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ABSTRACT: Biopolymer-mediated sonochemical synthe-
sis has been carried out for obtaining stable, nanocrystal-
line ZnO-biopolymer nanocomposite colloids to be applied
on polymer foam and cotton fabrics to ultimately produce
multifunctional, heath-care surface modifications. In situ
nucleation and growth of nano-ZnO was achieved by
ultrasonication at � 60�C in aqueous biopolymer media
prepared using starch, gelatin, chitosan, and agar. Phase
analysis, structure–bonding characteristics, ZnO morphol-
ogy, particle size distributions, rheology, and thermal
decompositions were studied using XRD, FTIR, SEM/
TEM, viscometer, and TG/DTA tools. Morphologically
varied nanocrystalline ZnO of size � 40 nm were synthe-
sized. Biopolymers media resulted in stable ZnO colloids
through steric stabilization. ZnO-biopolymer nanocompo-

sites colloid was applied on polyurethane foams and cot-
ton fabric substrates by dip coating. These coatings were
examined for the UV photoactivity and resistance to fungi
growth. A comparison has been made among the biopoly-
mers. It is shown that the surface coatings of ZnO-biopoly-
mer nanocomposites can produce anti-fungal, UV active
polymer foams and fabrics. The study has significant rele-
vance in automobile and hospital industries because such
functionally modified polymer foams and cotton fabrics
can be disinfected and refreshed just by periodic applica-
tion of water-free, UV cleaning. VC 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Applications of nano-engineered inorganic-polymer
hybrid soft-coatings on the surfaces of textiles,
leather, and home appliances received wide popu-
larity because they offer attractive multifunctional
properties like oil-repellent, stain-free, self-cleaning
surfaces, photoactive decomposition against organic
pollutants, and most importantly resistance to mois-
ture and moist-air penetration characteristics. The
polyurethane foam surfaces are hydrophobic and
naturally resist the moisture. However, in many
practical or service conditions, over a period of time,
especially when they are exposed to rainy and high
humidity atmospheres, as well as indoor conditions
having wet atmosphere and improper ventilations,
every chance is there for the fungus to grow.

Nanometric oxides like TiO2, SiO2, and ZnO and
their hybrids are found successful to produce hydro-

phobic, eco-friendly functional coatings.1–3 Hydro-
phobic nature is particularly important in textiles
because cottons and synthetic textiles build up static
charges due to moisture. Cotton textile fabrics are
porous in nature and readily absorb moisture in
humid conditions. The moist-air favors bacteria and
fungus growth which in turn causes severe breath-
and skin-related health hazards. Organization like
Cotton Research Institute in India has been develop-
ing health-care functional coatings on textiles using
TiO2, ZnO, and SiO2 hybrids. In addition to the anti-
microbial, antifungal, and antistatic characteristics,
they also offer UV-blocking property.4–6 UV shield-
ing sunscreen surface coatings on textiles help to
protect human skin from sun burn and skin-cancer.
Nano TiO2/Ag, ZnO/SiO2/polyester hybrids, and
ZnO-starch composites are being tested as UV
shielding textile coatings.
ZnO/TiO2 nanocomposites are better candidate for

UV active self-cleaning surface coatings. Concerning
the photoactivity, TiO2 is more effective only when the
TiO2 precursor coatings are heat treated at � 400�C.7,8

It complicates more to adopt the UV-active TiO2 coat-
ings for soft surfaces like textiles. Functional nano-
ZnO has advantages over TiO2 because ZnO can block
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UV in the entire ranges (UV-A, UV-B, and UV-C). It
also exhibits antibacterial property in neutral pH
even with low quantity of ZnO. Moreover unlike
TiO2 nanoparticles, the ZnO nanocrystals can be eas-
ily grown by varieties of chemical techniques at
mild synthesis conditions using cheap precursors.

ZnO nanoparticles in different morphologies rang-
ing from rods, tubes, discs, spheres to wires, and
arrays have been easily synthesized by surfactant-
assisted precipitation followed by low temperature
thermolysis (� 80�C) and hydrothermal processes
(� 120�C).9–13 Surfactant-assisted synthesis has
claimed monodisperse nano-ZnO with particles
diameter < 10 nm.14 Encapsulation of ZnO precursor
in biopolymer media followed by mechanical activa-
tion is an efficient technique to generate in situ
nucleation and growth of nanocrystals. This has
been attempted in this work for obtaining size and
shape controlled nano-ZnO through biopolymer-
mediated sonochemical technique.

The high energy chemistry explains the mecha-
nism involved in the sonochemical technique.
Accordingly, the formation and growth of gas bub-
bles takes place first, which occurs through the dif-
fusion of solute vapor to the volume of the bubble.
When the size of the bubble reaches a maximum
value it collapses. The collapse of bubbles in a multi-
bubble cavitation field produces hot spots with effec-
tive temperatures of � 5000 K, pressures of � 1000
atmospheres, and heating and cooling rates above
1010 K/s. These extreme conditions are favorable for
the nucleation and growth of the nanoparticles.15

Polymer foams are usually hydrophobic and phys-
ical binding of inorganic nanoparticles with foams is
ensured by adhesive nature of the biopolymers. The
incorporation of biopolymer is only <2 wt % that
does not affect the inherent foam-softness.

We selected starch, gelatin, chitosan, and agar bio-
polymers media to synthesize nano-ZnO directly by
sonochemical treatment. The effect of biopolymer
templates in the in situ ZnO particle growth, evolu-
tion of particle morphology, and rheology has been
studied. Furniture-grade polyurethane foam was
provided with these biopolymer-ZnO nanocompo-
sites coatings and the UV photoactivity and antifun-
gal properties were tested. The study shows that
biopolymer-mediated sonochemical is a facile tech-
nique for obtaining ZnO colloids that can be directly
employed for surface engineering of soft surfaces. It
is also a viable process for small- and medium-scale
industries to develop attractive ‘‘nanoproducts.’’

EXPERIMENTAL

Zinc nitrate hexahydrate (Merck, India, 99%), starch
and gelatin (s.d. fine CHEM LTd, India), chitosan
and agar (Rankem, India) were used in as received

conditions. Except chitosan, other biopolymers (0.5 g)
were dissolved in 100 mL water. Stable starch and
agar solutions were prepared by heating the solution
at 80�C followed by cooling. A stable, transparent
gelatin colloid was prepared by warming the solution
at � 60�C. In the case of chitosan, a clear solution
was obtained by dissolving 0.125 g of chitosan in 100
mL of 2% acetic acid–water solution. Zinc nitrate
hexahydrate precursor equivalent to 0.1M was dis-
solved in 100 mL biopolymer solution by mechanical
stirring. After it completely dissolved, 0.2M NaOH
solution was added dropwise under constant stirring
to make pH � 9. The whole mixture was subjected to
sonication for 1 h using bath-type sonicator (Oscar ul-
trasonic cleaner 37 kHz, 80 W) at room temperature.
The initial temperature of the reactants solution was
measured as 27�C which was increased to 59�C after
an hour sonication. From this solution, white precipi-
tate was separated centrifugally and washed with dis-
tilled water to remove the soluble impurities. The final
product was then dried at 70�C for 10 h and then sub-
jected to phase purity, thermal stability, structural
bonding characteristics, particle size distributions,
morphology, and rheology characterizations. For the
coating application, the sonicated ZnO-biopolymer
colloidal suspension was directly utilized.

Characterization techniques

Thermal decomposition was analyzed by a Shi-
madzu Thermal Analyzer, Japan (Model 50H) in air
atmosphere at a heating rate of 10 �C min-1. The
phase analysis was performed by powder X-ray dif-
fraction (XRD) technique (PW 1710, Philips diffrac-
tometer, the Netherlands) using Ni-filtered CuKa
radiation (wavelength, k ¼ 1.5406 Å). The crystallite
size was calculated using the Debye–Scherrer for-
mula, D ¼ 0.9k/b cos y, where D is the crystallite
size, k the wavelength of the X-ray used, y the Bragg
angle, and b line broadening. The value of b is usu-
ally measured from the peak width at half the peak
height. Fourier transform infrared (FTIR) spectra
were recorded using a Nicolet Magna-IR 560 spec-
trophotometer (KBr pellets as standard) in the range
of 400–4000 cm�1. Viscosity measurements were
taken at shear rates 100–1000 s�1 using Rheolab MCI
viscorheometer (Physica, Anton Paar, Germany). The
particle size distribution analysis was performed
using Malvern Zeta sizer. The particle morphology
was observed using scanning electron microscope
(SEM, Hitachi, 2240 Japan). A transmission electron
microscope (FEI, TECNAI 30S-Twin, the Nether-
lands) with an accelerating voltage of 300 keV was
used to obtain the TEM micrographs. Samples were
mounted on carbon coated Cu-TEM grids for this
purpose. The mechanical stability of the biopolymer-
ZnO coatings was ascertained using tensile testing
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conducted over the sample pieces cut from the
coated cotton fabrics. Rectangular sample with
dimensions of 10 cm length and � 2.5 cm width was
cut from the coated cotton fabrics and the tensile
force was applied at a ramp rate of 2 mm s�1. The
rupture time was measured with respect the force
(N) versus extension (mm).

Fabrication of coatings

In this work, commercially available polyurethane
foam which is regularly used for making comfort
furniture was selected. The open cell volume per
square inch is � 500 cc. Foam cubes having dimen-
sions 5 � 5 cm2 were cut washed in soap water thor-
oughly and dried. Similarly, cotton fabric was also
washed with dilute soap solution followed by sterili-
zation using spirit before any use. Mini foam-pillows
were stitched with a piece of clean cotton cloth and
foam. The optical microscopic image as well as the
physical appearance of the sample pillows prepared
for the fungi growth testing is given in the Figure 1
(i,ii). The coating solution was prepared with 0.2 wt
% biopolymer nano-ZnO with 0.2% acrylic binder.
The solid to liquid ratio was 1 : 20. The foam pillow
cubes were dipped in the coating mixture. The dip-
ping was repeated for at least eight times in order to
ensure 100% wet pick-up of the samples. The coated
pillow cubes were allowed to dripped-off naturally for
removing the excess liquids as well as solid phases.
The samples were then dried at 70�C for 24 h.

UV photoactivity of ZnO-biopolymer
nanocomposites

The photoactivity of biopolymer-ZnO nanocompo-
sites coated fabric was tested using the Rayonet Pho-
toreactor (the Netherlands) containing 15 W tubes
(Philips G15 T8) as the UV-source, which emitted
the UV radiation with the wavelength within the

range of 200–400 nm (corresponding to the photon
energy range of 3.07–6.14 eV) by the well known
methylene blue dye decolorization experiment. A
known amount of dye was dropped on the cloth
surface and then subjected to UV for various time
intervals. The decolorization was qualitatively moni-
tored by the reduction in the UV absorption peak
height at wave length 320 nm.

Fungal growth test

Fungal growth on the ZnO-biopolymer nanocompo-
sites coated cotton, foam, and the blank controls
were investigated using a standard antifungal test
procedure.16 In a typical test, the samples were first
sterilized and then treated with ZnO-biopolymer
nanocomposites. One set of blank (control) samples
were also made. A sterile Petri dish was used for all
the antifungal tests. The fungus used for testing was
Aspergillus niger NCIM 563, commonly found in the
environment. The sterilized samples were applied a
thin layer of autoclaved potato dextrose agar me-
dium. Then the control and the test sample were
sprayed with an equal amount of (500 lL) a fungal
spore suspension which was diluted to the range of
2 � 105 CFU/mL. The Petri dishes were placed in
incubator set at 28�C for monitoring the growth of
the fungus. The fungi formation was examined
using an optical microscope (Leica—DMRX).

RESULTS AND DISCUSSION

Nanoparticles have high surface area and surface
energy where as biopolymers have polymeric forces
for excellent adhesion on the substrates. Hence inor-
ganic-biopolymer nanocomposites have more advan-
tages than the single-phase, inorganic nanocolloids
for solution coatings and surface engineering. More-
over, the biopolymers control the nucleation and

Figure 1 Optical microscopic image of polyurethane foam (i) and the sample pillows, (ii) made with the foam for the
fungi growth testing.
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favor directionally oriented growth of nanoparticles.
The powder X-ray analysis of ZnO synthesized via
sonochemical technique in various biopolymer
media is presented in Figure 2. The XRD peaks con-
firm that sonochemical technique produced well
crystalline, hexagonal, wurtzite ZnO directly within
1 h without any additional heating. It is to mention
that the samples were only subjected to 10 h drying
at 70�C. All the peaks show characteristic ZnO and
can be indexed to (100), (002), (101), (102), and (110)
crystal planes at corresponding 2y values of 31.7,
34.4, 36.2, 47.5, and 56.6, respectively. The XRD
results are in good agreement with the standard
ZnO JCPDS file 89-0510.

The sequential reactions involved in the formation
of ZnO are well established and the chemical reac-
tions that usually occur are given below.17,18

ZnðNO3Þ2:6H2Oþ 2NaOH ! ZnðOHÞ2 þ 2NaðNO3Þ
þ 2 H2O

(1)

ZnðOHÞ2 þ 2 H2O ! ½ZnðOHÞ4�2� þ 2Hþ (2)

½ZnðOHÞ4�2� ! ZnOþH2Oþ 2OH� (3)

Zn2þ þ 2 �O2
� ! ZnOþ 3=2 O2 (4)

As expected, the base addition controlled the pH
and hydrolyzed the precursor to form Zn(OH)2.
However, sonication transforms Zn(OH)2 precipitate
to fully crystalline ZnO. Unlike other solution-
growth techniques like precipitation, sol–gel, and
polymer complexation, the transformation mecha-
nism is quite different in sonication technique. In

conventional techniques, the hydroxide is usually
converted to crystalline ZnO by heating at 500�C. In
sonication, the hydroxide to oxide transformation is
achieved by the microthermal heating generated out
of ultrasonication energy. Also, it has been reported
that sonolysis of water under air atmosphere gener-
ates the species such as �H, �OH, �O2

� and �HO2.
19,20

The driving forces for the nucleation and growth of
crystalline ZnO are the hot-spot generation as well
as molecular agitation in ultrasonic cavitations. The
influence of biopolymers has been clear from the
ZnO crystallites sizes. The ZnO crystallite sizes were
determined as 15, 26, 19, and 12 nm for the starch-,
gelatin-, chitosan-, and agar-mediated samples,
respectively. The biopolymer-assisted sonication
resulted in controlled nucleation and growth possi-
bly due to their thermophysical properties, mainly
the specific heat (Csp), solubility, and stability during
sonication. Since microthermal gradient is the pri-
mary cause for the nuclei to form, the Csp of the
water–biopolymer system has high relevance in
deciding the growth of ZnO particles. Studies have
earlier been attempted to determine the Csp values
of biopolymer–water mixtures to understand the gel-
ling behavior. The Csp values proportionally increase
with temperatures even at low concentrations. It is
known that water has high Csp value that increase
with temperatures. In this work, we monitored the
temperature during sonication synthesis and found
that the system temperature increased from room
temperature to (56 6 3)�C. At nearly 60�C, the Csp

value of water is 4.187 kJ/kg K at 100 kPa. Sonica-
tion generates water bubble reactors with extreme
pressures where the Csp also reach very high. When
the bubbles collapse an exothermic thermal gra-
dients are produced that rapidly accelerate the reac-
tion kinetics for the nuclei to grow. Among these
biopolymer templates, the Csp value of agar-water
system is close to that of water [Csp agar ¼ 4.12 kJ/
kg K at <80�C]. Interestingly this particular system
yielded comparatively least ZnO crystallites.
Water-soluble polymers are known stabilizers for

obtaining size- and shape-controlled colloidal nano-
particles. However the extent of adhesive/cohesive
forces exerted by these macromolecular biopolymer
templates resulted in differential rate of agglomera-
tion depending upon their polymer chain-length.
This is ultimately reflecting in the bulk ZnO particle
size distributions in aqueous medium. The particle
size distribution analysis of ZnO-biopolymer nano-
composites are given in Figure 3. The size distribu-
tion curves strongly confirm the clustering nature of
ZnO particles in all the cases. The cluster size varies
between 200 and 600 nm. A very wide size classifi-
cation is seen in gelatin–water biopolymers. Among
the other biopolymer templates used in this work,
gelatin has complex supramolecular structure

Figure 2 Powder X-ray analysis of nano-ZnO synthe-
sized by biopolymer-mediated sonochemical technique: (a)
starch, (b) gelatin, (c) chitosan, and (d) agar media. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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(collagen-like gel nature) that destabilize with
respect to time at elevated sonication temperatures.
This resulted in differential rate of nucleation that
finally showed wide size particles. In this case the
samples have size classifications from 100 nm to
nearly a micron.

Even though the biopolymer-mediated sonochemi-
cal synthesis produced particles well above the defi-
nition of ‘‘nano,’’ the starch, chitosan, gelatin, and
agar polymers give excellent stability to the ZnO sus-
pensions. These macromolecular biopolymers stabi-
lize ZnO particles through ‘‘steric’’ mechanism. The
extent of ZnO–biopolymer interactions can be under-
stood by the viscosity data presented in Figure 4 (i,ii).

In all the cases, the flow curves show Newtonian-
type behavior. The rheo-curves observed at different

shear rates show linear stress-dependence and the
resistance offered for the flow is minimum in starch
biopolymers and maximum for the agar polymer as
expected [Fig. 4(i)]. ZnO-Agar suspensions devel-
oped high stress even at high shear rates. For a func-
tional coatings, an easy spreading as well as firm
adhesion is necessary and the flow curves indicate
that the increase in viscosity and stress follows the
order as starch < chitosan < gelatin < agar. The
flow curves in Figure 4(ii) show gradual decrease in
viscosity values at increased shear rates. The flow
curves have similar trends, i.e., low viscosity for
starch and high viscosity for agar biopolymers. The
viscosity and stress development lies in the mecha-
nochemical stability of the structure of the biopoly-
mers as well as the particle morphology of ZnO. In
all these cases, the ZnO solid fraction (2 wt %), soni-
cation time, temperature as well as the volume
(25 mL of 0.2 wt % solution) was maintained at
identical conditions. Therefore, the flow-behavior of
the biopolymer-ZnO suspension has to be correlated
with only the influence of in situ sonication energy
on the macromolecular structure, tendency for the
structure collapse or de-bonding, and de-clustering
of ZnO agglomerations. Starches depending upon
the source vary widely in the structure and composi-
tions, but mostly they consist of two major molecu-
lar components, amylose (20–30%) and amylopectin
(70–80%), both of which are polymers of a-D-glucose
units.21 Starch suspensions in water acquire
hydrated or hydrogen bonding and its regular struc-
ture enables this polymer to form H-bridges over
large parts of the molecule together with other amy-
lose molecules. The mutual formation of H-bridges
in the full length of the molecule is possible only at
sufficiently high concentrations. However, in this work
only a weak H-bridge network is possible that readily
collapse during sonication and de-agglomeration takes

Figure 3 Particle size distribution analyses of ZnO-bio-
polymer nanocomposite suspensions: (a) starch, (b) gelatin,
(c) chitosan, and (d) agar media. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 4 Flow behavior of biopolymer-ZnO aqueous solutions: (a) starch (b) chitosan (c) gelatin, and (d) agar. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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place that result in low viscosity and stress. Gelatin,
a fibrous protein, is an amphiphilic electrolyte with
active terminal amino groups and polypeptide link-
ages, which mostly serves as a stabilizer. Gelatin is a
rigid-chain, high molecular weight compound and
its macromolecules exhibit typical elastic texture-like
linear-chain synthetic polymers in aqueous medium.
Structurally, gelatin molecules contain repeating
sequences of glycine-X-Y triplets, where X and Y
are frequently proline and hydroxyproline amino
acids.22 These sequences are responsible to form gels
in water at appropriate temperature and concentra-
tions. Due to rigid long-chain nature, the changes in
molecular shape and charge distribution of the gela-
tin molecules are difficult even under sonication.
This is a reason for comparatively high viscosity of
gelatin-ZnO suspensions. The structure of chitosan
and its interaction in aqueous solution is studied
earlier and reported.23 Chitosan is composed by
a string of blocks of almost fully deacetylated
polysaccharide stretched by electrostatic repulsion,
intercalated with micelle-like agglomerates formed
by almost fully acetylated polysaccharide. These
agglomerates include –NH3

þ groups which produce
electrostatic swelling of the agglomerates. The rheo-
behavior of chitosan solution depends on the deace-
tylation degree due to mechanical agitation and
temperature of the solution. Agar is a very heteroge-
neous molecule. The agar usually exists in the form
of neutral agarose, which is an alternating polymer
of D-galactose and 3,6-anhydro-L-galactose. A very
high viscosity in agar solution is due to its increased
level of anhydro bridging in the molecule which is
responsible for the inherent gelling fraction of the
agar. The inherent viscous nature of the biopolymer
is in fact important because it decides the spreading,
extent of adhesion as well as the thickness of the

coatings. This is confirmed from the mechanical sta-
bility test conducted on the cotton cloth coated with
these biopolymers. The mechanical degradation
curves obtained from the tensile testing conducted
over rectangular shape cotton sample piece are
shown in Figure 5.
The uncoated bare cotton cloth ruptured cata-

strophically where as a much delayed rupture
occurred in the biopolymer coated fabrics. The time-
delay in rupturing was comparatively high for the
agar biopolymer which is quite viscous in nature
under identical conditions. Among the bio-polymers
employed here, starch gives much early failure when
the tensile force is applied. A similar mechanical sta-
bility also over the porous polymer foams is expected.
The structure–bonding and interactions of the bio-

polymer macromolecules have been further elucidated
in FTIR analysis which is presented in Figure 6. The
starch, gelatin, chitosan, and agar biopolymers are
extremely important to food and agro-products and
numerous studies have reported the FTIR finger prints
of the stretching and bending frequencies of these bio-
polymers. The results seen in the FTIR frequencies
have been well matching with the reported data.24

The FTIR spectra corresponding to ZnO-starch com-
posite (a) (Fig. 6) revealed a high intensity band at
2930 cm�1 representing the characteristic CAH
stretching associated with hydrogen atoms and the
band at 1150 cm�1 was attributed to CAO bond
stretching of CAOAH group. The peak at 1080 cm�1

was assigned to CAO bond stretching of CAOAC
group in the anhydro glucose ring of starch. The
ZnO-gelatin composite samples (b) (Fig. 6) have peak

Figure 5 The mechanical degradation curves obtained
from the tensile testing conducted over rectangular shape
cotton sample pieces. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 6 FTIR spectra of ZnO-biopolymer composites
dried at 80�C/24 h. (a) ZnO-starch, (b) ZnO-gelatin, (c)
ZnO-chitosan, and (d) ZnO-agar. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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at 3430 cm�1 due to ANH stretching of secondary
amide group in gelatin. The peak at 1635 cm�1 corre-
sponds to C¼¼O stretching, characteristic for the coil
structure of gelatin. The peak at 1550 cm�1 can be
attributed to ANH bending. The samples also show
CAH stretching peaks at 2922 cm�1 and 2850 cm�1,
respectively. The peak at 670 cm�1 can be ascribed to
the ANH out-of plane wagging.25 Similarly, the FTIR
spectra of ZnO-chitosan composite (c) (Fig. 6) shows
a broad band at � 3440 cm�1 corresponding to the
stretching vibration of NAH. The peaks at 2924 cm�1

and 2846 cm�1 are typical of CAH stretch vibration,
while peaks at � 1639 cm�1, 1540 cm�1, and 1317
cm�1 are characteristic of amide I, II, and III, respec-
tively. The sharp peaks at 1420 cm�1 and 1383 cm�1

are assigned to the CH3 symmetrical deformation
mode and 1153 cm�1 and 1088 cm�1 are indicative of
CAO stretching vibrations (CAOAC). The small peak
at � 900 cm�1 corresponds to the wagging of saccha-
ride structure of chitosan.26 The most prominent
band in the FTIR spectra of agar biopolymer centered
at � 1079 cm�1 has contributions from several vibra-
tional modes, namely to the CAO and CAC stretch-
ing and to the CACAO and CAOAH deformations.
The presence of a strong band at 930 cm�1 is the
indicative of the occurrence of 3,6-anhydro-D-
galactose.27 In all the biopolymer-ZnO samples, FTIR
band peaks at 420, 423, and 464 cm�1 are indicating
the characteristics of ZnO. The FTIR analysis confirm
that in the nano-ZnO particles there was strong bind-

ing, but no obvious formation of covalent bonds
between soluble biopolymers and ZnO.
The nature of the biopolymer structures as well as

their complexation with the Zn-metal ions followed
by the degree of nucleation and growth produced
definite variations in the final morphology of ZnO
particles. The morphologies of ZnO particles by the
effect of biopolymer templates as observed by SEM
are shown in Figure 7. All the samples show
agglomerated ZnO nanoparticulate micro/nanoclus-
ters because of their polymeric forces. The starch-
mediated samples contain isolated spherical-shaped
particles as well as aggregates composed of several
ZnO nanoparticles. The spherical particles (marked
in small red color circles) are actually starch which
has size about 200 nm. The clusters or aggregates
have size close to one micron (marked in large white
color circles). These clusters consist of many nano-
size ZnO crystallites. These nanocrystals have aver-
age size < 50 nm. The gelatin-templated ZnO par-
ticles attained rice-like nanograins with average
dimension of 100 nm. They also horizontally orien-
tated to the substrates. The chitosan-derived ZnO
clusters show nanospheres. However, these nano-
clusters revealed porous agglomerates of larger
sizes. The agar-derived ZnO particles have egg-
shaped nanocrystals close to size 50 nm. The nano
morphologies were further clarified by the transmis-
sion electron microscopy (TEM) analysis and the
results are shown in Figure 8.

Figure 7 Morphologies of ZnO-biopolymer nanocomposites prepared with (a) starch, (b) gelatin, (C) chitosan, and (d)
agar templates. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TEM images of the biopolymer-mediated sono-
chemically processed ZnO particles have 80, 41, 38,
and 60 nm for the starch, gelatin, chitosan, and agar,
respectively. These nanoparticles are stable under
the electron beams used for TEM measurements,
indicating a strong binding between the ZnO and
biopolymers. These values are on the higher side
compared to the crystallite sizes observed by XRD
indicating the extent of agglomeration by the biopol-

ymers. The morphologies as well as the aggregations
of ZnO nanoparticles could be attributed by the
complexation nature of biopolymers with ZnO diva-
lent metal ions, their high number of coordinating
functional groups (hydroxyl and glucoside groups)
encapsulation and immobilization capacity, ability of
amylase to form coil structure, the presence of the
large number of functional side groups (mainly in
gelatin), and finally the chemical crosslinking.21,28

Figure 8 TEM images of ZnO-biopolymer nanostructures synthesized by sonochemical method with (a) starch, (b) gela-
tin, (C) chitosan, and (d) agar.

Figure 9 TG/DTA Thermograms of ZnO-biopolymer nanocomposites: (a) starch, (b) gelatin, (c) chitosan, and (d) agar.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10 SEM micrographs of polyurethane foams coated with ZnO-functional biopolymers: (a) starch, (b) gelatin, (c)
chitosan, and (d) agar.

Figure 11 SEM micrographs of the cotton fabrics applied with ZnO-biopolymer coatings.
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Chitosan has a remarkable ability to form specific
complexes with a number of ions including transi-
tion and post-transition metal ions.29 It is known
that the free amino groups of chitosan are responsi-
ble for its complexing behavior with ions. The aggre-
gation of the ZnO nanoparticle in agar medium is
decided by the formation of macro-reticulated gel
network by the agar molecules.

The polymer decomposition and the weight frac-
tion of nano-ZnO contents have been analyzed in
the ZnO-biopolymer composites through thermogra-
vimetric analysis (TG and DTA) under nitrogen
atmosphere and the results are shown in Figure
9(i,ii). On the TGA curves, a weight loss below
200�C was associated with the loss of adsorbed and
bound water (dehydration). At temperatures 200–
500�C, the rate of decomposition and weight loss is
maximum that mainly corresponds to the degrada-
tion of polymer matrices. Under the nitrogen flow, a
non-oxidative degradation occurs. The percentage
yield of ZnO was calculated from the weight loss of
the biopolymer at these temperatures. It was deter-
mined as 79.24, 67.83, 83.17, and 60.05 wt %, respec-
tively, for the starch, gelatin, chitosan, and agar
polymers. The maximum yield was observed for
ZnO-chitosan composite. ZnO-agar composite

showed comparatively low conversion of ZnO. The
DTA analyses confirm that the polymer decomposi-
tions occur at these temperature intervals.
The microstructures of the ZnO-biopolymer coat-

ings developed on the polyurethane foams and cot-
ton fabrics are shown in Figures 10 and 11, respec-
tively. The starch and chitosan biopolymers have
shown homogeneous adhesion of nano-ZnO that
completely spread through the foam-walls. These
images further reveal that the ZnO nanoparticles are
firmly held on the coatings with adequate thickness.
The polymers were also found to maintain the soft-
ness at these stages. The gelatin and agar polymers
show continuous film-like growth rather than the
preferred particle adhesions. The microstructures of
cotton fabrics show that the nano-ZnO also gets
attached uniformly with the surfaces of the cotton
fabrics. In starch and agar suspensions, the particle
adhesion is excess but the chitosan and agar poly-
mers show thin layer of nano-ZnO adhesions.
The results on the fungi growth characteristics

under the given testing conditions over the surfaces
of the polyurethane foam as well as on the cotton
fabrics are shown in Figure 12. We display here the
representative images from agar-ZnO biopolymer
nanocomposites for explaining the fungus growth

Figure 12 Optical microscopic images of representative agar-ZnO nanocomposites coatings on cotton and polyurethane
foam after fungi test. Left: Coated only with agar Right: coated with agar-ZnO nanocomposite.
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resistance. Compared to other biopolymers, agar is
the favorable medium for the fungi to grow. The
surface topologies of the uncontrolled blanks in
which only agar solution was applied without any
ZnO revealed fungus growth on both the cotton as
well as polymer foam surfaces at given experimental
conditions. Black fungus spores have been seen in
the optical microscopic images. The samples applied
with ZnO containing agar coatings have no signifi-
cant growth indicating the efficiency of the ZnO-bio-
polymer nanocomposites.

The UV photoactivity of the ZnO-biopolymer
nanocomposites was tested on the ZnO-coated cot-
ton substrates. In fact, the powder X-ray analysis
of the coated cotton substrates confirmed the pres-
ence of nanocrystalline ZnO in the coatings. The
UV absorbance of the ZnO-biopolymer-coated cot-
ton samples soaked in the methylene blue (MB)
dye solution (10�5 molar concentration) was tested
before and after UV reactions (Fig. 13). The MB
dye absorbance peak intensity (675 nm) was
reduced with time indicating the MB dye decom-
position due to the photochemical activity of the
ZnO. UV photoactivity further shows possibilities
that the fungus spores can be completely removed
or decomposed from the foams and cotton fabrics
by periodic cleaning using UV.

CONCLUSIONS

A facile, one-step synthesis of nanocrystalline ZnO
was prepared using biopolymer-mediated sono-
chemical technique at <60�C. The micro-thermal
heating generated from the ultrasonic cavities trans-
form the hydrolyzed Zn(OH)2 to crystalline ZnO

within 1 h sonication. The biopolymer-mediated son-
ication resulted in morphologically varied nanocrys-
talline ZnO. Morphologies such as microspherical
nature, rice-like particles, nanospherical clusters, and
well-defined egg-shaped ZnO crystals have been
observed when starch gelatin, chitosan and agar bio-
polymers are employed. All biopolymer templates
resulted in ZnO clusters of size � 600 nm. However
the SEM/TEM analysis showed the ZnO particles
have sizes <100 nm. A smallest particle size of 41
nm was seen in chitosan-mediated synthesis. Stable
ZnO colloid was obtained by the steric stabilization
of macromolecular biopolymers. The viscosity meas-
urements revealed non-Newtonian flow behavior.
The agar suspension had comparatively high viscos-
ity. However, all suspensions exhibit free-flow for
the application of coatings. Thermogravimetry analy-
sis confirmed the ZnO yield in the range 60–80 wt %
depending on the nature of the biopolymer. ZnO-
biopolymer nanocomposite coatings applied on cot-
ton-covered polyurethane foam showed multifunc-
tional properties like UV photoactivity and strong
resistance to fungus growth. The study shows possi-
bility to develop water-free, UV-assisted self-clean-
ing textiles and foams.
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