Journal of Physical Science, Vol. 24(1), 17-28, 2013

Effect of Nanorod Zinc Oxide on Electrical and Optical Properties of
Starch-based Polymer Nanocomposites

M. Aizuddin Abdul Rahman'*, Shahrom Mahmud', Abdul Karim Alias*
and Abdul Fauzi Mohd Nor®

'School of Physics, Universiti Sains Malaysia, 11800 USM Pulau Pinang, Malaysia
*School of Industrial Technology, Universiti Sains Malaysia,
11800 USM Pulau Pinang, Malaysia
3School of Material and Mineral Resource Engineering, Engineering Campus,
Universiti Sains Malaysia, 14300 Nibong Tebal, Seberang Perai Selatan,
Pulau Pinang, Malaysia

"Corresponding author: aizuddin.abdul.rahman@gmail.com

Abstract: Sago starch (SS) based polymer nanocomposites (PNCs) were produced with
presence of inorganic nanofiller (zinc oxide nanorods). The percentage of zinc oxide
nanorods (ZnO-N) was varied from zero to 10 wt% with increment of 2%. Dielectric and
conductivity behaviour of SS/ZnO-N polymer nanocomposites were characterised using
LCR-frequency analyser. Structural and composition of ZnO-N filler and PNCs were
characterised using field emission scanning electron microscope (FESEM), transmission
electron microscope (TEM) and Fourier-transform infrared (FTIR) spectroscopy. By
increasing the amount of ZnO-N filler in PNCs, a huge difference in properties was
observed especially on relative dielectric constant and electrical conductivity. As the
ZnO-N filler content was increased to 10% of total solid, the electrical conductivity and
relative dielectric constant of PNCs were observed to increase by 53% (to 0.95 uS cm™)
and 60% (to 44.1), respectively. The tangent loss in PNCs without filler was measured to
be 78% larger (at 7.3) than that of BNC film (at 1.6) with 10% filler content. The highest
obtainable room temperature conductivity was 0.95 x 107° S em™ for sample with 10 wt%
ZnO-N filler. FESEM micrographs showed no particles agglomeration of ZnO-N in all
film samples indicating a uniform distribution of nanoparticles inside the polymer films.
Ultraviolet (UV) absorbance shows total absorption of light below 380 nm in all film
samples except control film. PNCs with ZnO-N also show zero light transmission below
380nm. FTIR analysis revealed that there was no presence of new functional groups after
the application of ZnO-N into PNCs samples indicating that the interaction between ZnO-
N and SS polymer was physical in nature.

Keywords: Polymer nanocomposites, zinc oxide nanorods, relative dielectric, tangent
loss, UV absorbance, UV transmission

1. INTRODUCTION

Interest in the study of biopolymer system has been continuously
growing in recent years due to the various potential applications such as in
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electronics,” medical,* food packaging,’ bioplastics® and coating.” Characteristics
such as being biosafe, renewable, biodegradable and carbon neutral have made
application of biopolymer important in production of environmental friendly
product.'* However, conventional polymer has been reported to have a few
limitations in their properties. Research suggested that addition of inorganic
nanofiller into the polymer will result in enhancement of polymer properties,
which greatly differ from the conventional polymer and exhibit unexpected
properties.* ' Therefore, different types of nanofiller have been produced for this
purpose. Some of the most reported metal oxide inorganic nanofillers in the
literature include TiO,, Al,O;, SiO,and ZnO."* "

ZnO-N is a multifunctional n-type semiconductor that has a wide band
gap (3.4 eV), large exciton binding energy (60 meV), effective ultraviolet
absorbance and good chemical stability.'® It shows great potential in application
of solar cell," gas sensor, **° varistor,”! cosmetic material®® and so on. ZnO is
reported to be nontoxic and environmental friendly which makes it valuable for
bio-application.” In addition, ZnO also exhibits anti-bacterial properties that are
useful for pharmaceutical application. Starch, on the other hand, is an organic
compound which can be found commonly in food. It was known for its use in
textile and food industries for decades. Biocompatibility properties of starch have
driven more research group to work on this material for various types of
applications including in medical'® and pharmaceutical.'” A recent application of
starch is in pharmaceutical capsules as a potential replacement for the
conventional animal gelatin capsule. However, application of starch-based
polymer in food packaging may not be suitable due to its limitation especially the
anti-bacterial properties of the polymer. Therefore, the main purpose of having
ZnO-N incorporated in starch-based polymer is to improve the quality of the end
product in terms of anti-bacterial properties.

As reported in literature, ZnO nanoparticles carry proven anti-bacterial
properties. Many research groups reported to have ZnO nanoparticles in the
inhibition of bacteria growth.”” However, the exact in-action mechanism of ZnO
nanoparticles is still unknown. Zhang et al. suggested that bacteria inhibition
occurs through direct interaction between ZnO nanoparticles and the cell
surface.”’ This interaction affects the cell membrane permeability, causing the
nanoparticles to enter the cell system and inducing the oxidative stress in the
bacterial cell. This will result in the inhibition of bacterial growth and cause
bacterial death. Since the ZnO nanoparticles are trapped between the polymer
matrix after incorporation with PNCs, the suggestion does not seem suitable to
describe the anti-bacterial mechanism of ZnO nanoparticles in starch-based
PNCs. This is because the trapped ZnO nanoparticles are not capable to enter the
cell system and inhibit the bacterial growth.
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Zhang et al. also suggested another cause of bacteria inhibition, which is
the electrostatic force interaction between ZnO nanoparticles and cell surface.’’
This interaction will create opposing charges between the bacteria and
nanoparticles that will generate an electrostatic force. This electrostatic force will
strongly bind the bacteria and ZnO nanoparticles together and consequently cause
cell membrane damage. This suitably describes the anti-bacterial properties of
ZnO nanoparticles in PNCs, since ZnO nanoparticles are an n-type
semiconducting material which unintentionally carries charge carrier in each
individual particle. On the other hand, the behaviour of charge carrier in
SS/ZnO-N PNCs has not been reported before. Further, their behaviour under the
influence of frequency with different concentration of ZnO nanoparticles is still
unknown. For this purpose, analysis on relative dielectric, electrical conductivity
and tangent loss properties of SS/ZnO-N PNCs have been performed. The aim of
these studies is to get a better understanding on the electrical behaviour of charge
carrier in PNCs with different concentration of ZnO-N, which then will
contribute to the anti-bacterial properties of SS/ZnO-N PNCs. The relations
between these properties have been clearly described in the results and discussion
part.

Besides electrical, ZnO nanoparticles also exhibit promising optical
behaviour that may contribute to the anti-bacterial properties of SS/ZnO-N PNCs.
Many research groups reported having ZnO nanoparticles in UV-shielding
applications. Since conventional polymer such as starch cannot provide UV-
shielding capability, the incorporation of ZnO nanoparticles in starch-based
PNCs are expected to provide this property. Therefore, studies on starch-based
polymer nanocomposites on UV shielding with presence on ZnO-N at different
filler concentration has been done in order to get better understanding on how
different concentrations of ZnO-N will effect the UV absorption and transmission
of PNCs.

2. EXPERIMENTAL

Nano zinc oxide was synthesised using a method introduced by Shahrom
et al. known as catalyst-free combust-oxide mesh (CFCOM) process.”> Sago
starch (13.4% moisture), food grade glycerol and liquid sorbitol were obtained
from SIM Company Sdn. Bhd. (Penang, Malaysia). ZnO-N powder was
dispersed in water at different concentrations (2, 4, 6, 8 and 10%, w/w of total
solid) and mixed with 40% (w/w of total solid) of sorbitol and glycerol (3:1).
Film without addition of ZnO-N served as control. The choice and ratio of
plasticiser used was based from Abdorreza et al. and the concentration of
plasticiser applied was constant throughout all samples.”” The mixture was
sonicated in ultrasonic bath (Marconi model, Unique USC 45 kHz, Piracicaba,
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Brazil) for 10 min. Then, 4% (w/w) of sago starch were mixed with the ZnO-N
solution and heated up to 90 + 5°C for 45 min with constant agitation. Upon
completion, the solution was cooled down to room temperature and the solution
was cast on Perspex plate fitted with rims around the edge. The thickness of
samples was controlled through weight-control method, where 90 + 2 g of
solution was cast on Perspex plate. The average thickness of each sample was
0.14 £ 1 mm. The yield area of film formation was 16 x 16 cm®. The cast solution
were placed in an oven at 40°C for 24 h and then were peeled and stored at room
temperature with 50 = 5% relative humidity (RH). The thickness of BNCs film
was measured before tested at five different location centre and edge to the
nearest 0.01 mm using digital micrometer screw gauge (Mitutoyo, Tokyo, Japan).

The structure of zinc oxide nanorods were examined using TEM before
embodiment with starch-based polymer. Dispersion of ZnO-N after embodiment
with starch-based polymer was examined using Gemini Supra 50 VP FESEM.
Energy dispersive X-ray spectroscopy (EDX) was used to detect type of element
present in PNCs and analysis of ZnO-N interaction with starch-based polymer
has been performed using FTIR spectrometer model Perkin Elmer Spectrum GX
in spectra range between 400 and 4000 cm™'. UV absorption and transmission
have been performed using Shimadzu UV-1800 UV-Vis spectrometer in the
range of wavelength 1100 to 250 nm. The dielectric permittivity, conductivity
and tangent loss properties of starch-based polymer nanocomposites were
examined using Agilent 4284a Precision LCR meter in frequency range between
0.01 kHz and 1000 kHz.

3. RESULTS AND DISCUSSION
3.1 FESEM and TEM Analysis

The TEM micrographs of zinc oxide nanorods are as shown in Figure
1(a) and (b). The TEM micrographs shows ZnO-N having widths of 30—100 nm
and lengths of 100-300 nm. The physical looks of SS/ZnO-N PNCs with
different filler concentration were shown in Figure 1(c). It can be observed that as
concentrations of nanoparticles reduce, the PNCs tend to become transparent. As
suggested by literature, light penetration capability through polymer composites
is dependent on inter-particle distance and structure of the filler.”® High
concentration of filler is reported to result in formation of filler multilayer inside
the polymer that reduces the intensity of light passing through polymer films.
Besides multilayer effect, it was also suggested that the inter-particle distance of
nanofiller decreases as the amount of nanofiller in polymer nanocomposites
increases. Figure 1(d) shows the elemental peak of PNCs composition using
EDX. Figure 1(e) shows a dispersion of ZnO-N at the cross section of PNCs film
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with 10% (w/w of total solid) filler content. It can be seen that no agglomeration
of nanoparticles were observed in PNCs film. The EDX analysis as in Figure 1(d)
shows zinc (Zn), oxygen (O) and carbon (C) were presence in PNCs and no
impurities were detected. The results also suggest that carbon having the highest
percentage in PNC composition. It is due to the nature of organic composition,
which is made up of carbon. Presence of gold (Au) was due to the coating of

samples for SEM purpose.
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Figure 1: Illustration of (a) and (b): TEM micrographs of ZnO nanorods; (¢) SS/ZnO-N
BNCs with different filler content; (d) EDX elemental analysis; and
(e) nanoparticles dispersion of ZnO-N in BNCs with 10% filler concentration.
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3.2 FTIR and UV-Vis Analysis

The study shows that SS/ZnO-N bionanocomposite with different filler
concentration demonstrate the same spectra in the range of wavenumber 400 to
4000 cm ™. As the concentration of ZnO-N increases in BNCs, neither sharpening
nor shifting was detected. It reveals that only physical interaction between
ZnO-N filler and starch-based polymer was taking place in polymer
nanocomposites. The FTIR spectra of the polymer nanocomposites with different
ZnO-N filler concentration are shown in Figure 2(a). Figure 2(b) and (c) show the
absorption and transmission spectra of SS/ZnO-N PNCs in the range of
wavelength 1100 to 250 nm. The absorption spectra in Figure 3(b) show that the
amount of light absorbed by PNCs increased as the wavelength was reduced. In
addition, more light was absorbed as the concentration of filler in PNCs
increased. The absorbance level was observed to peak between the wavelength
range of 360 and 375 nm. These results indicate that the SS/ZnO-N PNCs exhibit
an obvious blue-shift phenomenon. Similarly, the amount of light transmitting
through the PNCs was reduced as the amount of filler concentration increased.
Therefore, it is suggested that the presence of ZnO-N in starch-based polymer
improved the UV-shielding property of the polymer. This property is important
especially in the application of pharmaceutical capsules since the drug inside the
capsules can be protected from unwanted rays that might change its properties or
cause damage.
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Figure 2: Illustration of (a) FTIR spectra; (b) UV-Vis absorption; and (c) UV-Vis
transmission of SS/ZnO-N BNCs at different filler concentration.



Journal of Physical Science, Vol. 24(1), 17-28, 2013 23

@), ] o (b)
5 2% 200N 8
o] ; —4=0%Zn0-N
E 4% In0-N
% 30/ s 6 == 1%Zn0-N
= 1 =% Zn0-N 5
§20< o © 4 —_r=45% 700N
a ™| = %% 00N
>
£10/ = —=3%Zn0-N
& ~8—10%Zn0-N
0 0
0.1 1 10 100 1000 01 1 10 1001000
Frequency (kHz) Frequency (kHz)

—~ 1 (c) —#=0%2Zn0-N

E ~8=2%Zn0-N

30'8 —&—4%Zn0-N

8 06 —=5%2Zn0-N

& —#=8%ZnO-N

_g 04 10%2ZnO-N

502

(&)

oLy
0.1 1 10 100 1000
Frequency (kHz)

Figure 3: Illustration of (a) relative permittivity behaviour; (b) dielectric loss; and
(c¢) conductance in a function of frequency of SS/ZnO-N BNCs.

33 Dielectric and Tangent Loss Behaviour

The term relative permittivity (g,) or dielectric constant (k) was known to
describe the dielectric permittivity of free space. The dielectric response of the
nanofiller in the bionanocomposite at various frequencies is described in term of
complex permittivity (€*) which is represented by a real and imaginary part.

£*=¢ —ig 1

where ¢' is the dielectric permittivity and &" is the dielectric loss. The dielectric
loss tangent (tan d) is defined as

tano = i ()
&

The relative permittivity as a function of frequency for different ZnO-N
concentrations at room temperature is compared in Figure 3(a). Dispersion of
permittivity over frequency was observed in low frequency region followed by a
nearly frequency independent behaviour above 1 kHz. There is a significant
effect of ZnO-N on &, value of PNCs at lower frequency region. The permittivity
of the unfilled polymer obtained is less than the polymer with filler where it
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shows a significant change as the concentration of filler increased. The values of
permittivity reduce over a wide range of frequencies but further increase in filler
loading will result in an increase in permittivity values. The embodiment of
ZnO-N filler in polymer nanocomposites may result in more localisation of
charge carriers along with mobile ion and this produces higher & value with
strong low frequency dispersion.”>*® Literature has reported that interactions
between nanofiller with polymer chain may also affect the values of effective
permittivity. The physical interaction may result in hindrances of the mobility of
nanocomposite and this may contribute to lower value of relative permittivity and
conductivity.”” However, the physical interaction between ZnO-N filler and SS
polymer shows encouraging behaviour of relative permittivity where higher &,
value was obtained as concentration of filler increased. Hence, it suggests that the
interaction between ZnO-N filler with SS polymer does not preclude in mobility
of PNCs. The decrease in relative permittivity, € with frequency may attribute to
the electrical relaxation process.

Figure 3(b) shows the variation of loss tangent with frequency at
different concentrations of ZnO-N in PNCs at room temperature. At low
frequency region below 1 kHz, it can be observed that the loss tangent of unfilled
polymer is higher compared to biopolymer with filler. In general, tan 6 values are
expected increase as concentration of filler in the material increase. However,
such observation could not be made here. Literature reported that such cases can
occur due to the charge transport through different chain or interfaces and
defects.”®*” At lower nanofiller loading, the number of nanofiller present in
polymer is less. Hence, less free charge carriers from filler are present in PNCs.
In this case, the inter-particle distances are high and this may result in higher
charge trapping sites, which reduce the conducting path. These conditions
increase the probabilities of charge trapping and charge neutralisation. It reflects
the condition where at lower nanofiller loading, the tangent delta obtained is
similar or less than the unfilled polymer. Whereas, higher nanofiller loading will
result in higher free charge carriers from the nanofiller to accumulate in the
polymer. This condition may reduce the inter-particle distance of nanofiller and
decrease the charge trapping sites and probability of charge neutralisation. Hence,
higher electrical conduction behaviour of PNCs will be obtained and these
conditions result in the tangent loss to be significantly smaller than that of
unfilled polymer.

34 Conductivity of SS/ZnO-N Bionanocomposite

Figure 3(c) shows the variation of conductivity, ¢ with variation of
frequency at different concentration of ZnO-N filler. The conductivity of unfilled
polymer obtained is less than that of polymer with filler where significant
changes were observed as the concentration of filler increases. The conductivity
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exhibits a nearly frequency-independent behaviour at low frequency region and
dispersion at higher frequency. Further increase in filler loading will increase the
conductivity values, which keep increasing over a wide range of frequencies. The
maximum conductivity of 0.95 x 10° S cm™" was achieved for samples with 10%
(w/w, of total solid) filler content. There are various factors that may influence
the conductivity which include the number of charge carriers, mobility of free
charge and the availability of connecting the polar domain as the conduction
pathway.”®

In the case of bionanocomposite, the increase in conductivity values
could be attributed to the increment of charge carrier due to the embodiment of
ZnO-N filler in bionanocomposite. The variation of SS/ZnO-N
bionanocomposites conductivity was observed to follow the universal dynamic
response as suggested by the literature. The nature of universal dynamic response
has been widely observed in disordered materials like conducting polymers and
conducting glass. According to jump relaxation model at very low frequency
(v—0) an ion can jumps from one sites to its neighbouring vacant site. Such
behaviour may contribute to the occurrence of DC conductivity. However, at
higher level of frequencies the probability for the ion to go back again to its
initial sites increases due to the short time periods available. Table 1 shows the
overall electrical behaviour of SS/ZnO-N polymer nanocomposites.

Table 1: Dielectric and conductance behaviour of SS/ZnO-N bionanocomposites.

ZnO-N (%) Relative permittivity, & Tangent loss, & Conductance (uS cm™)
[At f=0.01 kHz] [At £ =0.01 kHz] [At f =1 MHz]
0 14.4 73 0.61
2 205 6.2 0.69
4 28.5 6.1 0.73
6 338 5.9 0.80
8 39.0 5.2 0.82
10 441 4.9 0.95

4. CONCLUSION

Incorporation of ZnO-N as nanofiller in the polymer nanocomposites
plays an important role in enhancing their electrical and optical properties.
Adding low-level nanofiller concentration in PNCs will result in a huge
difference in both properties. The optical properties showed an improvement
especially on absorption and transmission of light in blue region. This suggests
that the presence of ZnO-N in starch-based polymer can provide UV-shielding
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properties to conventional starch polymers. Besides optical properties, SS/ZnO-N
PNCs also showed promising electrical properties. From the results, the charge
carriers of ZnO-N in starch-based polymer are present along with the addition of
ZnO-N. Their behaviour varied with the concentration of ZnO-N and frequency
applied. The localisation of charge carriers in the polymer suggests that the
mechanism of anti-bacterial of SS/ZnO-N PNCs can be achieved. This is due to
enhancement of the anti-bacterial properties of starch-based polymer through
electrostatic discharge between ZnO-N and bacteria. However, in order to prove
that the localisation of charge carriers in starch-based polymer may preclude the
growth of bacteria, further research such as in-vitro studies is required. As a
conclusion, the early studies on optical and electrical properties of ZnO-N
presence in conventional polymer such as starch-based polymer is proven to
improve the UV shielding and provide localisation of charge carriers, hence
improving the electrical properties of conventional polymer.
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