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ARTICLE INFO ABSTRACT

Keywords: Functional packaging represents a new frontier for research on food packaging materials. In this context, adding
Agricultural waste antioxidant properties to packaging films is of interest. In this study, poly(butylene adipate-co-terephthalate)
Oleuropein

(PBAT) and olive leaf extract (OLE) have been melt-compounded to obtain novel biomaterials suitable for ap-
plications which would benefit from the antioxidant activity. The effect of cellulose nanocrystals (CNC) on the
PBAT/OLE system was investigated, considering the interface interactions between PBAT/OLE and OLE/CNC.
The biomaterials’ physical and antioxidant properties were characterized. Morphological analysis corroborates
the full miscibility between OLE and PBAT and that OLE favours CNC dispersion into the polymer matrix. Tensile
tests show a stable plasticizer effect of OLE for a month in line with good interface PBAT/OLE interactions.
Simulant food tests indicate a delay of OLE release from the 20 wt% OLE-based materials. Antioxidant activity
tests prove the antioxidant effect of OLE depending on the released polyphenols, prolonged in the system at 20 wt
% of OLE. Fluorescence spectroscopy demonstrates the nature of the non-covalent PBAT/OLE interphase in-
teractions in n-m stacking bonds. The presence of CNC in the biomaterials leads to strong hydrogen bonding
interactions between CNC and OLE, accelerating OLE released from the PBAT matrix.

Biodegradable packaging
Cellulose nanocrystals
Fluorescence spectroscopy

1. Introduction applications on the market, from packaging to electronics, agriculture,

and textile [7]. However, packaging remains the most relevant market

Among the harmful substances to which living beings are exposed,
plastics certainly occupy a prominent place. Plastics and its fragments,
also defined as micro and nanoplastics, depending on the size, are
worldwide spread as they can be found in marine and freshwater [1],
food [2] and in many human tissues [3-5], even placenta [6]. Since
conventional plastics are not biodegradable, when the application does
not require durability, their replacement with biodegradable plastics
can substantially reduce the environmental impact of plastic waste.

According to the latest market data compiled by European Bio-
plastics, the production of biodegradable plastics will increase to about
3.5 million tons in 2027, because of their ever-increasing number of

segment for bioplastics, absorbing around 48 % of the total bioplastic
market in 2022 [7].

Among thermoplastic aliphatic polyesters, poly(lactic acid) (PLA)
and poly(hydroxyalkanoates) (PHAs) are the most relevant examples of
biodegradable polymers obtained from renewable resources. However,
their relatively high cost, brittleness, and poor melt processability limit
their applications [8]. Although not fully bio-sourced, poly (butylene
adipate-co-terephthalate) (PBAT) is one of the most suitable biode-
gradable thermoplastics for low density polyethylene (LDPE) replace-
ment, thanks to its similar mechanical properties and easy melt
processability. PBAT is an aliphatic/aromatic random co-polyester, fully
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compostable, obtained from the condensation of 1,4-butanediol, adipic
acid and terephthalic acid. The aliphatic portion of PBAT provides good
melt processability while the aromatic one confers good mechanical
properties [9]. Compared to most biodegradable polyesters such as PLA
and PHAs, PBAT is more flexible and therefore holds great promise for a
wide range of potential applications. By 2026, PBAT is projected to
account for 30 % of global bioplastics production capacity [10].
Furthermore, PBAT has been presented as biodegradable material that
releases no toxic metabolites and causes no harmful effects to the
environment [11].

Due to its excellent stretchability and melt strength, PBAT has
demonstrated to be a good candidate for film manufacturing in food
packaging or in outdoor applications such as mulching films [9]. How-
ever, when employed to manufacture functional films, the addition of
different molecules can influence the PBAT inherent processability and
mechanical performance [12].

In recent decades the concept of “functional packaging” has repre-
sented a new frontier for research on food packaging materials.
Compared to classic packaging that does not interact with food, func-
tional packaging involves an interaction between the packaging mate-
rial and the food products. The interaction is allowed by the presence of
substances that act on food with their positive effects and preserving
their organoleptic properties [13,14]. Moreover, the use of functional
mulching films is relevant also for agriculture to reduce the soil contact
and weathering of vegetables or some fruits, such as berries [15].

As well, the use of natural substances added to functional packaging
for food preservation or mulching films responds not only to the needs of
the consumer but also to those of the environment [16].

In this contest, phytochemicals are naturally occurring compounds in
plants which offer various beneficial properties for human health
[17-19]. In addition to their well-known antioxidant properties, many
phytochemicals have other functional and preservative functions that
may be of interest for both human health and biotechnological appli-
cations [20,21]. Waste or by-products of the agri-food chain are rich in
phytochemicals, and bioactive molecules, thus, extracts from these
materials can be utilized in food, nutraceuticals, pharmaceuticals, and
cosmetics industries, as well as in agriculture and environmental ap-
plications such as in bioplastics [22,23]. Furthermore, using these agri-
food chain by-products allows to reduce the amount of waste, trans-
forming them into value-added products [24].

Italy is only second to Spain in the global production of olive oil
[25,26]. This agricultural activity generates, at any step of production,
an enormous amount of waste, from olive mill wastewater to leaves.
Such waste is rich in bioactive molecules, mainly polyphenols, and plant
secondary metabolites with a high number of hydroxyl groups respon-
sible for the well-known antioxidant properties [27-29]. The main
polyphenols in the olive oil chain by-products are hydroxytyrosol,
tyrosol, and oleuropein [30,31].

In the last few decades, the use of natural polyphenols has been re-
ported for the protection of the polymeric matrix, slowing down its
degradation in oxidative condition, such as weather exposure [32-35].
Up to now, relatively few studies have been carried out on PBAT films
functionalized with polyphenols or plant extracts, however, all of them
indicate that the interactions lead to a modification of PBAT properties
[36-40], often related to a PBAT plasticization and embrittlement. The
bioactive molecules are thermosensitive and keen to phase separate
from the matrix, leading to the ageing and consequent mechanical
properties decay of the PBAT films. To prevent a possible ageing of the
functional PBAT films by limiting the migration and the thermosensi-
tivity of the active biomolecules, we evaluate the absorption of the
water-soluble bioactive molecules into hydrophilic cellulose, prior their
melt compounding.

In the realm of biomaterials, cellulose is the most abundant,
renewable natural polymer. Cellulose nanocrystals (CNC) are relatively
low cost and renewable nanomaterials, currently commercially avail-
able, obtained by extraction from cellulose fibres by strong acid
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hydrolysis [41-43]. CNC possesses unique properties, combining high
strength and stiffness to relatively light weight and biodegradability.
Therefore, CNC have been applied as filler in polymeric matrices aiming
to their reinforcement and enhancing their sustainability and eco-
friendly character for various applications [44,45].

In this study we focus on the incorporation of bioactive molecules
extracted from the waste of olive oil production, in particular the olive
leaf extract (OLE), to produce biodegradable PBAT functional packaging
by melt processing that can be used in food or agricultural applications,
as already studied for different matrices [34,46-48].

The OLE extract, which are mainly composed by polyphenols, could
generate interactions with the aromatic part of PBAT, derived from the
terephthalic acid, (i.e. n-n interactions), eventually modulating the
release of OLE from the polymeric matrix. Under the rationale of exploit
the potential chemical interactions between and between OLE and PBAT
and OLE and CNC, we prepared also OLE/CNC/PBAT biomaterials.

Due to its polysaccharide nature, the hydrophilic CNC could not only
support the homogeneous dispersion of the OLE in the films, but possibly
reduce the burst release of hydrophilic OLE from the polymeric matrix,
via e.g., hydrogen bond interactions. Therefore, we absorbed OLE into
never dried CNC, enabling a wet feeding procedure for the melt com-
pounding of PBAT-based biomaterials. The wet feeding prevents CNC
irreversible agglomeration, i.e., hornification, upon drying, for
enhancing the dispersion of the CNC in PBAT, which is not sensible to
hydrolytic degradation [49-51].

The physical and antioxidant properties of the films were investi-
gated to validate their possible use in food packaging or in outdoor
mulching application.

2. Materials and methods
2.1. Materials

PBAT (Ecoworld® 003) was purchased from Jinhui ZhaoLong High
Technology Co. Ltd. (China), with a declared density of 1.26 g/cm? and
a melt flow rate < 5 g/10 min (ISO 1133) at 190 °C and 2.16 kg. Water
dispersion (8 wt% solid content) of sulfuric acid-hydrolyzed CNC was
purchased from CelluForce, Canada. OLE was obtained from aqueous
microwave extraction of olive leaves kindly furnished by Oleificio Vas-
cello (Morcone, Benevento, Italy). 2,2-Diphenyl-1-picrylhydrazyl
(DPPH), dimethyl sulfoxide (DMSO) and ethanol (EtOH) were sup-
plied by Sigma-Aldrich.

2.2. Olive leaves extract preparation and characterization

Olea europaea leaves, Ortice variety were cleaned by dust and debris,
air dried for 10 days and then shredded to fine powder. The powder was
extracted by means of a household microwave set at 300 W for 2 min,
using distilled water as solvent (1:25 w:v). The extract was cooled and
filtered with a Whatman Chromatography paper (WHA3001861), then
frozen at —80 °C and freeze-dried by Lio—5P.

OLE was characterized by Attenuated total reflectance Fourier
transform infrared (ATR-FTIR) using a PerkinElmer FT-IR Spectrometer
Frontier in ATR mode. 20 scans were performed from 4000 to 400 em™?
with a resolution of 4 cm™!. All data were treated using PerkinElmer
Spectrum software. It is worth noting that further structural analyses of
the extract in comparison with the olive leaves of different species,
collected in different periods of the year, were previously reported [30].

2.3. Biomaterials preparation: melt processing

Biomaterials based on PBAT containing freeze-dried OLE as antiox-
idant and/or CNC were processed using a micro-compounder (15HT
XPLORE, The Netherlands) at 125 °C and 60 rpm for 5 min. OLE was
added at the concentrations of 10 wt% and 20 wt% directly to the
polymeric matrix to obtain 10-OLE-PBAT and 20-OLE-PBAT. When CNC
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were used, OLE was previously mixed with 10 wt% of CNC powder
dissolved in 30 wt% of water and then the OLE-CNC compound was
inserted into the extruder together with the PBAT to produce 10-OLE-
CNC-PBAT and 20-OLE-CNC-PBAT. The obtained biomaterials are re-
ported in Table 1. A biomaterial containing only 10 wt% CNC was also
produced to be used as a reference for thermal analysis (CNC-PBAT).
Biomaterials were shaped in Dumbbell’s specimens and bars by injection
moulding in a micro-injection moulding machine (Xplore, The
Netherlands). The temperature for the injection was set at 130 °C for the
melt, and at 23 °C for the mould. The injection pressure followed 3 steps:
2 steps at 15 bar for 5 s and 1 step at 15 bar for 3 s. The samples obtained
were used for mechanical, thermal and release tests. The thermal anal-
ysis was repeated after 15 days on aged samples while the tensile
characterization was performed on aged samples after 15 days and 1
month, stored at room temperature in a cool and dry place in aluminium
paper to avoid light damage.

2.4. Differential scanning calorimetry (DSC)

Thermal properties were characterized by DSC analysis using a DSC2
star system, Mettler Toledo. Approximately 1-5 mg of biomaterial were
sealed in aluminium pans while an empty pan was used as reference. The
analysis method was composed by an isotherm step at 30 °C for 1 min
followed by a heat-cool-heat program under nitrogen atmosphere (50
ml/min); a first heating scan from 30 °C to 160 °C or 200 °C at 10 °C/
min ending with an isotherm for 1 min, a cooling scan from 160 °C or
200 °C to —80 °C at 10 °C/min followed by an isotherm at —80 °C for 2
min, and finally a second heating scan from —80 °C to 160 °C or 200 °C
at 10 °C/min. The glass transition (Tg) and the melting temperatures
(Tm) were calculated from the second heating scan while the crystalli-
zation temperature (T.) from the cooling scan. The crystallinity of the
samples was calculated according with Eq. (1).

a

X:E

1 | AH,
-1 1
a5 100 ®
x® represents the degree of crystallinity of the component a, AHy, is the
melting enthalpy, AHp, is the melting enthalpy for a 100 % crystalline
material while x“ is the percentage of the PBAT in the sample. The value
used for AH,,,o of PBAT was 114 J/mol [52].

2.5. Thermogravimetric analysis (TGA)

1-10 mg of biomaterial in alumina crucible, previously conditioned
at 54 % RH for 24 h, were analysed for their thermal stability using a
thermogravimetric analyser (TGA/DSC 3" Star System). Analysis
method involved an isotherm at 25 °C for 1 min; a first heating from
25 °C to 70 °C with an increase of 10 °C per minute (10 °C/min); an
isotherm at 70 °C for 15 min and a second heating from 70 °C to 500 °C
(5 °C/min). The analysis was performed under nitrogen flow (50 mL/
min). The onset degradation temperature (Tso,) was recorded at mass
loss value of 5 % while the char percentage was recorded at the

Table 1

Composition of biomaterials based on PBAT and filled with OLE and CNC. Initial
water content (before melt processing) was 30 g per 100 g of biomaterial (30
ppb) produced by wet feeding. Water evaporated during the extrusion process.

Acronym PBAT [wt OLE [wt Dried CNC Initial [ppb]/final
%] %] [wt%] [wt%] water

PBAT 100 0 0 30/2+1
CNC-PBAT 90 0 10 30/2+1
10-OLE-PBAT 90 10 0 30/2+1
10-OLE-CNC- 80 10 10 30/2+1

PBAT
20-OLE-PBAT 80 20 0 30/2+1
20-OLE-CNC- 70 20 10 30/2+1

PBAT
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maximum temperature of analysis. The temperature at which the
maximum degradation rate occurred (Ty) was identified from the peak
in the first derivative.

2.6. Tensile test

The mechanical properties of the biomaterials were evaluated by
tensile test using Dumbbell’s specimens of 25 mm =+ 0.5 according to the
standard ISO 37:2017 [53] with a load cell of 2 kN and a crosshead speed
of 2.5 mm/min, i.e., 10 % of strain rate. The ultimate tensile strength and
elongation at break together with the Young’s modulus were calculated
averaging the results evaluated from the stress-strain curves. At least
five specimen replicates, conditioned at room temperature (RT) and 54
% RH for 48 h, were tested at RT after 48 h from the extrusion, after 15
days and after one month of storage at room temperature.

2.7. Morphological characterization

The morphological analysis of the biomaterials was performed on
cryo-fractured samples under liquid nitrogen. The fractured surface was
then sputtered with a thin layer of gold, at 1.5 kV and 18 mA for 1 min.
The samples were observed in an environmental scanning electron mi-
croscope PHILIPS XL3 FEG.

2.8. Release tests: simulant food

The release of OLE from the biomaterials was calculated according to
the protocol of Nostro et al. [54] with few modifications. From injected
specimens, 10 mm x 10 mm squares were cut to be used for release tests.
Samples of approximately 11 + 0.5 mg and 27 + 0.5 mg for the bio-
materials containing 10 wt% and 20 wt% of OLE, respectively, were
immersed in 5 ml of distilled water and in a mixture of distilled water
and ethanol (ethanol/water, 10:90), used as simulant food. The con-
centration of antioxidants released into the simulant was quantified
using a Spectrophotometer UV-vis cary60 (Agilent Technologies) at
280 nm as reported in literature on the basis of standard curves (0-300
ppm) [46]. The release of OLE was corroborated at specific time in-
tervals of 1, 3, 7, and 14 days and the amount of antioxidant released as
polyphenols content was quantified from the absorbance curves using a
standard curve of gallic acid, one of the most representative polyphenols
in nature. The standard curve was obtained by measuring concentra-
tions from 0 to 1000 mg/L of gallic acid using the Folin-Ciocalteu assay
as reported by Di Meo et al. [30]. The equation of the line is as follows:

y = 0,001x

R? = 0,9583

Then the samples were immersed in 5 mL of fresh solvent. The cu-
mulative release of OLE was calculated by sequentially sum of OLE
released after each step.

2.9. Antioxidant activity (2,2-diphenyl-1-picrylhydrazyl - DPPH assay)
and oxidation induction temperature (OIT)

Radical scavenging activity of the biomaterials containing OLE at
initial and after the contact with food simulant [54] at different times (1,
3, 7, and 14 days) was determined by using a spectroscopic method
according to the procedure proposed in literature [48,55,56], to test
their effectiveness as active packages.

All solutions (50 pL) were mixed with 2.45 mL of DPPH in methanol
(0.004 wt% methanol solution) and incubated at RT in the dark for 30
min. Then, the absorbance was measured at 517 nm using a UV/VIS
spectrophotometer cary60 (Agilent Technologies). Methanol was used
as blank. DPPH radical scavenging activity (RSA) was calculated ac-
cording to the following Eq. (2):
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(ADPPH - Asample)

RSA% =
Apprr

-100 (2)

where, Apppy and Aggmpie are the absorbances at 517 nm of the DPPH
solution and the sample under test, respectively.

The dynamic OIT test was performed by using the same DSC
equipment described in the Section 2.4 and according to the ISO 11357-
6:2018 standard “Plastics — Differential scanning calorimetry (DSC) —
Part 6: Determination of oxidation induction time (isothermal OIT) and
oxidation induction temperature (dynamic OIT)” [57]. Samples of
around 5 mg were placed in an aluminium pan and subjected to the
heating scan from room temperature until the oxidative reaction was
displayed on the thermal curve under air atmosphere (50 mL/min) at a
heating rate of 10 °C/min. The dynamic OIT was taken as the onset
temperature of the exothermic oxidation of the materials.

2.10. Study of n-n stacking interactions

Fluorescence spectra of solid specimen and OLE, in powder form or
in dimethyl sulfoxide (DMSO) solution, were recorded on a Horiba SPEX
fluorolog 3 spectrometer using front-face setup (excitation and emission
slits were varied between X-Y and W—Y nm, respectively, depending on
emissivity of the sample). All the samples were excited at 350 nm based
on their absorption spectra.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectra of the samples were acquired with a PerkinElmer FT-IR Spec-
trometer Frontier in ATR mode. 20 scans were performed from 4000 to
400 cm ™! with a resolution of 4 cm ™. All data were treated using Per-
kinElmer Spectrum software.

3. Results and discussion
3.1. Chemical characterization of OLE

The composition of aqueous extract obtained from olive leaves by
microwave extraction was reported in our previous work [30]. In brief,
HPLC analysis revealed the presence of various polyphenolic compo-
nents, phenolic acids and flavonoids, highlighting hydroxytyrosol (24
%) and oleuropein (46 %) as the main components [30].

Moreover, the composition of OLE was corroborated by ATR-FTIR,
confirming the results obtained by HPLC. In fact, the ATR-FTIR
spectra of OLE shows the typical bands observed in oleuropein and
hydroxytyrosol (Fig. S.1 in Supporting information). The stretching vi-
bration of hydroxyl groups in the O—H bond was observed at 3218 cm™*
while the bands in the range 3000-2800 cm ! are representative of the
asymmetric and symmetric stretching of CH3z and CH; groups in long
aliphatic chains [30]. Finally, the bands located between 1800 and
1500 cm™! could be related to the stretching vibrations of C=0 and
C=C bonds typical of esters and carboxylic and phenolic acids. More-
over, the band at around 1600 cm ™! is representative of C—C aromatic

10-OLE-PBAT
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stretching vibration confirming the presence of phenolic compounds
[30].

3.2. Melt processing and visual aspect

PBAT/OLE biomaterials with or without CNC were successfully melt
processed in a corotating twin screw micro-compounder and injected by
using a micro injection moulding machine in different tests specimens,
such as for Dynamic mechanical thermal analysis (DMTA) (Fig. 1). From
the visual observation of the specimens, no visible CNC agglomerates
nor OLE phase separation were detected. The addition of OLE alone or
previously absorbed onto CNC resulted in a colour change, from white,
typical of pristine and extruded neat PBAT, to brownish. The samples
containing OLE were slightly more transparent than the samples con-
taining CNC, due to the light scattering induced by the solid CNC as well
as suggesting a nucleating effect of the nanocrystals.

3.3. Thermal analysis: TGA and DSC

Thermal stability of the biomaterials was analysed under inert at-
mosphere of nitrogen by thermogravimetric analysis and compared with
the stability of OLE (Fig. 2, Table 2). The results show that OLE had a
limited thermal stability with a Tse, and T4 at 163 °C and 184/264 °C,
respectively, and a high tendency to charrification (34 % of char residue
at 500 °C), according with previously reported data by Luzi et al. [48].

The onset of the thermal degradation of dried CNC was found at
222 °C and it shows three steps of degradation, a Tq; at 243 and 292 °C
and a T4y at 359 °C (Fig. 2, and Table 2). PBAT had an onset temperature
at 359 °C and a maximum degradation temperature at 393 °C, indicating
PBAT as a highly thermal stable thermoplastic polymer. PBAT led to an
increase in the Tsy, and in the Ty in all the biomaterials with respect to
OLE alone, depending on the amount of OLE incorporated in the
biomaterial. Indeed, 10-OLE-PBAT and 20-OLE-PBAT presented a Tso, of
283 and 243 °C respectively, and a T4 of 391 and 393 °C. This delay of
the degradation onset and degradation temperature is retained also in
aged samples (Fig. 2a—c, and Table 2), suggesting a good interaction
between OLE and PBAT. PBAT delays also the degradation of CNC. In
OLE-based biocomposites additional shoulders (230-330 °C) reflecting
the presence of CNC are detectable. In aged biomaterials with 20 wt% of
OLE, 20 degrees decrease in the degradation temperature to 371-369 °C
points at a strong OLE PBAT interaction, which lead to a higher mobility
of PBAT chains or phase separation, leading to faster thermal
degradation.

To investigate the effect of both OLE and CNC on PBAT thermal
properties, DSC analysis was carried out (Fig. 3, and Table 3). The DSC
temperatures range was selected up to 160 °C based on a DSC analysis of
the OLE extract, which was carried out instead up to 200 °C (Fig. S.2 in
Supporting information). This analysis led to observe two melting peaks
of OLE at ~80 and 140 °C, while typical degradative signals are detected
for temperatures higher than 160 °C, at variance with previous works

20-OLE-PBAT

20-OLE-CNC-PBAT

Fig. 1. Injected specimens of PBAT, CNC-PBAT, 10-OLE-PBAT, 10-OLE-CNC-PBAT, 20-OLE-PBAT, 20-OLE-CNC-PBAT. (For interpretation of the references to colour

in this figure, the reader is referred to the web version of this article.)
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Fig. 2. Thermogravimetric curves (a, ¢) and their first derivative (b, d) of the biomaterials containing 10 wt% and 20 wt% of OLE with and without CNC,

respectively.

Table 2

Main results from the thermogravimetric analysis: onset degradation tempera-
ture corresponding to the 5 % weight loss (Tso,) and maximum degradation
temperature as the peak of the thermogram derivative (T4) of PBAT, OLE, CNC
and the biomaterials just extruded and after storage for 15 days at room tem-
perature in the dark, and char percentage at 500 °C. * Not detectable. Shoulder is
reported between brackets.

Material Tso, Tq1 (°C) T4o Char residue at 500 °C
(] (9] (%)
PBAT 359 —* 393 7
OLE 163 182/264 - 34
CNC 222 243/292 359 33
CNC-PBAT 290 270-290 393 7
10-OLE-PBAT 283 —* 391 7
10-OLE-PBAT 15 d 281 —* 391 6
10-OLE-CNC-PBAT 248 (327) 391 7
10-OLE-CNC-PBAT 262 (329) 391 8
15d
20-OLE-PBAT 243 —* 393 7
20-OLE-PBAT 15 d 241 (330) 371 12
20-OLE-CNC-PBAT 246 (328) 391 8
20-OLE-CNC-PBAT 265 (329) 369 12
15d

reporting the melting temperature at about 175 °C for oleuropein, the
main component of OLE [58,59]. These results are consistent with the
observed initial degradative phenomena at 163 °C in the thermogravi-
metric analysis, and motivated the limitation of the selected DSC tem-
peratures range up to 160 °C.

OLE did not significantly influence the PBAT glass transition and
melting temperatures (T and T, respectively) in the biomaterials with
10 wt% and 20 wt% of OLE. T;, was about 126 °C, and the T was about
—30/—-32 °C, as for neat PBAT, and did not change over time for aged
samples (Fig. 3b—d, and Table 3). However, OLE led to an increase in the
crystallization temperature (T) for all the biomaterials from 82 °C to
90 °C with respect to the neat PBAT (Fig. 3a—c, and Table 3), indicating
OLE nucleating effect on PBAT and the biocomposites.

The T. of the biomaterials containing CNC showed also higher
values, confirming a CNC nucleating effect.

Beber et al. [60] added polyhydroxybutyrate (PHB) and Babassu
filler, a palm tree of Brazil which fruits are rich in lignin and cellulosic
material, to PBAT to obtain novel film for food preservation obtaining a
similar shift of the PBAT T. Carofiglio et al. [61] found the same results
in a novel composites-based film with olive mill wastewater. In our
study the T, shifts with a slight increase compared to the PBAT and
persists over time in all aged samples. Since the T, values vary slightly
over time, one could assume a good mixing of OLE with PBAT both alone
and CNC-mixed. For 20-OLE-CNC-PBAT aged the increase in T, is
consistent with strong interaction between PBAT and OLE, or a minor
phase separation, in agreement with the thermogravimetric analysis.

3.4. Morphology

To investigate the effect of the addition of OLE and the CNC to PBAT,
a morphological analysis has been performed by scattering electron
microscopy (Fig. 4). The PBAT morphology, at all magnifications, is
consistent with a brittle surface fracture, typical of cryo-fractured PBAT.
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Fig. 3. DSC thermograms for PBAT and the biomaterials containing 10 wt% (a and b) and 20 wt% (c and d) of OLE and OLE-CNC: cooling scans (a and c) and second

heating scans (b and d).

Table 3

Thermal properties of the biomaterials extrapolated from the second heating
(glass transition Ty, melting Ty, temperatures, and degree of crystallinity ), and
cooling scans (T,). (-) Not detected.

Material T, T. T, AHp, (J/ x

g m
[§9) [§9) [§9) ) [%]

OLE 41 - - - -

PBAT -32 85 126 11 10

CNC-PBAT -33 93 129 10 10

10-OLE-PBAT -30 88 126 9 10

10-OLE-CNC-PBAT -32 88 126 8 10

10-OLE-PBAT 15 d (aged for 15  —31 89 126 10 10
days)

10-OLE-CNC-PBAT 15 d (aged -33 90 126 9 10
for 15 days)

20-OLE-PBAT -32 89 126 11 8

20-OLE-CNC-PBAT -30 89 126 8 5

20-OLE-PBAT 15 d (aged for 15~ —32 88 126 10 7
days)

20-OLE-CNC-PBAT 15 d (aged =31 93 126 9 5

for 15 days)

The addition of OLE slightly changes the PBAT morphology, but
micrometric inclusions of a secondary phase are visible at higher mag-
nifications, at 10 and 20 wt% of OLE, indicating a sporadic and limited
phase separation. In the biocomposites, the mere addition of CNC lead to
more irregular brittle fracture, and agglomerates CNC are

distinguishable already at lower magnification. At higher magnifica-
tions, the CNC-PBAT biocomposites shows agglomerate of size larger
than decades of microns, indicating a not uniform dispersion of CNC in
the PBAT matrix.

The biocomposites prepared by the addition of 10 wt% of OLE and
CNC show a morphology similar to the one shown by the neat PBAT at
low magnification. This analysis is confirmed by the micrographs at
higher magnifications, which show a uniform dispersion of CNC and few
relatively small aggregates well embedded in the PBAT matrix. At higher
OLE content the presence of micrometric holes is detected even at low
magnification. In the higher magnified micrographs, a fine dispersion of
CNC can be appreciated.

3.5. Mechanical properties

To evaluate the mechanical properties of the biomaterials the tensile
tests were carried out at room temperature after conditioning for 72 h at
50 % RH all the sample. Representative stress-strain curves obtained are
showed in Fig. 5 and the main results are summarized in Table 4.

At room temperature, over its glass transition (—32 °C), PBAT mac-
romolecules are deformable because in their rubbery state. After the
yield, they undergo to a strain hardening, due to an alignment of the
PBAT macromolecules in the stress direction. PBAT peculiar tensile
behaviour reflects the random copolymer structure of linear/aromatic
randomly alternated segments, which undergo to progressive disentan-
glement of the polymer chains directly in strain hardening, and not
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10-OLE-PBAT
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10-OLE-CNC-PBAT

20-OLE-CNC-PBAT

g "

Fig. 4. Representative SEM micrographs of PBAT, 10-OLE -PBAT, 20-OLE- PBAT, CNC-PBAT, 10-OLE-CNC-PBAT and 20-OLE-CNC-PBAT at different magnifications
(scale bars at 100, 10 and 2 pm from left to right).
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Fig. 5. Representative tensile behaviour and zoom in the elastic region of the tensile curve of PBAT, CNC-PBAT and biomaterials with 10 wt% (a and c) and 20 wt%
of OLE (b and d) alone and OLE-CNC 15 d (aged for 15 days) and 30 d (aged for 30 days) after extrusion.

Table 4
Mechanical properties of the biomaterials.

Material Young’s Ultimate Elongation at
modulus (MPa) strength (MPa) break (%)

PBAT 42 +3 16 £1 561 + 56

CNC-PBAT 65+ 3 12+1 270 + 56

10-OLE-PBAT 36 +4 12+ 2 1053 + 68

10-OLE-PBAT 15 54+ 4 10+1 704 + 43
d (aged for15 days)

10-OLE-PBAT 30 56 + 2 9+2 83 + 63
d (aged for 30 days)

10-OLE-CNC-PBAT 30+ 2 9+1 571 + 53

10-OLE-CNC-PBAT 15 64 +£5 11+2 721 + 57
d (aged for 15 days)

10-OLE-CNC-PBAT 30 72+ 3 8+1 297 £73
d (aged for 30 days)

20-OLE-PBAT 40 + 4 15+ 3 793 + 48

20-OLE-PBAT 15 44 +3 15+ 2 697 + 52
d (aged for 15 days)

20-OLE-PBAT 30 50 +3 15+ 3 615 + 49
d (aged for 30 days)

20-OLE-CNC-PBAT 38+5 10+2 872 + 66

20-OLE-CNC-PBAT 15 45+ 2 10+1 594 + 45
d (aged for 15 days)

20-OLE-CNC-PBAT 30 60 + 3 10+1 573 £ 65

d (aged for 30 days)

showing the typical rubbery plateau of a linear semicrystalline ther-
moplastic polymer. Mean values of PBAT Young’s modulus, ultimate
strength, and elongation at break are about 42 MPa, 16 MPa, and 560 %,
respectively. The addition of 10 wt% of OLE determined 88 % of

increase in the PBAT elongation at break to 1050 %, and 17 % and 25 %
of decrease in the PBAT Young’s modulus and stress at break, respec-
tively, highlighting the plasticizer effect of OLE.

The addition of 20 wt% of OLE to PBAT instead, maintained both
PBAT stiffness and strength, only improving of over 40 % its deform-
ability. These results indicate a good interaction between OLE and PBAT
and an intimate level of OLE dispersion into PBAT matrix even when
OLE reach the 20 wt% content, enabling higher mobility of its chains
without a detrimental effect. Moreover, the tensile results indicate that
the micrometric inclusions detected in the morphological analysis in the
blends OLE/PBAT are not detrimental to the mechanical performance.
This conclusion is further supported by the tensile behaviour of the aged
materials, which show a progressive decrease in the tensile properties at
10 wt% of OLE content, while almost unchanged properties at 20 wt%
OLE, even over a month.

The mere addition of CNC to PBAT, led to a stiffening and embrit-
tlement of the matrix, with a 55 % increase of PBAT Young’s modulus,
and 25 and 52 % of decrease in PBAT stress and elongation at break,
respectively. In the 10-OLE-CNC-PBAT biocomposite the presence of
CNC halved the elongation at break, further decreasing the PBAT
Young’s modulus and stress at break, underlying the CNC inability to
reinforce, while hindering the mobility of the PBAT chains. In the 20-
OLE-CNC-PBAT biocomposite, the CNC led to a slight decrease of the
Young’s modulus and stress at break and an increase in the elongation at
break, indication a plasticising effect of CNC, instead of a reinforcement
effect. We have reported a similar behaviour of the same CNC in other
deformable thermoplastic matrices [49], indicating a possible inclusion
of redispersing agents such as polyethylene glycol in CelluForce CNC
[62]. However, the ageing of this biocomposite progressively enhanced



G.A. De Cristofaro et al.

the PBAT Young’s modulus of about 43 %, while retaining the PBAT
deformability. The ageing effect is ascribed to an improvement of the
PBAT crystallinity over the time, induced by the higher mobility of PBAT
chains gained by the good interaction and intimate dispersion of OLE,
mediating the CNC/PBAT interface.

Scaffaro et al. [47] reported similar results in films containing
nanoclay and carvacrol, a phenolic monoterpene contained in the
essential oils of oregano and thyme. In fact, the tensile test performed
using a first crosshead speed of 1 mm/min (for 3 min), and then
increased to 100 mm/min, up to specimen failure, demonstrated that the
elastic modulus and elongation at break of PBAT/PLA films containing 5
wt% of both nanoclay and carvacrol relatively incremented up to +70 %
and +200 %, respectively, while retaining the same tensile strength of
the neat matrix [47].

Overall, the tensile analysis indicates a beneficial effect of 20 wt% of
OLE on PBAT, favouring the PBAT chains mobility which results in
higher deformability and improving PBAT stiffness over the time. We
can formulate a hypothesis of n-n staking interaction of OLE aromatic
rings with the aromatic segments of PBAT, which lead to an effective
OLE dispersion into the matrix, effect retained over time.

3.6. Release tests in food simulants and antioxidant properties

The release of OLE in food simulant solvents (water or ethanol/water
mixture, 10:90) was evaluated by spectrophotometric measurements at
280 nm for 14 days. The results are expressed as the percentage of
polyphenols measured in each time interval selected (Fig. 6). Bio-
materials containing 10 wt% of OLE, with or without CNC, released the
extract very quickly in both ethanol and water. Such a release took place
from the first day of storage in food simulant solvents and reached
values higher than 40 % in 14 days in both solvents.

The addition of 20 wt% of OLE to PBAT, instead, significantly
affected the OLE release from the first day of immersion of the specimens
in both simulants. In fact, even after 14 days the biomaterials released
percentages lower than 5 % of extract in both simulant solvents. This
result confirms a binding interaction between OLE and PBAT, probably
ascribed to the n-n stacking interactions between the aromatic rings in
OLE and the aromatic segments of PBAT, already suggested by the
thermogravimetric and tensile analyses of 20-OLE-PBAT. Besides, when
20 wt% of OLE were added with CNC (20-OLE-CNC-PBAT) the release of
the extract was higher (maximum 25 % after 14 days in both food
simulants) compared to its counterpart without CNC (20-OLE-PBAT) but
lower than the biomaterials containing 10 wt% of OLE. This difference is
probably due to the existence of a competitive interaction (hydrogen
bonding) between CNC and OLE in the biocomposite 20-OLE-CNC-
PBAT, weakening the strong n-n stacking interactions between PBAT
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and OLE of the sample 20-OLE-PBAT.

Nostro et al. [54] demonstrated a slower release of citronellol from a
poly(ethylene-co-vinyl acetate) (EVA) copolymer film filled with 3.5 wt
% compared to 7 wt%. This is likely attributed to the hydrophobic na-
ture of citronellol. In fact, when the essential oil content is increased to 7
wt%, the release occurs very rapidly during the first 48 h, suggesting
that small natural molecules may have limited interaction with the
polymers. In our case, OLE is characterized by the presence of larger
molecules such as oleuropein, which also directly interacts with PBAT.
As a result, the release in simulant food is slowed down when the ma-
terial is loaded with a higher percentage of OLE.

In our study, the strategy to pre-absorbed OLE onto CNC was
assessed with the aim to hinder the phase separation of OLE, and thus
slowdown OLE release. The simulant food assays reveal that the OLE
release in both simulants, EtOH/H>0 or only H50, is instead fastened by
the presence of CNC at the day 1. The OLE release from 20-OLE-CNC-
PBAT is lower than the 10 wt% of OLE-based material in ethanol-
water and in water. However, 20-OLE-CNC-PBAT in both the simu-
lants exhibits a higher release of OLE with respect to 20-OLE-PBAT,
highlighting a detrimental interference of CNC in the OLE/PBAT in-
teractions. Most probably, the pre-absorption of OLE onto CNC hinders
the OLE to freely interact with PBAT chains.

As demonstrated in our previous work, OLE shows a strong antiox-
idant activity [30]. Therefore, inserting OLE into polymer matrices used
for food packaging could contribute to the preservation of easily
oxidizable and perishable foods such as fresh meat as also suggested by
Luzi et al. [48]. To evaluate the antioxidant effect of the produced OLE-
containing biomaterials at both 10 wt% and 20 wt%, with or without
CNC, the solvents containing the OLE released during the release tests
were analysed by DPPH assay at the time intervals of 1, 3, 7, and 14
days. Biomaterials containing 10 wt% of OLE had a significant antioxi-
dant effect from the first day of storage (Fig. 7), consistently with the
high OLE release after one day of release tests. To evaluate the signifi-
cance of the antioxidant activity among the biomaterials and the control
over time, two-way ANOVA statistical test was used. This test showed
that 10-OLE-PBAT and 10-OLE-CNC-PBAT had a high antioxidant effect
over the time (p-value 0,0001). The antioxidant effect is related to the
release rate of the additive in both ethanol/water mixture and water. In
particular, the biomaterials with 20 wt% of OLE exhibited a gradual
release over time in water and water/ethanol 90:10.

The 20 wt% of OLE added to PBAT may result in antioxidant activity
lasting for several days of storage and thus showing a potential effect in
improving the shelf life of oxidizable foods. In fact, when 20-OLE-PBAT,
was stored in water, the antioxidant activity started slowly from the day
3 and persisted significantly until day 14 (Fig. 6). In ethanol/water
mixture there was a significant antioxidant activity from 1 day to 7 days

H,0

B PBAT

B 10-OLE-PBAT

B 10-OLE-CNC-PBAT
B 20-OLE-PBAT

B 20-OLE-CNC-PBAT

day 0 day1 day3 day7 day14
Time (Days)

Fig. 6. Cumulative release expressed in percentage of polyphenols in simulant food solvent water or ethanol/water mixture (10:90) measured during 14 days of

storage at RT by spectrophotometer absorbance at 280 nm.
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H,0
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10-OLE-PBAT
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Fig. 7. Antioxidant activity measured using DPPH assay of biomaterials containing 10 wt% and 20 wt% of OLE, with or without CNC, in food simulant solvents
recovered after release tests at the selected time intervals of 1, 3, 7, and 14 days. Statistical significance was examined by the two-way ANOVA test, with Dunnett’s
correction (p < 0.05) for bars comparison with control bar (PBAT). Asterisks indicate the statistical significance respect to the control (****p < 0.0001; ***p < 0.001;
**p < 0.01; *p < 0.05); the absence of asterisks indicates absence of significance.

of storage as confirmed by the release rate reported in Fig. 6. 20-OLE-
CNC-PBAT showed a higher antioxidant effect than 20-OLE-PBAT
from day 1 to day 7 of storage, tending to decrease over time. Similar
results were obtained by Luzi et al. [48] as well as by Nostro et al. [54]
with two different polymeric films, poly(vinyl alcohol) (PVA) and EVA
used for food packaging.

To further investigate the antioxidant effect of OLE on the oxidation
process of PBAT, dynamic oxidation induction time (OIT) was evaluated
by DSC. This test allows the relative measure of material’s resistance to
oxidative decomposition when subjected to a specified heating rate
under air atmosphere. The dynamic OIT (Table 5) was determined by
the calorimetric measurement of the onset temperature of the
exothermic oxidation of the materials. The samples have been heated
under air atmosphere up to 300 °C, to be sure to capture a thermo-
oxidative degradation characterized by an exothermic peak during the
test (Fig. 8).

Comparing the different curves, a similar trend was observed for 10-
OLE-PBAT and 20-OLE-PBAT, for which the exothermic peak was not
visible, indicating a delay of the oxidation reactions and a possible
protective OLE role in PBAT oxidative degradation. Indeed, the begin-
ning of the oxidative reaction was shifted throughout higher tempera-
ture when OLE was incorporated in the formulation as reported in
Table 5. Adding 10 or 20 wt% of OLE, OIT values 60 and 70° higher than
PBAT OIT were detected, respectively. In contrast, the mere addition of
CNC decreased PBAT oxidative stability, indeed CNC-PBAT showed OIT
values 10° lower then neat PBAT. Moreover, in the biocomposites, the
stabilization effect of OLE was weaker than that in the biomaterials only
containing OLE, probably due to the presence of CNC that weak the
strong interaction between OLE and PBAT. Indeed, the OIT values of 10-
OLE-CNC-PBAT and 20-OLE-CNC-PBAT were shifted of 23 and 30°
higher than neat PBAT OIT, respectively. These results confirm that OLE
can be applied as effective natural oxidative stabilizer for PBAT. In the
literature, similar results were observed for cannabidiol [34], quercetin
[33,63] and lignin [35].

Table 5

Dynamic oxidative-induction temperatures (OIT)
values of PBAT and its blends with OLE and nano-
composites with CNC.

Material OIT (°C)
PBAT 208
CNC-PBAT 199
10-OLE-PBAT 268
10-OLE-CNC-PBAT 231
20-OLE-PBAT 278
20-OLE-CNC-PBAT 238

10
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Fig. 8. Dynamic oxidative-induction temperatures (OIT) from DSC curves
performed according to the ISO 11357-6:2018 standard of PBAT, OLE-based
biomaterials and OLE-CNC biocomposites.

3.7. Non-covalent interactions: n-r stacking experimental evidence

The fluorescence behaviour of OLE was studied in solution (DMSO)
and in solid state for the first time to our knowledge (Fig. 8). Both
samples showed an emission band, one centred at around 433 and 474
nm for OLE in solution and in solid state, respectively. The latter showed
a second band centred at around 587 nm.

These results highlight how the different conformation of the struc-
ture of OLE when in solution or in solid state affects the nature of the -
stacking interactions; the emission band shifts and a second emission at
higher wavelength appears. This effect has been already observed for
other polyphenolic molecules, such as lignin by varying the solvent [64].

The emission band centred at 474 nm of OLE recorded in solid state
appeared remarkably red-shifted (ie., shifted towards infrared fre-
quencies in the tested frequencies range) in comparison with the emis-
sion band centred at 433 nm of OLE recorded in solution (Fig. 9a). This
shift together with the appearance of the further band centred at 587 nm
can be ascribed to the long-range intra-intermolecular n-n interactions
formed during the solidification, where the degree of molecular order is
higher, and the macromolecules are well packed and organized. The
solubilization of OLE in DMSO weakened and/or released the non-
covalent n-m stacking interactions at long-range, limiting the emission
band to the fluorescence related to the aromatic rings in the solubilized
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Fig. 9. Spectra of a) emission of OLE in solid state and in solution (DMSO), b) emission of neat PBAT, OLE and 10-OLE-PBAT in solid state, c) emission of neat PBAT,
OLE, the reference CNC-PBAT and the 10 wt% OLE-based biomaterials in solid state, and d) ATR-FTIR of 10 wt% OLE-based biomaterials with or without CNC in

solid state.

OLE, not supramolecularly organized. In the solid state also PBAT pre-
sented a relatively narrower band centred at A, between 400 and 425
nm, due to its organized aromatic segments (Fig. 9b). Comparing the
fluorescence emitted from the solid biomaterials, 10-OLE-PBAT showed
two broad emission bands centred at about 448 nm and 518 nm, emis-
sion bands blue-shifted towards higher frequencies when compared with
the emission band of neat PBAT, and red-shifted compared to the
emission bands presented by the solid OLE. The observed red-shifted
wavelength in the biocomposite bands reflects the already described
phenomena when OLE is dissolved in a solvent (DMSO). This reduction
in the wavelength band demonstrates a less organized structure of OLE
when dispersed in the polymeric matrix, due to reduced OLE intra-
molecular interactions, while OLE engages intermolecular non-covalent
n-n staking with the aromatic domains of PBAT. On the other hand, the
PBAT fluorescence band shifted to higher wavelength indicating a more
organized interactions of the PBAT aromatic domains due to the pres-
ence of OLE, most probably acting as an attractor of these domains and
boosting their organization upon solidification. These shifts confirm
strong n-t stacking interactions between PBAT and OLE, which are
prevalent compared to the pristine ones of neat OLE and neat PBAT, and
further elucidate about the mechanisms of interactions between OLE
and PBAT. Moreover, this analysis corroborates the mechanism of

11

dispersion of OLE into PBAT and their miscibility. It is worth noting that
this result is in line with the disappearance of the Ty of OLE in the
thermograms of the biomaterials, pointing at a full miscibility between
OLE and PBAT in the studied compositions. A similar behaviour was
reported in literature for coumarin-based materials, pyrazoline mate-
rials [65] as well as for arylene ethynylene conjugated polyelectrolytes
[66].

In contrast, the presence of CNC in PBAT-CNC and 10-OLE-CNC-
PBAT did not significantly altered the emission band of the corre-
sponding references PBAT and 10-OLE-PBAT, respectively (Fig. 9c).
Only a 10 nm red-shift on the second emission band of 10-OLE-CNC-
PBAT compared with 10-OLE-PBAT second emission band was regis-
tered. This effect could be due to hydrogen bonding interactions formed
between CNC and OLE, which can be responsible of the disturb of CNC
on the OLE/PBAT interactions discussed in the thermal and mechanical
analyses. To further elucidate on the chemical interactions, ATR-FTIR
spectra of the biomaterials and references were recorded (Fig. 9d).
From the analysis of the spectra, it was possible to notice the disap-
pearance of the band at 1600 em! assigned to the v O—H of OLE [67].
Even if by this analysis n-n interactions were not noticeable, the
decreasing of the O—H band of OLE could be ascribed to the hydrogen
bonding formed between CNC and OLE. Thus, these kinds of interactions
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could compete with those between OLE and PBAT provoking a weak-
ening of the intermolecular n-r stacking interactions.

4. Conclusions

PBAT/OLE biomaterials with or without CNC were successfully melt
processed in a corotating twin screw micro-compounder and injected by
using a micro injection moulding machine in the different test speci-
mens. The thermogravimetric analysis indicates strong interaction be-
tween OLE and PBAT, which delays of >100° the OLE degradation in the
biomaterials. Corroborated by the morphological analysis which indi-
cate a homogeneous phase, the differential calorimetry indicates the
presence of a unique glass transition in the biomaterials, demonstrating
the full miscibility of OLE and PBAT. Moreover, this miscibility facili-
tated the CNC dispersion. Consistently, the tensile tests evidenced the
role of OLE as plasticizer for PBAT providing higher values of elongation
at break and indicate the 20 wt% OLE-based materials as the best for-
mulations, enhancing the biomaterials deformability, limiting the
decrease in Young’s moduli and ultimate tensile strength, and stabilizing
the biomaterials’ performance also after ageing over a month.

Evaluating the simulant food test, the presence of 20 wt% of OLE in
PBAT resulted in a decrease in OLE release in food simulant solvents
(H20 and EtOH 10 %). The results of the antioxidant activity test are
consistent with the release study, confirming that the antioxidant ac-
tivity of OLE is directly proportional to the amount of released poly-
phenols. 20-OLE-CNC-PBAT showed antioxidant activity from the first
day of storage due to the faster release, while 20-OLE-PBAT retained the
antioxidant effect for a longer time as the release was gradual.

The combination of OLE and CNC in the biocomposites does not lead
to a synergistic effect on their properties. On the contrary, the presence
of CNC seems to lower the favourable interaction between PBAT and
OLE, inducing a slight ageing, thus to an embrittlement of the bio-
composites after a month, and fasten the OLE release from the
biocomposites.

All the results indicated strong interactions between OLE and PBAT,
maximized at 20 wt% of OLE. The nature of these non-covalent in-
teractions has been identified in n-t stacking bonds, by fluorescence
spectroscopy. Already for 10-OLE-PBAT, this method highlighted the
formation of n-n stacking between PBAT and OLE, by clear shifts of the
emission bands of the pristine spectra.

Our results corroborate the incorporation of OLE in PBAT for food
packaging with a stable mechanical performance and suggest its use at
20 wt% to exploit a persistent antioxidant activity.
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