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Multilayer films were obtained by thermocompression to produce laminates that better-fit food packaging
requirements. Films of glycerol-plasticised corn starch, both non-modified and modified by dry heating
(DH) and PHBV films containing 0, 10 or 20% PEG 1000 were combined in bilayer associations with
amorphous PLA sheets. Starch—PLA-PHBV tri-layers were also obtained and characterised as to their
functional properties. The surface tension of the different polymer films was determined to estimate
each polymer pair's adhesion work, which was not well correlated to the experimental seal strength. DH
starch modification markedly reduced (95%) the water vapour permeability (WVP) of starch films while
PEG weakened the strength of PHBV films and greatly increased their oxygen permeability (OP).
Lamination with PLA reduced (85%) the WVP of non-modified starch while increased the tensile strength
(183 and 196%) and decreased the elongation at break (25 and 22%) of the non-modified and DH starch
films. Nevertheless, PLA-PHBV laminates and tri-layers did not exhibit significantly improved properties
as compared to the non-plasticised PHBV monolayers. The interlayer migration of plasticisers, including
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Introduction

The quantity of materials used for packaging is growing
continuously, and if current consumption patterns and waste
management practices do not improve by 2050, there will be
around 12 billion tons of plastic litter." In the last few years,
academia and the industry have been looking for suitable
solutions to the environmental problems caused by the
increasing use of conventional plastics. In this sense, devel-
oping bioplastic-based packaging is one alternative means of
reducing the use of conventional non-biodegradable plastics
made from petrochemicals.

It is well known that plastics made from a single biopolymer
rarely have a competitive edge over synthetic films, which limits
their applications. Likewise, most of the current packaging
materials are made up of several layers to better meet packaging
requirements. This strategy has also been applied to biode-
gradable polymers to obtain laminates with better barrier and
mechanical performance. In many studied laminates, different
biodegradable polymer layers with complementary barrier
properties were combined. This was done using both polar
polymers, such as thermoplastic starch (TPS), which are water
sensitive but possess great oxygen barrier capacity, and also
non-polar polymers with low water vapour permeability, such as
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the water present in starch films, altered the expected tensile and barrier properties of multilayers.

poly(lactic acid) (PLA),> poly(3-hydroxybutyrate-co-3-hydrox-
yvalerate) (PHBV)>* or poly(¢)caprolactone (PCL).> These studies
pointed to the adhesion of the layers as one of the most
important challenges to overcome when developing multilayer
systems. To ensure good interlayer adhesion, the critical aspect
that has to be controlled is polymer compatibility,® and the
surface energy of polymers is one of the main factors governing
interfacial adhesion.®” Some studies have reported the surface
tension values of PLA, PHBV and starch films,**° but a great
variation in these values can be found, depending on the film
production and the method used to obtain the surface proper-
ties. Likewise, few studies have analysed the correlation
between the interfacial tension and adhesion ability of the
polymers.*

Moreover, the influence of the multilayer assembly on the
mechanical and barrier characteristics of the laminates has also
scarcely been studied in the case of biodegradable polymers. In
fact, the use of modified starch, with modulated properties, in
advanced multilayer materials has not been evaluated.
However, recent studies have analysed monolayers produced
with modified starch by a simple green technique called dry
heating (DH) at 130 °C for 2-4 h, producing starch-based
materials with improved properties."**

Therefore, in the present study, the process of lamination
using the thermocompression of polar (starch and DH modified
starch) and non-polar (PLA and PHBV) biodegradable polymers
was evaluated through the analysis of the surface energy of the
films and the adhesion work in bilayers as well as the seal
strength. The tensile and barrier properties of the mono, bi- and
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tri-layer films were also analysed to determine the best combi-
nation of polar and non-polar films in the multilayer assembly.

Materials & methods
Materials

Corn starch was supplied by Roquette (Roquette Laisa, Benifaio,
Spain). Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
was supplied by Helian Polymers B. V. (Belfeld, Holland) and
amorphous poly-lactic acid (PLA) 4060D, the density of
1.24 g cm > was supplied by Natureworks (USA). Poly(ethylene
glycol) with 1000 D molecular weight (PEG1000) was purchased
from Sigma-Aldrich (Steinheim, Germany), and glycerol was
obtained from Panreac Quimica S. L. U. (Castellar del Vallés,
Spain). For sample conditioning purposes, phosphorus pent-
oxide (P,0s) and magnesium nitrate-6-hydrate (Mg (NO3),) were
supplied by Panreac Quimica, S. A. (Castellar del Vallés, Spain).
The solvents for surface energy analyses were heptane (Sigma
Aldrich, Spain), dimethyl sulfoxide (DMSO) and methanol
(Panreac Quimica S. A., Spain).

Starch modification

Samples of 50 g of corn starch were spread on aluminium foil
(30 x 30 cm?) and dried in a hot-air convective oven (JP Selecta,
Spain) at 130 °C for 4 h following the methodology proposed by
La Fuente.” The modified starch (DH) was then cooled,
ground, sieved (250 pm), packaged, and stored at 25 °C, until
further use.

Film preparation

Three kinds of monolayer films were prepared: glycerol-
plasticised starch films using non-modified or DH starch,
PHBYV films plasticised with different ratios of PEG 1000 and
amorphous PLA films. Firstly, the blends were prepared by melt
blending using an internal mixer (HAAKE™ PolyLab™ QC,
Thermo Fisher Scientific, Germany). Starch (non-modified and
DH) and glycerol (30 g/100 g of starch) were blended at 130 °C
and 50 rpm for 10 min. PHBV and PEG1000 at 0, 10 and 20 g/
100 g polymer (PBHV_0; PHBV_10 and PHBV_20 samples) were
blended at 170 °C and 50 rpm for 12 min. The starch and PHBV
blends were cold milled in the IKA mill (M20, IKA Werke, Ger-
many). The starch powders were conditioned at 25 °C and 53%
RH using an Mg (NO;), over-saturated solution for 7 days before
compression moulding.

All the films were obtained in a hot-plate hydraulic press
(model LP20, Labtech Engineering, Thailand). For the starch
films (non-modified or DH), 4 g per film were used, whereas 2.5
and 3 g, respectively, were used in PLA and PHBYV films. The
polymer sample was placed onto the PTFE sheet mould in the
press and pre-heated, then thermo-compressed and finally
cooled to 70 °C for 3 min by fitting the process conditions
empirically based on previous studies.* For both starch films
(non-modified and DH), there was a preheating step for 5 min at
150 °C and two-step thermocompression at 150 °C: 30 bars for
2min + 130 bars for 6 min. The amorphous PLA pellets were pre-
heated at 200 °C for 4 min and thermo-compressed at 200 °C
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and 100 bars for 4 min. The PHBV powders with the different
quantities of PEG 1000 were pre-heated at 180 °C for 5 min and
compressed at 180 °C and 100 bars for 4 min.

Bilayer film components were designed to combine polar
and non-polar polymer sheets, taking advantage of their
complementary barrier properties. However, no practical
adhesion was obtained for starch or PHBV at any of the plasti-
ciser concentrations, so starch (non-modified or DH) was only
combined with PLA films. To analyse the potential benefits of
PHBV and PLA laminates, PLA/PHBV bilayers were also ob-
tained using different PEG concentrations in the PHBV film.
Likewise, starch (non-modified or DH)/PLA/PHBYV tri-layer films
(with varying amounts of PEG1000) were also obtained and
characterised. For the layer adhesion, the different film
combinations were pre-heated at 110 °C for 3 min and
compressed at 110 °C and 30 bars for 1 min, afterwards cooling
for 3 min to 70 °C. These conditions were empirically fitted
based on preliminary tests and polymer characteristics in order
to obtain homogeneously thermo-adhered multilayer films.

All the films were conditioned at 25 °C and 53% RH (Mg
(NO3),) for 7 days before characterisation.

Analyses of the surface energy of the films

The sessile drop method was used to measure the contact angle
(6) between solvents (selected on the basis of their different
polarity:*** distilled water, dimethyl sulfoxide (DMSO), meth-
anol, and heptane) and the surface of the obtained films
following the ASTM D7334-08 standard method.” The
measurements were taken with a dynamic contact angle
measuring device (OCA 20 instruments, Dataphysics, Germany)
in a contact time of under 10 s to prevent solvent diffusion in
the film at 22 °C. At least ten replicates were taken for each film
sample and solvent.

From the values of contact angles and the dispersive and
polar components of the surface tension of the solvents, the
film's surface tension was calculated, considering the theoret-
ical model. Young's equation correlated the contact angle and
interfacial tensions, as described in eqn (1).

cos f — Y8~ s (1)

YL
wherein: ys = solid surface tension, v, = liquid surface tension
and vg;, = surface tension of solid-liquid interface. The solid
surface tension could not be determined directly but inferred
from several equations.

Moreover, the adhesion work (W,) can be described by the
Young-Dupré equation (eqn. (2)) in terms of the liquid contact
angle and its surface tension. While the Owens and Wendt
equation relates the adhesion work with the dispersive and polar
components of the liquid and solid surface tension (eqn (3)).

W, = (1 + cos ) 2)

Wa:2(\/véxvi‘+\/v‘§xv‘i) (3)

wherein: v{ (mN m™?) is the dispersive and yf (mN m™) the
polar contribution of the surface tension of the liquid. For the
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Table 1 Contact angles of solvents of differing polarities in contact with the film surface of different polymers (starch, PLA and PHBV)*

Water vy, = 72.1 mN m

Methanol v, = 22.5 mN m
(yP = 18.2 and v} = 4.3)

DMSO 7y, = 44.0 mN m
(vP = 36.0 and y} = 8.0)

Heptane vy, = 20.1 mN m
(yP = 20.1 and v} = 0.0)

Sample (y£ = 19.9 and vP = 52.2)

Non-modified starch 89 + 5.0% 8.0 & 3.0°
DH starch 78 + 11°¢ 23 + 5.0
PHBV_0 78 + 5.0>¢ 22 + 5.0°
PHBV_10 74 + 8.0>¢ 27 + 4.0°
PHBV_20 69 + 6.0° 22 + 8.0%
PLA 82 + 6.0%° 25 + 5.0

3.0 + 2.0° 55 + 8.0°
0.0 £ 0.0% 51 & 13%P
2.0 £ 1.0% 31 + 5.04
2.0 £ 2.0° 38 + 6.0>4
3.0 £ 2.0% 33 + 5.0%¢
3.0 £ 2.0° 45 + 14%P¢

“ Means with different superscript letters in the same column are significantly different (p < 0.05).

solvents used in this study, the values were reported in the
literature'* and shown in Table 1.

Combining eqn (2), (3) and (4) was obtained and then rear-
ranged as eqn (5):

2(\/7§‘><7‘L‘+\/7‘§XY‘E):7L(1+0059) (4)

1+cosd L ;. v p
— X =A/Ys X[ +/Y 5
2 /_"{i S 'Yi S ()

Thus, the polar (v§) and dispersive (y§) components of solid
surface tension could be obtained by plotting the values of the

[P
dependent variable vs. the independent variable 7—5, both
7L

calculated from the experimental values of cos @ of the different
solvents with known values of v;,vP, and vP.

The estimation of the critical surface tension (y¢) of the
different monolayer films was determined by the extrapolation
method of the Zisman plot,* where the surface tension values
of the solvents were plotted vs. the respective cos§ and the
surface tension value for cos § = 1.

Characterisation of the seal strength in layers

Different film strip binary combinations were thermo-sealed
along one edge using the same thermo-compression condi-
tions used in the bilayer preparation. The dimensions of the
film strips were 7.62 x 2.54 cm” and were sealed in an area of 2
x 2.54 em?®. All of the sealed strips were conditioned at 25 °C
and 53% RH (Mg (NO3),) for 48 h before the analyses.

The seal strength was determined following ASTM F88/
F88M-15 (ref. 16) in 10 strips per combination using
a universal testing machine (Stable Micro Systems, TA. XT plus,
England). The non-sealed edges of the sample were fixed to each
clamp, with a distance between the clamps of 50 mm, and
submitted to an extensive test at 200 mm min ‘. The seal
strength was determined according to eqn (6) using the mean
force calculated in 80% of the total force vs. distance curve, as
described in the standard method.

Mean force (N)

Seal strength = Film width (m) ©
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The seal separation mode and the mean break distance were
also determined in the cases of delamination failure.

Tensile properties of the mono and multilayer films

The film thickness was determined at five random positions
using a digital micrometre (precision of 0.001 mm). A universal
testing machine (Stable Micro Systems, TA XT plus, England)
was used to determine tensile strength at break (TS), elongation
at break (E), and elastic modulus (EM), following ASTM D882."
At least eight samples with dimensions of 25 x 10 mm?® were
evaluated for each formulation. The grip separation was initially
50 mm, and the crosshead speed was 50 mm min .

Barrier properties

The water vapour permeability (WVP) was determined, in trip-
licate, using the gravimetric method following ASTM E96/
E96M™ and the correction proposed by Mchugh.' The film
samples (0 = 3.5 cm) were placed in Payne permeability cups
filled with 5 mL of distilled water (100% RH). Then, the cups
were placed into desiccators containing Mg (NO;), over-
saturated solution (53% RH) and weighed every 1.5 h in an
analytical balance (ME36S, Sartorius, +0.00001 g).

The oxygen permeability (OP) of the films was determined, in
duplicate, at 25 °C and 53% RH using OxTran equipment
(model 1/50, Mocon, Minneapolis, MN, USA) according to ASTM
D3985-05.%°

Statistical analyses

The experimental data was evaluated through a Multifactor
Analysis of Variance (ANOVA), applying Tukey's test (p < 0.05)
through Statgraphics Centurion XV software (StatPoint, Inc.,
USA).

Results and discussion
The surface energy of the films

The surface properties of the different monolayer films were
analysed to understand their adhesion behaviour better, Table 1
shows the contact angle values of the different films in contact
with different solvents. The highest water contact angle value
was obtained for non-modified starch films. This was an unex-
pected result given the hydrophilic nature of the polymer, which
could promote a more significant extension of liquid water onto

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the film surface. Nevertheless, the contact angle is also greatly
affected by the surface roughness, whose effect is very difficult
to evaluate.”* Similar values for the water contact angle of non-
modified starch were reported by Biresaw & Carriere.® DH starch
films exhibited slightly lower values, reflecting the effect of the
modification process, which is attributed to the depolymerisa-
tion and oxidation of the starch molecules, producing carbonyl
groups that modifies the chain interactions and their re-
association tendency* affecting the surface properties of the
starch films. Lower values of the contact angles were also
observed for DH cassava starch films obtained by extrusion
compared to non-modified starch films. In contrast, the oppo-
site effect was observed in solvent-cast films.*> Other authors
also reported different contact angles for starch films, which
heavily depended on the film processing method and how the
molecules rearranged at the surface level.*** As concerns the
water contact angle of polyesters, similar values for PHBV® and
PLA®?* were previously reported. The incorporation of PEG 1000
into PHBV films reduced the water contact angle values; this
effect is significant (p < 0.05) when using 20% plasticiser, as
previously observed by other authors.>>*¢

In the case of methanol, the lowest contact angle was
observed for the non-modified starch films, while no significant
differences were observed for the other materials. Likewise, no
significant differences in heptane contact angles were observed
for the different films. The highest value of the DMSO contact
angles were those in the non-modified starch films and the
lowest in the PHBV_0. Similar values were reported by other

9’

~. A
0.00 ®Non-modified Starch ™.,
ADH Starch |

60 80
Solid Surface Tension (mN/m)

0 20 40 60 80
Solid Surface Tension (mN/m)

120
1.00 . C
0.80

20.60

S 040
0.20

0.00 SPLA
-0.20

0 20 40 60 80
Solid Surface Tension (mN/m)
Fig. 1 Zisman plot for non-modified and DH starches (A) PHBV
plasticised with differing concentrations of PEG 1000 (B) and PLA (C)
monolayer materials.
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authors for the DMSO contact angles with PLA and PHBV films.®
Consequently, the contact angle values for different solvents
with polymer films exhibited, in general, a relatively wide range
since these are greatly affected both by the film processing
method as well as by the method used for their measurement.®

Fig. 1 shows the Zisman plot for the different films, from
which the critical surface tension (yc) was estimated by
applying the fitted straight-line equations to cos 6 = 1 (* > 0.9),
¢ corresponds to the minimal surface tension of the liquid to
completely wetting the film surface?” and could be of interest for
the purposes of coating the films with liquid phases. As shown
in Table 2, slight differences were observed between the
different materials; the highest value belonged to the PHBV_0,
a small decrease was regarded as a result of the addition of PEG
1000, while the lowest value corresponded to the DH starch.
Rhim & Hong?® reported similar values for PLA and PHBV films
while comparing starch films, higher values (30-45 mN m %)
were reported for extruded potato starch films* and wheat
starch films (34 mN m ™) obtained by casting.*® Once again, and
as commented above for the contact angles, the different film
processing methods and the contact angle measurement
method can explain the differences in the reported values for
a determined polymer.

In Fig. 2, the fitted equations (calculated by eqn (5)) used to
estimate the values of the polar and dispersive components of
the solid surface tension are presented. The obtained values of
solid surface tension and polar and dispersive components are
also shown in Table 2. It could be observed relatively slight
differences for the different materials. PHBV films exhibited the
highest surface energy values, whereas an increase in the polar
component was observed when the PEG 1000 concentration was
increased. This effect was also observed by Cheng*' and can be
explained by the more polar nature of this plasticiser, similar
values were reported by Hedrick®” while Mofokeng & Luyt** re-
ported slightly higher values.

Moreover, the starch modification resulted in an increase in
the solid surface tension as compared to the non-modified
starch film. Specifically, an increase in the polar component
was observed in comparison to the non-modified starch film.
Literature reported values for starch films in the range of 30-60
mN m~", depending on the processing method, with great
variability in the polar component (0.3-25 mN m™"),** while in
this study, lower surface energy was obtained in the case of the
starch film, with intermediate values of the polar component.

Based on the surface energy parameters obtained and the
contact angle values of each polymer-solvent system, the

Table 2 Values of the surface properties (n = 10) determined for the films of different polymers

Dispersive component

Polar component

Solid surface Critical surface

Sample (y§$) mN m™* (v®) mN m™* tension (ys) mN m ™! tension (yc) mN m ™!
Non-modified starch 20.0 5.5 25.5 21.3
DH starch 17.0 12.0 29.0 19.0
PHBV_0 19.5 11.0 30.5 22.0
PHBV_10 17.7 13.5 31.2 19.4
PHBV_20 17.3 16.8 34.1 20.6
PLA 18.6 9.0 27.6 19.9

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Plot and fitted straight lines to calculate polar and dispersive
components of the surface tension in the different films.

polymer pair interfacial tension (ypip,) and the interlayer
adhesion work in the bilayer assemblies were determined by
applying eqn (7) and (8), respectively, as described by Biresaw
and Carriere.®

2
Yok = {\/751*\/7{,’{} +2[ Yot Yor A/ Vi Vo2 = /T T2
ARV 731]
)

o o o
Wa=1p0" +vps " — Ypime (8)

The v" and v~ components of each polymer (p; and p,) were
determined by the solution of the simultaneous equation ob-
tained by the contact angle and the surface energy parameters
(vL, YL, 71, and vi) of two probe liquids being imputed into eqn
(9). To this end, water and DMSO solvents were considered,
whose y'and vy~ values are known (y'= 25.5 and v~ = 25.5 for
water and y'= 0.5 and v~ = 32 for DMSO).°

[ypyil®® + [ypyil®® = 0.5[4 — B (9)
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wherein: A = y;[1+cos §] and B = 2[ypyr]"’

The interfacial tension values obtained for the different
polymer pairs were very low (ypip, < 0.5 mN m™ '), and, there-
fore, the adhesion work (eqn (8)) for each polymer pair is
practically the sum of the corresponding surface tensions.
These values are shown in Table 3, with the seal strength values
discussed in the next section. In this sense, it is important to
point out again that no starch-PHBV adhesion could be ach-
ieved in practice (in reasonable thermocompression conditions)
despite the high values obtained for the adhesion work in the
different starch-PHBV combinations (55-62 mN m™ %)
However, the values reported for the other polymers pairs are in
the same range as those of non-thermo-sealable starch-PHBV
pairs (Table 3), which suggests that this parameter did not
determine the effective adhesion of the different layers by
thermocompression.

Thermo-adhesion properties between layers

Fig. 3 shows the typical force vs. distance curves for the sepa-
ration profile of the different sealed monolayers (non-modified
and DH starches, PHBV_0, PHBV_10 and PHBV_20) with the
PLA films, and the layer separation behaviour, as described in
standard ASTM F88/F88M-15."° In Table 3, the values of the seal
strength of different bilayer combinations are shown, indi-
cating the mean break distance for the cases of delamination.
The values obtained were near to what was reported for thermo-
sealed glycerol-plasticised sago starch.** Heidemann® also re-
ported similar values for cassava starch sealed with PLA,
whereas other studies®**** reported higher values for starch-PLA
seals. The differences could be attributed to the different seal-
ing conditions and polymer characteristics. Under the sealing
conditions used, DH starch tends to show greater sealing
strength with PLA than non-modified starch, as also observed
for the estimated adhesion work. Likewise, both samples
exhibited delamination, thus indicating that strong adhesion
forces are established between both polymers leading to the
fracture of the starch layer and no net layer separation. Leong®®
established that delamination, rather than adhesive peeling,
indicates a strong interfacial bonding of the films. DH starch
breaks at a greater extension distance in the delamination
process, which also points to different interfacial interactions of
DH starch chains with PLA and greater resistance to the break of
this film. Other studies also observed an excellent adhesion of

Table 3 Mean values of the sealing strength of different bilayer combinations indicate the seal separation mode and the mean distance of break

for the cases of delamination®

Sealing strength

Mean distance of

Interfacial tension Adhesion work

Sample (Nm™) break (m) (Ypipzy MmN m ™) (mNm™)
Non-modified starch-PLA 39.0 + 10° 0.030 =+ 0.010° 0.017 53
DH starch-PLA 50.0 % 9.0° 0.040 = 0.004% —0.140 57
PHBV_0-PLA 9.0 + 2.0%48 — 0.154 58
PHBV_10-PLA 4.3 + 0.2"* — —0.030 59
PHBV_20-PLA* 12.0 + 5.0>% 0.009 = 0.002¢ 0.500 61

“ Means with different lowercase letters in the same column are significantly different, and means with different capital letters in the same column
are significantly different (p < 0.05) for the PHBV bilayer formulations. *Maximum force in the total curve was used to calculate the sealing strength.
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Fig. 3 Typical behaviour of the seal profile and the image of the
separation mode of the different bilayers (non-modified starch—PLA,
DH starch—PLA, PHVB_O-PLA, PHVB_10-PLA and PHVB_20 PLA)
during the sealing strength test.

starch-PLA" concerning other polyesters, which was attributed
to the weaker tendency of PLA to self-association and lower
crystallinity. In the laminates under study, PLA is an amorphous
polymer containing a fraction of low molecular oligomers,*
which may contribute to an increase in its polarity and
a chemical affinity with starch molecules at the interface.

In the case of PHBV-PLA laminates, the sealing strength
values were significantly lower than those of starch-PLA bilayers
and differences in both sealing strength and layer separation
behaviour were observed due to the PEG concentration. PHBV
films with 0 and 10% PEG behaved as adhesive peels; in
contrast, 20% PEG promoted the break of the PHBV layer before
the complete separation of the seal; this suggests that the
adhesion force between layers was greater than the PHBV_20

© 2023 The Author(s). Published by the Royal Society of Chemistry
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tensile resistance. The notable increase in polarity of PHBV_20,
reflected in the surface properties, favoured the adhesion force
with the PLA film. Other authors reported that PEG could act as
a compatibilizer between PLA-PHBYV, increasing the polymer's
adhesion ability.*** The estimated adhesion work also
increased when the PEG concentration rose in the PHBV film;
however, these values were in the range of those obtained for
starch—-PHBV laminates, where no effective adhesion was ob-
tained. Therefore, this indicates that other factors also
contribute to the sealing force in the polymer multilayers, and
an overall understanding of the observed phenomena has not
yet been achieved. One important aspect is that the surface
properties at the high thermo-sealing temperature could differ
from the values obtained at a lower temperature. Likewise, at
the high sealing temperature, the polymer viscoelasticity and
the surface roughness would play important roles.

Mechanical and barrier properties of mono, bi and tri-layer
films

Table 4 shows mono and bilayer films' mechanical and barrier
properties, along with the respective thicknesses. The starch
films were thicker than the polyester films, coherent with the
lower mass of polyesters per surface area and their greater
flowability.* The film extension during thermocompression was
affected by the viscosity of the polymer under the process
conditions and the mass of pellets used in each case. Regarding
the tensile parameters, no significant differences were observed
for non-modified or DH starch, although the latter tended to be
slightly stiffer (higher elastic modulus EM) and more resistant
to break (higher TS). The polyesters had higher values of TS and
EM and lower values of elongation at break (E) compared to the
starch films, as previously reported. The obtained tensile
parameters of the film monolayers are in the range of those
previously reported for the same polymers.****%”** In the case of
PHBYV, a decrease in the TS and EM values was observed due to
the plasticising effect of the PEG1000, although no increase in
the film stretchability was observed, as reported by other
authors.*”*°

As expected, the starch films exhibited the highest values of
water vapour permeability (WVP) and water vapour trans-
mission rate (WVTR); however, a marked reduction in this
property was promoted by the DH modification process, as also
reported by other authors analysing corn and cassava starch
films.**> The DH treatment affects the molecular interaction,
favouring the tendency towards molecular re-association® due
to the hydrogen bonds between the formed carbonyl and
hydroxyl groups,* which modify the water interactions with the
polymer. Lower values of WVP and WVTR were observed for all
polyester materials, where the incorporation of PEG reduced the
water vapour barrier capacity of the PHBV films; this was ex-
pected as the increase in the matrix polarity and molecular
mobility promotes both the solubility and diffusion of water
molecules in the matrix and, so, the permeation rate. The values
obtained are in the range of those previously reported by other
authors.*** The oxygen permeability (OP) and oxygen trans-
mission rate (OTR) were lower in the case of starch films, as
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Table 4 Thickness, tensile strength (TS), elongation at break (E), elastic modulus (EM), water vapour permeability (WVP), water vapour trans-
mission rate (WVTR), oxygen permeability (OP) and oxygen permeability transmission rate (OPTR) for monolayer and bilayer films with PLA*

WVP WVTR OP x 10> OTR
Sample Thickness (um) TS (MPa) E (%) EM (MPa) (gmm kPa 'hm? (gm >day ') (em®’m " s Pa) (cm® m~2day )
Monolayers
Non-modified starch 185 + 20? 6.0 £ 1.0° 20.0 & 3.0° 147 + 30° 6.00 & 1.00% 1453 + 166%  0.092 + 0.003° 4 + 1.0°
DH starch 200 =+ 20% 6.4 £ 0.4° 23.0 = 4.0° 193 +30° 0.30 & 0.01° 48 £1.0° 0.086 + 0.007° 4 +0.1°
PHBV_0 140 + 1° 32.0 = 3.0° 2.0 + 0.2° 2013 + 130* 0.04 £ 0.01° 11 +2.0°  0.160 + 0.001¢ 11 =+ 0.5¢
PHBV_10 133 £ 2P 21.0 £ 1.0 2.0 £ 0.2° 1412 + 120° 0.23 £ 0.01° 71 +4.0°  1.800 £ 0.500° 115 + 30°
PHBV_20 123 £ 7° 16.0 + 2.0 1.5 + 0.2° 1306 + 120° 0.21 =+ 0.05° 59 + 16°  4.400 £ 0.600° 306 + 54°
PLA 133 + 2P 37.0 = 1.0° 3.0 + 0.6° 2133 + 90® 1.13 =+ 0.03" 39 +5.0° 1.800 £ 0.100° 121 + 8.0°
Bilayers with PLA
Non-modified starch 323 + 10* 17 +£1% 5.0+ 1.0* 1160 + 70° 0.88 & 0.20° 99 £ 27> 0.229 + 0.008° 6.0 + 0.2¢
DH starch 301 + 112 19 +1¢ 5.0+ 1.0° 1327 £ 70¢ 0.44 + 0.04° 46 + 4.0 0.230 &+ 0.006° 7.0 £ 0.1°
PHBV_0 253 + 6.0° 42 +£2* 3.0 +£0.2° 1852 + 60° 0.65 & 0.20>° 96 + 30°°  0.330 & 0.050° 13 + 2.0°
PHBV_10 240 + 4.0° 36 1% 3.0+ 0.2P 1740 + 20> 0.82 £+ 0.15° 126 &+ 23°  0.460 + 0.040° 18 + 2.0°
PHBV_20 243 + 6.0° 31+1°  2.240.2° 1622 +30°  2.02 + 0.012 347 £ 25  0.706 + 0.002* 30 =+ 2.0°

“ Means with different lowercase letters in the same column are significantly different (p < 0.05).

previously reported,>* and no significant differences were
observed for either non-modified or DH starch. In contrast, the
polyesters exhibited a lower oxygen barrier capacity, especially
PLA and PEG-plasticised PHBV. Similar values for these poly-
mers were previously found.>*

The bilayer combination of starch and PLA improved tensile
properties compared to those of the starch films but exhibited
lower tensile parameters than PLA monolayers. In particular,
the EM was reduced by 38% (with non-modified starch) or 45%
(with DH starch) concerning net PLA, and the TS was decreased
by about 50%, although the bilayers were slightly more exten-
sible than the PLA films. These results suggested that the
mechanical performance of PLA was poorer in the bilayer with
starch, which may be attributed to the partial hydrolysis of PLA
during thermocompression as a result of water migration from
the starch sheet, as previously observed in other studies.**
However, bilayers exhibited much better mechanical perfor-
mance than starch films despite this.

Concerning the polyester assemblies (PLA-PHBV bilayers),
the increase in the PEG concentration reduced the TS of the
bilayers, as occurred in the PHBV monolayers, and, when
present at 20%, it reduced the TS to values below those of the
most resistant PLA monolayer. This suggests that the PEG
migrated into the PLA sheet, reducing its mechanical resistance
in the bilayer.

The theoretical estimation of WVTR and OTR, assuming the
parallel resistances offered by the layers to the perpendicular
mass transfer flow (eqn (10)), gave rise to predicted values of
WVTR and OTR, as shown in Fig. 4.

ML

I
TRyt ZT—R;

(10)

wherein: ¢; = thickness of i layer or multilayer (ML) and TR =
transmission rate of 7 layer or multilayer (ML).

Regarding the WVTR and apparent WVP for starches-PLA
bilayers, values were much lower compared to non-modified
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starch films. The OP and OTR were significantly reduced con-
cerning the PLA films, thus improving the overall barrier
capacity of the materials (Table 4). This indicates that both PLA
and starch sheets exhibited their initial barrier capacity in the
bilayer despite the above mentioned hydrolysis effect of the PLA
deduced from the tensile behaviour. While for PLA-PHBV
bilayers, the experimental values of WVTR were higher than
predicted, whereas the OTR experimental values were, in
general, closer to the predicted ones, except for samples with
PEG, in which the predicted values were much higher. The
migration of PEG from the PHBV into the PLA sheet could
enhance the PHBV oxygen barrier capacity (made markedly
worse by PEG) while promoting the water vapour mass transfer
in the bilayer. Moreover, the migration of oligomers from the
PLA into the PHBV layers could also contribute to the differ-
ences in the theoretical and experimental values of the bilayer
barrier properties. Previous studies also reported the influence
of the interlayer compound migration on the barrier capacity
and mechanical performance of bilayer films.**>

Therefore, the comparison between PLA-starch bilayers and
PLA-PHBV bilayers indicates that the latter exhibited greater

< 350
2 $200
;ZSO = ~ A /
£ 210 @150
= 140 100 /
70 | ® 50 / .
N E
* o
0 0 - . )
070 0 210 280 eif)o 0 0w 02’3)0

Fig. 4 Predicted vs. experimental values of WVTR and OTR for
different bilayers (blue symbols). Squares represent PLA-starch — full
for DH starch and empty for non-modified. Triangles represent PLA—
PHBV, with the blue becoming darker as the PEG increased. For tri-
layers (red symbols), rhombus represents 0% PEG, squares 10% PEG
and circles 20% PEG with non-modified starch full symbols and DH
empty symbols.
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resistance to break. At the same time, the water vapour and
oxygen barrier capacities were decreased when the PEG
concentration rose in the PHBV sheet. Thus, the inter-layer
adhesion was different, which could affect the assembly's
stability. Therefore, the strength of both layer sealing and film
properties throughout time must be studied to identify other
possible differences.

Fig. 5 shows the properties of the tri-layer materials,
including their thickness, which was very similar for all the
laminates. Regarding the mechanical properties, the EM ranged
between 1000-1200 MPa while tending to decrease when the
PEG concentration rose in the PHBV layer, without any signifi-
cant differences between samples containing different starch
films. Similar behaviour can be observed for the TS that ranged
between 17-24 MPa, while showed slightly higher values when
there was a layer of DH starch in the tri-layer.

The stretchability values ranged between 2-3%, in the same
order as the polyester monolayers, and were slightly higher in
the tri-layers containing DH starch. The polyesters determined
the tensile properties of the laminates, but PEG and water
interlayer migration seem to affect the expected tensile
parameters since no trilayer exhibited high values of EM and TS
as PLA than pure PHBV monolayers. Even in the absence of
PEG, the EM and TS values of the tri-layers were lower than
those of the pure PLA or PHBV, which points to the partial
hydrolysis effect promoted in both polymers by the water
migrating from the starch sheets. Moreover, the weakening of
the tri-layer is accentuated when PEG is present in the PHBV
sheets.

Fig. 6 shows the barrier properties of the tri-layer materials.
When comparing the experimental values of WVTR (Fig. 4),
increases of 200 and 370% were observed concerning the
theoretical values in the tri-layers with PEG-free PHBV and with
non-modified or DH starch, respectively. However, these
increases were reduced to 0 and 131%, respectively, when PHBV
contained 10% PEG. Moreover, this tendency was inverted when
PHBV had 20% PEG when WVTR decreased concerning the
predicted value. These results suggest that the interlayer PEG
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Fig. 5 Thickness, tensile strength (TS), elongation at break (E) and
elastic modulus (EM) for starch/PLA/PHBV tri-layer materials. Means
with different letters are significantly other (p < 0.05).
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Fig. 6 Water vapour permeability (WVP), water vapour transmission
rate (WVTR), oxygen permeability (OP) and oxygen permeability
transmission rate (OPTR) for tri-layer materials. Means with different
letters are significantly different (p < 0.05).

migration provoked significant changes in the water vapour
barrier capacity of the polyesters. In the absence of PEG, the
lower predicted values of WVTR may be explained by the fact
that polyesters can be partially hydrolysed by the water migra-
tion from the starch sheets, as observed in PLA-starch bilayers.

Regarding the oxygen barrier capacity, all of the tri-layers
had OP values nearer to those of the starch films or PEG-free
PHBV that had a good oxygen barrier capacity (Table 4).
Nevertheless, a significant increase in the OP was observed
when the PEG content in the PHBV sheet rose, while films with
DH starch had higher values than their pairs with non-modified
starch. This was coherent with the loss in oxygen barrier
capacity of the PHBV sheet when PEG was incorporated and
suggested that the changes in this capacity of the starch sheets
differ depending on the DH modification since individual
starch layers did not show significant differences in their OP
values. The comparison between the experimental and pre-
dicted values of OTR for the tri-layers (Fig. 4) also reflected that
the changes in the barrier capacity of the different layers could
be attributed to the interlayer compound migration, especially
of plasticisers, such as PEG in PHBV, glycerol in starch or
oligomers in PLA. The predicted OTR values were very similar to
the experimental ones (Fig. 4), but the latter was approximately
37-48% higher than the predicted values for the tri-layers con-
taining DH starch and 0-20% PEG in the PHBV sheets. This
suggests that DH starch was more sensitive to the compound
migration (glycerol or PEG), which affected its oxygen barrier
capacity to a greater extent.

Consequently, considering the barrier and tensile proper-
ties, the tri-layer combinations were not observed to offer any
special benefits compared to PLA-starch or PLA-PHBV bilayers
since the mechanical or barrier performance achieved was not
noticeably better. In terms of mechanical performance, no
significant differences were observed for the film stretchability,
while resistance to break and elastic modulus are in the range of
those obtained for the PLA-starch bilayers. Moreover, the PEG-
free tri-layers had the lowest OP values, similar to those of the
PLA-PHBV_0 or PLA-DH starch bilayer, and the tri-layer with
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PHBV_20 had the highest water vapour barrier capacity, slightly
above that of any studied bilayers.

Conclusions

The surface tension values of the different polymer films were in
the range of those previously reported (19-34 mN m™ %),
considering the great effect the film processing method has on
the values. The estimated adhesion work of each polymer pair
had no correlation with the experimental sealing strength and
the PHBV-starch bilayers could not be obtained despite the
relatively high value of the estimated adhesion work. As
concerns the properties of the different films, there was
a marked reduction (95%) in the water vapour permeability of
the starch films caused by the DH modification, while PEG
weakened the strength of the PHBV films and greatly promoted
their oxygen permeability. Lamination with PLA reduced (85%)
the WVP of non-modified starch while increased the tensile
strength (183 and 196%) and decreased the elongation at break
(25 and 22%) of the non-modified and DH starch films.
However, the PLA-PHBV combinations and tri-layers did not
offer great additional benefits when compared to the non-
plasticized PHBV monolayers. The interlayer migration of
plasticizers (glycerol and PEG), including the water present in
the starch films, altered the expected tensile and barrier prop-
erties of the multilayers.
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