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Abstract

In order to evaluate the influence of a different assembly of biocomposites of
polyvinyl alcohol (PVOH), whey protein isolates (WPI), and nano-silica (NS), a
bilayer film treated with corona discharge was produced through a two-step
lamination. The first layer of PVOH/NS, treated with up to 90 s of discharge,
and the second layer of WPI/NS, the bilayer films had their morphology, ten-
sile strength, and water barrier investigated and compared to a single layer
PVOH/WPI/NS film. Corona discharge increased the wettability of the first
layer, improving the ability to interact with the second layer, thus increasing
the adherence between these layers. Films treated with higher times of dis-
charge showed a homogeneous transition between phases, suggesting compati-
bility, and adherence between layers. At 90 s of corona discharge treatment,
bilayer films showed a tensile strength 72% higher than the bilayer film not
treated and also 23% more resistant and 7.4 times more ductile than the single-
layer film. The lamination process and corona treatment increase the affinity
of water with film constituents, thus leading to a higher permeability. The use
of corona discharge associated with the lamination of PVOH/WPI/NS biocom-
posites provides a bilayer film and produces a more resistant, flexible, and duc-

tile biocomposite film for packaging.

KEYWORDS

bilayer packaging film, biocomposite, Corona discharge, nano-silica, polyvinyl alcohol, whey
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confirmed by the compound annual growth rate of 17.1%
expected for the market of bioplastics from 2021 to 2028.

One of the biggest markets for plastics is that of pack-
aging, which is projected to grow at a compound
annual growth rate of 4.2% from 2021 to 2026, being
polyethylene and polypropylene are the major raw
materials used for packaging applications.'’*! The high
interest in biodegradable films as an alternative to these
non-biodegradable petroleum-based film packaging is

In this context, more research related to the use of
renewable proteins as biopolymers in the food packaging
sector has been performed.'!

Whey protein isolate (WPI) films have desirable film-
forming and excellent gas barrier properties when com-
pared to petroleum-based synthetic films, but present low
tensile strength and intrinsic stiffness.**’ Among the

Polym Eng Sci. 2022;62:3923-3934.

wileyonlinelibrary.com/journal/pen

© 2022 Society of Plastics Engineers. | 3923


https://orcid.org/0000-0002-0700-7884
https://orcid.org/0000-0003-1928-2856
mailto:anacarolengalimentos@gmail.com
http://wileyonlinelibrary.com/journal/pen
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpen.26150&domain=pdf&date_stamp=2022-10-19

POLYMER

ﬂl—\’\/l LEY_§& rnes ENGINEERING

LARA ET AL.

PROFESSIONALS AND SCIENCE

numerous methods proposed to overcome these inherent
shortcomings of WPI films, it is possible to cite: blending
with other biodegradable polymers, coating, lamination,
plasticization, nanomaterial adding, and cross-linking,
for example. Polyvinyl alcohol (PVOH) is one polymer that
has attracted huge attention due to its high optical clarity,
mechanical stability, biodegradability, environmental-
friendly fabrication process, and compatibility with many
compounds. In previous works, it was proved that the
addition of PVOH and colloidal nano-silica (NS) to the
WPI matrix was effective in improving flexibility, strongly
reducing stiffness, and also increasing the tensile strength
of the WPI matrix>”#! In order to improve even more
these tensile mechanical properties, a new assembly of the
WPI/PVOH/NS biocomposite is proposed in this work.

One still poorly explored way to manipulate the prop-
erties of the components is by developing bilayer films.*!
With this different assembly, guaranteeing good adher-
ence between layers, a bilayer film can achieve different
properties from those of a single-layer film composed of
the same raw materials. In the present study, the adher-
ence between layers was provided by a corona discharge
treatment, which is a low-cost and sustainable surface
modification technology frequently used by the packag-
ing industry in order to increase the surface energy and
polarity of films, thus improving wettability and adhesion
properties.['*12)

In this study, a novel-designed bilayer film was devel-
oped through a two-step lamination casting method, with
the first layer of PVOH/NS treated by 0 to 90 s of corona
discharge and the second layer of WPI/NS. A film control
of PVOH/WPI/NS with a single layer was also produced
seeking to evaluate the effect of corona discharge and
lamination on the tensile and water barrier properties of
the biocomposites evaluated by tensile, permeability, and
diffusion tests. The first layer was characterized by the
water contact angle, surface energy, and Fourier trans-
form infrared (FT-IR) analysis in order to understand the
changes provided by the different times of corona dis-
charge. The morphology of the joining region between
layers was evaluated through Scanning Electron Micros-
copy (SEM) micrographs. This study provides a worth-
while way for designing a novel bilayer PVOH/WPI/NS
biocomposite with the desired tensile properties.

2 | MATERIAL AND METHODS

2.1 | Material

Polyvinyl alcohol with high molecular weight (Mw =
130.000 g.mol ') and highly hydrolyzed (99%), from
Sigma-Aldrich; whey protein isolate (WPI 9400) with 90%

of proteins, from Hilmar Ingredients; glutaraldehyde
solution (25% in H,0), as PVOH crosslinking agent,
from Sigma-Aldrich"*'*); glycerol (>99.5%, density
1.26 gmL "), as a plasticizing agent, produced by
Sigma-Aldrich; granulated anhydrous citric acid from
Cargill Agricola S.A was used to guarantee a good distri-
bution of NS[3]; and NS from colloidal solution Bindzil
2034DI (Akzo Nobel), with 34% in weight of NS (average

particle size of 15 nm and 200 m°g " of surface area).

2.2 | Experimental design and
preparation of the biocomposites

This research was performed in two phases: the first one
with the production of the first layer film of PVOH/NS,
applying different periods of corona discharge (0, 30,
60, and 90 s) and evaluating the first layer exactly after
the discharge through water contact angle, surface
energy, and FT-IR analysis; and the second phase, with
the production of the bilayer films (the first layer of
PVOH/NS treated with the cited different periods of
corona and the second layer of WPI/NS applied right
after the discharge), which were analyzed through SEM,
tensile, and water barrier tests. The scheme shown in
Figure 1 explains clearly the experimental design.

2.2.1 | Bilayer biocomposites

Crosslinked PVOH/NS—first layer

The PVOH solution was prepared using a polymer con-
centration of 6% m.v_' and adding 30% of glycerol (m.
m ™' of polymer) and 8% of citric acid (m/m of polymer).
The solution was agitated for 30 min (250 rpm) and con-
ducted in a water bath at 90°C for 1 h until complete
PVOH solubilization. After being cooled at room temper-
ature, NS (Bindzil 2034DI) was added to the solution at
4% m/m of polymer (4 g of NS was added for each 100 g
of PVOH). The final solution was homogenized in Ultra
Turrax (Kika Labortchnik) for 20 min (450 rpm) and
after sonified (Sonifier Cell Disruptor Branson—Model
450D, Manchester, UK) using a probe with 100 mm of
diameter, at 60% of amplitude (270 W), for 10 min
(600 s) in a continuous assay, using an ice bath to avoid
heating, resulting in ultrasonic energy applied of 810 J.
mL~'. The sonicated solution was then crosslinked by
adding 5% (m.m ' of polymer) of glutaraldehyde and
agitated for 15 min at 250 rpm. Final solutions were
shed on circular acrylic plates (707 cm?), perfectly
leveled, and conditioned at room temperature (25°C)
for spontaneous drying (48 h). The dried films were
conditioned under controlled temperature and relative
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FIGURE 1 Experimental design of preparation and tests of the biocomposites

FIGURE 2

Photos of tests and biocomposite films produced (A) test with WPI solution as the first layer and PVOH as the second layer;

(B) test with PVOH not crosslinked as the first layer and WPI as the second layer; (C) BOS; (D) B30S; (E) B60S; (F) B90S; and (G) UNL

humidity (RH) (25 + 1°C and 50% RH) for 48 h before
corona treatment.

PVOH crosslinked with glutaraldehyde was chosen as
the first layer since, in previous tests, WPI or PVOH
crosslinked films as first layers were not water-resistant
enough to receive the second layer solution, solubilizing
as shown in Figures 2A,B.

Samples of the first layer films (of PVOH and nano-
silica, crosslinked with glutaraldehyde) were then sub-
mitted to the corona discharge, using Corona Brasil
equipment (model PT) with a power of 0.5 kW, a dis-
charge of 10 kV, an intensity of 60 pA, a frequency of
60 Hz, and an air-gap between the electrode and the sam-
ple film set at 15 mm. Four different treatments were pro-
duced, varying the period of corona discharge: 0, 30,
60, and 90 s, corresponding, respectively, to the 0S, 30S,
60S, and 90S treatments. Three replicates of each treat-
ment were performed.

WPI/NS—Second layer

The WPI solution was prepared using a concentration of
6% m/v, added with glycerol (30% m/m of WPI), citric
acid (8% m/m of WPI), and kept under agitation for
30 min (250 rpm) at room temperature (25°C). The

solution had the pH adjusted to 8 using a NaOH solution
(3 M) and was then submitted to a water bath at 90°C for
30 min to guarantee protein denaturation.®! After
cooled at room temperature, nano-silica, NS, (Bindzil
2034DI) was added at 4% m/m of polymer (4 g of NS was
added for each 100 g of WPI), and the solution was
homogenized in Ultra Turrax, following the same condi-
tions used for the PVOH/NS first layer solution.

Final solutions were shed on top of the first-layer
films of PVOH and nano-silica and conditioned at room
temperature (25°C) for spontaneous drying (48 h). The
dried bilayer biocomposites treated with corona discharge
at 0s, 30s, 60 s, and 90 s were, respectively, named BOS,
B30S, B60S, and B90S, and conditioned under controlled
temperature and relative humidity (RH) (25 + 1°C and
50% RH +2%) for 48 h before characterization. Photos of
the bilayer films produced are shown in Figure 2C-F.

2.22 | Unlaminated film

The unlaminated biocomposite film (UNL), with a single
layer, was prepared following the same procedures from
3. WPI and PVOH solutions were separately prepared
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using a polymer concentration of 6% m.v-1 and adding
30% of glycerol (m.m-1 of polymer), and 8% of citric acid
(m/m of polymer). Both solutions were agitated (30 min,
250 rpm, at a room temperature of 25°C) and conducted
in the water bath at 90°C (WPI solution for 30 min and
PVOH solution for 60 min of bath). WPI and PVOH solu-
tions were merged in a volumetric proportion of 70/30
and, after cooling at room temperature, nano-silica
(Bindzil 2034DI) was added to 4% m/m of polymer. The
final solution was homogenized in Ultra Turrax, sonified,
shed circular acrylic plates, dried, and conditioned under
the same conditions as those from the first and second
layer of the bilayer films. A photo of the unlaminated
film produced is shown in Figure 2G.

2.3 | Characterization of the
biocomposites
2.3.1 | Firstlayer characterization

Exactly after the corona discharge, the film solution of
the second layer (WPI and nano-silica) was shed on top
of the first layers treated. Besides that, at a maximum
time of 20 minutes after the corona discharge, samples of
each treatment (0S, 30S, 60S, and 90S) were submitted to
FT-IR, contact angle, and surface energy analysis to
understand the surface modifications caused by the
discharge.

Determination of the water contact angle and surface
energy

The water contact angle measurement was performed to
understand the modifications caused by the different times
of corona discharge at the first layer film surface wettabil-
ity. For this purpose, it was used the sessile drop method
and a Goniometer (KRUSS, Drop Shape Analyzer-DSA25)
in which, through a syringe, a drop of the standard liquid
was applied to the surface to be characterized."'** The
static angle between the drop and the biocomposite sur-
face was calculated through the slope of the tangent. The
average of the left and right angles was obtained as the
final value of the contact angle.

The contact angle analysis was performed by fixing
biocomposite samples on glass slides and attaching them
to the equipment. A drop of the liquid was placed on the
biocomposite surface and the goniometer carried out
10 angle measurements per second for 2 s.[**! To deter-
mine the wettability, distilled water was used, while for
surface energy, besides the distilled water, ethylene glycol
and methane diode were used as well. Images of the drop
at the film surface for each treatment were also captured
by the equipment, and the average angle was indicated.

The dispersion of surface energy was calculated fol-
lowing the procedure described by Owens-Wendt, consid-
ered universal for the calculation of surface energy, using
two test liquids: water and diiodomethane.!??! The exist-
ing relationship for surface energy was extended and the
hydrogen bonds added in the non-dispersive component
were renamed the polar component (p) (Equation 1).*%
It was assumed that the interaction between two mate-
rials is also a function of polar components and is
described by a geometric mean, where only forces of the
same nature interact (Equation 2).12*

i (1)

Vi/j:7i+71—2(\/7?+yf+\/7’1-)+Vf) (2)

where y is superficial free energy; y* is total surface free
energy; d is the dispersive interactions; and p is the polar
component.

Fourier transform infrared analysis

To understand the effects of the corona discharge at the
surface, the first layer film samples were characterized by
absorption spectroscopy in the region of infrared through
an FTS 3000 Excalibur Digilab (United States), in Total
Attenuated Reflection mode, equipped with a KBr detec-
tor. The analysis range was from 4000 to 400 cm ' with
64 scans.

2.3.2 | Bilayer and unlaminated
biocomposite characterization

Scanning electron microscopy

SEM micrographs were obtained to evaluate the biocom-
posite morphology at the joining region of the two layers,
looking for flaws, phase separation, or any other effect
that could be related to the mechanical and water barrier
results. The analysis was conducted on an LEO 1430 VP
(England) with an accelerating voltage of 20 kV, obtain-
ing microscopies with 1000X magnification. To observe
the morphology at the cross-section, the specimens were
previously frozen in liquid nitrogen and fractured, and
then gold (Au)-coated using vapor deposition.

Tensile properties

The tensile test was performed to verify the influence of
lamination and corona discharge on the strength, flexibil-
ity, and ductility of the biocomposites when submitted to
stretching stress. The maximum tensile strength (TS), the
tensile modulus (TM), and the maximum elongation
(E) of the biocomposites were measured according to,?’!
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using a texturometer (Stable Microsystems, model
TATX2i, England) with a load cell of 1 kN and a speed of
10 mm.s~'. Specimens of 5 mm in width and 100 mm in
length were tested at 23°C + 1°C. TM was calculated
through the tangent of the initial linear function of the
stress-strain curve, which was considered an elastic
behavior. By dividing the maximum tensile by the film
transversal section area and by the percentage relation-
ship between the final and initial length of the specimen,
respectively, TS and E were obtained. Five repetitions
were used for each replicate of the five different biocom-
posites. Thickness (mm) was measured using a digital
micrometer (Digimess) with a resolution of 0.001 mm,
taking five random measurements per specimen.

Water vapor permeadbility coefficient

Water vapor permeability coefficient (P) was determined
by the gravimetric method, following the ASTM-E96/
E96M°! and using circular specimens of 80 mm in diam-
eter. The specimens were fixed in circular capsules with
5.2 cm of effective permeation area. In the interior of cap-
sules, it was added silica gel, set at low humidity, which
was considered as 0 (zero) in the atmosphere in contact
with the specimen's lower face.®! The capsules were
placed in hermetic desiccators at 25°C + 1°C with a
sodium chlorate saturated solution, setting the humidity to
75%. Weight gain measurements were taken by weighing
the capsules (Analytical balance, resolution 0.001 g) every
24 h for 7 days. A plot of weight gained (Wg) versus time
(t) was used to determine the WVP through Equation (3):

P Wg x ti
~ txAxpy(RH; — RH,)

(3)

where P is given in g.cm.cm™%s '.kPa’; A is the perme-
ation area of the specimen (cm?); ti is the medium speci-
men thickness (cm); ps is the water vapor saturation
pressure at the test temperature (3169 kPa); RH; is the
relative humidity of the desiccator chamber (0,75) and
RH, (0,00) is the relative humidity inside the capsule.
Three repetitions were performed for each biocomposite.

Determination of water diffusion and solubility
coefficients

The effective diffusion coefficient (Deff) of water was
determined using Fick's model for diffusion, shown in
Equation (4), which can be simplified when considering
that the water diffusion occurs in a unique direction, as
expressed in Equation (5). Besides that, considering (i) a
membrane with uniform thickness (ii) and surfaces,
x = —1 and x = 1, with a known constant concentration
of water (Cy), and (iii) the concentration of water inside
the film is zero, the diffusion equation can be expressed

PROFESsIONALS AND SCIENCE

as Equation (6).'*”! For short periods, Equation (3) can be
simplified as shown in Equation (7), which can be used
to adjust the initial experimental points, until 60% of the
solute mass has been absorbed.!*”!

oc_, (vc Fe i "
A R

aC 9*C

— =Dor| =3 (5)

2

—Dyr(2N + 1)%%} ©)

(7)

where C is the water concentration (g.cm*3), Dgy is the
effective diffusion coefficient (cm?s™'), x, y e z are the
dimensions of the film with significant diffusivity (cm),
x = thickness, y = 0, and z = 0 (when occurring in only
one direction, x), M; (g) is the total amount of diffusing
substance that has entered the membrane at the time ¢
(s), M, (g) is the corresponding moisture amount after the
infinite time (equilibrium moisture), N is the number of
terms in the series and ¢ is the thickness of the film (cm).

The experimental test was conducted by preparing
specimens of 6 cm” in triplicate and submitting them to
vacuum drying at 70°C for 24 h. The samples were placed
in a hermetic pot with a relative humidity of 75% (satu-
rated saline solution of NaCl) at 25°C in order to measure
their moisture gain. All samples were weighted with an
accuracy of 0.001 g from the time zero to equilibrium
(approximately 8 days), in a 24 h interval. For the first
9 h, when there were significant changes in mass, weight
was measured at each hour. Through the moisture gain
by time data and considering the thickness of each sam-
ple, it was possible to estimate the value of Dg through a
non-linear regression with Equation (7) (using a number
of terms of the series truncated to N = 10).

Besides the diffusivity coefficient, it is also important
to know the solubility coefficient since the film's mois-
ture permeability is influenced by both the penetration of
water molecules into the material and the water mole-
cule's solubility in the biocomposite matrix.*®! Consider-
ing the biocomposite as a finite solid, with a water vapor
concentration-independent diffusion constant, where ini-
tially the film is free from vapor and one surface is then
exposed to a pressure p;, giving a concentration in the
surface layer of c,, the amount of water vapor Q diffusing
through the material is with thickness X in a time ¢ is/**:
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TABLE 1

Results of water contact angle (WCA), diiodo-methane contact angle (DCA), surface energy (SE), dispersive interactions

energy (DE), and polar interactions energy (PE) for each first layer (PVOH/NS) film
gy p gy y

Treatment WCA (°) SE (N.m 1) x 103
0S 105.92 + 2.94° 27.96 + 3.44
308 41.08 + 2.92° 59.87 + 6.43
60S 29.55 +2.17* 67.42 + 7.60
90S 27.00 + 2.27° 70.48 + 8.16

DE (N.m %) x 103 PE(N.m ') x 103

27.81 + 3.53 0.15 + 0.03
34.73 + 3.80 25.14 + 2.14
3591 +4.12 31.5+2.78
40.44 + 5.41 31.04 + 3.09

Note: In vertical columns, different letters represent significantly different values at (p > 0.05) using the Scott-Knott test.

_DClt 01X
X 6

(®)

where D is the diffusion coefficient. The amount of water
vapor permeating through the biocomposite increases
linearly with time once the steady state has been reached.
Considering a Fickian diffusion and sorption following
Henry's law, at steady-state diffusion, it is possible to use
the permeability coefficient (P) and the experimentally
calculated diffusion coefficient (D) to obtain the solubil-
ity coefficient through Equation (9)125-!

S=P/De (9)

Is important to mention that, to obtain these P and
S coefficients, four conditions were taken: (i) diffusion is
at steady-state; (ii) the concentration-distance relation-
ship through the biocomposite is linear; (iii) diffusion
takes place only in one direction (through the biocompo-
site); and (iv) both D and S are not dependent on the con-
centration.[*®! The application of these conditions to the
considered materials is a simplification in order to obtain
estimated values of P and S to better discuss the influence
of corona treatment on the water permeation process.

2.4 | Statistical analysis

Sisvar 5.0 was used to perform a statistical analysis of the
results by comparing the means through the Scott-Knott
test with a 95% confidence level. The test was used for con-
tact angle, tensile, water vapor permeability, water diffu-
sion coefficient, and water solubility coefficient results.

3 | RESULTS AND DISCUSSION

31 |
energy

Water contact angle and surface

The contact angle was verified to measure the wettability
changes in the PVOH/NS surface after the different times

of corona treatment: a smaller contact angle means better
wettability to receive the second layer of WPI/NS, which
can be directly related to water permeation and tensile
properties of the bilayer biocomposites (see Table 1).

The angle between the water drop and the biocom-
posite surface was decreased with the time of corona
discharge increment, corroborating the ability of this
treatment to increase the wettability of the surface. The
WCA results can be visually understood in Figure 3.
The film surface not treated by corona (0S) presented a
hydrophobic surface, with a WCA higher than 90°
(105.92°). Despite the fact that highly hydrolyzed
PVOH is a polymer with a high affinity for water, it is
understood that the insertion of 4% NS was able to
make the film hydrophobic. This hydrophobic water
contact angle was probably due to the ability of NS to
fill the free volumes between PVOH chains, interacting
with them through hydrogen bonds, as observed in pre-
vious work.”*! The more time the surface was treated
with corona, the more the wettability of the WPI/NS
film surface was increased. The lowest, and therefore,
more hydrophilic angle was observed when the film
surface was treated for the longest period of time, 90 s
(27.00°). This result indicates that corona discharge
improves the ability of the PVOH/NS surface to inter-
act with the second layer of WPI/NS, increasing the
adherence between these layers, which certainly influ-
ences the barrier and mechanical properties of the
bilayer biocomposites.

The surface energy of the biocomposites was
increased with the corona treatment, showing higher
polar interactions energy and a slight increase in dis-
persion interactions energy. These results indicate that
the discharge was able to improve the wettability of the
PVOH/NS film surface. The film with 90 seconds of
corona discharge (90S) showed surface energy 152%
higher and polar energy 206 times higher than that
with no corona discharge (0S). The reduction is in
accordance with the water contact angle results, cor-
roborating the hypotheses that the corona treatment is
able to increase the adherence between the polymeric
layers.
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FIGURE 3 Water contact angles (A e 2 mm
(right and left) formed between the water ) ) )_‘
drop and the first layer films (A) 0S;
(B) 30S; (C) 60S; and (D) 90S 105.21 106.69 28.17 30.94
(B) D)
36.13 46.02 26.52 27.48

3.2 | Fourier transform infrared analysis
The corona treatment leads to chemical and structural
changes in surface area, generating reactive oxidants,
such as ozone, oxygen-free radicals, or oxygen atoms,
through electron bombardment at the surface.'*!! As a
result, the treatment provides the creation of carbonyl,
carboxyl, hydroxyl, or ester functional groups at the
polymer surface, which allows the increase of wettabil-
ity. The groups formed at the PVOH/NS surface after
corona discharge will be discussed with the results from
FT-IR analysis.

Figure 4 presents spectra in the infrared region of
PVOH/NS films after different times of corona discharge.
The main absorptions occurred on bands: from 3600 to
2800 cm™ ' and from 1800 to 950 cm™'. These specific
regions of the general spectra (Figure 3A) can be better
observed in Figures 3B,C.

A broadband was observed for all treatments around
3260 cm ™' corresponding to de ~OH stretching. It can be
observed that the higher intensity of this band and a dis-
location to lower wavenumbers for films treated with
60 and 90 s of corona discharge. This result indicates an
increase in ~-OH groups and hydrogen bonds with the
higher times of discharge.”*! The two peaks at 2940 cm !
and 2910 cm * related to the asymmetrical and symmet-
rical stretching of methylene groups, respectively.''*!

Peaks at 1700 and 1650 cm ' can be related to the
axial deformation of carbonyl and/or ester groups, indi-
cating their formation on the sample surface and contrib-
uting to the wettability increase.®”! At 1415 and
1325 cm ™! absorbance can be assigned to the —-CH; bend-
ing.**! An important change, which corroborates the
generation of polar groups at the film surface after
corona, is the disappearance of the peak at 1200 cm " (-
C-0-C- stretching) and the reduction of the band

intensity at 1085 cm ' (-C-O- stretching) and 1040 cm

(-OH bending), with the subsequent new peak at
1235 cm ! indicating the formation of carbonyl and/or
ester groups.***?! Table 2 shows a summary of the func-
tional groups and new bonds provided by the corona
treatment.

3.3 | Scanning electron microscopy

SEM micrographs of the biocomposites are shown in
Figure 5, revealing clearly the individual layers. For all
the treatments, it was observed a compact structure with
few pores or cracks, but the joining region between the
layers of the bilayer biocomposites was different according
to the time of corona discharge applied. The transition
between the layers is more evident and heterogeneous for
the composite without the corona treatment (BOS),
whereas the treatments with 60 and 90 s of discharge
(B60S and B90S) showed an extremely homogeneous
transition. It suggests that the treatment increased com-
patibility between layers, possibly by increasing hydrogen
bond interactions among the film constituents at the
interface, providing good adherence.**! Figure 6 shows a
schematic representation of the hydrogen bonding
between the two layers.

3.4 | Tensile properties

Figure 7 presents the results obtained from the tensile
tests (TS, TM, and E), conducted until the film ruptures.
As observed in Figure 7A, the lamination process without
corona discharge reduces tensile strength by 28%: TS for
UNL was 10.2 MPa while for BOS it was 7.3 MPa. How-
ever, submitting the first layer film to 30 s of discharge
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FIGURE 4 FT-IR spectra of the first layer films treated under
different times of corona discharge (A) general spectra from

4000 cm ™ to 500 cm™; (B) range from 3600 cm™ " to 2800 cm™;
and (C) range to 1800 cm ™" to 950 cm ™!

provided a slight increase in TS and, at 90 s of corona dis-
charge, TS achieved 12.6 MPa, being 72% more resistant
than BOS and 23% stronger than UNL film. Certainly, the

TABLE 2 Summary of the functional groups and new bonds
provided by the corona treatment

Wavenumber

(cm ™) Functional group

3260 -OH stretching

2940 asymmetrical stretching of ~CH,'*!

2910 symmetrical stretching of ~CH,"*

1700 and 1650 axial deformation of -C=0 and/or -
0-C=0*

1415 and 1325 -CH; bending®”!

1235 formation of -C=0 and/or
_0-C—0 3032

1200 disappearance -C-O-C-
stretchingl**2)

1085 reduction of —-C-O- stretching!**>*!

1040 reduction -OH bending*-*

good adherence between layers provided by corona treat-
ment and predicted through water contact angle, surface
energy, and SEM results, allowed this higher strength.
This 12.6 MPa of tensile strength for B90S is a great ten-
sile resistance value when compared, for example, with
low-density polyethylene (LDPE), a material with wide-
spread application in the food packaging sector, which
presents (in different test conditions) TS of 6.9-
16 MPa 343!

The tensile modulus of bilayer films was not affected
by corona discharge at the periods of time used in this
work (0, 30, 60, or 90 s), meaning that the treatment did
not affect the films’ rigidity. However, lamination pro-
vided films with 60% more flexibility when comparing the
mean values of TM from B0S, B30S, B60S, and B90S with
the TM result from UNL. Flexible food packaging widely
used on the market, such as LDPE and linear LDPE
(LLDPE), usually presents a tensile modulus varying
between 130 and 300 MPa, which provides low stiffness
and brittleness.?****7] In this work, all bilayer films
showed a mean TM of 28.6 MPa, being up to 9 times less
rigid than these commercial polymers. Although different
conditions of the test have been used in comparison with
those commercial materials cited, the results here obtained
can be extremely positive for some applications when
super flexible and stretchable packaging is needed.®!

de Oliveira, de Oliveira Begali, Ferreira, Ugucioni, de
Sena Neto, Yoshida, and Borges,[s] when studying the
effect of adding whey protein isolate to pectin packages,
obtained values between 4.88 MPa and 6.30 MPa. Gomide
et al®¥ obtained tensile strengths from 4.75MPa to
6.43 MPa in whey protein isolate and lignin films. de Oli-
veira Begali, et al.® studied starch and pectin films and
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observed tensile strength values from 0.53 to 3.57 MPa.
Thus, the tensile strength of these studies is greater than
that found in previous studies, such as those mentioned.
By analyzing elongation results, it is possible to notice
a behavior much more ductile for the film bilayer when
compared to the unlaminated. Besides that, at 90 s of
corona discharge, the treatment was able to provide a
film 7.4 times more ductile when compared to UNL. Pos-
sibly, interactions between PVOH/PVOH chains and
among film constituents on the first layer, and between
WPI/WPI chains and among film constituents on the

Schematic representation of the hydrogen bonding between the two layers

second layer, as well as interactions between layers, were
more numerous when compared to interactions between
all film constituents in a single phase on UNL film,
allowing higher deformation before rupture.

These results corroborated the capacity of corona
discharge in providing more polar groups available to
interact between layers and among the film constitu-
ents, and that it is worth it to investigate composites and
blends of different polymers not only in a single phase
but also in separated phases using corona as an agent of
adherence.
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the tensile test of the biocomposites. Different letters represent
significantly different values at (p > .05) using the Scott-Knott test.

3.5 | Water vapor permeability

The WVP test is essential for new materials intended to
be applied as food packaging, such as the PVOH/WPI/NS
bilayer biocomposites developed since it is important to
know how the film will manage moisture ingress or
regress. Intending to apply this film packaging to dry veg-
etables and fruits or cereals with a low water activity
(aw), the second layer of the film (WPI/NS) was chosen
to be in contact with the interior of the capsule (a,, close
to zero) in the water permeability test, and the second

layer (PVOH/NS cross-linked with glutaraldehyde) to be
the face in contact with the atmosphere (a,, of 0.75).140]
This way, we avoided food contact with possible traces of
free glutaraldehyde and simulated similar conditions of
the packaging inside and outside, respectively, with the
inside and outside capsule environments. The permeabil-
ity results (Table 3) showed that lamination, even with-
out corona treatment, increased water permeability: BOS
showed a P result 63.7% higher than the UNL film.
Among bilayer films submitted to the corona discharge,
there was no significant (p > .05) difference in P accord-
ing to the times of discharge tested. Treatments with
30, 60, or 90 s of discharge, on average, showed water
permeability 19.6% higher than that not treated (BOS)
and 96% higher than the unlaminated film (UNL).

Since permeability takes both sorption and diffusion
of water into consideration, it is important to evaluate
coefficients of sorption and diffusion to better understand
this rise in P when films were treated with corona
discharge.

3.6 | Water diffusion and water
solubility coefficients

The water diffusion and solubility coefficients obtained
are shown in Table 3. The permeation of water vapor
through a polymer sheet is related to both diffusivity
and solubility, where the effective diffusion coefficient
(Dejy) represents the speed of water molecules moving
through the polymer matrix and the solubility coeffi-
cient (S) is related to the affinity of the matrix with
water molecules, indicating the amount of water dis-
solved in the polymer.!25:%°)

Lamination did not significantly (p > .05) change the
diffusion coefficient, but lamination associated with
corona treatment above 60 s acted decreasing Dy The
B90S film showed a diffusion of 37% and 42% lower than
those from BOS and UNL, respectively. Regarding the
water solubility, it was increased by lamination and even
more by corona discharge. At the 90s of discharge, the
bilayer film had an S result 91% higher than that from
the bilayer film without corona treatment (BOS) and 2.8
times higher than S from UNL. These results allow
understanding of water permeability.

Water solubility is increased by corona treatment
since the discharge raises the number of polar groups in
the bilayer film matrix, as proved by FT-IR results,
increasing, therefore, the affinity between the film and
polar water molecules. This affinity acts by decreasing
the speed of water permeating through the film, thus
leading to lower values of D.g. Despite this lower diffu-
sion, observing the magnitude order of Dy and S, it is
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TABLE 3 Results of permeability coefficient (P), effective diffusion coefficient (D), and solubility coefficient (S)
Time of corona Thickness P (g.cm.cm 2.5 . Dy (cm?. S (g.cm >,
Biocomposite discharge (s) (mm) kPa ') x 10 s x10°° kPa ') x10°°
BOS 0 0.190 + 0.02a 3.39 + 0.09b 4.05 + 0.28¢c 8.52 + 0.82b
B30S 30 0.206 + 0.01a 4.12 + 0.42c 4.30 + 0.16C 9.57 + 0.94b
B60S 60 0.219 + 0.02a 3.89 + 0.33c 3.51 + 0.26b 10.3 + 1.23b
B90S 90 0.226 + 0.02a 4.16 + 0.36¢ 2.55 + 0.29a 16.3 + 0.72c
UNL - 0.223 + 0.01a 2.07 £ 0.24a 4.40 + 0.41c 4.29 + 0.15a

Note: In vertical columns, different letters represent significantly different values at (p > 0.05) using the Scott-Knott test.

possible to infer that solubility is more influential than dif-
fusion in the water permeation process of the films tested.
It indicates that corona treatment makes water pass slowly
through the film but highly increases the affinity of this
permeant with the matrix, making it more hygroscopic.
Therefore, possibly, the lower water barrier (higher P)
obtained for films treated with the discharge is related to
higher water absorption at the film surface, and not a
higher water vapor permeation through the film.

In terms of the lamination process, it was possible to
conclude that PVOH/WPI in separated layers (BOS)
favored a higher affinity of the film constituents with
water molecules (raising S) when compared to the single-
phase biocomposite (UNL). Therefore, despite the
unchanged Dy (p > .05), lamination decreased the water
barrier.

4 | CONCLUSIONS

In the bilayer biocomposites, corona discharge increased
the wettability of the first layer surface by generating
new polar groups, improving the ability of the PVOH/
NS surface to interact with the second layer of WPI/NS,
thus increasing the adherence between these layers.
Besides that, bilayer films treated with higher times
(60 and 90 s) of discharge showed an extremely homoge-
neous transition between phases, suggesting compatibil-
ity and adherence between layers provided by the
treatment. Bilayer films treated with 90 s of corona dis-
charge showed a tensile strength of 72% and 23% more
resistance than the bilayer film not treated and the
single-layer film, respectively. Besides that, at 90 s of
discharge, the bilayer film was 7.4 times more ductile
when compared to the unlaminated one. Regarding the
water barrier, the lamination process and corona treat-
ment make water pass slowly through the film but
increase the affinity of the water with the matrix, thus
leading to a lower water barrier. Finally, the use of
corona discharge associated with the lamination of
PVOH/WPI/NS biocomposites providing a bilayer film

is justified to produce a more resistant, flexible, and duc-
tile biocomposite film for packaging.
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