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Abstract In this study, transparent thin film of SiOy
nanoparticles (NPs) filled poly(butylene adipate-co-tereph-
thalate) (PBAT) composites were prepared by a solvent cast-
ing method, with chloroform (CHCl3) as a solvent. This
paper is focused on studying the mechanical and antimicro-
bial activity of SiO, NPs in PBAT films. The morphological
characteristics were studied by using FTIR and XRD spec-
troscopy. SEM, HRTEM investigations confirm the homo-
geneous dispersion of SiO; NPs in the PBAT matrix. The
tensile strength increases significantly by introducing the
SiO; NPs of (5 wt%) into the PBAT matrix, in which
PBAT/SiO; films have greater tensile strength (58.01 MPa)
when compared to the PBAT polymer (33.75 MPa). In this
study we found that PBAT/SiO, had increased mechanical
properties, increased contact angle and decreased oxygen
permeability, and moisture uptake of the nanocomposite
film. Further antimicrobial activity by the well diffusion
assay method was followed against S. aureus, and E. coli
which were found to have good inhibition effect.
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1 Introduction

Nanocomposites (NCs)’ have been used in automotive,
packaging, building and agricultural materials [1]. Vari-
ous polymeric nanocomposites have been extensively stud-
ied, including polyamide, epoxy, polyester, polystyrene and
polypropylene [2]. In recent years, to solve the waste dis-
posal problem of plastic materials, biodegradable polymers
have become an important trend [3]. Adding nano-fillers
into the biodegradable polymers can increase mechanical,
thermal, dimensional and barrier properties of the composite
films.

Nano-silica (SiO;) filled polymer matrix composites
have attracted significant attention in the past few years.
The mechanical and thermal properties of SiO;-filled poly-
mer matrix composite materials have been reported [4-6].
Studies on SiO» dispersion in polymer matrices such as
poly(methyl methacrylate) [7, 8] high density polyethy-
lene [9] and poly(ethylene oxide) [10] have been carried
out. PBAT is a large-scale polymer product used exten-
sively to produce fibres, films and packaging materials
due to its good mechanical and optical properties [11,
12] resistance to creep fracture and resistance to fatigue
and wear.

The development of composite PBAT has led to materials
with additional functional properties such as antibacte-
rial activity [13, 14]. The high performance, biodegradable
PBS/PBAT composite film exhibited enhancement in tensile
strength and elongation at break. This blended compos-
ite indicates that a good compatibility is achieved between
the polymers [15]. The PBS/PBAT composites blended
with organoclay film gave an improvement in mechanical
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strength [16]. The PBAT-PVOH/SiO, NCs films prepared
by solvent casting have excellent mechanical and antimicro-
bial activity [17].

The NCs of biodegradable PBAT and layered silicates
have been prepared using a melt intercalation method.
Based on the results PBAT/NatMMT NCs exhibited a
greater weight loss than did control PBAT, NCs with
modified clay C30B which indicated that the hydrophilic
environment of the NatMMT supported the biodegrada-
tion of PBAT [18]. PBAT with montmorillonite (MMT)
(C30B, C20A and B109) gave improved degradation, ther-
mal stability and mechanical properties of PBAT based
NCs. PBAT and layered silicates (3 wt%, PBAT/ODA-M)
composite materials showed lower tensile modulus [19].
MWCNTs have been functionalized and incorporated in
PBAT based composites by using a simple method [20].

The aim of this study is to prepare NCs by blending
SiO; in a PBAT polymer matrix. The SiO, NPs are pre-
pared using the sol-gel method, a fast, simple and low
cost method. The prepared nanocomposite films were anal-
ysed by FT-IR, XRD, SEM and HRTEM. The antimicrobial
property of the prepared polymer NCs films was evaluated
against two food pathogenic bacteria, S. aureus and E. coli,
by using the agar disk diffusion method.

2 Experimental Section
2.1 Materials
The PBAT (Ecoflex) with melt flow index (MFI) 3.3—

6.6 g/10 min (at 190 °C; 2.16 kg) and density 1.25-1.27
g/cm?, and melting point 110-115 °C was supplied by M/s
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BASF Japan Ltd. (TEOS) tetraethoxysilane was purchased
from Sigma-Aldrich, India. The test strains, E.coli MTCC
1303, S.aureus, ATCC 6538 were procured from IMTECH,
Chandigarh. All experimental materials, chemicals and sol-
vents were obtained from SRL, India and Sigma Aldrich,
India.

2.2 Synthesis of SiO; Nanoparticles

Nano-crystalline SiO, was synthesized by the sol-gel
method using tetraethoxysilane (TEOS) as a source of sil-
icon. 7.4 ml of TEOS was added to 80 ml of methanol
and the mixture was stirred vigorously at 150 °C and
stirred for a further 30 minutes. A white color powder was
obtained and was heated in a tubular furnace at 300 °C
for 1 hour to get the SiO powder with particle size
35 nm.
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Fig. 2 XRD patterns of the PBAT/SiO, nanocomposite film
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Fig. 3 HRTEM images of a
PBAT, b SiO, NPs, ¢ PBAT/
SiO2, d SAED pattern of PBAT/
SiO, nanocomposite film

BAT Polymer

2.3 Preparation PBAT/SiO,Nanocomposite Films

Approximately, 2.0 g of PBAT polymer granules were dissolved
in 98 ml of chloroform with constant stirring until a clear solution
was obtained. Instantaneously, the (5 wt%) SiO, nanoparticles
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Fig. 4 SEM images of a PBAT, b SiO, NPs ¢ PBAT nanocomposite film
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were dispersed in the polymer solution. The solution were
cast into a petri dish [17, 21-24] and dried in an oven for 48
hrs at 40 °C. Finally, the resulting films were dried under
vacuum for 48 hrs to remove the residual solvent. Homoge-
neous films of 0.05-0.1 mm thickness were obtained.
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Fig. 5 a TGA b DSC thermograms of PBAT and PBAT/SiO; film

2.4 Characterization

The FT-IR spectra of the samples as pieces of the cast
films were examined in the frequency range of 400—4000
cm~! at a resolution of 4 cm™! using a (Perkin Elmer spec-
trophotometer RX1). XRD analysis of the NC film was
performed at room temperature with an (Rigaku) analytical
diffractometer using Cu, Ka radiation (MiniFlex II-C). High
resolution transmission electron microscopy (HRTEM) was
carried out on a TECNAI-G2 (model T-30) at an accel-
erating voltage of 300 kV. Scanning electron microscopy
(SEM) measurements were performed on a HITACHI
S-3000H scanning electron microscope. A piece of film
was fixed in the surface of the double-sided adhesive tape
and the film was sputtered with gold prior to SEM obser-
vation. The calorimetric analysis of the nanocomposites
was performed on a (SII, Nanotech, DSC-6220) differential
scanning calorimeter (DSC) at a heating rate of 10 °C min™!
under nitrogen atmosphere. Thermal gravimetric analysis
(TA Instruments Q50) was used to study the thermal sta-
bility of PBAT and NCs film. 10 mg samples were heated
from room temperature to 750 °C under a continuous flow
of nitrogen (20 mL/min). The mechanical strength was ana-
lyzed using a universal testing machine (UTM, H10KS,
Tinius Olsen) according to the ASTM D 638-03 method.
Barrier properties (OTR) of the PBAT/SiO, nanocompos-
ite films were characterized by (Noselab ats). The contact
angle of NC films was measured by using a Goniometer

Table 1 Effect of PBAT, SiO; loading on tensile strength and elonga-
tion at break

1 I
100 i 200
Temperature ( C)

(GBX Digidrop) at 27 °C. The moisture uptake (MU) of
the NC films was determined at RH of 70 % by the method
proposed by Yang et al. [25].

2.5 Antimicrobial Activity Test

The antimicrobial activity of NC film was tested by an inhi-
bition zone method (ISO 22196). Food pathogenic bacteria
E.coli and S.aureus were used for the antimicrobial activity
study of the NC film. The plates were examined for possible
clear zones after incubation at 37 °C for 2 days.

3 Results and Discussion
3.1 FT — IR Analysis

The interactions between polymer and SiO; in composites
can be identified through an analysis of the FT-IR spec-
tra. The FT-IR spectra of a PBAT film, SiO, NPs and
PBAT/SiO; film are shown in (Fig. 1). In the FT-IR spec-
trum of pure PBAT, a characteristic vibration band of C=0
stretching is observed at 1712 cm™!, those of C-O stretching
are found at 1285 and 795 cm™! and that of C-H stretching
is observed at 2980 cm™!. The spectra of the PBAT/SiO,
films clearly exhibit characteristic absorption peaks corre-
sponding to only polymeric groups of pure PBAT. That is,
the FT-IR spectra of the NC films show no change or shift

Table 2 Oxygen transmission rate of the neat polymer and nanocom-
posite measured at 25 °C

Sample Tensile strength (MPa) Elongation (%) Sample OTR (mL/m?/day)
PBAT 33.75 600 PBAT 535.0+1.0
PBAT/SiO; 58.01 980 PBAT/SiO; 3109 2.2
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Table 3 MU at equilibrium and water CA of PBAT and its nanocom-
posite film

Sample Moisture uptake (%) Water contact angle (°C)
PBAT 41.00 42.50
PBAT/SiO; 23.60 69.85

in the characteristic peaks of pure PBAT with the addition
of SiO; particles. The pure PBAT and PBAT/SiO, films
yielded the same FT-IR spectrum, which means a poor
chemical interaction between the PBAT and SiO; occurred,
or the SiO; characteristic peak was overlapped by the PBAT
characteristic peak.

3.2 XRD Spectroscopy

The XRD pattern of PBAT/SiO; and SiO, NPs are shown
in Fig. 2. It is obvious that the PBAT polymer is crystalline
in nature. It shows the characteristic peaks at 20 = 22,
28 and 35°, which suggest the formation of inter and intra
molecular oxygen bonds in the presence of C=0 groups
in the PBAT polymer. The nano silicon dioxide prepared
was highly crystalline in nature. The diffraction peaks were
observed at 260 = 22°. From the Scherrer equation the
crystalline SiO; particle size was found to be 35 nm.

3.3 Surface Morphology of Polymer Nanocomposites
(PNC’s)

The surface morphology of PBAT and its nanocomposite
films was characterized by HRTEM. Figure 3a shows the
neat PBAT matrix, and the prepared SiO; nanoparticle is
shown in Fig. 3b, the particle size is 35 nm. The interaction
between the SiO; nanoparticles and the PBAT matrix is well
revealed from the HRTEM images shown in Fig. 3c. The
SiO; nanofillers in the PBAT matrix are of spherical shape
randomly distributed for 5 wt% of SiO, nanocomposite
films. The dark spot represents the SiO» nanoparticle with
polymer background. The selected area electron diffraction
(SAED) of the prepared nanocomposite is shown in Fig. 3d.

Fig. 6 Antimicrobial test of
PBAT and PBAT/SiO, against
E.coli

Crystalline and amorphous behavior can be observed from
the SAED pattern of the PBAT/SiO, nanocomposite film.
Diffraction rings of the SAED pattern correspond to the
crystal planes of SiO, which are exhibited as bright dots,
indicating that it consists of SiO2 nanocrystals.

Figure 4 shows the SEM images of neat PBAT and
PBAT/SiO; film respectively. The neat PBAT film structure
is non-homogeneous and uneven, while the SiO, incor-
porated into the PBAT polymer film shows that the SiO,
nanoparticles are dispersed in the PBAT matrix. In Fig. 4c,
the addition of SiO; nanomaterials leads to agglomeration
in different sizes in the form of spherical shapes, which are
due to the SiO, nanoparticles present in the nanocomposite
film.

3.4 Thermal Properties

Thermal stability of PBAT and PBAT/SiO, films is shown
in Fig. 5a. In metal oxide incorporation in PBAT film two
weight losses are observed, in which the first losses around
240-350 °C is due to water vaporization and the second loss
around 400-600 °C is due to degradation of PBAT and SiO5.
These thermal stability changes in the films are due to the
presence of SiO» nanoparticles in the PBAT polymer matrix.
DSC results are shown in Fig. 5b as thermograms for the
pure PBAT and PBAT/SiO, film. The heating curves show
broad endotherms at interval 25-150 °C associated with
melting of the PBAT polymer. The PBAT/SiO, endotherm
is shifted to the higher temperature values. The transition
starts at lower temperatures and ends at higher temperatures.
Both values are very significantly increased for PBAT/SiO;
films. As can be seen, it was 127 °C but is 90 % compared
to 110 °C and 45 % for the initial PBAT correspondingly.

3.5 Mechanical Properties

The mechanical properties of nanocomposite films are given
in Table 1. The tensile strength increases by adding the SiO,
nanoparticles (Swt %) into the PBAT matrix. PBAT/SiO,
films have higher tensile strength (58.01 MPa), compared
to the pure PBAT (33.75 MPa), because of the good dis-
persion of SiO,NPs into the PBAT matrix which prevents
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Fig. 7 Antimicrobial test of
PBAT and PBAT/SiO, against
S.aureus

material from coagulating and is due to the good interac-
tion between the metal oxide and PBAT. The addition of
SiO, NPs increased the elongation at break of the compos-
ite. This result is attributed to the occurrence of intercalation
rather than exfoliation by the decrease of PBAT nanocom-
posite film having decreased tensile strength and elongation
properties when compared to PBAT film.

3.6 Oxygen Transmission Rate (OTR)

The oxygen permeability is one of the most important prop-
erty in a packaging material to decide its suitability for
different applications. For the PBAT, PBAT/SiO; films, the
OTR values were measured and it is given in Table 2. For the
PBAT polymer film, the average OTR value was 535 mL/
m? /day. The control PBAT has high oxygen permeability
but the decrease in OTR of the NCs film can be attributed
to the generation of a tortuous path for the permeation of
oxygen molecules in the presence of SiO; into the PBAT
polymer matrix. The highest value of 535 mL/ m? /day was
observed for 0 wt% of SiO; nanoparticles. Note that the
oxygen transmission rate decreased with addition of SiO;
(5 wt%) nanoparticles. These results are most important and
show that on the adding of SiO NPs the value of oxygen
transmission rate also decreases.

3.7 Contact Angle & Moisture Uptake Properties

From the water contact angle (CA) (°) wettability of the
NCs film surface was determined. For a smooth and flat

Table 4 Effect of SiO, based antimicrobial films on the inhibition
zones

Strain The inhibition zone (mm)

PBAT PBAT/SiO; film
E. coli - 16.7
S. aureus - 17.2

@ Springer

surface the contact angle decreases as the affinity of the lig-
uid drop increases. Higher contact angle indicates poorer
wettability. The contact angle was measured for both pure
PBAT and PBAT/SiO; NCs films to understand the wet-
ting properties [26]. Hydrophobic surfaces are signified by a
contact angle which is above 90° and a lower contact angle
represents a more hydrophilic surface. The water contact
angle of PBAT/SiO increases with introducing the SiOj
NPs, as shown in Table 3. The interaction between polymer
and SiO, nanoparticle decreases the water sensitivity of the
nanocomposite. In addition, the surface hydrophobicity of
SiO, NPs is better than that of the polymer. The effect of
SiO, NPs on the moisture uptake (MU) of the film is shown
in Table 3, it can be seen that the (MU) of the NC’s decreases
with addition of the SiO, NPs.

3.8 Antimicrobial Properties

The PBAT film did not show clear microbial inhibition
zones for E. coli and S. aureus (Figs. 6 and 7), reflect-
ing no antimicrobial activity for these materials. The
PBAT/SiO; film showed microbial inhibition zones against
the two microorganisms in the disk method (Table 4). The
SiO, nanoparticle-based films possessed good antimicro-
bial activity. This property will be very favorable for the
applications of the novel antimicrobial packaging material.
The mechanism involves the dissociation of the antimicro-
brial agents from the SiO, NPs surface and exertion of their
antimicrobial effects on bacteria in suspension.

4 Conclusions

We have successfully prepared the PBAT/SiO, nanocom-
posite film via a solution casting process. Morphologi-
cal, mechanical and antimicrobial activity were investi-
gated in terms of the SiOy (5 wt%) content as required
for packaging applications. The SiO; nanoparticle shows
good dispersion in the PBAT matrix as confirmed by
SEM. and HRTEM. TGA describes the thermal stability
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of the PBAT and nanocomposite films. The mechanical
strength increases by adding the SiO, NPs (5 wt%) into the
PBAT matrix. PBAT/SiO; films have greater tensile strength
(58.01 MPa) when compared to the PBAT polymer (33.75
MPa). PBAT/SiO, nanocomposite films have decreased
oxygen permeability compared to the pure polymer films.
The water contact angle of the obtained film was improved
compared with the neat PBAT film due to the introduction
of the Si0, NPs; the moisture uptake of the nanocomposite
was decreased by adding SiO, NPs into the PBAT matrix.
In addition, the antimicrobial activity against S. aureus and
E. coli were investigated for the PBAT and PBAT/SiO;
nanocomposite film. The PBAT/SiO, nanocomposite film
shows excellent antimicrobial activity. Based on the
results, the newly prepared nanocomposite films have
improved morphological, mechanical and antimicrobial
activity. Thus PBAT containing SiO; film may be a promi-
sing novel material for active food packaging applications.
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