were weighed 
and put into a conical flask with deionised water (DW) at 

Scheme 1   Schematic diagram 
of preparation of silver-based 
cellulose/PVA antibacterial 
materials
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75 °C. Then, HClO2 and CH3COOH were separately added 
and repeated five times. After pretreatment, cellulose was 
filtered repeatedly by multi-purpose vacuum pump of deion-
ised water and dried at room temperature for a night.

2.2.2 � Preparation of Nanocellulose

Nanocellulose is obtained by NaOH/urea/thiourea aqueous 
solvent system. The pretreated cellulose was added to the 
NaOH/urea/thiourea aqueous solvent system. Under the con-
dition of ice salt bath, the mixture was stirred for 2 h to fully 
dissolve cellulose. Finally, the uniformly dispersed nanocel-
lulose could be obtained by ultrasonic treatment for 1 h.

2.2.3 � Preparation of Oxidized Nanocellulose

To obtain oxidized nanocellulose, Weigh the quantita-
tive Na2CO3 and NaHCO3 as buffer solutions, the ratio 
of Na2CO3 and NaHCO3 was 7:3, the total concentration 
was 0.1 mol/L. Then weigh 0.5 g TEMPO and 1 g NaBr 
in turn, and dissolve it in the configured buffer solution; 
secondly, 2.5 g nanocellulose was dispersed in the above 
solvent, weigh the quantitative NAClO solution separately, 
during the mixing process, slowly add a dilute hydrochloric 
acid solution to adjust the pH between 10 and 11. Finally, 
the adjusted pH of NaClO solution was slowly added drop 
wise to the wood cellulose suspension. Keep stirring for 
reaction, after 4 h reaction, wash with deionised liquid until 
neutral, different carboxyl content of oxidized cellulose was 
obtained; the obtained oxidized cellulose was further for-
mulated into different volumes of water dispersion system. 
Water dispersion system of nanocellulose with different car-
boxyl content was obtained by ultrasonic treatment.

2.3 � Synthesis of Silver Nanoparticles (AgNPs)

Adding quantitative silver nitrate to nanocellulose aqueous 
dispersions with different carboxyl contents, the carboxyl 
group was fully complexed with Ag+. And then the COOH-
Ag+ system, adding quantitative NaBH4 (as a reducing 
agent) reduction of Ag+ complexed by carboxyl groups, 
the resulting silver-loaded nanocellulose (Ag-NC) solution 
with different degrees of dispersion. By this method, silver 
nanoparticles were prepared and successfully grown on the 
nanocellulose. The resultant suspension was stored before 
further treatment.

2.4 � Preparation of PVA, Ag‑NC and Ag‑NC‑PVA 
Nanocomposite Films

Add 10 g of polyvinyl alcohol to 100 mL of deionised water, 
after magnetic stirring in 90 °C water bath for 2 h form a 
homogeneous solution with a volume fraction of 10%. Take 

a certain volume of Ag-NC suspension, the volume fraction 
of nanosilver was 1 wt%, 3 wt%, 4 wt% and 5wt% respec-
tively (relative to nanocellulose solution mass). The Ag-NC 
films were prepared with different loadings of AgNPs. Add 
to PVA solution; then magnetic stirring was performed for 
2 h in 45 °C water bath, in the defoaming vacuum machine 
(vacuum degree is − 0.9Mpa), vacuum defoaming was done 
for 1 h at room temperature. Pour it into the dish, place in a 
drying oven at 60 °C to dry, then cure the release films, the 
composite films with different Ag-NC-PVA content were 
obtained. The volume fraction of Ag-NC-PVA was 1 wt%, 
3 wt%, 4 wt% and 5 wt%. Recorded as, Ag-NC-1PVA, Ag-
NC-3PVA, Ag-NC-4PVA, Ag-NC-5PVA.

2.5 � Characterization Techniques

The structure of nanocellulose and oxidised nanocellulose 
composites were analysed by FTIR (Tensor 27, Bruker, Ger-
many). Measurement conditions: Resolution is 0.5 cm−1. 
The frequency range is 400 ~ 4000 cm−1. 2 mg samples are 
evenly mixed with 200 mg pure KBr, and they are placed 
in a mould and pressed into the thin sheet at 8–10 MPa for 
2 min. Particles diameter should be less than 2 μm. KBr is 
used as contrast. The morphology of the Ag-NC-PVA was 
analysed by transmission electron microscopy (TEM) using 
an FEI Tecnai G2 20 with an accelerating voltage of 200 kV. 
Thermal analysis of the Ag-NC-PVA sample was measured 
using an STA 409 PC. The temperature ranged from 25 to 
600 °C with a heating rate of 10 °C min−1 under nitrogen. 
The surface morphology of the material was observed by 
scanning electron microscopy (SEM). The composite was 
taken under a 10 kV Hitachi S4800 microscope. Ultraviolet 
absorbance measurements were taken on a TU-1950 UV 
Dual-Beam Visible Spectrophotometer. The formation of 
silver nanoparticles in a colloidal solution of 200 ~ 800 nm 
was observed. The mechanical properties of PVA and Ag-
NC-PVA composite film were measured using microcom-
puter controlled universal testing machine (5940 Instron, 
USA). The tensile strength and elongation at break of PVA 
and Ag-NC-PVA were measured. The tensile strength was 
measured according to GB/T 13022-91, the experimental 
speed is 20 mm/min. To ensure data accuracy and repeat-
ability, at least five measurements were carried out for each 
composite film.

3 � Results and Discussion

3.1 � Fourier Transforms Infrared (FT‑IR) Analysis

Fourier transform infrared spectroscopy is an important 
method to observe the chemical structure of materials. Fig-
ure 1 shows the FT-IR spectra of oxidized nanocellulose and 
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unoxidized nanocellulose. For spectrum of nanocellulose, 
it shows the strong absorption at 3500 cm−1 ~ 3100 cm−1 
ascribed to the stretching vibration peak of –OH in nanocel-
lulose. With the addition of TEMPO, its characteristic peaks 
appeared. For spectrum of oxidized cellulose, the peak near 
1732 cm−1 was the stretching vibration of C=O bonds at the 
carboxyl group. However, on the unoxidized nanocellulose, 
there is no stretching vibration peak. This indicates that the 
hydroxyl group of nanocellulose on C6 has been success-
fully oxidized to carboxyl group. Besides, due to the unique 
structure of nanocellulose, there are some abnormal spec-
trum phenomena, which lead to baseline deviation of FTIR 
and weaken signal absorption of functional groups. But, it 
can also reveal that TEMPO modified the nanocellulose by 
oxidation and successfully prepared the nanocellulose.

3.2 � UV–Vis Analysis

Figure 2 shows the UV absorption spectra of Ag-NC-PVA 
solutions at different concentrations. From top to bottom are 
Ag-NC-5PVA, Ag-NC-4PVA, Ag-NC-3PVA, Ag-NC-1PVA 
and PVA. Ultraviolet absorbance measurements were taken 
on a TU-1950 UV Dual-Beam Visible Spectrophotometer. 
The formation of silver nanoparticles in a colloidal solution 
of 200 ~ 800 nm was observed. Monitor color changes in col-
loidal solutions by visual inspection. Digital images of the 
sample were captured using a digital camera (cannon-550d) 
with a 4 × optical zoom. Figure 3 shows four different sil-
ver-containing cellulose-loaded polyvinyl alcohol colloidal 

solutions. Figure 3 was the ultraviolet absorption spectrum 
of silver-loaded polyvinyl cellulose colloidal solution with 
different silver content. We could see, except for the pure 
PVA solution, the remaining solution had a distinct charac-
teristic peak at 200 nm–800 nm. The absorption peak wave-
length of the largest characteristic peak was around 400 nm; 
the maximum characteristic absorption peak wavelengths 
were 403 nm and 398 nm respectively. This peak was a char-
acteristic absorption peak of nanosilver ions; this was caused 
by the surface ion resonance of Ag nanoparticles. It shows 
that Ag+ in silver nitrate solution was successfully reduced 
to Ag nanoparticles and adsorbed in the nanocellulose skel-
eton. The absorption light intensity of Ag-NC-PVA solution 
also increases with the increase of silver ion concentration. 
When the concentration of silver ions was maximum, its 
absorbance [45] was the maximum and transmittance the 
minimum,it shows that the concentration of silver ion was 
the biggest factor affecting the transmittance. Figure 2 was 
shown from left to right, Ag-NC-5PVA, Ag-NC-1PVA, Ag-
NC-3PVA, Ag-NC-4PVA.

3.3 � SEM Analysis

Figure 3 is the scanning electron microscopy of nanocellu-
lose polyvinyl alcohol membrane with different silver con-
tent. As can be seen from the figure, the surface of pure PVA 
is relatively smooth. After carrying silver, bright spherical 
particles can be seen, and the distribution is uniform, with-
out flocculent phenomenon. Through SEM–EDS analysis 

Fig. 1   Shows the FT-IR spectra 
of oxidized nanocellulose and 
unoxidized nanocellulose
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Fig. 2   Shows Ag-NC-PVA 
solution of different concentra-
tion and ultraviolet absorption 
spectrum of Ag-NC-PVA 
solution

Fig. 3   SEM of nanocellulose polyvinyl alcohol membrane
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in Fig. 4, it was confirmed that the spherical particles were 
indeed nanometer silver particles. With the addition of 
Ag-NC content, a large number of folds and dorsal ridges 
gradually appeared on the composite membrane surface. 
This may be the addition of too much nanocellulose to pro-
duce its own hydrogen bonds, which can play a better role in 
modification and utilization. However, when the concentra-
tion of silver nitrate increases, the precipitation rate of silver 
accelerates, the interaction force between particles exceeds 
the steric resistance of polymer fibers, and the silver nano-
particles condense with each other. Therefore, it is difficult 
to control the morphology of silver particles. Once the size 
of the sample exceeds the nanometer level and becomes a 
micron level particle, it will lose the role of silver nanopar-
ticles. We also deposited silver on unoxidized cellulose [46] 
(Fig. 3e–i). In Fig. 3f, we can see that NC and AgNPs are 
uniformly dispersed and white dots indicate the presence 
of NC in the main polymeric film. When NC is increased, 
and the white particles also increase gradually. Figure 3g is 
a cross section of silver particles on unoxidized nanocellu-
lose, We can see that there are silver nanoparticles between 
each layer of the cellulose, which also proves that the silver 
nanoparticles are evenly distributed inside the cellulose, not 
just on the surface.

3.4 � SEM–EDS Analysis

Figure 4 shows SEM–EDS spectra of pure PVA film and 
silver-loaded PVA composite film, the elements before and 
after the silver loading were shown in Table 1. It was found 

in Fig. 4a, SEM–EDS spectrum shows that there was a char-
acteristic energy peak near 0.2–0.4 keV, which was charac-
teristic of C and O. In Fig. 4b, except for the characteristic 
energy peak near 0.2–0.4 keV, strong energy characteristic 
peak also appeared at 3 keV, it turns out that both the atomic 
percentage and the weight percentage were small, this cor-
responds to the size of the nanosilver in Fig. 5. It also con-
firmed the presence of the element silver [47]. Also, the 
SEM–EDS spectrum of the materials was found to be C, O 
and Ag. They were 57.94%, 39.99% and 2.07% respectively.

3.5 � TEM Analysis

Figure 5 is the TEM image of Ag-NC-PVA composite film. 
As can be seen from Fig. 5, most of the silver nanoparticles 
are wrapped in the nanocellulose, while only a small part 
is free outside the nanocellulose. This is due to the pres-
ence of a large number of carboxyl groups in the nanocel-
lulose oxidized by TEMPO. In polymer systems, the charge 

Fig. 4   SEM–EDS spectra of the samples

Table 1   Surface elemental analysis data from EDS

Elements Before silver loading After silver loading

Weight 
percent-
age

Atom percentage Weight 
percent-
age

Atom percentage

C 61.85 68.35 57.94 65.70
O 38.15 31.65 39.99 34.04
Ag 0 0 2.07 0.26
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attraction between the carboxyl group and Ag+ creates a 
binding force that stabilises the free Ag+ in the solution. 
After adding NaBH4, Ag+ is wrapped in it and reduced to 
nanosilver particles. As can be seen from Fig. 5c and d, the 
nanometer silver particles are visible, evenly dispersed and 
without obvious condensation. Nanosilver [48] is spherical, 
square or triangular in size, ranging in diameter from 5 to 
20 nm. We also deposited silver on unoxidized cellulose 

(Fig. 5e–h). We can clearly see the prepared nanocomposite 
films, as can be seen from Fig. 5e and f, the size of silver 
nanoparticles was 10 to 15 nm. A small fraction of the cel-
lulose is agglomerated, it causes the silver nanoparticles to 
fall off. In Fig. 6h, we can see that the structure of the starch 
is vesicular, and the internal structure of the vesicle is black 
compared with the edge. It shows that silver nanoparticles 
are successfully encapsulated in starch. 

Fig. 5   TEM of nanocellulose polyvinyl alcohol membrane

Fig. 6   TG analysis of PVA and 
Ag-NC-PVA
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3.6 � TG Analysis

Thermo gravimetric analysis (TG) for different sample films 
(Fig. 6). Approximately 12 mg samples were poured into 
the alumina crucible; the nitrogen stream was heated from 
25 °C to 500 °C at 10 °C/min. For each degradation step in 
the composite films [49, 50], make measurements in dupli-
cate. As shown in Fig. 6, All the samples showed an initial 
weight loss in the region 25 to 150 °C which can be ascribed 
to the evaporation loss of free water and combined water in 
the composite membrane surface. The weight loss in this 
range was around 15%. The second stage, PVA film and Ag-
NC-PVA composite films have an obvious decline process 
between 150 °C and 500 °C, its weight loss exceeds 75%, 
thermal degradation of organic matter (NC, PVA) occurred 
in the composite films. When the temperature reaches 
500 °C, the mass fraction no longer drops. At this time, the 
residue shall be carbonised residue and inorganic Ag, it was 
found that the residual of Ag-NC-PVA series in the compos-
ite film was larger than that of PVA; the Ag-NC had been 
successfully loaded on the PVA. However, the addition of 
Ag-NC did not significantly improve the thermal properties 
of the composite films. It was possible that the hydroxyl in 
Ag-NC molecule binds to the hydroxyl in PVA. As a result, 
the fiber structure in the matrix decreased, but the thermal 
stability of the composite membrane was not affected.

3.7 � Water Uptake Analysis

Figure 7 shows water uptake of PVA and Ag-NC-PVA (sam-
ple 1: Ag-NC-1PVA; sample 2: Ag-NC-3PVA; sample 3: 
Ag-NC-4PVA; sample 4: Ag-NC-5PVA; sample 5: PVA). 
Water uptake of Ag-NC-PVA composite film and pure PVA 
film was tested. Different composite film was cut into differ-
ent thin slices of equal size, and weigh them [51], then soak 
in water at room temperature for 24 h, weigh them one by 
one. Specific calculation formula:

M0: Weight after Water uptake; M1: Weight before Water 
uptake.

Found by test, the Water uptake of pure PVA film [52] 
was 59.1%, the Water uptake of Ag-NC-PVA composite 
film decreased, when the maximum concentration of silver 
ion was Ag-NC-5PVA, composite film Water uptake was 
the lowest, the size of 23.6%. Ag-NC-5PVA compared with 
pure PVA film, it decreased by 25.5%. It may be due to the 
presence of Ag nanoparticles and nanocellulose in PVA 
matrix, the original film dense structure was destroyed, or 
the hydroxyl groups of both bind to each other to form new 

Water uptake (%) =
M0 −M1

M0
× 100%

through-holes in the film, the water-resistance of PVA com-
posite film was improved.

3.8 � Mechanical Property Analysis

Figure 8a shows the tensile strength of PVA, Ag-NC and 
Ag-NC-PVA; Fig. 8b shows elongation at break of PVA, 
Ag-NC and Ag-NC-PVA (The weight of silver carried from 
left to right was 1%, 3%, 4%, 5% and 0%). The mechani-
cal properties of Ag-NC, Ag-NC-PVA and pure PVA films 
were tested [53, 54], the elongation and tensile strength at 
break were evaluated, initial clamping distance of the ten-
sile testing machine was set as 50 mm, drawing speed was 
set to 20 mm/min, a strip film sample (1.5 cm–7 cm) was 
placed into the sample for tensile strength and elongation at 
break test. The tensile strength and elongation at break of 
pure PVA film were 60.0 Mpa and 5.80% respectively, the 
tensile strength of PVA composite films after silver loading 
was higher than that before. The tensile strength of Ag-NC-
4PVA was 71.3 MPa; tensile strength increased most obvi-
ously. It indicates the interaction between Ag, NC and PVA 
and leads to hydrogen bonding, the tensile strength of the 
composite film increases. In the process of stretching, cracks 
develop in the matrix and fiber is encountered. Interfacial 
debonding, fracture of the matrix and fiber, fiber pulling and 
other processes may occur, thus absorbing a lot of energy. 
Moreover, the development of cracks may not be in a plane, 
but may occur along different planes in the material, until the 
cracks through a plane of material is destroyed. The fracture 
energy of composite film was much higher than that of each 
component material, which shows the synergistic effect of 
composite material.

Fig. 7   Water uptake rate of PVA and Ag-NC-PVA
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3.9 � Antimicrobial Activity

To check for antimicrobial activity of the samples, weigh 
the film samples containing 1%, 3%, 4% and 5% Ag-NC-
PVA equally. First prepare liquid medium and solid plate 
medium, E. coli was inoculated from inclined seeds into the 
seed medium, the seed liquid was cultured in a 37℃ constant 
temperature incubator for 12 h. Transfer 0.1 g seed liquid to 
solid plate medium and spread evenly. The prepared different 
silver-loaded Ag-NC-PVA film was placed in the centre of 
the medium. The size of a bacteriostasis zone was observed 
after 24 h constant temperature culture in 37 ℃ incubator. 
Because the material has the antibacterial ability, bacteria 
around the sample will produce a clear bacterial retarding 

ring: a bacteriostatic ring. Bacteria can grow rapidly in a 
solid medium.

Pure PVA film and Ag-NC-PVA films were set as the 
control group. The difference between a bacteriostatic zone 
and Ag-NC-PVA film radius was measured; each sample 
shall be measured at least three places (Fig. 9). The period 
of antibacterial effect is shown in Table 2. The antibacterial 
properties of the samples were evaluated by the width of 
antibacterial zone. When the bacteriostatic circle was larger, 
the bacteriostatic effect also increased. On the contrary, it 
indicates that the antibacterial effect of the material is worse.

We found that all the silver-bearing films except pure 
PVA film had a certain size of inhibition zone. When the sil-
ver content was 4%, at this time, the inhibition zone was the 

Fig. 8   a Shows tensile strength 
of PVA, Ag-NC and Ag-NC-
PVA; b shows elongation at 
break of PVA, Ag-NC and 
Ag-NC-PVA
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largest. However, when the amount of silver was increased to 
a concentration of 5%, the concentration of inhibition zone 
began to decrease again; it shows that one of the main factors 

affecting the antibacterial effect of nanosilver is the disper-
sion degree of nanosilver. When nanosilver dispersion was 
better, the antibacterial effect of the composite was more 
obvious (Fig. 10).

4 � Conclusions

(1)	 Ag-NC composite materials were prepared and uni-
formly dispersed in the PVA matrix.

(2)	 When the addition content of Ag-NC is 4%, the tensile 
strength is 71.3 MPa, which is nearly 15% higher than 
that of PVA.

(3)	 Most of the nanosilver particles have a smaller particle 
size, a size of 5 nm to 20 nm, and an average particle 
diameter of 10 nm.

(4)	 After antibacterial analysis, Ag-NC imparts excellent 
antibacterial properties to PVA. When the silver con-
tent is 4%, the inhibition effect is most obvious.

Fig. 9   Antibacterial activity of E. coli composite film samples

Table 2   Measure to bacterial inhibition of as-prepared samples

+ : with E. coli growth, -: without E. coli growth from antimicrobial 
activity

Time (days) PVA Ag-NC-
1PVA

Ag-NC-
3PVA

Ag-NC-
4PVA

Ag-
NC-
5PVA

1 + + + + +
2 + + − − −
3 + − − − −
4 + − − − −
5 + − − − −
6 + − − − −
7 + + + − +
8 + + + + +

Fig. 10   The flow chart of prepa-
ration process of Ag/NC/PVA 
composite film
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