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In this work, melt blending and co-extrusion techniques have been investigated as functionalization strategies
to realize bilayer biodegradable films suitable for food packaging applications, combining enhanced barrier
performance, good heat sealability and ductility. The ductile, heat sealable inner layer was realized by mixing
Ecovio, a commercial blend based on polylactide (PLA) and polybutylene adipate terephthalate (PBAT) with an
amorphous PLA grade; the outer barrier layer, on its side, was realized by blending poly(hydroxybutyrate) (PHB)
with a semicrystalline PLA grade. Three different structures were realized changing the relative thicknesses of
the two layers, and were characterized for their surface wettability, Oz barrier, heat-sealability and tensile
properties. The results highlighted the impact of the bilayer films layout on the functional performance, and
pointed out the attractiveness of the developed structures for food packaging applications where barrier to
oxygen is critical to reduce oxidative processes.

1. Introduction

In recent years, the packaging industry has shown increasing interest in the development of new biopolymer-
based packaging solutions and innovative processing technologies, aimed at reducing the dependence on fossil
resources and shifting to a sustainable materials base (Rhim et al., 2013). However, a food packaging material
with good performance must be able to prevent microbial contamination and act as a barrier against permeation
of water vapor, oxygen, carbon dioxide and other volatile compounds, in addition to provide good mechanical,
optical, and thermal properties (Apicella et al., 2018a; Apicella et al., 2018b). To this end, biodegradable
polymers must be properly functionalized including fillers, antioxidants (Leneveu-Jenvrin et al., 2021),
antimicrobials (Apicella et al., 2018c) or processing aids. They can also be modified via polymer—polymer
blending or multilayer assembly; these latter routes, in particular, allow the creation of multifunctional systems
with unique properties through easier, faster and cheaper techniques than other functionalization methods, such
as copolymerization. Among biodegradable polymers, biopolyesters, including polyhydroxybutyrate (PHB),
polylactide (PLA) and polybutylene adipate terephthalate (PBAT) are of great interest to researchers and they
have proven to be attractive alternatives for potential applications (Padovani et al., 2016). PLA exhibits great
processability, mechanical strength and heat sealability, for the amorphous grades (Olejnik et al., 2021), while
PHB displays better barrier properties thanks to its high crystallinity degree (Amabile et al., 2022). However,
both are known for their brittleness. PBAT is instead a flexible and very ductile material, however it has very low
barrier to gases and water vapor and no heat sealabilty (Olonisakin et al., 2023).

In this study, both melt blending and co-extrusion techniques have been investigated to combine the functional
performances of these single biopolymers in the attempt to overcome their drawbacks and realize multifunctional
structures. Three different bilayer structures were realized changing the relative thicknesses of the two layers,
and were characterized for their surface wettability, Oz barrier, heat-sealability and tensile properties.
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2. Experimental
2.1 Materials

PHB EnmatY3000p (density =1.25 g/cm?3, Tm = 175-180 °C) was supplied by TianAn Biologic Materials Co., Ltd
(China). Ecovio® F2332 (density = 1.24-1.26 g/cm3, Tm1=110-120 °C, Tm2=140-155 °C), a commercial blend of
Ecoflex® F (PBAT), as the continuous phase in the structure, and PLA, was supplied by BASF (Ludwigshafen,
Germany). PLA 4060D (amorphous, D-isomer content = 12 wt %, Mw ~190,000 g/mol, density = 1.24 g/cm?)
and PLA 4032D (semicrystalline, D-isomer content = 1.5 wt %, Mw ~155 000 g/mol, density = 1.24 g/cm?,
Tm=155-170 °C) were supplied by NatureWorks™ (Minnetonka, MN, USA).

2.2 Films preparation

Bilayer coextruded blown films were realized as follows: the inner layer (l) was obtained by blending Ecovio®
F2332 with 20 wt % of PLA4060D, improving heat sealability; the outer layer (O), contributing to barrier
properties and mechanical stiffness, was obtained by blending a semicrystalline grade of PLA with PHB at 70/30
weight ratio. This optimized composition was selected based on previous studies conducted on the
processability and barrier performance of PLA/PHB blends, produced in a wide range of compositions
(Pietrosanto et al., 2021).Before processing, PLA, PHB and Ecovio granules were vacuum-dried at 70 °C for 14
h. Blends of PLA 4032D and PHB 70/30 by weight and of Ecovio and PLA 4060D 80/20 by weight were realized
in a co-rotating twin screw extruder (dr. Collin GmBH model ZK 25-48D, with screw diameter equal to 25 mm
and L/D =42), selecting a screw speed equal to 200 rpm, a temperature profile from 150 °C to 180°C for the
PLA/PHB blend and from 140 °C to 180 °C for the Ecovio/PLA blend. Coextruded films based on the blends
were realized by a Gimac film blowing unit equipped by two single screw extruders (D = 12 mm, L/D = 24), a
blow film spiral mandrel die (Collin, Type RWT 25, Din=30 mm, Dext=30.5 mm) and a take-up/cooling system
(Collin Film Blowing Line Type BL 50). Both the extruders operated with a temperature profile equal to 190-175-
175-185 °C from the hopper to the die. Three bilayer films were realized by varying the screw speed of the two
extruders, and therefore the mass flow rates, yielding to two different thicknesses (i.e. 30 and 50 um) for the
outer (O) and inner (1) layer, as displayed in Table 1. Single layer films were also produced for comparison. The
blow-up ratio (BUR) was fixed at 2.5 for all the films, while the collection speed was set at 3 m/min.

Table 1: Coextruded films nomenclature, nominal thicknesses of the outer (O) and inner (I) layers and screw
speed of the extruders.

Sample Total thicknessOuter layerinner layerExtruder screwExtruder  screw

[um] [um] [um] speed outer layerspeed inner layer
[rpm] [rpm]

PLA4032/PHB 70/30 50 £ 1 - - 96 -

Ecovio/PLA4060 80/20 50 + 1 - - - 96

Bilayer O30/130 60 +4 30 30 54 54

Bilayer O30/150 80t4 30 50 96 54

Bilayer O50/130 804 50 30 54 96

2.3 Characterization of the produced films

Oxygen permeability analyses were carried out in triple by a GDP-C gas permeabilimeter (Brugger, Munich,
Germany) at 23 °C, 0 % R.H. and with 80 mL/min oxygen flow rate, according to ASTM D1434-82 procedure.
The permeability coefficients (PO2) were gained by multiplying the obtained oxygen transmission rate values by
the thickness (mm) of each film. For multilayer structures the oxygen permeability coefficients were further
calculated considering the permeability coefficients of the monolayers and their thickness, according to the
following equations:

XBilayer Xo ﬁ

=5+ (1)

PBilayer PO PI

1L _yxu_1 1 )
Qtot P Q1 Q

where x and P refer to the thickness and the permeability coefficient of each layer i, subscripts “O” and “I” stand
for the outer and inner layer, respectively, and “Coex” for the coextruded structure.Static contact angle
measurements were performed by a FTA 1000 Analyzer (First Ten Angstroms, Inc., Portsmouth, VA, USA)
according to ASTM D 7490 procedure, with 2 + 0.5 pL drop volume and ten replicate measurements. Owens—
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Wendt (OW) geometric mean equation was applied to calculate the surface free energies (SFEs) of the inner
and outer layer surfaces of the multilayer films, as well as the relative dispersive (ys) and polar (ysP) components.
(Owens & Wendt, 1969). Diiodomethane (DM) and distilled water (H20), having known SE values were
employed as testing liquids. The OW approach was also employed to calculate the work of adhesion Wa, in
order to evaluate the quality of the interlayer adhesion of the coextruded films. In particular, the following set of
equations was used (Ebnesajjad & Landrock, 2015):

Wo = v¥s+vL—VsL (3)

W, = 2( /V3V1d+ /Vé’ﬁ’) (4)

In Equation (3), ysL, yL and ys are the interfacial energy and the surface energies of the liquid and solid phases,
respectively. In Equation 4, the subscript “I” and “O” stand for the inner and outer layer surfaces, respectively,
while the superscript “d” and “p” indicate the dispersive and polar components, respectively.

Hot-tack tests were carried out by a HSG-C heat seal tester (Brugger, Germany), according to ASTM F1921-
98, Method B procedure, between 80 °C (corresponding to the initiation sealing temperature) and 100 °C (the
maximum temperature above which the film undergoes excessive distortion). The welds were carried out on
15 mm-width samples, with 0.5 N/mm? sealing pressure and 1 s welding time.

Tensile tests were performed on films with at least ten replicates by a CMT 4000 SANS testing machine (MTS,
China) using a 100 N load cell, following the to ASTM D 882-91 procedure. Film specimens having rectangular
geometry (12.7 x 80 mm?) were extended along the machine direction. The results were expressed in terms of
elastic modulus (E), tensile strength (ob) and percentage elongation at break (eb).

3. Results and discussion
3.1 Oxygen barrier performance

The knowledge of oxygen barrier properties is fundamental for food packaging materials, as oxygen is
responsible of the qualitative decay of many sensitive foods. The results of oxygen permeability tests carried
out on the single layer and coextruded films, expressed as oxygen permeability coefficients (POz2) are displayed
in Table 2. The single layer film PLA4032/PHB 70/30 exhibited the lowest permeability value (14.1 cm? mm/m?
d bar), thanks to the inherent good barrier properties of PHB, which are significantly higher than neat PLA (Wu
etal., 2021). As expectable, Ecovio/PLA4060 monolayer shows higher POz value due to the poor barrier of both
PBAT and PLA (Jost, 2018).As for the coextruded films, their oxygen permeability coefficients are averaged
over the Py, values of the inner and outer layer films, and weighted on their relative thicknesses. In particular,
the permeability decreases by increasing the thickness of the outer barrier layer, while it increases by increasing
the thickness of the inner layer. Among these samples, the best barrier performance were obtained for Bilayer
050/130 sample, exhibiting Po2 value equal to 16.8 cm? mm/m?2 d bar, and a reduction in oxygen permeability of
53% with respect to the single Ecovio/PLA4060 80/20 inner layer. The O2 permeability values obtained for the
coextruded films are comparable to those of other PLA/PHB blends reported in literature with PHB content >
25% (Arrieta et al. 2014; Pietrosanto et al., 2021) and points out the attractiveness of the developed structures
for food packaging applications where barrier to oxygen is critical to reduce oxidative processes. The O2
permeability coefficients of multilayer films were also calculated according to the Eq(1) and (2), and reported in
Table 2 as P.qc o,- As noticeable, a good agreement was found between measured and experimental oxygen
permeability values, with a calculated percentage difference of less than 9% in each case, highlighting a good
control of the relative film thicknesses achieved during the coextrusion process.

Table 2: Measured oxygen permeability (P,,) coefficients for all monolayer and bilayer films. Calculated oxygen
permeability (Pcqc o,) values for multilayer films according to equations (1) and (2). Percentage difference
among experimental and calculated oxygen permeability values calculated as follows:
|Po,=Pcaic_o,//[(Po, *Pcaic_0,)/2]*100.

Sample cm® mm cm3 mm Percentage difference [%)]
02 [mz d bar] Peate o, [mz d bar]

PLA4032/PHB 70/30 14.1 - -

Ecovio/PLA4060 80/20 35.7 - -

Bilayer O30/130 22.1 20.2 8.9

Bilayer O30/150 24.2 22.7 6.4

Bilayer O50/130 16.8 18.2 8.0
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3.2 Evaluation of heat sealability, surface energies and the work of adhesion

The single inner and outer layers films were tested to measure their heat sealable properties, which is a
functionality of primary importance for food packaging applications. Table 3 displays the results of the maximum
hot tack force obtained. The PLA4032/PHB 70/30 sample was not sealable in the whole range of temperatures
investigated, whereas neat Ecovio was sealable only between 90 °C and 100°C with maximum hot tack strength
equal to 200 g/15 mm at 95°C. The addition of 20% PLA4060 in the Ecovio matrix, instead, allowed to extend
the film heat sealability in the range 80-100 °C and to increase the hot tack strength too, which was maximum
at 90 °C and equal to 400 g/15 mm. Films surface wettability and the extent of interlayer adhesion in bilayer
samples were then analysed by contact angle measurements. In Table 3 the static contact angles in water and
diiodomethane of the inner and outer multilayer's surfaces are presented. These values, considering small
variations due to analytical method, were similar for all the bilayer films. According to the Owens—Wendt
approach, the surface free energies (ys), comprising of polar (ys?) and dispersive (ys?) components, and the
polarity (Ps) were estimated and reported in Table 3. The work of adhesion and interfacial energy at the interface
of the multilayer films was also calculated and reported in Table 4.

Table 3: Maximum hot tack force, Static contact angles for the inner (Ecovio/PLA4060 80/20) and outer
(PHB/PLA4032 70/30) layers surfaces of the coextruded films in water (CAw) and diiodomethane (CApwm).
Surface free energies (ys) comprising of polar (ys?) and dispersive (ys®) components and polarity (Ps), following
the Owens—Wendt approach.

Maximum hot

Film sample tack force CAw[°] CAom[] ysP ys¢ Ps[-] ys [mMN/m]
[9/15 mm]

PLA4032/PHB 70/30 Not sealable 66.9+0.8 34.9+0.9 9.2 39.9 0.19 49.2

Ecovio/PLA4060 80/20 400 67.2+1.7 34.5+0.8 9.1 40.2 0.18 49.5

Table 4: Calculated work of adhesion (W, ) and interfacial energy (yvs,) of the coextruded films Bilayer O30/130,
Bilayer 0O30/150 and Bilayer 050/130.

Films interface W, [mN/m]  yg [MN/m]
Bilayer O30/130 95.9 0.138
Bilayer O30/150 93.7 0.628
Bilayer O50/130 98.4 0.001

The Ecovio/PLA4060 80/20 and PLA4032/PHB 70/30 films surfaces exhibit contact angle values comparable to
those reported in literature for PHB (Chen et al., 2016), PLA (Galindo & Urefia-Nufez, 2018) and PBAT (Wang
et al., 2016). The ratio between the values of the polar (ysP) and dispersive (ys®) components of the surface free
energy for the inner and outer layers surfaces is close to unity, denoting an optimum interlayer adhesion
achieved for bilayer films after the coextrusion process (Lindener et al. 2017). As further evidence, high values
of the work of adhesion were found for all the multilayer films, while minimum interfacial energy values were
obtained, indicating high interfacial compatibility (Ebnesajjad & Landrock, 2015).

3.3 Tensile properties

Tensile tests were performed in order to verify whether the produced films had adequate mechanical strength
and ductility to ensure the integrity of the food packaging throughout the entire life cycle of the product. Figure
1 (a) shows the elastic modulus E, while Figure 1 (b) displays the tensile strength at break o» and the percentage
elongation at break &b of the coextruded films, compared to those measured for the single inner and outer layers
films. The monolayer PLA4032/PHB 70/30 film shows the highest elastic modulus, equal to 2220 MPa, tensile
strength at break, equal to 38 MPa, as well as the lowest elongation at break, equal to 13%. These attributes
are due to the inherent stiffness and brittleness of both PLA4032 and PHB; similar outcomes were obtained in
literature for PLA/PHB blends with 30 wt % PHB content (Olejnik et al., 2021). Contrariwise, the Ecovio/PLA4060
80/20 monolayer shows a very ductile behavior, with a percentage of elongation at break equal to 355 %, and
its addition in the coextruded structures helps to attenuate the brittle behaviour of the PLA/PHB layer. The
resulting tensile properties of the bilayer films are influenced by the layout of the systems: in particular, the one
with the largest thickness of the inner layer (i.e., Bilayer O30/15 sample), displays the largest recovery in ductility
(eb value equal to 39%), while the one with the highest thickness of the outer layer (i.e., Bilayer O50/130 sample)
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exhibits the lowest elongation at break (23%) and the highest elastic modulus and ultimate tensile strength
(equal to 1546 MPa and 26 MPa, respectively).
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Figure 1: (a) Elastic modulus (E) and (b) percentage elongation at break () and tensile strength at break (ov)
for single outer (PLA4032/PHB 70/30) and inner (Ecovio/PLA4060 80/20) layers and bilayer films.

4. Conclusions

In this study, coextruded blown films based on PLA/PHB and Ecovio/PLA biodegradable blends were realized
by lab-scale co-extrusion plant, with the aim of developing a sustainable structure combining high barrier
properties, heat sealability and adequate ductility for food packaging applications.

All the bilayer films exhibited high interlayer adhesion and interfacial compatibility, and a good control of the
inner/outer layers relative thicknesses achieved during the coextrusion process.

The Ecovio/PLA inner layer, on its side, was effective in providing good ductility and sealability function within
an extended temperature range from 80 to 100 °C, commonly used in the food packaging industry, and a
maximum hot tack force of 400 g/15mm. The PLA/PHB outer layer, on its turn, was effective in decreasing the
oxygen permeation. The multilayer films had functional performance intermediate with respect to those of single
outer and inner layers, and were influenced by the layout of the systems. In particular, the barrier properties and
the stiffness increased by increasing the thickness of the outer layer, whereas the ductility increased by
increasing the thickness of the inner layer. Among these samples, the best barrier performance was obtained
for Bilayer O50/130 film, exhibiting Po2 value equal to 16.8 cm? mm/m? d bar, and a reduction in oxygen
permeability of 53 % with respect to the single Ecovio/PLA4060 80/20 inner layer. For this sample, a partial
recover in ductility was achieved thanks to the Ecovio/PLA4060 80/20 inner layer, with an increase in the
elongation at break of 78 % compared to the single PLA/PHB 70/30 outer layer. The obtained results, overall,
underlined that the approach pursued is promising in developing innovative, eco-sustainable films having
multiple functional performance through techniques commonly used in the packaging industry.
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