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KMnOg4-treated, functionalized, biaxially oriented polypropylene (BOPP) films coated with nano-silica
hybrid material were synthesized. The abrasion resistance of the films was examined using a reciprocating
fabric abrasion tester. Functional groups were confirmed by Fourier-transform infrared spectroscopy.
Contact angle measurements were performed on the BOPP film surface to quantify the effectiveness
of the functionalization. Results indicate that the abrasion resistance and roughness of the composite
film were significantly affected by the modification of the BOPP film. Water surface contact angle of the
modified BOPP films decreased from 90.1° to 71.4°,when KMnO4 concentration increased from 0 M to
0.25 M. Wettability of the BOPP films clearly improved after KMnO4 treatment. Abrasion resistance of the
functionalized films coated with hybrid materials improved by 27.4% compared with that of the original

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Biaxially oriented polypropylene (BOPP) films are some of the
most important commercial polyolefin films because of their excel-
lent properties, such as chemical resistance, toughness, and high
thermal stability [1-3]. These films are widely used in food pack-
aging, as protective coating for other films, in printing, and other
applications. However, BOPP films have low scratch resistance and
lack adhesiveness [4,5].

Sol-gel coatings are frequently used to improve the scratch
resistance of polymeric materials. However, the interfacial interac-
tion between highly crosslinked coatings and polypropylene films
is low, thereby requiring further modification of the polymer sur-
face. A number of surface modification techniques can be used to
improve interfacial interactions, including plasma treatment [6],
ion beam treatment [7], corona discharge [8,9], surface grafting
[10], and chemical oxidation [11]. Blees et al. [12] reported the
use of chromosulfuric acid to modify polypropylene surfaces. This
method increases friction by enhancing the interactions of the films
using a sapphire indenter. Bellel et al. [ 13] showed that the surface
wettability of polypropylene films can be significantly improved by
depositing thin SiOy layers on the surface. Jeon et al. [14] prepared
hard coating films using organosilane-modified boehmite nanopar-
ticles under UV/thermal dual curing. Yin and Wang [ 15] and Dinelli
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etal.[16] synthesized hybrid materials using a sol-gel technique by
adding water to improve the abrasion resistance of the substrate.
However, research on the preparation of a sol-gel solution in the
absence of water is limited [17].

In the current study, KMnOg4 solution was used to modify the
surface of BOPP films to improve adhesion. Using KMnO, solution
for chemical oxidation is more eco-friendly than using other solu-
tions. A sol-gel method in which the sol was synthesized without
adding deionized water was used to prepare uniformly dispersed
nanosilica. The nanosilica hybrid materials were then coated on the
BOPP films using a dip-coating technique.

Abrasion resistance is used to characterize shear deformation
imposed by a hard material on another softer material [18-20]. In
the present study, KMnO4 solution was used to modify the surface
of polypropylene film to enhance the abrasion resistance of films
coated with nanosilica hybrid materials.

2. Experimental
2.1. Materials

BOPP films (thickness =47 wm) were supplied by the Zhejiang
Kelly Packaging Materials Company (China). KMnQOy4, 98% (w/v)
H,S04 solution, 37% (w/v) HCI solution, tetraethoxysilane (TEOS),
p-toluene sulfonic acid (PTSA), 99.7 wt% absolute ethanol, and 3-
triethoxysilylpropylamine (KH550) were provided by Hangzhou
Mike Chemical Instrument (China). All chemicals were used with-
out further purification.


dx.doi.org/10.1016/j.apsusc.2013.08.112
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2013.08.112&domain=pdf
mailto:fyq01@zstu.edu.cn
dx.doi.org/10.1016/j.apsusc.2013.08.112

698 J. Wang et al. / Applied Surface Science 285P (2013) 697-701

Table 1
Factors and levels used in 22 factorial design for the chemical surface oxidation of
BOPP films.

Factor Name Units Level (—1) Level (+1)
A Time h 2 4
B KMnO,4/H,S04 concentration ~ molL~! 0.05/0.10 0.25/0.10

2.2. Surface modification of BOPP films

The BOPP films were washed with deionized water and dried in
a baking oven prior to modification. The films were then cut into
210 mm x 70 mm pieces and then oxidized in KMnO4/H,SO4 solu-
tion at 50 °C. Time and KMnO4/H,SO4 concentration were the two
parameters varied for the surface modification treatment (Table 1).
Afterwards, the films were washed with HCl solution to remove any
oxidation residue from the surface of BOPP films. The films were
then dried for 30 min at 100°C.

2.3. Nanosilica sol synthesis

A total of 25.000 g TEOS, 0.250 g PTSA, and 50 mL ethanol were
added to a small reaction vessel at room temperature under stirring
for 2 h. The homogeneous mixture obtained was marked as Solu-
tion A. Meanwhile, 5.000 g 3-triethoxysilylpropylamine and 50 mL
ethanol were added to another small reaction vessel at room tem-
perature under stirring for 2 h. The resulting mixture was marked as
Solution B. Solution B was then added to Solution A using the titri-
metric method under stirring for 2 h. The obtained sol was stored
in a fresh vessel and isolated from air.

2.4. Coating and curing

The BOPP films modified by the KMnO4/H,SO,4 solution were
immersed in the sol solution for 10 min, and then collected at a
rate of 2mm/min. The coated films were aged for 24 h and then
freeze-dried at —55°C and 0.01 MPa in a vacuum for 24 h. The aged
films were cured for 1h at 100°C. In this study, three samples,
labeled F, FC, and FMC, were prepared to determine the effect of the
nanocomposite hard coating on BOPP film. F refers to pristine film
without KMnO4/H;S0O4 solution and coating treatment. FC refers to
film untreated with KMnO4/H;S0, solution but treated with coat-
ing. FMC refers to film treated with 0.25 M KMnO4/H;SO4 solution
for 4 h and with coating.

2.5. Characterization

The wettability of the specimens treated and untreated with
KMnO4 was measured with a water contact angle (OCA 20, Dat-
aphysics, Germany). Changes in the surface functional groups
were recorded on a Fourier-transform infrared (FTIR) spectrometer
(Nicolet 5700, Thermo Electron Scientific Instruments Corp, USA).
Surface topography of the BOPP films before and after the abrasion
test was analyzed using a field-emission scanning electron micro-
scope (Ultra 55, Zeiss, Germany) at an operating voltage of 3 kV. Sol
dispersion was examined using a transmission electron microscope
(TEM) (JEM-2100F, JEOL, Japan) operated at 200 kV. Abrasion resis-
tance of the films was analyzed using a reciprocating wear tester
(shown in Fig. 1) with abrasives (1000 Cw, 3M, USA) at a loading
of 9N 1000 times and lasting for about 30 min. The area of contact
was 150 mm x 70 mm. Mass loss (My) was defined as
_ Mo

-M
0 . 100%

M, Mo

where Mj is the weight of the samples before the abrasion test, and
M is the weight of the samples after the abrasion test.

Framework

Fig. 1. Schematic of reciprocating wear tester.

3. Results and discussion
3.1. Factors of transmittance

The transmittance spectra show significant differences between
the modified BOPP films washed with HCl solution and those that
were unwashed (Fig. 2). The results show that the HCI solution can
remove any oxidation residue, which makes the treatment ineffec-
tive on transmittance. Furthermore, the transmittance of the BOPP
films were significantly affected by the drying condition (Fig. 3),
indicating that the BOPP films have higher transmittance after
freeze drying compared with thermal drying. This result may be
because the nano-silica hybrid material treated with freeze drying
had uniform, well-dispersed particles with no agglomeration.

3.2. Contact angle

Fig. 4 shows the water surface contact angles of the unmodified
BOPP films and those modified by different treatments. Comparing
the untreated films with those modified under extreme condi-
tions (0.25M, 4 h) shows that the BOPP films exhibited increased
wettability, when the contact angle was decreased from 90.1° to
71.4°. This decrease was similar to that seen in a previous study
using a different oxidation technique [21]. Comparing the condition
(0.05M, 2 h) with the condition (0.05M, 4 h), the films presented
a larger decrease in water contact angle, from 79.8° to 74.5°.
This result was due to the increased number of functional groups
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Fig. 2. Transmittance spectra in the visible range for samples untreated and treated
with KMnOy4 solution.
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Fig. 3. Transmittance in the visible range for samples with varied drying conditions.

successfully introduced onto the surface of the BOPP films with pro-
longed time. The water contact angle of the films also decreased
from 74.5° to 71.4° between treatments (0.05M, 4 h) and (0.25 M,
4h). This increase in solution concentration may have favored the
hydrolysis reaction involving the breaking and movement of oxi-
dized polymer chains away from the film surface, and may explain
the aforementioned inversion. KMnO,4 concentration affected the
water contact angle more than the time of modification.

3.3. Effects of surface modification as analyzed by attenuated
total reflectance (ATR)-FTIR

Figs. 5 and 6 show the FTIR spectra of the BOPP films mod-
ified under different conditions. The absorption peaks at 2944,
2912, 1455, and 1373 cm~! were attributed to CH3 non-symmetric
stretching vibrations, symmetric C-H stretching vibrations, CHs
non-symmetric changing angle vibrations, and symmetric chang-
ing angle vibrations, respectively. The main spectral changes found
in the region between 1740 and 1600cm~! in the modified and
untreated polymers were attributed to the different carbonyl
groups that formed on the modified film surfaces.

Fig. 5 shows no significant change in absorption peaks, indi-
cating that the treatment time is not a major factor affecting film
modification. Fig. 6 shows that the (0.05M, 4 h) BOPP film exhib-
ited small absorption bands at approximately 1740 and 1600 cm™!,
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Fig. 4. Drop water contact angle of BOPP film surfaces placed under different oxi-
dation conditions.
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Fig. 5. FTIR-ATR spectra of BOPP films treated with 0.25M KMnO, solution for
different times: (a) 0 h; (b) 2 h; (c)4h.

which may correspond respectively to COO— and C=0 stretching
vibrations. The (0.25M, 4h) BOPP film showed an intensification
of the band at 1740cm~!, a broad band at around 3200cm™!
attributed to O—H stretching vibrations, and a large shoulder at
1094 cm~! corresponding to C—O stretching vibrations. The spectra
of the BOPP films indicated that increasing the KMnO,4 solution con-
centration can significantly promote the oxidation of these films.

3.4. Morphology of nanoparticles and sols

The morphology and dispersion of silica nanoparticles were
investigated using TEM. Fig. 7 shows that the average size of the sil-
ica nanoparticles was 30 nm, and that the silica nanoparticles were
generally spherical and relatively uniformly dispersed. Nanoparti-
cles can strengthen the abrasion resistance of films [22]. As shown
in Fig. 8, the SiO; sol can be more stable under isolation from air
without adding deionized water. At the same time, the SiO, sol
rapidly becomes muddy and opaque after the addition of deion-
ized water. Fig. 9 shows that the SiO, sol remains transparent after
aging for 30 days, indicating that the SiO, sol prepared in this work
is convenient for storage and application in the industry.
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Fig. 6. FTIR-ATR spectra of BOPP film treated with KMnO, solution at different
concentrations for 4 h: (a) 0M; (b) 0.05M; (c) 0.25 M.
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Fig. 7. TEM image of the sol.

10d

Fig. 9. Sol aging with different times.

3.5. Abrasion resistance

The surface morphologies of BOPP films before and after the
abrasion test are shown in Fig. 10. Sample F exhibited deep grooves,
as seen in Fig. 10(d). Meanwhile, the scratch on the surface of Sam-
ple FC was clear, as shown in Fig. 10(e), but not as deep as that on
Sample F, indicating that abrasion resistance was improved by the
coating. In Fig. 10(f), the grooves on the surface of FCM are shal-
low, indicating significant improvement compared with Samples F
and FC. This result shows that the surface modification of the films

Fig. 8. Photograph of two sols: (A) without deionized water, and (B) with deionized
water.

After abrasion test After abrasion test After abrasion test

Fig. 10. SEM image of the sample surfaces: (a-c) before abrasion test; (d-f) after abrasion test.
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Fig. 11. Mass losses of samples after the abrasion test.

improved the interfacial interaction between the BOPP film and the
coating, resulting in higher abrasion resistance.

The losses in mass of the samples are shown in Fig. 11. The mass
losses of Samples F, FC, and FMC were 0.51%, 0.43%, and 0.37%,
respectively. These results suggest that the surface modification of
BOPP films by means of KMnO4/H,SO4 and coating treatments can
improve the abrasion resistance of these films. These findings, con-
firmed by SEM observations, were attributed to the strengthening
effect of nanoparticles on the film surface [23] and to the presence of
polar groups. Consequently, the interfacial property was high [24].
In the current study, a comparison of Sample F with FMC showed
that the abrasion resistance of the modified BOPP films increased
by 27.4%.

4. Conclusion

A series of surface modification conditions was applied to BOPP
films. The results show that increased KMnO,4 concentration and
prolonged treatment time can significantly increase the interac-
tion between BOPP films and the coating. The KMnO,4-treated BOPP
films have no effect on transmittance when washed with HCl
solution. Uniformly dispersed spherical silica nanoparticles were
obtained using the sol-gel method, and the sol can remain stable
without the addition of deionized water. The BOPP films exhib-
ited high abrasion resistance after modification, with a maximum
improvement of 27.4%.
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