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ABSTRACT: In this work, high-performance multifunctional composites were obtained by melt blending silver deposited tetrapod-like

zinc oxide whiskers (Ag-ZnOw) with polystyrene (PS). The chemical, spectroscopic, antibacterial, mechanical, and morphological

properties of the PS/Ag-ZnOw composites were carefully investigated and discussed. The obtained PS/Ag-ZnOw composites character-

ized remarkable antibacterial activity against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). Moreover, it is found that

impact strength of the composite increase with increasing nanofiller concentration (up to 0.25 wt %). Morphological characterization

of the impact fractured surface of composites revealed that toughening was achieved through uniform filler distribution in the poly-

mer matrix, and anchoring effect was imparted by the tetrapod-like shape of ZnO whiskers. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2014, 131, 40900.
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INTRODUCTION

Polystyrene (PS) is a transparent, nontoxic, mechanically

adequate, and easy-processing material that can be used to

make electronic equipment housing, disposable kitchen utensils

and compact discs, etc. However, despite being operated at low

temperatures, refrigerator trays made of PS can be hot spots for

bacteria.1 Previous study found that the concentration of viable

cells in refrigerators is around log10 7.1 colony-forming units

(CFU) per cm2 in average. Moreover, more than half of the

inspected refrigerators contained pathogenic microorganisms.2

So, it is very important to protect consumer health by prevent-

ing cross-contamination through contaminated surfaces.3 On

the basis of the aforementioned considerations, PS becomes

increasingly less appealing for refrigeration trays manufactures,

and a mechanically stronger replacement for PS with antibacte-

rial property is thus needed. Several researches have been done

to either toughen PS,4–6 or incorporate antibacterial property to

PS,7–10 while very few researches have managed to incorporate

both properties by adding one type of filler particles. Wang

et al.11 and Zhang et al.12 used TiO2 as toughening and antibac-

terial agent and both of them found that the maximum of

impact strength and antibacterial activity appeared with the

addition of 1.0 wt % TiO2. Although enhancements in both

properties were observed in these aforementioned studies, fur-

ther optimization can be realized by tailoring the composition,

shape, and surface properties of nanofillers.

More and more photocatalytic researches focus on ZnO instead

of TiO2 due to the higher efficiency of ZnO in generating, mov-

ing and separating photoinduced electrons and holes.13 Similar

to TiO2, ZnO can be used to simultaneously improve mechani-

cal and antibacterial property of polymer composites.14–16 How-

ever, the extent of improvement is somewhat limited. Taking

the antibacterial rates of polymer composites against E. coli as

an example, Li et al. found that 4 wt % ZnO nanoparticles was

needed to achieve 90% antibacterial rate,17 Ma et al. found that

it took 1.5 wt % ZnO nanowhiskers to achieve more than 90%

antibacterial rate,18 Li et al. achieved 98.4% antibacterial rate

upon 1 wt % ZnO nanoparticle incorporation.19 In general, it

takes at least 1 wt % ZnO filler to produce polymer composites

with 98% antibacterial rate. At high filler concentration, par-

ticles usually formed stress-concentrating aggregates in the poly-

mer matrix, consequently weakening the composites. Moreover,
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composites with high filler concentration can be very expensive

to fabricate, and difficult to process as well. Numerous attempts

were made to solve this aforementioned problem, and later

researches showed that the filler concentration can be reduced

by altering the shape of particles.20,21 It was found that

tetrapod-like ZnO whiskers (ZnOw) exhibit better antibacterial

efficiency than other regular-shaped ZnO nanoparticles, thanks

to the unique tetrapod-like structure that prevents aggregation

of nanoparticles and enables quantum effects at whisker tips.20

Besides controlling the shape of nanofillers, it was possible to

improve antibacterial activity of the semiconducting ZnO nano-

fillers by improving their photocatalytic property.11 Among the

numerous methods used to enhance photocatalytic activity,

three most popular methods are semiconductor combina-

tion,22,23 transition metals deposition,24,25 and noble metal dep-

osition.26,27 Previous study showed that silver nanoparticle

deposition could be used to modify ZnOw, leading to better

photocatalytic property.28

In this study, pure ZnOw were first modified with silver nano-

particles using photodeposition, and then the obtained

Ag-ZnOw nanofillers were incorporated into PS matrix via

melt-blending to produce multifunctional Ag-ZnOw/polymer

nanocomposites with low filler concentration (no more than

0.25 wt %). The antibacterial and mechanical properties of the

nanocomposites were found to increase with increasing filler

concentration.

EXPERIMENTAL

Materials

General purpose polystyrene with a density of 1.05 g cm23 and

a melt flow rate of 3 g/10 min (200�C, 5 kg) was purchased

from BASF-YPC (158 K, Nanjing, China). Tetrapod-like zinc

oxide whiskers was synthesized by the equilibrium gas expand-

ing method using the metallic zinc powders as the main raw

material at 700�C.29 The average length of the ZnOw whiskers

was 20–50 lm and the density of ZnOw was 6.76 g cm23, as

shown in Figure 1. Analytical grade silver nitrate (AgNO3) and

polyethylene glycols (PEG) were used as received. Deionized

water was used to prepare all the solutions in this article.

Preparation of PS/Ag-ZnOw

Ag-ZnOw nanoparticles were prepared according to the proce-

dures described in our previous publication,28 and the TEM

image of obtained Ag-ZnOw nanocompound was shown in Fig-

ure 2. It can be seen that Ag nanoparticles were successfully

deposited on the surface of ZnO whiskers with particle size

ranging from 50 to 100 nm. The obtained Ag-ZnOw were then

mixed with PS to produce PS/Ag-ZnOw nanocomposites using

the following procedure: firstly, PS pellets and Ag-ZnOw nano-

particles were dried in oven for 6 h at 60 and 80�C, respectively,

and then the nanoparticles were mixed with PS pellets using a

twin screw extruder at a weight ratio of 1:100 to prepare master

batch. The temperatures of the extruder from the feeding zone

to the die were set at 170, 190, 200, and 195�C and the screw

speed was set at 40 rpm (TSSJ-25, China). Second, the master

batch was diluted by melt mixing with pure PS using the same

processing conditions to produce samples with different Ag-

ZnOw nanoparticle concentrations (0, 0.05, 0.15, and 0.25 wt

%). Extruded pellets of all the samples were fabricated into

standard testing bars using an injection-molding machine

(NISSE I-PS40E5ASE, Japan) at a melting temperature of 200�C
and a molding temperature of 40�C.

Characterization

Inductively Coupled Plasma Emission Spectrometer (ICP).

The concentration of Ag in PS/Ag-ZnOw nanocomposites was

analyzed by inductively coupled plasma emission spectrometer

(Thermo iCAP6300).

Scanning Electron Microscopy (SEM). Scanning electron

microscope (Philips-FEI, XL30) was employed to examine the

morphology of the gold plated surfaces of impact fractured

samples.

Figure 1. SEM image of typical pure ZnOw.

Figure 2. TEM image of Ag-ZnOw nanocompound.
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Transmission Electron Microscopy (TEM). The morphology of

Ag-ZnOw nanocompound was studied using transmission elec-

tron microscopy (JEOL, 2010F).

Ultraviolet-Visible Spectroscopy (UV-vis). The absorbance

spectra of samples from 200–800 nm were obtained by a UV-vis

spectrophotometer (Shimadzu, 2550).

Mechanical Properties Measurements. Notched Izod impact

strength was measured using an impact tester (XC-22Z, China)

according to ISO180–2000. The reported impact strength was

the average of five measurements.

Wide Angle X-ray Diffraction (WAXD). The crystalline struc-

ture of samples was investigated using a WAXD (Panalytical

X’pert PRO diffractmeter with Ni-filtered Cu Ka radiation, the

Netherlands). The continuous scanning angle used in this work

was from 0� to 70� at 40 kV and 40 mA.

Antibacterial Experiments. The antibacterial property against

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)

were determined independently by Guangdong Detection Center

of Microbiology according to GB 21551.2–2010.30 The samples

(5 3 5 cm2) were first washed with 75% ethanol to kill all bac-

teria on the surface. After drying, a 0.2 mL solution of bacteria

(2.0–5.0 3 105 CFU mL21) was added onto the film surface.

These carrier films were kept at 37�C and at a relative humidity

of 90% or greater. After 24 h, the bacteria were washed off with

a 0.80% NaCl solution, and then, a 1mL serial dilution of this

suspension was plated onto nutrient broth agar. The samples

were kept at 37�C for another 24 h before counting the colony

forming units of bacteria according to GB 4789.2–2010,31 and

the antibacterial rate (R) was calculated with the following

equation32,33:

R5
B2C

B
3100% (1)

where B is the number of colony forming units of the blank

sample (with 0 wt % filler concentration) and C is the number

of colony forming units of the antibacterial samples. Every

reported antibacterial rate (for each bacterial) is an average of

three measurements. It should be noted that the effect of natu-

ral light irradiation on antibacterial efficiency was tested. For

samples tested with natural light, there is no extra measure to

prevent light irradiation. For samples tested in the dark, natural

light irradiation was shielded using aluminum foil.

RESULTS AND DISCUSSION

Composition Characterization

The XRD patterns of the pure PS and PS/Ag-ZnOw compound

prepared with different Ag-ZnOw contents are shown in Figure

3. It can be seen that the diffraction peaks at 2h 5 19.06� can be

attributed to PS,34 and the 2h 5 31.88� and 56.62� are assigned

to the (100) and (110) planes of wurtzite structure of ZnO crys-

tals (JCPDS file no. 36-1451).35 The intensity of the diffraction

peaks of ZnO increases with the increasing Ag-ZnOw content, as

shown in the red rectangles in Figure 3. However, no diffraction

peaks of metallic Ag can be detected due to the large ZnOw/Ag

ratio (Ag deposited as nanoparticles on ZnOw surface). Besides,

the incorporation of Ag-ZnOw nanoparticles produces neither a

new peak nor a shift with respect to PS, indicating the absence

of any crystalline impurities within PS/Ag-ZnOw composites. To

further determine the existence of Ag in the composites, ICP test

was conducted. It is shown that for PS/Ag-ZnOw samples with

0.05, 0.15, and 0.25 wt% filler concentrations, the content of Ag

were 9, 14, and 32 ppm, respectively.

Antibacterial Activity

The antibacterial activities of the synthesized nanocomposites

against E. coli and S. aureus were studied and the results are

shown in Table I. While pure PS has no antibacterial activity, the

antibacterial efficiency of PS/Ag-ZnOw nanocomposites increased

with increasing Ag-ZnOw nanoparticles content. Upon addition

of only 0.05 wt % Ag-ZnOw nanoparticles, the antibacterial effi-

ciency of the composites are already as high as 91.35% against E.

coli and 92.56% against S. aureus, satisfying the antibacterial

standard for the electric home appliance of China.30 Further

increasing Ag-ZnOw content to 0.25 wt % pushes the antibacte-

rial efficiency to 99.99% against both E. coli and S. aureus. This

result is remarkably better than previous researches, which

showed 99% antibacterial efficiency only after incorporation of 1

wt % TiO2,11,12 or 0.8 wt % ZnO.36 To clarify the antibacterial

mechanism of PS/Ag-ZnOw nanocomposites, the antibacterial

efficiency was further tested under no light condition. Without

Figure 3. XRD patterns of pure PS, and PS/Ag-ZnOw nanocomposites

prepared with Ag-ZnOw contents of 0.05, 0.15, and 0.25 wt %. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Table I. Antibacterial Efficiency of Pure PS, and PS/Ag-ZnOw Nanocom-

posites Under Different Testing Conditions

Ag-ZnOw
nanoparticles
(wt %)

Experimental
condition

Antibacterial rate (%)

E. coli S. aureus

0 Natural light 0 0

0.05 Natural light 91.35 92.56

0.15 Natural light 97.99 99.99

0.25 Natural light 99.99 99.99

0.25 No light 88.33 99.52
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natural light irradiation, the antibacterial efficiency of sample

with 0.25 wt % filler concentration were slightly decreased to

88.33 and 99.52% for E. coli and S. aureus, respectively.

Antibacterial Mechanism

The antibacterial activity of Ag, ZnO, and their corresponding

nanocomposites has been extensively investigated.37–42 The most

widely accepted antibacterial mechanisms are: (1) active oxygen

generation, which requires light irradiation,43,44 and (2) hydro-

gen peroxide (H2O2) generation, which doesn’t require light

irradiation.45 By conducting experiment in the dark, the genera-

tion of active oxygen through photocatalytic process can be

inhibited, allowing us to study the effect of H2O2 separately. It

is reported that H2O2 can inhibit the growth or even kill the

bacteria by damaging the cell membrane of bacteria through

oxidization.45 As described in the previous section, the antibac-

terial efficiency for samples tested in the dark decreased slight

from 99.99 to 88.33% for E. coli, and from 99.99 to 99.52% for

S. aureus. This result indicates that the active oxygen generated

by photocatalytic activity plays a less important role in antibac-

terial mechanism. Therefore, the generation of H2O2 from Ag-

ZnOw is considered as the primary cause for antibacterial activ-

ity of PS/Ag-ZnOw nanocomposites.

On the other hand, it worth pointing out that despite being less

important than H2O2, active oxygen generated under light irra-

diation does function synergistically, and further increases the

antibacterial efficiency to 99.99% for both E. coli and S. aureus.

So, the antibacterial mechanism of active oxygen deserves some

explanation. When semiconducting ZnO is subjected to light

irradiation, electron-hole pairs can be generated on its surface.

Subsequently, the hole (h1) can react with OH2 on the surface

to generate hydroxyl radicals (OH•), superoxide anion (O2
2)

and perhydroxyl radicals (HO2•).46 These highly active free radi-

cals could disrupt the cell wall of microorganism as a result of

decomposition.47,48 Incorporation of Ag onto the surface of

ZnO will further improve the charge transfer, reduce the recom-

bination rate of electron-hole pairs, and ultimately promote the

generations of perhydroxyl radicals and other strong oxidizing

materials.49,50 In general, semiconducting materials with stron-

ger absorption in UV region have better photocatalytic and

antibacterial activity.11 Therefore, UV–vis spectra were obtained

to verify the photocatalytic and antibacterial activity of the PS/

Ag-ZnOw nanocomposites. The UV–vis spectra of neat PS, and

PS/Ag-ZnOw nanocomposites prepared with 0.25 wt % Ag-

ZnOw content are shown in Figure 4. It can be seen that both

samples show a limited UV absorbance in the range of 200–300

nm. However, a close look at the 275–300 nm wavelength

region (outlined by red rectangle) reveals remarkably different

absorption characteristics, as shown in the inset of Figure 4.

Addition of 0.25 wt % Ag-ZnOw nanoparticles enhanced the

UV absorption at 280 nm due to the intrinsic wide band gap of

ZnOw, and then reduced exciton binding energy of Ag-ZnOw

nanocompound.21 In all, the antibacterial mechanism of PS/Ag-

Figure 4. UV–vis spectra of pure PS, and PS/Ag-ZnOw nanocomposites

prepared with 0.25 wt % Ag-ZnOw. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Effect of filler contents on impact strength of PS/Ag-ZnOw

nanocomposites.

Figure 6. SEM images showing impact fractured surfaces of pure PS (a),

and PS/Ag-ZnOw nanocomposite with 0.25 wt % Ag-ZnOw (b) at differ-

ent zones. The arrow shows the impact fracture direction.
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ZnOw composites originate from both active oxygen and H2O2,

with H2O2 being the primary factor.

Mechanical Property

The influence of Ag-ZnOw nanofillers content on impact

strength is shown in Figure 5. It is found that the impact

strength of PS/Ag-ZnOw composites increased with increasing

Ag-ZnOw content. The impact strength of PS (2.38 kJ m22)

was tripled upon addition of 0.25 wt % Ag-ZnOw (7.21 kJ

m22). Similar researches using CaCO3 or SiO2 to toughen PS

exhibit only limited level of enhancement,51,52 due to a lot of

factors, such as filler aggregation, or insufficient energy transfer

between polymer matrix and inorganic filler. Compared with

these researches, advantage of using Ag-ZnOw nanofillers is

indeed remarkable.

To clarify the toughening effect of ZnOw, impact fractured

surfaces of pure PS, and PS/Ag-ZnOw nanocomposite with 0.25

wt % filler concentration were characterized using SEM. As

shown in Figure 6, both samples have relatively rough surface

in crack initiation zone (zone A) and crack propagation zone

(zone B), indicating adequate impact energy absorption. How-

ever, different surface morphologies can be observed at the

crack propagation zone (zone C). Pure PS specimen has a rela-

tively smooth surface at this zone, indicating insufficient impact

energy absorption during high speed fracture. On the contrary,

zone C of PS/Ag-ZnOw nanocomposite exhibit rougher surface

(a typical feature of efficient energy adsorption), which corre-

sponds well with the higher impact energy of nanocomposite.

The propagation zone [zone C in Figure 6(b)] of the nanocom-

posite was further characterized at medium and high magnifica-

tions (shown in Figure 7) to determine the dispersion and

toughening mechanism of T-ZnOw. As can be seen in Figure

7(a), there are no stress-concentrating filler agglomerates in the

PS matrix, and the uniform dispersion of nanoparticles within

the matrix could facilitate more plastic deformation than that in

pure PS. As pointed out by Nakagawa et al.,53 uniform disper-

sion of filler increases the critical stress needed to initiate

microcracks during the fracture of nanocomposites. The conse-

quent plastic deformation around the nanoparticles will absorb

more impact energy.11 Moreover, pull out effect was observed in

Figure 7(b). It is reported that during the pulled out of tetrapod

ZnO whisker, only one or two needles of the particle may be

pulled out due to the unique three dimensional tetrapod struc-

ture, while the other embedded needles can exert anchoring

force on crack, leading to impeded crack propagation, finally

leading to more severe plastic deformation and more efficient

energy absorption.54

CONCLUSIONS

In this article, PS/Ag-ZnOw nanocomposites with excellent anti-

bacterial and mechanical properties were successfully fabricated.

The incorporation of Ag-ZnOw nanoparticles in the PS was

firstly confirmed by XRD and ICP tests. Thanks to the superior

photocatalytic property of Ag-ZnOw compound over conven-

tional photocatalytic nanoparticles, PS/Ag-ZnOw nanocompo-

sites exhibit better antimicrobial property against E. coli and S.

aureus than other conventional antimicrobial composites. The

impressive antibacterial property originates from both active

oxygen and H2O2, with H2O2 being the primary factor. Addi-

tion of Ag-ZnOw nanoparticles was found to improve the

impact strength of PS, and the extent of enhancement increased

with increasing filler concentration. The impact fracture surfaces

of pure PS and PS/Ag-ZnOw composites were compared to elu-

cidate the toughening mechanism, and it was found the nano-

composite had a rougher crack propagation zone, indicating

more efficient energy adsorption. Further analysis of the propa-

gation zone at higher magnification reveals that the uniform

distribution and unique tetrapod shape of the nanofillers con-

tribute to more efficient energy adsorption, which ultimately

leads to effective toughening.
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