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Abstract

Bilayer biodegradable, eco-friendly films were prepared by co-extrusion film blowing, coupling
polylactic acid (PLA) and Bio-flex ® (BIO). Furthermore, in the PLA layer, carvacrol (CRV) was added
as a natural antimicrobial additive, whereas a nanoclay (D72T) was integrated to protect CRV from
volatilization and to modulate release. The materials were analyzed by morphological, chemical-
physical, mechanical testing. Furthermore, CRV release and degradation tests were performed. The
results pointed out that coupling the two matrices allows gathering the stiffness of PLA with the ductility
of BIO. Furthermore, the interlayer adhesion is promoted by CRV. D72T exerts a key-role in avoiding
CRYV volatilization, thus allowing more prolonged release. Degradation tests results highlight that bilayer
films, while being particularly resistant in both acidic and neutral environments, showed a rapid
degradation under alkaline conditions, which proved to be intermediate between those of the

corresponding monolayers.

Keywords: A. Multifunctional composites; B. Environmental degradation; D. Mechanical testing; E.

Extrusion.

1. Introduction

The rising concern toward environmental issues stimulated both academic and industrial efforts in the
perspective of reducing packaging waste and, therefore, to replace common polyolefin with compostable

or biodegradable bio-sourced polymeric materials [1-3].

In this context, poly(lactic acid) (PLA) is often indicated as the most suitable bio-based polymer material
for food packaging applications [4,5]. In fact, it is versatile, compostable, recyclable, and moreover, it
possesses high transparency, high molecular weight, high water solubility resistance and good
processability [4—7]. Nevertheless, its brittleness or, at least, its scarce ductility may represent
shortcomings in packaging application field [8]. The most common strategies adopted to overcome these

inconveniences refer to the preparation of polymeric blends with ductile materials or to the use of
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with other polymers may alter some crucial prerequisites of PLA for food packaging applications, such as

non-toxicity, impermeability to O, and water, and so on [1,5].

Designing a multi-layer film, on the contrary, enables realizing a multifunctional material, whose
characteristics can be optimized and engineered on demand [13,14]. For instance, in the case of food
packaging, one can design bilayers constituted by an active layer endowed with antimicrobial properties,
intended to be in contact with food, and an external layer acting as a barrier for O, and water and/or as a

toughening agent, depending on the necessities.

Few papers report on the fabrication of bilayers and, moreover, the assembly of such layers to each other
often involves solvent casting or multi-step techniques, which pose several issues in terms of cost-
effectiveness and safety from the point of view of human health and environment [1,5,10]. Furthermore,
bilayer or, more generally, multilayer films preparation has to face the lack of strong interfacial adhesion,
which is typically encountered in most of polymeric systems, which leads to poor ultimate properties
[11]. The preparation of bilayers via co-extrusion film blowing represents a key-strategy to avoid time-
consuming protocols and toxic solvents, so as to be industrially scalable [1,14]. This technique allows the
continuous production of multilayer films involving several operations at the same time: melting,
kneading, mixing, stretching, conveying and shaping [1,14]. Indeed, film blowing is currently widespread
for industrial production of monolayer packaging films of PLA and other bioplastics, such as
Poly(butylene adipate-co-terephthalate) or commercial blends, such as Mater-Bi®, Bioflex® [15-17]. In
this context, coupling two different monolayer films of biodegradable polymers can be conveniently used
to gather the properties of the two parent components into a unique, novel material. In a previous work,
our group demonstrated the possibility to prepare bilayer degradable films based in PLA and Mater-Bi®

merging the mechanical robustness of the former and the toughness and stretchability of the latter [1].

Herein, we present the preparation of multilayer films based on biodegradable polymers, namely PLA and
Bioflex®, where the PLA-based side, which is intended to stay in contact with food, is loaded with
carvacrol as antimicrobial agent and a nanoclay, used for modulating release kinetics and mechanical
properties, as well as to inhibit carvacrol volatilization during processing [18]. Bioflex® was used to

improve the stretchability of such bilayers, due to its ductility.

2. Materials and methods

2.1 Materials
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(Minnetonka, MN, USA). Bioflex (BIO), trade name Bio-Flex® F2110, was supplied by FKUR (Willich,
Germany). It is a sample of a biodegradable polymer blend, whose formulation is proprietary, which
contains PLA and a biodegradable co-polyester and some additives [19]. Further information on the

structure will be provided in the spectroscopic analysis section.

The main characteristics of the two polymers are listed in Table 1.

Table 1. Main properties of raw PLA and BIO used in this work

Main properties PLA BIO

Density (g/cm?) 1.24 1.27
Melting temperature (°C) 155-170 145-160

MFTI (g/10 min) 72 3-5b

2at 210 °C and 2.16 kg; > at 190 °C and 2.16 Kg

Carvacrol (CRV) essential oil (2-methyl-5-(1-methylethyl)-phenol) was chosen as an antimicrobial agent.
CRYV, purchased from Sigma Aldrich, has the following specifications: density= 0.9772 g/cm?, boiling
temperature=237.7 © C, purity >97%, and was used as received without further treatments. The nanoclay
used was a montmorillonite, modified by dimethyl-dihydrogenated tallow ammonium, Dellite 72T

(D72T), supplied by Laviosa Chimica Mineraria, Italy.

2.2 Preparation
2.2.1 Pre-treatment

In order to avoid hydrolytic scission, PLA, BIO and D72T were vacuum-dried in oven prior to

processing, adopting the thermal parameters listed in Table 2.

Table 2. Parameters adopted for thermal pre-treatment of raw materials

Sample T (°C) Time (hours)
PLA 90 14
BIO 90 6
D72T 120 14

For the preparation of PLA-CRV, PLA pellets were preliminary mixed with CRV in a capped flask and
mechanically stirred for at least 2 hours in order to achieve total impregnation, while for PLA-CRV-
D72T, the dried nanoclay was first impregnated with CRV (1:1) and then stored in a capped flask. The

resulting slurry was finally premixed with PLA pellets at the solid state prior to feeding.

2.2.2 Homogenization of the samples via preliminary extrusion
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Italy), adopting the operating parameters listed in Table 3. The feeding speed was set at 20 rpm and the
extrusion speed was set at 220 rpm, i.e. the maximum operating value that could be set in such
equipment, in order to minimize the residence time and, therefore, CRV volatilization. Note that CRV,

acting as a plasticizer, decreased the processing temperature of PLA from 190 °C to 170 °C.

Table 3. Operating parameters used for the preliminary extrusion of each material

Sample CRV  D72T Feeding  Screw speed (rpm) T profile (°C) Tgie (°C)
wt%  wt.% speed
(rpm)
PLA - - 20 220 160-170-180-190 190
PLA-CRV 5 - 20 220 155-165-165-170 170
PLA-CRV-D72T 5 5 20 220 155-160-165-165 170
BIO - - 20 220 120-130-140-150 160

2.2.3 Preparation of monolayer films

The extrudate collected at the end of each extrusion was rapidly cooled in liquid nitrogen to avoid the risk
of further volatilization of CRV and pelletized. Monolayer films were prepared via film blowing by using
a single-screw extruder, having D=19 mm and L/D=25, equipped with a Brabender film blowing and
take-off unit. In particular, PLA-series materials were extruded in a Brabender 832004 (Duisburg,
Germany); whereas Bioflex® was processed in a Brabender 814407, (Duisburg, Germania). Table 4
provides operating parameters and formulations of the monolayer films. Note that thermal profiles
selected were the same as those used for the preliminary extrusion in co-rotating twin-screw extruder (see
again Table 3), while being remarkably lower the screw speed values used, which were optimized to

ensure the filmability of each formulation.

Table 4. Operating parameters used for the preparation of monolayer films

Sample CRV D72T Screw T profile (°C) Taie BUR  Thickness
wt.%* wt.%* speed °O) (um)
(rpm)
PLA - - 60 160-170-180-190 190 3.8 2243
PLA-CRV 5 - 55 155-165-165-170 170 3.8 2042
PLA-CRV-D72T 5 5 65 155-160-165-165 170 4.3 2743
BIO - - 60 120-130-140-150 160 4 2544

* based on the total weight of the compounded materials

2.2.4  Fabrication of bilayer films
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Brabender film blowing and take-off unit. Figure 1 provides a pictorial representation of the schematics
of the overall process. In particular, PLA and BIO were conveyed into the co-extrusion die allowing to
obtain the bilayer tubular film. Table 5 reports operating conditions adopted in this phase together with
blow-up ratio (BUR), calculated as the ratio between the diameters of blown film and die, and film
thickness. In this case, it was possible to set the screw speed at 60 rpm for both extruders. Note that the
temperature of the film blowing die was kept at 165 °C, i.e. intermediate between those of PLA and BIO.
The stability of the bubble during film blowing operation was granted by tuning the air flow rate blown in
the bubble and the speed of the take-up rolls. The thickness of the prepared films varied in the range 55—

65 um.

Table S. Operating parameters used for the preparation of bilayer films prepared

Screw speeds for
Sample both extruders T profile (°C)

(rpm)

Tic Thickness
o BUR
(°O (Hm)

PLA 185-200-200-195
PLA/BIO 60 BI0 120130 40 165 43 5742

PLA 155-165-165-170
PLA-CRV/BIO 60 rigma Nk 1290 165 45 5843

PLA-CRV- PLA 155-160-165-165
D72T/BIO 60 BIO 120-130-140-150 165 3.8 62+3
()
.:l: ] PLA/BIO
;"%%‘_\%%%%%&% (i)
) — S| PLA-CRV/BIO
@, ) R [ PLA-CRV-D72T/BIO
D S
Y CRV-D72T slurry im (iii

o -~ e @

Figure 1. Schematics of the overall process for the preparation of bilayers.
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Morphological analysis was performed by SEM imaging, using an ESEM FEI QUANTA 200 (Thermo
Fisher Scientific, USA). In order to inspect the cross-sections of the films, specimens were cryofractured
before imaging. Thickness of each layer was measured by Image analysis by means of an open source

image processing software (Image J).

Water contact angle (WCA) measurements were carried out at room temperature by using an FTA 1000
(First Ten Angstroms, UK) instrument. 4 uL of deionized water were dropped onto the surface of each
sample by way of an automatic liquid drop dosing system. Images of the drop on the surface were

acquired after 20 s.

Tensile tests were performed to evaluate the mechanical properties of the samples, by using an Instron
3365 (Instron, Norwood, MA, USA) universal testing machine, operating at a crosshead speed of 1
mm/min until 3 minutes; thereafter, the crosshead speed was increased to 100 mm/min until specimen
failure (ISO 527-3). Elastic modulus (E) was calculated as initial slope of stress-strain curves,
extrapolated at zero-strain, tensile strength (TS) and elongation at break were respectively evaluated as
the maximum values of stress and strain for each curve. For each experimental run, at least 10 replicates

were tested, and the data were provided as mean values with standard deviations.

The structural and chemical composition of each sample were investigated by FTIR-ATR spectroscopy,
using a Perkin-Elmer FT-IR/NIR Spectrum 400 spectrophotometer in ATR mode. Spectra, collected in
the wavenumber range 4000-400 cm™!, were performed onto both sides of each bilayer. 32 scans were
collected for each spectrum, and the measurements were conducted onto at least five replicates for each
sample. Moreover, a focus on the range 900-700 cm™! was carried out to qualitatively assess the content of
CRYV per film unit, since this molecule is characterized by a well-known absorption band at about 8§14 cm-

11201.

Release of CRV was evaluated by UV-vis spectroscopy, carried out in a UV-vis Specord 252
spectrophotometer (Analytik Jena, Jena, Germany), by monitoring the characteristic signal centered at
273 nm [20]. Spectroscopic data were converted into concentrations by using a calibration line,
opportunely constructed according to our previous works [20-22]. The release of CRV was investigated
by immersing a pre-weighed sample (a disk with 25 mm diameter) in 10 mL of deionized distilled water
(DDW) and thereby monitoring at specific time intervals the absorbance of CRV of the storage solutions

until 550 hours. After each measurement, the samples were immersed in fresh DDW to maximize the
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amount released after each step.

The degradation tests were carried out by immersing, for each sample, three replicates of disk-shaped
specimens, having diameter of 25 mm and thickness of ~60 um, in three different buffer solutions (pH=4,
pH=7 and pH=10) at 37 °C up to 864 hours. At predetermined time intervals, the materials were washed
thoroughly with distilled water at room temperature, followed by coagulation in diethyl ether and drying
under vacuum in oven for 24 hours. After drying, the samples were weighed and the mass loss was

calculated as:

Mdry,O - Mdry,t (1)

Mypss = 100

M dry,0
3. Results and discussion

Figs 2 a-c report the SEM micrographs of the cross-sections of PLA/BIO (a), PLA-CRV/BIO (b) and

PLA-CRV-D72T/BIO (c) bilayers, together with the thickness of each layer, measured by image analysis.

PLA/BIO PLA-CRV/BIO PLA-CRV-D72T/BIO

BIO 18 pm BIO 21 pm

BIO 32 pm

PLA 40 pm PLA 41 pm
PLA 25 pm

Figure 2. SEM micrographs showing the cross-section of bilayers: (a) PLA/BIO, (b) PLA-CRV/BIO, (c)
PLA-CRV-D72T/BIO together with the results of image analysis.

Firstly, the thickness of the two layers was found to be substantially the same in the case of PLA/BIO,
Fig. 2a. Differently, adding CRV (Fig. 2b) or CRV+D72T (Fig. 2c) in the PLA-based layer proved to
increase the thickness of this latter layer. This aspect can be reasonably explained by taking into account
that such bilayers differ each other in terms of both formulation and processing conditions, with obvious
repercussions on melt viscosity, BUR, solidification kinetics. Secondly, the interlayer adhesion, which

was found to be extremely poor in the case of PLA/BIO, Fig. 2a, proved to dramatically enhance in the
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the two layers [20,22].

Mechanical properties of the materials prepared in this work are listed in Table 6. In the case of
monolayer films, PLA and BIO showed mechanical properties consistent with literature data [1,17,23].
As expected, PLA is remarkably stiffer and conversely less deformable than BIO, whose EB proved to be
close to 90% (8 times higher than that of PLA). Adding CRV to a PLA led to a decrease of E and TS
while slightly enhancing EB. This feature could be reasonably ascribed to the plasticizing effect of CRV.

Adding D72T to PLA/CRYV resulted in an increase of all the mechanical properties of monolayer films.

Table 6. Mechanical properties derived from tensile tests

Sample E (MPa) TS (MPa) EB (%)
PLA 1800 + 136 38+£2.6 16 +5.0
PLA-CRV 1350 + 80 24+ 4.0 29+2.1
PLA-CRV-D72T 1500 + 126 34435 35413
BIO 240 + 20 8+2.1 92 £ 6.6
PLA/BIO 1500 + 110 31£3.0 19+ 4.0
PLA-CRV/BIO 770 + 60 16+2.6 54+34
PLA-CRV-D72T/BIO 1100 + 103 15+£2.2 55+2.8

In the case of bilayer films, instead, the mechanical properties of PLA/BIO proved to be governed by
PLA, especially in terms of EB, whereas all the other bilayers prepared in this work showed
characteristics intermediate between those of the corresponding monolayers. These findings could be
explained by considering the aforementioned differences in terms of interlayer adhesion (see again Figs.
2a-c) and suggest that CRV-aided coupling of two polymers having different behavior via co-extrusion
film blowing is a useful strategy in the perspective of fabricating materials with engineered mechanical
performance, thereby overcoming the limitations of each starting monolayer. In this context, it is
interesting to note that integrating D72T into PLA-CRYV allows simultaneously increasing stiffness while
retaining or even enhancing stretchability. Such ductility increase is an apparently strange behavior, since
it is commonly accepted, except for rare cases [24], that the inclusion of a rigid filler leads to an increase
in elastic modulus while being detrimental to EB [25,26]. On the other hand, the presence of nanofillers
in systems containing volatile or thermosensitive additives may reduce their volatilization during
processing [18,20,27], with the ensuing retention of higher CRV amounts that might have exerted a
stronger plasticizing effect. To give further insight into this feature, ATR analysis was performed onto
both BIO and PLA-based sides of each bilayer, the spectra are reported in Figs 3 a-b. Note that spectra

collected on BIO side proved to be unaltered, hence only one spectrum was reported in the plot. It is
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the spectra of bilayers performed onto BIO side, as well as between the spectra of PLA-based monolayers
and those of PLA side in bilayers, thus suggesting that the two polymers did not mix each other during

the fabrication of the bilayer films.

PLA spectrum shows the typical bands reported elsewhere: in detail, a weak band located at 3500 cm'! is
traditionally ascribed to —OH stretching, the modes centered at 2997 cm!, 2946 cm’!, 1456 cm! and 1382
cm! are attributed to —CHj stretching, the band at 1748 cm™! refers to C=O stretching, the signal at 1225
cm! is ascribed to C=0 bending, those centered at 1194, 1130, 1093 cm! are due to —C—O- stretching,
the band at 1047 cm! is related to —OH bending; those located at 956 and 921 cm! are ascribed to —CHj
rocking; finally, those centered at 926 cm™! and 868 cm! are attributed to C—C— stretching
[1,20,22,28,29]. The results of spectroscopic analysis are fully consistent with the hypothesized

composition of this material.

—PLA
——PLA-CRV
—— PLA-CRV-D72T
——BIO

__/\f\-\_

Absorbance (arb. units)

T

i
L s T Ve L T L L L

. . :
4000 3500 3000 2000 1800 1600 1400 1200 1000 800 600

Wavenumber (cm™)
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Figure 3. (a) FTIR/ATR spectra collected in the range 4000-450 cm! onto BIO-based side and PLA-
based side for the bilayers prepared; (b) close-up of the spectral range 900-700 cm™! useful for the
detection of CRV collected for PLA-based side of each bilayer, normalized to the intensity of the band
centered at 740 cm!.

As pointed out in the experimental part, BIO is a polymeric material whose formulation is proprietary.
However, the analysis of ATR spectrum, put into evidence the presence of well-known absorption modes:
a broad and relatively very intense band at 3600-3000 cm™! suggests the presence of OH-moieties, bands
located at 2957 and 2864 cm™! are typically due to C-H stretching of -CH; moieties, a band at 1712 cm!
can be assigned to C=0 stretching, the absorption band at 1455 cm!' may refer to scissoring of —CH,
groups, while the modes centered at 1412 cm™! and 1378 cm! can be ascribed to C-H rocking.
Furthermore, those centered at 1273, 1163, 1117 and 1104 cm! are attributed to C-O stretching, while
those located at 1016, 931, 867 and 729 cm! refer to C-H bending [30-33]. The presence of CRV in
PLA-CRV and PLA-CRV-D72T can be detected by monitoring the signal centered at 811 cm! due to
aromatic ring of CRV [20-22]. Furthermore, in the case of PLA-CRV-D72T, the successful integration of
nanoclays into polymeric matrix are confirmed by the insurgence of bands in the spectral range 550-500

cm!, ascribed to -Al,Si,O5(OH),, otherwise not detected [34].

Aiming to evaluate the amount of CRV entrapped in the films, the spectral region 900-700 cm™! of the
spectra is provided in the panel b of the same figure. Spectra were normalized with respect to that
centered at 753 cm™! which proved to be unaltered for all the samples [20,22]. The result highlighted that
CRV signal in PLA-CRV-D72T has an intensity 25% higher than that of PLA-CRV. This feature may

suggest that CRV amount is higher when D72T is used.
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Figure 4. Release tests: amount of CRV released per 100 mg film.

All the materials showed a burst release at the early stages of the experiment, followed by a plateau, while
differing each other for the amount of CRV released at plateau, depending on formulation and structure.
Of course, being CRV contained only in PLA-side, monolayers possess an overall concentration of CRV
higher than bilayers. Furthermore, in monolayers the CRV molecules may diffuse out from both sides of
the film specimen, whereas in the case of bilayer, only PLA-based side is exposed to aqueous medium,
while the other is capped by the presence of BIO layer. For these reasons, the final amount of CRV

released at the end of experiment is found to vary consequently.

Notably, in both monolayers and bilayers, the materials containing D72T display highest amount of CRV
released, likely due to the highest loading efficiency, as confirmed by ATR analysis. Beyond the clear
differences observed in terms of final amount of CRV released, some differences in release kinetics can
be envisaged. In fact, it is possible to detect intersections between the curves of PLA-CRV and PLA-
CRV-D72T monolayers, as well as between those of the corresponding bilayers. Aiming to study the
kinetics of such release behaviors, the amounts of CRV released upon immersion time were normalized to

those released at the end of experiment, i.e. the maximum values, and reported in Figure 5.
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Figure 5. Normalized cumulative CRV release as a function of time from the samples investigated. Inset:
early portion of the release curves to highlight the burst region.

The results highlighted that no significant difference was detected among PLA-CRV, PLA-CRV/BIO and
PLA-CRV-D72T/BIO during the burst phase, whereas PLA-CRV-D72T showed a slower release.
Thereafter, the formulations containing D72T displayed kinetics delivery slower than those without

nanoclay.

In order to perform a closer inspection of release mechanism, experimental data were fitted according to

Peppas-Korsmeyer model [35-38]:

— =kt )

Where t is the release time, k is a kinetic constant related to the properties of the drug delivery system,

and n is the diffusion exponent that is an indicator about the release mechanism.

M,, is the mass delivered at the depletion time, usually calculated as the value of cumulative mass

released at saturation [27,39,40]. In this case, all the samples came to depletion, since in all cases a well-
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after 336 hours; for the systems containing D72T, instead, no CRV release was observed after 504 hours.

Figure 6 provides log M/M,, plotted as a function of log time for each sample. The release data were
fitted by using Equation (1) until a satisfactory R? value (>0.99) was achieved [41]. It is worth noting that
Peppas-Korsmeyer model is applicable only in the early portion of each curve, that is for My/M,,<0.6 [42].
Therefore, by analysing the slope and the intercept of the fitted lines in the first interval, it is possible to
calculate n and k, respectively. The physical meaning of # is related to the release mechanism. In fact,
when n<0.5 (Case I), the drug release is dominated by diffusive phenomena. In this case, the solvent
transport rate is higher than the polymer chains relaxation. Equilibrium of absorption in the surface
exposed of the system is rapidly achieved, thus leading to a time-dependent drug release. Note that when
n=0.5, Equation (1) coincides with the Fick’s law [43]. Case I is usually exhibited by rigid, hydrophobic
matrices. Whether n=1 (Case II), drug release is governed by swelling or relaxation phenomena, and a
zero-order release kinetics is observed. This situation usually refers to swellable matrices. Values of n
between 0.5 and 1.0 indicate an anomalous transport, resulting from the combination of both diffusive
and swelling phenomena. In this case, the diffusion and swelling rates are comparable, thus
simultaneously giving rise to the time-dependent anomalous effects [43]. Finally, n>1 indicates a Super
Case II transport, triggered by erosive phenomena that enable an extremely fast drug release. This
phenomenon occurs when matrices used for delivery systems are subjected to erosive phenomena that
enable an extremely fast drug release. Figure 6 put into evidence that all the materials prepared in this
work follow the same burst release mechanism, characterized by an initial anomalous release (n~0.9) in
the early region, followed by a diffusion-driven release, with n values close to 0.5 (see evidenced zones in
the plot of Fig. 6). At the initial stage, the release of CRV may depend on superficial availability of CRV
molecules that can rapidly leave the polymeric structure and on swelling behavior of polymer matrix

[27,39].

This aspect was investigated by performing WCA measurements, whose results are shown in Table 7. All
the films displayed WCA less than 90° and those containing CRV displayed surface wettability
moderately higher than PLA and BIO. This feature, together with the higher stretchability of materials
containing CRV, leads to slightly easier penetration of the solvent, which cooperates with diffusion of

CRYV molecules.
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Sample WCA (0)
PLA 72.8 +0.4
PLA-CRV 66.6 = 0.8
PLA-CRV-D72T 627412
BIO 67.8+0.9

PLA/BIO 72.8 + 0.4 (PLA side)

PLA-CRV/BIO

PLA-CRV-D72T/BIO

67.8 £ 0.9 (BIO side)

66.8 = 1.0 (PLA-CRYV side)

67.8 £0.7 (BIO side)

62.7 £ 1.0 (PLA-CRV-D72T side)
67.8 £ 0.7 (BIO side)

However, as previously observed, the strongest differences in terms of release kinetics were observed

after 3-4 hours, when tortuosity imparted by nanoclays structured throughout the polymer matrix made

more difficult for CRV molecules to leave the structure and, probably, the presence of a rigid filler

restrained the macromolecules relaxation, thus decreasing the swelling behavior of the matrix.

i Burst region
e | swelling, Diffusion = =
03] relaxation and (n~0.5) )
] diffusion - -
8 '0,4 = (n~0-9) .
= ]
= 05-
o ]
S
-0,6 m PLA-CRV
] ® PLA-CRV-D72T
07- _ A PLA-CRV/BIO
|l PLA-CRV-D72T/BIO
_018_
P PR B e, e P e et P PSR, R AT = ) Pt M [, T [l
04 03 -02 -01 00 01 02 03 04 05 06 07
Logt

Figure 6. Power law model applied to the release data achieved during Burst release region

It is worth highlighting that all the formulations tested proved to display excellent resistance at pH=4 and

pH=7, since no appreciable changes was detected after 864 hours immersion [44]. For this reason, only
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evolution of mass loss curves is reported as a function of immersion time (t).

The analysis of such curves pointed out that degradation behaviour of PLA-series monolayers is much
different from that of BIO and bilayers. In fact, after 288 hours, the former class of materials proved to be
totally degraded, while BIO was found to retain more than 90% of its initial mass. This latter occurrence
can be likely ascribed to the different formulation of this resin and/or to the eventual presence of natural

stabilizers, among the additives declared by manufacturer.

Among PLA-series monolayers, inclusion of CRV and D72T determined slight differences in kinetics of
hydrolytic reactions, which however were found to be faster than those of neat PLA. This issue can be
reasonably ascribed to higher hydrophilicity of materials containing CRV with respect to PLA. All the
bilayer films displayed mass loss values intermediate between those of the corresponding monolayers.
However, an opposite trend was found. Differently from what seen in the case of monolayer films,
PLA/BIO bilayer showed a degradation faster than those of PLA-CRV/BIO and PLA-CRV-D72T/BIO.
This apparently strange behavior was ascribed to delamination phenomena detected for PLA/BIO, which

were suppressed in the materials containing CRV, owing to a stronger interlayer adhesion [1].

At the end of the experiment, while PLA-series monolayers displayed a total mass loss, BIO monolayer
lost only 40% of its initial mass. For PLA/BIO, PLA-CRV/BIO and PLA-CRV-D72T/BIO the mass loss

values were respectively: 70%, 56% and 55%.

Actually, according to the scientific literature [45,46], the typical degradation kinetics, for systems with
mass loss curves exhibiting positive concavity (i.e. with progressive increase of degradation kinetics) can

be modeled by means of exponential functions like those reported in Eqns. 3-4

N A1 — A 3)
2T 1—exp[(t—to)/D)]

Mpss = A

_ 1—exp (— k1t) C))
Mipss = {1 —exp [ — (k1 + kp)t] Q)
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taking into account initial and final conditions, t, is the center of the sigmoid (i.e. the time at which mass

loss is the half of its maximum value) and t is a time constant.

In Eqns. 4-5, describing systems with non-complete autocatalytic degradation, k; and k, indicate the rate

constants associated to, respectively, surface degradation stage and degradation penetration stage [46].

It is worth noting that PLA monolayer series finds best fitting using Eqn. 3, while BIO bilayer series finds
best fitting using Eqns. 4-5.

In tables 8-9, there are reported the best fitting results for, respectively, PLA and BIO materials series.

It can be observed that both R? (>0.99) and 2 (0.05) values are more than satisfactory.

100 - = PR, W [ o
rand
90 - s
. i O PLA
"
80 - /i O PLACRV
20 ] G A PLA-CRV-D72T
- 1
] % BIO
60 i B PLABIO
2 o7 ® PLACRVBIO
il )
o ] ! A PLACRV-D72T/BIO
% 40
@ ]
E 30 2
20 +
10
0

T ' ' 1 T 1T 17T 17 17+~ 7 17
0 72 144 216 288 360 432 504 576 648 720 792 864

t (hours)

Figure 7. Degradation tests at pH=10: mass loss as a function of immersion time, fitted by Eq. 3.

Table 8. Fitting results of experimental data of PLA-series materials, provided in Fig.7.

Sample A4 A, to T R?2 X2
PLA -0.345 100.072 137.988 24.455 0.99999  0.01584
PLA-CRV -0.526 100.017 117.951 22.478 1 9.94E-4

PLA-CRV-D72T  -1.774 100.125 120.729 29.978 0.99998  0.04921
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Sample k; (h) k; (h) R2*
BIO 2.9892E-4  0.0007 0.990
PLA/BIO 6.0615E-4  0.0022 0.993
PLA-CRV/BIO 5.5916E-4  0.0011 0.993
PLA-CRV-D72T/BIO 5.0417E-4  0.0012 0.993

(*) referred to Eqn.4 first stage fitting. Eqn. 5 was applied to two points only

The analysis of k; and k, values, listed in Tab. 9, confirms the low degradation kinetics in both stages in
BIO and a higher degradation rate when PLA is present, according to the faster degradation kinetics of
PLA monolayers commented above. The highest degradation rate of PLA/BIO systems can be reasonably

ascribed to the aforementioned delamination phenomena.

4. Conclusions

The results herein presented show that it is possible achieving bilayer films containing an essential oil,
CRV, by co-extrusion film blowing, continuously in the melt, without using toxic solvents or time-
consuming protocols. Adding CRV to PLA imparted significant modifications to processing, structure
and ultimate properties of such films. CRV proved to act as a plasticizer, thus enabling to process PLA at
lower temperatures, and it was found to improve interlayer adhesion in PLA-BIO bilayers and ductility of
such films. Conversely, the tendency of CRV to volatilize may pose some problems in terms of loading
efficiency and too much rapid depletion times of the systems. Aiming to overcome or modulate these
issues, the further incorporation of a nanoclay sample, D72T, was successfully tested. D72T, beyond the
obvious advantages in terms of mechanical properties, proved to protect CRV from volatilization, thus
increasing CRV loading efficiency into PLA matrix, while allowing a slower release kinetics that resulted

in a more prolonged release of antimicrobial additive.

Degradation tests at different pH values, pointed out that all bilayers and monolayers displayed a
remarkable stability when exposed to acidic and neutral environment, while being rapidly degraded in
alkaline conditions. PLA-based monolayers displayed a total mass loss within about 250 hours, whereas
BIO showed a stronger resistance. Bilayers exhibited a behavior intermediate between those of the

corresponding monolayers.
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