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INTRODUCTION

Microbial contamination of paint and coating layer
leads to a variety of detrimental outcomes like mould
formation, odor development, staining, discoloration and
spread of surface borne diseases to humans. Even
though they cannot be directly assimilated by microor-
ganisms, microbes can grow and propagate using
bioassimilable contaminants on the surface of the coat-
ing layer. One possible way to avoid microbial con-
tamination is to develop materials that possess antimi-
crobial activities[1-9]. Moreover, increased efficiency,
selectivity, and handling safety are additional benefits

which may be realized[5].
Antimicrobial additives are a crucial component of

paints and coating agents. Because of increased envi-
ronmental legislation, coatings technology is moving to-
ward low volatile organic compounds systems such as
water-borne latexes. Antimicrobial agents are especially
critical in these cases because the coatings are water-
based and contain carbon-based polymers and surfac-
tants that are an excellent food source for bacteria, al-
gae, and fungi. They are needed to prevent the growth
of bacteria and fungi in paint cans before the cans are
opened and used, and to protect paint from attack by
algae and fungi after it is applied and dried.
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Various EVOH based nanocomposite particles were prepared by incorporat-
ing nano-sized clay, pozzolan or TiO

2
 in a poly(ethylene-co-vinyl acetate)

(EVA)/toluene solution and precipitating in ethanol/KOH solution. After 6 h
saponification time, the nanocomposite particles shape recovered was al-
most the same as the parent particles. The antibacterial activity of prepared
nanocomposite powders was determined by shake flask test against S. aureus
and E. coli. Among the nanocomposites used in this study, 6 h saponified
EVA/MMT-50% nanocomposite exhibited strong antibacterial activity
against the two kinds of bacteria. The biocidal nanocomposites were also
tested for resistance to fungal growth in accelerated tests according to
ASTM D5590. As the saponification time increased, the antifungal activity
against A. niger and P. funiculosum of all nanocomposites was increased.
After 7 days of incubation, saponified EVA/Loess nanocomposite film ex-
hibited highest inhibitory ability against both fungal strains.
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Antimicrobial agents used in antimicrobial-processed
products are classified into organic, inorganic and natural
organic compounds. Organic antimicrobial agents raise
health concerns and many of them do not have suffi-
cient antimicrobial activity. Polymeric biocides can sig-
nificantly reduce loss of antimicrobial activity associ-
ated with volatilization, photolytic decomposition, dis-
solution, and permeation[5]. On the other hand, inor-
ganic antimicrobial agents employ Ag, Cu, and Zn com-
pounds and are excellent in safety and antimicrobial
activity. These agents are used in many types of house-
hold and medical products due to their good balance
between antimicrobial activity and endurance. How-
ever, patients with metal allergy due to Cu or Zn have
been reported[10]. Moreover, the regulatory process for
antimicrobial agent approval is lengthy and expensive.
Many active antimicrobial agents are commercially avail-
able but they are typically used in combination with one
another because each antimicrobial agent is active against
only a small number of fungal or algal strains. Rather
than trying to develop a new, universal antimicrobial
agents that would protect against a wide variety of mi-
crobial threats over a long period of time.

The interest in polymer nanocomposites with anti-
microbial properties is continuously increasing due to
the growing demand for healthy living. More and more
such materials are produced using different technolo-
gies in order to achieve desired properties. Potential
fields of application include, for instance, textile, indus-
trial and food packaging or medical devices to prevent
nosocomial infections. Recently, several natural and
modified clay minerals have significant potential for an-
timicrobial materials[11-13] because of its large surface
area and charged particles, which can result in strong
interactions with negatively charged microbial. In this
study, various poly(ethylene-co-vinyl alcohol) (EVOH)
based nanocomposite particles were prepared by al-
kaline saponification using a suspension of nano-sized
clay, titanium dioxide (TiO

2
), pozzolan or anion release

powder in poly(ethylene-co-vinyl acetate) (EVA)/tolu-
ene solution, and their antibacterial and antifungal ac-
tivity were investigated. The prepared nanocomposite
powders were mixed with aqueous sodium silicate (Na-
silicate). The aqueous Na-silicate as a binder is used in
various paints and coatings[14]. The morphology of
nanocomposites filler dispersion in the Na-silicate ma-

trix was also evaluated.

EXPERIMENTAL

Materials

Montmorillonit (MMT, Cloisite®Na+, Southern Clay
Products, Inc. TX, USA), anatase TiO

2 
(A-TiO

2
, NT-

22, Nano Co., Ltd., Kyungnam, Korea), Pozzolan (Ge-
Lite, DSG Co., Ltd., Kangwondo, Korea) and EVA
(1159, Hanhwa Chemical Co., Ltd., Seoul, Korea)
were used as received. Loess powder (HT-P100A),
anion powder (RT-P20000) and rutile TiO

2 
(R-TiO

2,

YH-P100) were purchased by Shanghai Huzheng Nano
Technology Co., Ltd. (Shanghai, China). EVA28 [1159
(density: 0.949 g/cm3, vinyl acetate content: 28 wt%,
melt flow index: 18 g /10 min at 190C/2.16kg), Hanhwa
Chemical Co., Ltd., Seoul, Korea] was used as re-
ceived. EVA resin and nanofillers were pre-dried in a
vacuum drying oven for at least 12 h at 40 C to re-
move any moisture from the pellets before processing

Instrumentation

Scanning electron microscopy (SEM) observations
of the samples were performed on a Hitachi S-4300
model (Tokyo, Japan). The surfaces of the specimens
were prepared by using cryogenic fracturing in liquid
nitrogen followed by a coating with platinum in an SPI
sputter coater. The morphology was determined using
an accelerating voltage of 15 kV. The surface sample
composition was evaluated using SEM (Hitachi S-4300
model, Tokyo, Japan) equipped with an energy disper-
sive X-ray spectroscopy (EDX).

Film specimens were prepared by pressing the com-
posites on a hot press at a plate press at 150 - 250 C
for 10 min under about 5 atm and quickly immersed
into water. The sheet thus formed was free from any
distortion problems. The films obtained were allowed
to dry at 60 C for 24 h. The final thickness of the dried
films was in the range of - 0.5 mm.

Preparing of EVOH based nanocomposite pow-
ders

Various EVOH based nanocomposites were pre-
pared with nanofiller loadings of 50 wt%. The EVA
pellets (100 g) were first swelled in toluene (900 g) at
room temperature for 12 h and followed by heating at
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60 C for 4 h. The required amount of nanofillers was
each dispersed in the 10 wt% toluene solution of EVA
at room temperature by mechanical premixing and bath
sonication for 2 h. 20 ml of diluted suspensions (5.0
wt% in toluene) were saponification by dropwise addi-
tion to 200 ml of 0.5 M KOH in ethanol solution (1000
ml of ethanol/28.05 g of KOH solution). The heteroge-
neous solution was stirred at room temperature for
ambient time, and then the solution was filtrated, and
filtrate washed with methanol. The filtrate was dried
under vacuum at 60 °C to a constant weight.

Shake flask test

The antibacterial activity of the nanocomposite
powders was tested against Staphylococcus aureus
(S. aureus, ATCC 25923) and Escherichia coli (E.
coli, ATCC 25922) with the shake flask method. The
bacteria were subcultured on nutrient broth and incu-
bated for 20 h at 37 °C. The cells were suspended in

50 ml of phosphate-buffered saline (PBS) to yield a
bacterial suspension of 1.70  107 - 1.16  109 colony
forming units/ml (cfu/ml). The sample powder (0.5 g)
was weighed and shaken in 20 ml of a bacterial sus-
pension for 24 h. The suspension (25 wt/vol%) was
serially diluted in PBS and cultured on nutrient broth
at 37 °C for 24 h. The number of viable organisms in

the suspension was determined by multiplication of
the number of colonies with the dilution factor, and
the percentage reduction was calculated on the basis
of the initial count

Antifungal test

The antifungal activity of specimens was evaluated
by the standard ASTM D 5590 test. The fungi used in
this study were Aspergillus niger (A. niger, ATCC
6275) and Penicillium funiculosum (P. funiculosum,
ATCC 11797). Cultures of A. niger and P.

funiculosum were prepared by incubation at 28 °C in

potato dextrose agar (PDA) for 72 h. By diluting with
5 ml of sterile distilled water, a culture containing about
1.2  106 cells/ml was prepared for each strain and
used for the antifungal tests. The sterile Petri dish con-
taining PDA was inoculated by this culture. 30 mm x 30
mm x 0.5 mm of hot-pressed EVOH nanocomposites
film was sterilized by UV for 1 h and was placed in the
center of the inoculated Petri dish. Thin coat of fungal
suspension was applied to specimen using a sterile at-
omizer until the surface is covered. The agar dish was
then incubated at 28 °C for 7 days. The growth rating

was determined according to TABLE 1.

RESULTS AND DISCUSSION

Figure 1 shows the SEM micrograph of nanofillers.
MMT and Loess nanoclays showed a dominant grain-
size ranging from 1 to 5 m, although agglomerated par-
ticles may be several time larger. The results of the EDX
analysis of two nanoclays showed that the common ele-
ments are C, O, Al, Si, Mg, and Fe. Loess showed
considerably low Mg and K contents (TABLE 2).

A-TiO
2
 and R-TiO

2
 have a primary particle-size

ranging from 15 to 35 nm. R-TiO
2
 contained some im-

purities which are corresponding to Al and Si. A-TiO
2

also showed very low Al content. The pozzolan and
anion nanopowders have a dominant grain-size ranging

TABLE 1 : Fungal growth rating

Observed growth on specimens Rating 

None 0 

Traces of growth (<10%) 1 

Light growth (10-30%) 2 

Moderate growth (30-60%) 3 

Heavy growth (60% to complete coverage) 4 

TABLE 2 : EDX analysis results of the nanofillers[15].

Element (wt%) 
Filler 

C O Al Si Ti Na Mg Fe K Ca P La Ce Nd Th 

MMT 2.8 67.8 7.2 17.5 - 2.3 1.0 1.4 - - - - - - - 

Loess 2.3 69.0 12.2 13.9 0.6 - 0.3 1.5 0.2 - - - - - - 

A-TiO2 4.2 50.9 0.2 - 44.7 - - - - - - - - - - 

R-TiO2 0.9 41.6 1.1 0.8 55.6 - - - - - - - - - - 

Pozzolan 8.9 62.5 4.8 14.2 - 1.0 1.0 3.0 1.8 2.8 - - - - - 

Anion 4.3 40.1 - 1.3 - - - 1.8 - 1.2 8.1 9.1 22.9 7.2 4.0 
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from 1 to 8 m. The pozzolan is somewhat similar to
Loess but it contains 1.0 wt% of Na and 2.8 wt% of
Ca. The anion nanofiller can release the 2000-3000
negative ions/cm3 at room temperature. Its main ele-
ments are C, O, P, La, Ce, Nd and Th.

The SEM image in Figure 2 provides an EVA/
nanofiller coagulant surface prepared using ethanol/
KOH solution after 6 h saponification time. The sur-
face of the unsaponified EVA/nanofiller coagulant shows
a dense skin layer, which appears to be nonporous. As
the saponification time increased, the surface of the
nanocomposite particles is eroded and the larger par-
ticles are delaminated and fractured into smaller par-

ticles due to changing matrix polymer polarity. After 6h
saponification time, the particle shape recovered was
almost the same as the parent particles (Figure 1).

Antibacterial activity of nanocomposite powders

The antibacterial activity of the nanofillers and
nanocomposite powders was tested against S. aureus,
and E. coli with the shake flask method. S. aureus and
E. coli are two of the most common nosocomial patho-
gens[16,17] and they represent Gram-positive and Gram-
negative bacteria, respectively. The percentage reduc-
tion of nanofillers and nanocomposite powders are com-
pared in Figure 3 and Figure 4.

Figure 1 : SEM micrographs of the pristine nanofillers[15].
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Figure 2 : SEM micrographs of the EVOH based nanocomposites (nanofiller content = 50wt%)[15].

At 25 wt/vol% in the bacterial suspension, A-TiO
2

reduces viable cell number of both S. aureus and E.
coli significantly than other nanofillers indicating that A-
TiO

2
 has a potent antimicrobial agent than other

nanofillers. A-TiO
2 
extirpated 20.7 and 63.4 % of the

viable cells of S. aureus and E. coil, respectively (Fig-
ure 3).

The photo-catalytic agent TiO
2
 has been used ex-

tensively for killing different groups of microorganisms
including bacteria, fungi and viruses, because it has high
photo-reactivity, broad-spectrum antibiosis and chemi-
cal stability[18-21]. The photocatalytic activity of annealed
TiO2 sturdily depends upon its existing phase, i.e., ana-
tase, rutile, brokite. The anatase phase shows an indi-
rect optical band gap of 3.2 eV, while the rutile phase

has a direct band gap of 3.06 eV and an and an indirect
one of 3.10 eV[22]. The killing mechanism involves deg-
radation of the cell wall and cytoplasmic membrane due
to the production of reactive oxygen species such as
hydroxyl radicals and hydrogen peroxide. This initially
leads to leakage of cellular contents then cell lysis and
may be followed by complete mineralisation of the or-
ganism. Killing is most efficient when there is close con-
tact between the organisms and the TiO

2
 catalyst. The

killing activity is enhanced by the presence of other an-
timicrobial agents such as Cu and Ag[23].

On the other hand, the R-TiO
2
 and Anion had simi-

lar inhibitory behavior with S. aureus and E. coli. R-
TiO

2
 and Anion selectively inhibit towards E. coli com-

pare with S. aureus. After 24 h of shaking, the R-TiO
2
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showed the 4.7 and 58.9 % inhibition of the growth of
S. aureus and E. coil whereas for Anion extirpated -
12.0 and 30.7 % of the viable cells of S. aureus and E.
coil, respectively. It can be also found that except for
the Loess the other nanofillers inhibited the growth of
E. coli more than S. aureus (Figure 3).

The results of antibacterial activity of nanocomposites
powders are presented in Figure 4. The EVA/MMT-
50% nanocomposite powders showed stronger anti-
bacterial activity against two strains than others. As the
saponification time increased, the antibacterial activity
towards S. aureus (Figure 5) and E. coli (Figure 6) of

EVA/MMT-50% nanocomposite was gradually in-
creased. It is noteworthy that 6h-saponified EVA/MMT-
50% exhibits highest antibacterial activity against the two
kinds of bacteria. After 24 h of shaking, the
nanocomposite powder showed the 94.9 and 99.2 %
inhibition of the growth of S. aureus and E. coil. The
antibacterial behavior of saponified EVA/Loess-50%
was the almost same as that of EVA/MMT-50%. How-
ever, EVA/Loess-50% showed more active on S. aureus
than E. coli on up to 6 h saponification time. EVA/Loess-
50%-6h exhibited 65.4 and 39.2 % inhibition of the
growth of S. aureus and E. coil, respectively.

Figure 3 : Shake flask test results for the nanofiller.

Figure 4 : Shake flask test results for the nanocomposites as a function of saponification time.
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Figure 5 : Effect of EVA/MMT-50% [saponification time (a) 0h, (b) 1h, (c) 3h, and (d) 6h] on numbers of cfu of S. aureus.

Figure 6 : Effect of EVA/MMT-50% [saponification time (a) 0h, (b) 1h, (c) 3h, and (d) 6h] on numbers of cfu of E. coil.
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In case of EVA/R-TiO
2
-50% and EVA/A-TiO

2
-

50%, the antibacterial activity against S. aureus was
gradually increased with the saponification time. As ex-
pected, EVA/A-TiO

2
-50%-6h and EVA/R-TiO

2
-50%-

6h exhibited 79.5 and 73.9 % inhibition of the growth
of S. aureus, respectively. It can be also seen that EVA/
A-TiO

2
-50% and EVA/R-TiO

2
-50% nanocomposites

were more active on S. aureus than E. coli on up to 6
h saponification time.

The antibacterial effect of the saponified EVA/Poz-
zolan-50% was higher against E. coil regardless of the
saponification time. In sharp contrast the EVA/Anion-
50% had only antimicrobial activity on E. coil, but had
no inhibitory effect on S. aureus.

It is noted that the antibacterial activity against E.
coil of EVA/A-TiO

2
-50%, EVA/R-TiO

2
-50%, EVA/

Pozzolan-50% and EVA/Anion-50% nanocomposites
were increased up to 3 h saponification time and de-
creased thereafter. This indicated that there was an
optimum VAc content for antibacterial activity against
E. coil. EVA is a random copolymer consisting of eth-
ylene and VAc as repeating units. VAc content has two
fundamental effects that influence the properties of EVA
copolymers. The first effect is to disrupt the crystalline
regions formed by the polyethylene segments of the
copolymer. The second overriding effect of VAc con-
tent results from the polar nature of the acetoxy side
chain[24].

When the VAc group in polymer molecules con-
verted to hydroxyl group through saponification, the total
polarity of molecules is increased due to electronega-
tivity of -OH group (2.68) is higher than that of VAc
(2.56) one[25]. After saponification numerous hydroxyl
groups in EVOH form strong hydrogen bond, both in-
ter- and intra-molecular, which reduce the free volume
of the polymer chains. In case of EVA copolymers, the
degree of hydrogen bonding can be controlled by varying
ethylene and VOH ratios in the copolymer. This is the
polarization of the -OH bonds, because the oxygen at-
oms are more electronegative than hydrogen atoms.
However acetoxy group cannot form inter- and intra-
molecular hydrogen bonds.

In order to inactivate or kill microbes, the
nanocomposite particles must come close to or touch
the microbes. Such interactions are either attraction or
repulsion. As most bacteria carry a net negative surface

charge[26], adhesion of bacteria is discouraged on nega-
tively charged surfaces, while it is promoted on posi-
tively charged surfaces[27]. The increase in polarity of
nanocomposites after saponification is reflected in the
relative polar surface area, hydrogen bond donor, and
hydrogen bond acceptor numbers, all of which increase
substantially for antibacterial activity.

Antifungal activity of nanocomposite powders

The biocidal nanocomposites were tested for re-
sistance to fungal growth in accelerated tests according
to ASTM D5590, which is an accelerated test to de-
termine the relative resistance of coating films to fungal
growth. This is an agar-based method evaluating coated
surfaces for their resistance to commonly occurring in-
door and exterior fungi such as A. niger, P. funiculosum
and A. pullulans. The antifungal activity of hot-pressed
film of saponified nanocomposite is summarized in
TABLE 3.

The A. niger and P. funiculosum grew on all sur-
faces of the unsaponified nanocomposite film. Among
them, EVA/MMT-50% and EVA/A-TiO

2
-

50%showed very poor inhibition activity against A.
niger. As the saponification time increased, the anti-
fungal activity against A. niger and P. funiculosum of
all nanocomposites was increased. After 7 days of
incubation, saponified EVA/Loess nanocomposite film
exhibited highest inhibitory ability against both strains.
Except that the saponified nanocomposite films inhib-
ited the growth of P. funiculosum more than A. niger.
As shown in Figure 7, A. niger spores and their sub-
sequent growth on the surface of EVA/MMT film com-
pletely inhibited after 6h saponification time whereas
for P. funiculosum inhibited after 1h saponification
time (Figure 8).

TABLE 3 : Antifungal activity for nanocomposite film

Antifungal activity 

A. niger P. funiculosum Sample 

0h 1h 3h 6h 0h 1h 3h 6h 

EVA/MMT-50% 3 2 2 0 1 0 0 0 

EVA/Loess-50% 1 0 0 0 1 0 0 0 

EVA/A-TiO2-50% 3 1 0 0 1 0 0 0 

EVA/R-TiO2-50% 1 1 1 0 1 0 0 0 

EVA/Pozzolan-50% 1 1 0 0 1 0 0 0 

EVA/Anion powder 2 1 1 0 2 0 0 0 
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Figure 7 : Image of the saponified EVA/MMT nanocomposites after antifungal test for 7 days.
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Figure 8 : Image of the saponified EVA/MMT nanocomposites after antifungal test for 7 days.
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The nanoparticles prepared in this study also were
designed for compatibility with a standard water-borne
exterior coating formulation. For aqueous coating sys-
tems, a uniform and stable dispersion of fillers plays an
important role. This requirement is especially critical
when nano-sized inorganic fillers are involved. Their
naturally hydrophilic surface not easily wetted by poly-
meric binder compositions which are generally hydro-
phobic. A further disadvantage of inorganic fillers is that
they generally have associated with them a small, but
significant, quantity of water[28]. EVOH copolymers
have been widely used as food packages, biomedical
and pharmaceutical industries due to their excellent gas
barrier properties, high resistance to oils, good mechani-

cal strength and harmlessness to health[29,30]. They also
have significant potential for inorganic filler surface modi-
fier due to their combined effect of hydrophilicity, as a
consequence of the -OH side groups[31].

Figure 9 represents a fractured surface of the pre-
pared Na-silicate/EVA/nanofiller-6h hybrid composites.
2 wt% of 6h-saponified nanocomposite powders were
added into aqueous Na-silicate (98 wt%) and mixed to
prepare a suspension of Na-silicate and nanocomposite
powders. The antimicrobial coating agents made with
nanocomposites particles were stable in the can for more
than 6 months. These properties are required for ulti-
mate commercialization; antimicrobial nanocomposites
particles that can be added easily to an existing coating

Figure 9 : SEM micrographs of the hybrid nanocomposites[15].
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formulation without requiring significant changes in the
formulation or interrupting the integrity of the formula-
tion are much more likely to be considered. The sus-
pensions were casted onto a PTFE film-supporting sur-
face for 3 days. The films obtained were allowed to dry
at 60 C for 24 h. The final thickness of the dried films
was in the range of 0.4 - 0.5 mm.

SEM analysis shows nanocomposites powder con-
taining hybrid composites which are well distributed in
the matrix with its morphology depending on the parent
filler type. In the micrographs taken on the fracture sur-
face of the Na-silicate/EVA/MMT-6h and Na-silicate/
EVA/Loess-6h hybrid composites, thin plate-like struc-
tures with dimensions of 1 m in Na-silicate matrix were
observed.

In case of the EVA/A-TiO
2
-6h and EVA/R-TiO

2
-

6h containing hybrid composites had hexagonal- or tet-
ragonal-shaped crystal structure. In sharp contrast, the
EVA/Pozzolan-6h and EVA/Anion powder-6h particles
in the hybrid composite did not show any morphologi-
cal change compared to their corresponding 6h-saponi-
fied particles.

CONCLUSIONS

Various EVOH based nanocomposite powders
were successfully prepared by simple saponification
using suspension of nano-sized clay, TiO

2
, pozzolan or

anion release powder in EVA/toluene solution. With the
saponification time, the surface of the nanocomposite
particles is eroded and the larger particles are delami-
nated and fractured into smaller particles due to chang-
ing matrix polymer polarity. After 6h saponification time,
the particle shape recovered was almost the same as
the parent particles.

The antibacterial activity of prepared
nanocomposites was compared against S. aureus and
E. coli with the shake flask method. The EVA/MMT-
50% nanocomposite powders showed stronger anti-
bacterial activity against two strains than others. The
antibacterial activity against E. coil of EVA/A-TiO

2
-

50%, EVA/R-TiO
2
-50%, EVA/Pozzolan-50% and

EVA/Anion-50% nanocomposites were increased up
to 3 h saponification time and decreased thereafter. This
indicated that there was an optimum VAc content for
antibacterial activity against E. coil. The increase in po-

larity of nanocomposites after saponification is reflected
in the relative polar surface area, hydrogen bond do-
nor, and hydrogen bond acceptor numbers, all of which
increase substantially for antibacterial activity.

The biocidal nanocomposites were tested for re-
sistance to fungal growth in accelerated tests according
to ASTM D5590. The antifungal test results showed
that the antifungal activity against A. niger and P.
funiculosum of all nanocomposites was increased with
the saponification time. After 7 days of incubation, sa-
ponified EVA/Loess film showed the highest inhibitory
ability among six nanocomposite films tested. Since the
nanocomposite powders prepared by this method have
good antibacterial and antifungal activity, good dispersity
in aqueous solution and easy processability they can be
used for industrial applications such like functional filler
for paint and coating materials in aqueous system, anti-
microbial filler for polymer compounds and plastic film
to make antimicrobial packaging.
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