
1. Introduction
The great awareness to diminish the consumption of
non-renewable resources along with reducing the

accumulation of plastic waste after their useful life
has led to a growing tendency to replace convention-
al petroleum-based plastic materials with biobased
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Abstract. Tri-layer films based on glycerol-plasticized sodium caseinate film (SC) as the middle layer and two outer layers
of mechanically recycled poly(lactic acid) (RPLA) were successfully developed. Additionally, the internal RPLA-based
layer was loaded either with 1 or 3 wt% of lignocellulose nanoparticles extracted from yerba mate waste (YMNs) to obtain
antioxidant-active packaging formulations. YMNs were also surface modified with a surfactant to increase the interfacial
adhesion and improve their dispersion into the polymeric matrix. The tri-layer system composed of YMNs loaded nanocom-
posites (RPLA/SC/RPLA-YMN1 and RPLA/SC/RPLA-YMN3) exhibited an improved oxygen barrier compared to the non-
reinforced system counterpart (RPLA/SC/RPLA). The high water vapor permeability of SC was reduced in tri-layer systems,
ascribed to the protection of the middle SC layer by the hydrophobic RPLA layers at both sides. The improved performance
of all these properties was ascribed to the good adhesion between PLA and SC layers, ascribed to hydrogen bonding inter-
actions. Furthermore, the obtained tri-layer structures showed effective antioxidant ability for fatty food, as it was demon-
strated by release studies conducted in a fatty food simulant and further analysis of the radical-scavenging activity showing
good antioxidant properties (RPLA/SC/RPLA-YMN1 = 36.8±2.5 GA mg/dm2 film and RPLA/SC/RPLA-YMN3 = 81.1±2.5
Gallic Acid mg/dm2 film). Finally, the tri-layer films were disintegrated under composting conditions in 17 days. Thus, the
results show the potential of the mechanical recycling process of PLA as a sustainable alternative to revalorizing PLA waste,
while the revalorization of yerba mate waste shows its interest by easily providing the materials with antioxidant properties.
Finally, the tri-layer bio-based and biodegradable active formulations resulted in interesting materials for fatty foodstuffs.
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and biodegradable polymers particularly in short-term
applications such as food packaging [1–3]. Among
biobased and biodegradable plastics, poly(lactic acid)
(PLA) has been positioned in the packaging market
as the most used biopolymer for films for food pack-
aging applications, thanks to its many advantages
such as availability in the market at a competitive
cost, ease of processing with the usual thermoplastic
technology already available in the plastic process-
ing industry, high transparency, recyclability as well
as high rate of disintegration in composting condi-
tions [4–6]. However, the use of PLA as a film for
food packaging is restrained due to the fact that PLA
suffers some limitations such as low thermal and me-
chanical resistance as well as poor gas barrier per-
formance [6, 7]. It is known that the crystalline phase
has a significant influence on the permeation and
mechanical performance, and this is why a number
of research and industrial efforts have been focused
on increasing PLA crystallinity to extend the PLA-
based films applications in the food packaging field
i.e., blending or copolymerization with more crys-
talline polymers, developing composites and/or nano -
composites as well as the development of multilayer
packaging systems [6]. In this regard, the mechanical
recycling of PLA has gained interest as a scalable
and cost-effective solution to manage PLA waste, of-
fering the opportunity to give PLA more than one
life before being discarded for pyrolysis or compost-
ing [8–10]. Although the degradation of PLA poly-
meric matrix during service as well as during repro-
cessing led to a reduction of the molecular weight
and a consequent detriment on the mechanical prop-
erties of the recycled PLA final materials, recycled
PLA shows increased crystallinity in comparison
with virgin PLA [10]. In fact, in previous work, it has
been observed that the mechanical recycling process
of PLA films showed a reduction of the number av-
erage molecular weight (Mn) of around 12%, deter-
mined by gel permeation chromatography (GPC)
[11]. Moreover, the shorter PLA polymer chains not
only favor the crystallization of PLA [12] but also
provide recycled PLA with more reactive end-chain
groups, interesting for increasing the compatibility
of PLA with other polymeric layers in multilayer
packaging materials. In fact, oligomers of PLA, oligo -
meric lactic acid (OLA), have been used as PLA
plasticizers with the aim of increasing the compati-
bility between different layers in PLA-based multi-
layer packaging formulations [13].

In most multilayer packaging formulations, the outer
layers are made of water barrier polymers with good
mechanical performance, while the inner layers usu-
ally consist of materials that provide good gas barrier
properties [14, 15]. In this sense, agro-polymers such
as proteins and polysaccharides are interesting as re-
inforcing fillers for developing PLA-based nano -
composites as well for developing inner layers for
sustainable multilayer PLA-based packaging mate-
rials [7]. Delamination of each individual layer is
frequently observed in multilayer systems when the
polymeric layers are incompatible. Thus, surface
chemical modifications or the addition of compati-
bilizers are frequently proposed to improve the ad-
hesion between polymeric layers. In this context, ca-
seinates are of particular interest since they are
considered natural bioadhesives that offer advanta-
geous properties for films production since proteins
are able to form networks and show good elasticity
while possessing good barrier performance against
oxygen, carbon dioxide, and aroma compounds, mak-
ing them ideal candidates for food packaging [16–
18]. Although caseinates lead to hydrophilic films,
having much higher water sensitivity than PLA and
thus lower barrier performance to water vapor [7],
they are interesting for internal layers in multilayer
packaging formulations [19].
At the same time, the valorization of agro-food waste
has gained considerable interest in the plastic pro-
cessing industry to develop more sustainable plastic
formulations to be aligned with the Circular Bioe-
conomy concept [20]. Interesting bioactive com-
pounds can be extracted from several agro-food
wastes and further used as additives in the plastics
processing industry to provide the final materials
with interesting functional properties such as antiox-
idant or antibacterial ability [20–22]. The incorpo-
ration of active compounds into the polymeric ma-
trix allows the commercialization of chemical
preservative-free food products. Yerba mate (Ilex
paraguairiensis, aint Hilaire) is an important com-
mercial tree original from the subtropical region of
South America, which naturally grows in a narrow
region within Argentina, Brazil, and Paraguay [23].
Yerba mate is industrialized to get the commercial
product from the dry leaves used to make a very pop-
ular infusion drink in hot water popularly known in
Argentina, Paraguay, and Uruguay as ‘mate’ [23, 24]
and in Brazil as ‘chimarrão’ [25]. The infusion of
yerba mate is generally consumed because of its
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well-known beneficial antioxidant properties provid-
ed by the polyphenols’ high content compounds such 
as lignin, caffeic acid, and chlorogenic acid [24, 26]. 
Its elevated consumption leads to the generation of 
high amounts of yerba mate waste, mainly because 
after being consumed as an infusion, it is wasted, lack-
ing any kind of revalorization [24, 27]. In this regard, 
yerba mate waste has been used for the extraction of 
lignocellulosic nanoparticles showing interesting an-
tioxidant activity even when being extracted from 
the yerba mate waste [24]. In fact, the total polyphe-
nol content of pristine yerba mate extract is between 
50 and 70 mg/g of gallic acid/g yerba mate [26, 28], 
while the total polyphenolic content of yerba mate 
nanoparticles is around 40 mg/g of gallic acid/g yerba 
mate [24]. Yerba mate nanoparticles extracted from 
yerba mate waste (YMNs) have shown their effec-
tiveness to improve the thermal stability and the me-
chanical performance of neat PLA [24] as well as the 
thermal stability and the oxygen barrier performance 
of recycled PLA [11, 29]. Although YMNs have 
proven their great potential to improve PLA perform-
ance, the high amount of –OH in the lignocellulose 
nanoparticles induces high attraction between them, 
leading to nanocellulose agglomeration, particularly 
during the freeze-drying process, making difficult 
the homogenous dispersion of nanoparticles into the 
PLA matrix [30–32].
The homogeneous dispersion of high polarity ligno-
cellulosic nanoparticles into the hydrophobic PLA 
matrix could be favored by functionalizing the nano -
particles surface. This is why many research efforts 
are focused on the improvement of lignocellulosic 
nanoparticles dispersion by modification of their sur-
face by both chemical and/or physical modifications 
[30]. The chemical modification is usually performed 
by grafting polymer chains (i.e.: PLA or poly(ε-capro-
lactone) (PCL)) at the surface of the nanoparticles 
through a ‘grafting from’ approach [33], while the 
physical modification can be produced by simply 
adding a surfactant to the lignocellulosic nanoparti-
cles aqueous suspension previous to the freeze-dry-
ing process [30, 31]. From a technological point of 
view, the use of a surfactant is an easily and econom-
ically feasible approach to scale up from the lab level 
to the industrial sector. For food packaging, the sur-
factant used should be permitted for food contact ap-
plications, such as the case of hexadecyltrimethy-
lammonium bromide (CTAB), which has been al-
ready used to improve the dispersion of nanoparticles

into the polymeric matrix in food packaging [34]. In
fact, Capron et al. [35] showed that CTAB enabled
a simple, fast, and efficient method for improving
the nanocellulose dispersion by reducing the inter-
facial tension of nanocellulose and thus promoting
the repulsion among the nanoparticles.
This work proposes the use of sodium caseinate (SC)
protein as the internal layer for two recycled PLA
outer layers in a tri-layer packaging system RPLA-
SC-RPLA. SC was plasticized with glycerol in
35 wt% on the basis of previous works [17, 36]. Ad-
ditionally, with the aim to also valorize PLA waste,
the PLA layers’ formulations were based on recycled
PLA, which was obtained by subjecting PLA to an
accelerated aging process based on photochemical,
thermal, and hygrothermal aging steps, followed by
a demanding washing step to pretend the washing
process utilized on an industrial recycling scale, fol-
lowing a simulated recycling process previously op-
timized [37]. To provide the inner layer with an an-
tioxidant functionality, lignocellulosic nanoparticles,
extracted from yerba mate waste through a simple
aqueous extraction procedure [24], were used as a
suitable approach for valorizing this waste in the
framework of a circular bioeconomy concept. The
YMNs dispersion into the recycled PLA matrix was
improved by means of the use of CTAB surfactant.
The recycled PLA films (RPLA), RPLA-YMNs
nanocomposite films, as well as sodium caseinate
films were obtained by solvent casting method. The
final tri-layer systems were obtained by compression
molding. Then, the structural properties, thermal sta-
bility, mechanical performance, and barrier proper-
ties (against water vapor and oxygen) of each poly-
meric film layer as well as of the tri-layer systems
were assessed. The antioxidant ability provided by
YMNs was studied in a fatty food simulant to get in-
formation regarding the possibility of using these
multilayer systems as active packaging formulations.
Finally, disintegration under composting conditions
was studied at a laboratory-scale level as a sustain-
able end-life option for such materials.

2. Experimental section
2.1. Materials
Poly(lactic acid) (PLA, IngeoTM 2003D), with a
density of 1.24 g/cm3 and a melt flow index of
6 g/10 min (210 °C, 2.16 kg) was provided by Na-
tureWorks (Minnetonka, Minnesota, USA). Sodium
caseinate (SC) powder was kindly provided by Ferrer
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Alimentación S.A. (Barcelona, Spain). The yerba
mate (Ilex paraguariensis) waste was collected in
our laboratory afterward the drinking of yerba mate
infusion. Glycerol (99.5% purity), Cetyltrimethy-
lammonium bromide (CTAB), chloroform (CL,
99.6% purity, boiling point 60°C), and 2,2-diphenyl-
1-picrylhydrazyl (DPPH) 95% free radical were pro-
vided by Sigma Aldrich (Madrid, Spain).

2.2. PLA recycling process
Mechanical recycling of PLA was simulated using
the process reported by Beltrán et al. [37], which is
summarized in Figure 1. PLA pellets were dried be-
fore processing at 85°C, under vacuum for 2 h, and
further processed by means of melt extrusion process
using a Rondol Microlab twin-screw extruder (Ron-
dol, Nancy, France). The temperature profile from
hopper to die was: 125–160–190–190–180°C. The
extrusion was carried out at 60 rpm. The obtained
material was then pelletized and further compression
molded into films with about 200±20 µm in thick-
ness, using an IQAP-LAP hot plate press (IQAP Mas-
terbatch Group S.L., Barcelona, Spain) at 190°C, for
4 min without pressure, followed by 2 minutes under
200 kg/cm2 pressure and 5 minutes, under pressure,
between cooling plates. The obtained films were then
submitted to an accelerated aging procedure, includ-
ing (i) 40 h of photochemical degradation in an
ATLAS UV-CON chamber (ATLAS, Mount
Prospect, Illinois, USA), which is equipped with
eight F40 UVB lamps; (ii) 480 h of thermal degrada-
tion conducted by putting the samples in a convection
oven at 50 °C (P-Selecta, Barcelona, Spain) and
(iii) 240 h of hydrolytic degradation at 30 °C in

deionized water. After the aging process, the samples
were energetically washed in an aqueous solution of
NaOH (1.0 wt%) (Panreac, Barcelona, Spain) and
Triton X-100 (0.3 wt%) (Alfa Aesar, Kandel, Ger-
many), at 85°C for 15 minutes. The washed material
was then shredded and reprocessed by melt extrusion
and compression molding, using the same conditions
stated above.

2.3. Extraction of Yerba mate nanoparticles
(YMNs)

The extraction of the yerba mate nanoparticles
(YMNs) from yerba mate waste was performed fol-
lowing the recipe previously developed by Arrieta et
al. [24], with slight modifications. In brief, the ob-
tained yerba mate waste from the ‘mate’ infusion was
dried in a sun exposure window for a week and further
completely dried in a vacuum oven at 40°C for 24 h.
Then, 6 g of the dry yerba mate residue were put in a
flask with 200 mL of distilled water and were heated
under continuous stirring at reflux up to 100°C. The
solid residue was detached by filtration, and the yerba
mate extract was filtered off again under vacuum
(Whatman Grade 41 filter paper). The YMNs were
physically modified by adding a cationic surfactant,
CTAB surfactant, to the yerba mate extract suspension
in 1/1 (w/w) and stirred overnight [38]. Then, the
yerba mate extract was frozen and then freeze-dried
to obtain the YMNs powder. The procedure of YMNs
extraction is schematically represented in Figure 2.

2.4. Film preparation
Sodium caseinate films were developed following a
previously developed recipe [17, 36]. In brief, sodium
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Figure 1. Schematic representation of the simulated recycling process of PLA.



caseinate was dissolved in deionized water under
constant stirring at 1000 rpm, to get casting solutions
of 5 (w/w) concentration. Glycerol at a concentration
of 35 wt% dry basis was added as a plasticizer to the
polymeric solution. Such a concentration of glycerol
was selected to plasticize the sodium caseinate guar-
anteeing that the films can be handled without break-
ing, as happens when lower plasticizer contents are
used [36]. The caseinate-glycerol solutions were ul-
trasonic degasified at room temperature to eliminate
foams and air bubbles, and then 30 ml of these solu-
tions were cast into 15 cm diameter polyethylene Petri
dishes, then the water was allowed to evaporate in
an oven at 40±2 °C for 48 h, and finally, the plasti-
cized sodium caseinate films were obtained (SC).
For the preparation of PLA films and PLA-YMNs
nanocomposites, RPLA (0.6 g) was dissolved in
60 ml of chloroform adding 1 or 3 wt% of YMNs to
obtain RPLA-YMN1 and RPLA-YMN3, respective-
ly. The film formulations were obtained after solvent
evaporation in 10 cm diameter glass mold at room
temperature.
The tri-layer systems were prepared by successfully
compression-molding the previously developed
monolayer systems in a RPLA/SC/RPLA or RPLA/
SC/RPLA-YMN structure. The tri-layers were com-
pression-molded and assembled in a hot press at
130°C in an IQAP-LAP hot plate press (IQAP Mas-
terbatch Group S.L., Barcelona, Spain) for 2 min
without pressure and then 5 min at 200 kg/cm2, and
cooled down to room temperature in 5 min at
200 kg/cm2. Three tri-layer film formulations were

obtained and labeled as: RPLA/SC/RPLA, RPLA/SC/
RPLA-YMN1, and RPLA/SC/RPLA-YMN3.

2.5. Characterization techniques
2.5.1. Characterization of YMNs
Attenuated total reflection-Fourier transform in-
frared (ATR-FTIR) spectroscopy was used to con-
duct chemical analysis of the yerba mate nanoparti-
cles extraction and modification with CTAB
surfactant. A Nicolet iS10 spectrometer (Thermo
Fisher Scientific, Waltham, Massachusetts, USA),
equipped with a Smart iTR Attenuated Total Re-
flectance (ATR) accessory controlled by OMNIC
Software (9.9.473 version) was used to record the
FTIR spectra. The resolution used was 4 cm–1, and
16 spectra were recorded for each sample between
4000 and 550 cm–1.
The particle size of the YMNs with and without sur-
factant after the freeze-drying process was measured
at 20 °C with a dynamic light scattering (DLS) ana-
lyzer (Zetasizer Nano series ZS, Malvern Instrument
Ltd., U.K.) equipped with a He-Ne laser beam at
658 nm and with a detection angle of 173°. YMNs
were dispersed in water (1 mg/ml) for 5 min in an
ultrasonic bath, and the reported particle size meas-
urements were the average value of at least six con-
secutive runs.
YMNs were observed by Transmission Electron Mi-
croscopy (TEM, JEOL JEM-1010) operating at
100 kV. YMNs powder (1 mg) was suspended in
2 ml of water, and one droplet of YMNs suspension
was deposited on carbon-coated copper grids and
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Figure 2. Schematic representation of YMNs extraction from yerba mate waste.



dried at room temperature for 20 min previously to
be observed.

2.5.2. Characterization of monolayer and
tri-layer films

The absorption spectra in the 800 200 nm region of
RPLA, SC as well as tri-layer films were investigat-
ed by means of a Varian Cary 1E UV-Vis spectro -
photometer (Varian, Palo Alto, California, USA) with
an integrating sphere. The overall transmittance in the
visible region was then calculated according to the
ISO 13468 standard [39]. The measurements were
performed using a scanning speed of 400 nm/min.
The structure of the tri-layer films was analyzed by
Confocal Raman microspectroscopy, using a Thermo
Scientific™ DXR3 spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) with a CCD camera
coupled to an Olympus confocal microscope. The
cross-section images of the films probed the obtain-
ment of homogeneous tri-layer structures. Raman
spectra were acquired in the 3400–100 cm–1 region.
The Raman scattering was excited using a diode
laser at a wavelength of 780 nm. All spectra were
collected by coadding 64 scans, with an acquisition
time of 10 s. The pinhole diameter was 50 µm. The
laser beam was focused on the tri-layer formulations
with a microscope objective. The spectra of each
layer and the interfacial regions were acquired. In
these conditions, the resolution of the spectral shift
was about 2.5 cm–1.
Thermogravimetric analysis of the film samples was
performed in a TGA2050 thermobalance (TA Instru-
ments, New Castle, Delaware, USA). Samples of
about 5–10 mg were heated from 40 to 800 °C, at
10°C/min under a nitrogen atmosphere.
DSC experiments were conducted in a Q20 calori -
meter (TA Instruments, New Castle, Delaware, USA)
under a nitrogen atmosphere (50 ml/min). Tri-layer
film samples of about 5 mg were put in standard alu-
minum pans and heated from 30 to 180°C at 5°C/min.
Tensile tests were performed at room temperature by
means of a Shimadzu AGS-X 100N tensile testing
machine (Shimadzu Corporation, Kyoto, Japan)
equipped with a 100 N load cell, according to ASTM
D882-01 Standard. Tensile tests were performed in
rectangular strips (5×50 mm2), initial grip separation
30 mm, and crosshead speed 10 mm/min. Tensile
strength (TS), elastic modulus (E), and average
percentage deformation at break (εB [%]) were ob-
tained from the resulting stress-strain curves as the

average of at least five determinations from three
films of each formulation.
Oxygen permeability analyses were carried out at
30°C in a homemade permeation cell [40] at a gas
pressure of 1 kPa.
The water vapor transmission rate (WVTR) meas-
urements of the tri-layer formulations were deter-
mined by gravimetry according to the ISO 2528
standard [41]. Permeability cups were filled with 2 g
of dry silica gel, sealed with each tri-layer film, and
weighted. The permeability cups were exposed to a
saturated KNO3 solution in a desiccator at 23±1 °C
(approximately 90% RH). Then, the permeability cups
were reweighed each hour during 6 h, and the WVTR
[g/(day·cm2)] was calculated from Equation (1):

(1)

where mt is the mass of the permeability cup at time
t, m0 is the mass of the permeability cup at the be-
ginning of the assay, and A is the exposed area of the
tri-layer film. Then the water vapor permeability
(WVP) was calculated according to Equation (2):

(2)

where S is the saturation vapor pressure of water at
23°C, R1 and R2 are the relative humidity in the des-
iccator and inside the cup, respectively, and d is the
thickness of the film.
Due to the fact that the tri-layer films developed here
are intended for fatty food packaging applications,
migration tests were carried out in triplicate by the de-
velopment of YMN-specific migration tests in food
simulant D1 (solutions of 50% v/v ethanol). Circular
samples of 2.2 cm diameter were put in a glass vial
cap, and the vials were filled to 5 mm from the edge.
The filled vials were placed upside down in an oven
and were kept at 40 °C for 10 days. The antioxidant
activity of the released YMNs was measured by
means of the DPPH-method by measuring the max-
imum absorbance of DPPH radical in the presence
of the released YMNs in the food simulant D1 after
10 days [13] by means of a Varian Cary 1E UV-Vis
spectrophotometer (Varian, Palo Alto, California,
USA) which is equipped with an integrating sphere.
The UV-vis measurements were recorded at 518 nm
and using a scanning speed of 400 nm/min. The
antioxidant activity was determined according to
Equation (3):

WVTR A t

m m240 0t

$
$

=
-

WVP
S R R
WVTR

d
1 2$

$=
-R W
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(3)

where I [%] is the percentage of inhibition, Acontrol is
the absorbance at 518 nm of DPPH in ethanolic so-
lution and Asample is the absorbance at 518 nm of
DPPH after 15 min maintained at darkness in contact
with the ethanolic solution (food simulant D1) con-
taining the released antioxidant compounds. The an-
tioxidant properties of the films were determined in
triplicate, and the results of the % of inhibition were
expressed as the equivalent of gallic acid (GA) con-
centration [mg/kg] by using a calibrated curve of
gallic acid concentration versus I [%].
The tri-layer films were then fully disintegrated under
composting conditions at a laboratory-scale level. The
composting test was performed following the
ISO 20200 standard [42]. Film samples of 1.5×1.5 cm
were buried at 4–6 cm deep in a solid synthetic waste
contained in perforated plastic reactors. To maintain
the tri-layer film samples in direct contact with the
compost medium and to allow the removal of disin-
tegrated film samples from the compost for further
analysis, each sample was kept in a textile mesh [38].
The solid synthetic waste was prepared by 10 wt% of
mature compost (Compo Group, Barcelona, Spain),
40 wt% of sawdust (Productos Adrian, Valencia,
Spain), 30 wt% of dwarf rabbit food (Vitakraft, Bre-
men, Germany), 10 wt% of starch (Unilever Spain,
Barcelona, Spain), 5 wt% of sugar (Azucarera,
Madrid, Spain), 4 wt% of corn oil (Koipe, Córdoba,
Spain) and 1 wt% of urea (Quimipur, Madrid, Spain).
Then, provide the compost medium with water,
50 wt% water was incorporated into the solid synthet-
ic waste. The reactors containing the buried tri-layer
films were kept in an oven (Memmert GmbH,
Schwabach, Germany) under aerobic conditions at
58°C. Disintegrated tri-layer film samples were re-
moved from the compost medium at 4, 7, 11, and
17 days. The disintegrated samples were reweighted
after each extraction in a QUINTIX125D-1S analyti-
cal balance (Sartorius, Gotinga, Germany) to calculate
the degree of disintegrability following Equation (4):

Disintegration degree [%] (4)

In which w0 is the initial weight of the tri-layer film
sample before composting test and wt is the weight
of the tri-layer specimens after t (4, 7, 14, and 17)
days exposed to the composting medium. Then, the

recovered tri-layer pieces were dried at 40 °C under
vacuum in an oven and stored under vacuum for
characterization. Moreover, photographs of the tri-
layer film samples were taken before and during the
composting test to have a qualitative check of the
materials’ degree of physical disintegration in the
compost medium as a function of time. Photographs
of the compost soil were also taken, while the pH
was measured with a Hach SesION™ + pH meter
(Hach Company, Loveland, Colorado, USA).
Significance in mechanical properties, as well as an-
tioxidant migration studies, was calculated using
one-way analysis of variance (ANOVA) with Origin
Pro 8 software SRO v8.0724 (OriginLab Corpora-
tion, Northampton, MA, USA). To identify which
groups were significantly different from other groups
means comparisons were made by performing a
Tuckey’s test with a 95% confidence interval, and
the reported p-values were considered statistically
significant at p < 0.05.

3. Results and discussion
3.1. Yerba mate nanoparticles

characterization
The lignocellulosic nanoparticles used here for the
development of RPLA-based nanocomposites were
obtained from yerba mate waste, as it was described
in previous work [24]. To corroborate the success of
the complete removal of hemicellulose component
from the yerba mate waste, the yerba mate waste, as
well as the obtained YMNs were characterized by
ATR-FTIR. The band around 1730 cm–1 belongs to
the acetyl and ester groups in hemicelluloses [43]. As
can be seen in Figure 3a, the hemicellulose compo-
nent was initially present in the yerba mate solid
waste, while it disappeared in YMNs, confirming the
successful obtainment of lignocellulose nanoparti-
cles [24]. Moreover, the C–H stretching vibration
band corresponding to alkyl groups in aliphatic bonds
of hemicellulose, lignin, and cellulose, appeared
around 2850 cm–1 in yerba mate waste, and it is re-
duced in YMNs as it has been already observed dur-
ing YMNs extraction process [24, 29]. The incorpo-
ration of CTAB to the YMNs showed the appearance
of two strong bands at 2900 and 2850 cm–1 in
Figure 3b, corresponding to the antisymmetric and
symmetric CH2 stretches [44, 45]. The presence of
the band at 1270 cm–1 (associated with the aromatic
skeletal vibrations), the presence of the band at
1155 cm–1 associated with C–H out-of-plane as well

%I A

A A
100

control

control sample
$=

-! $

w
w w

100
0

0 t $=
-
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as the presence of the band at 1112 cm–1 and the typ-
ical aromatic C–H bending in-plane, are suggesting
that lignin remains present in YMNs and, thus, indi-
cating the lignocellulosic nature of yerba mate
nanoparticles [24].
It is widely known that the freeze-drying process
produces the agglomeration of lignocellulosic nano -
particles. Thus, in the present work, with the aim of
obtaining a stable suspension of YMNs, CTAB sur-
factant was added to physically functionalize the sur-
face of lignocellulosic nanoparticles. In Figure 4a
are shown the hydrodynamic size of freeze-dried lig-
nocelullosic nanoparticles with and without the ad-
dition of surfactant. In the case of YMNs without
surfactant, there is a major peak from 20 to 170 nm
centered between 40 and 60 nm, as well as another
peak between 170 to 500 nm, probably due to the
formation of lignocellulosic nanoparticles agglom-
erations [24]. In the case of surfactant added ligno-
cellulosic nanoparticles, although there was not a
particle size reduction, there was a narrowing of the
nanoparticles’ main peak, which was between 20 and
90 nm, and a small shoulder of the previously men-
tioned agglomerated nanoparticles. The surfactant
did not influence the sizes of the nanoparticles be-
cause it has a small short-chain [44], but it seems that
it allowed better dispersion of the lignocellulosic
nanoparticles. It is known that the hydrophilic part
of the surfactant can be adsorbed on the surface of
lignocellulosic nanoparticles, while the hydrophobic
part is able to provide a nonpolar surface that lowers
the surface tension of such nanoparticles favoring
the dispersion with nonpolar polymers [30, 31]. In
Figure 4b is represented the proposed interaction
mechanism of lignocellulosic nanoparticles by means

of hydrogen bonding interactions and the lignocel-
lulosic nanoparticles with the presence of surfactant,
which the surfactant avoids or at least reduce the hy-
drogen bonding interactions between lignocellulosic
nanoparticles hydroxyl groups. However, it should
be taken into account that the DLS technique is de-
signed to calculate the hydrodynamic diameter of
spherical particles, therefore, TEM observations were
also conducted. In Figure 4c is shown a TEM image
of freeze-dried yerba mate nanoparticles prior to the
addition of CTAB surfactant. It is clearly seen that the
nanoparticles are agglomerated in accordance with
previous works [11, 29]. In fact, from the zoom image
of Figure 4c is evident that several nanoparticles are
interacting, forming agglomerates. Meanwhile, from
the TEM image of the freeze-dried YMNs physically
modified with CTAB surfactant Figure 4d, it can be
observed that YMNs exhibit dimensions ranging
from 50 to 100 nm in length, in good agreement with
YMNs suspensions before the freeze-dried process
[24, 29]. Although the nanoparticles are somewhat
accumulated, it can be seen from the zoom image of
Figure 4d that lignocellulosic nanoparticles can be
isolated, and it is clear that they show the typical shape
of a whisker. Therefore, it can be concluded that the
surface modification with a surfactant does not affect
the morphology or the sizes of the nano particles but
can reduce the interaction among them, limiting the
agglomeration. Similar findings have been already ob-
served by de Souza et al. [44] in cellulose nanoparti-
cles modified with anionic surfactants.

3.2. Film characterization
Transparent SC and RPLA monolayer films were ob-
tained, and the tri-layer formulations successfully
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Figure 3. FTIR spectra of: a) erba mate waste and yerba mate nanoparticles without CTAB and b) CTAB, yerba mate
nanoparticles without CTAB, and yerba mate nanoparticles with CTAB.



maintained transparency (Figure 5a), even in the pres-
ence of YMNs. It seems that the good dispersion of
YMNs as well as the low thickness of the obtained
materials allowed to obtain transparent films. These
findings were corroborated by means of UV-vis
spectrometry (Figure 5b). The spectra show that
RPLA films are highly transparent and very similar
to that of virgin PLA in the visible region. However,
in the UV region (250–400 nm), the recycled poly-
mer showed different behavior, as it presents lower
UV light transmission than virgin PLA, with the ap-
pearance of a small absorption peak at 277 nm. This
peak is correlated with the presence of chain-end
carboxyl groups during the mechanical recycling
process [46, 47]. In the case of the YMNs-reinforced
nanocomposite films, it should be mentioned that

this UV region is also overlapped with absorption
peaks of different polyphenols present in the YMNs
(i.e., chlorogenic acid, caffeic acid, and rutin) [24].
Concerning the transparency of the tri-layer structures
(Figure 5c), it was observed that the high transmit-
tance of RPLA/SC/RPLA was practically maintained
in the RPLA/SC/RPLA-YMN formulations although
a slight reduction in the transmittance was observed
along with the visible spectra with increasing content
of YMNs. The maintenance of good transparency of
PLA-based nanocomposite films reinforced with lig-
nocellulosic nanoparticles has been ascribed to the ho-
mogeneous dispersion of nanoparticles into the PLA
matrix, which could be substantially improved by the
addition of surfactants to modify lignocellulosic
nanoparticles surface tension [31, 38].
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Figure 4. a) DLS measurements of YMNs with and without CTAB incorporation before the freeze-dried process, b) schematic
representation of hydrogen bonding interaction between lignocellulosic nanoparticles with and without the presence
of a surfactant, c) TEM image of freeze-dried YMNs without surfactant and d) TEM image of freeze-dried YMNs
modified with CTAB surfactant.



The morphological aspects of the tri-layer structure
were studied by confocal microscopy, mainly to cor-
roborate the success of the developed procedure to
produce the tri-layer structure (Figure 6).
From the cross-section of the tri-layer RPLA/SC/
RPLA films, each layer can be clearly distinguished.
Meanwhile, they showed good adhesion between
them, as can be seen from the absence of phase sep-
aration between SC and PLA-based polymeric lay-
ers. The RPLA external layers were very thin (thick-
ness of about 10–30 µm), while the sodium
caseinate internal layer resulted thicker and, thus,
the final thickness was governed by the SC layer

leading to final tri-layer films with a thickness be-
tween 70 and 115 µm.
Thermal stability plays a very important role in the
processing of plastics since it is a limiting factor for
choosing the processing temperature of the materials
as well as their service temperature. The thermal sta-
bility of the different monolayer and tri-layer films
was studied by means of TGA, and the main results
are summarized in Figure 7.
Figure 7a shows the dynamic TGA curve and the de-
rivative curve of the plasticized caseinate film. The
analyzed sample showed several weight loss regions.
Such behavior is similar to that reported in other
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Figure 5. a) Visual appearance of tri-layer films: a1) RPLA/SC/RPLA, a2) RPLA/SC/RPLA-YMN1, a3) RPLA/SC/RPLA-
YMN3. b) UV-vis spectra of monolayer films, and c) UV-vis spectra of tri-layer films.

Figure 6. Confocal optical microscope observations of the cross-section of a) RPLA/SC/RPLA, b) RPLA/SC/RPLA-YMN1,
and c) RPLA/SC/RPLA-YMN3 (100×).



works, such as Pereda et al. [16] and Arrieta et al.
[36]. The first region, located below 100 °C, corre-
sponds to the evaporation of water. The second re-
gion, located between 100 and 240 °C, corresponds
to the loss of the glycerol plasticizer, and the third
region, above 300 °C, is assigned to the degradation
of the proteins of the sodium caseinate matrix. Re-
garding the thermal stability of PLAR and PLAR
nanocomposites, Figure 7b shows that all PLA mono -
layer films presented only one degradation process.
It can also be seen that the addition of the YMNs led
to a decrease of the thermal stability of the PLA ma-
trix. A similar result was reported by Beltrán et al.
[29] in recycled PLA-YMN nanocomposites pre-
pared by melt extrusion. The reduction in the thermal
stability was attributed to the lower thermal stability
of the YMNs, which reduced the overall thermal sta-
bility of the materials. Figure 7c shows the dynamic
TGA curve of the tri-layer systems. It can be seen that
the samples show the decomposition processes of
both the sodium caseinate and PLA layers. However,
it is worth noting that the incorporation of YMNs in
one of the layers led to a slight increase in the ther-
mal stability of the samples. This result suggests that
the YMNs have a protective effect on the sodium ca-
seinate layer due to their antioxidant properties
ascribed to the high content of polyphenols [24]. The
improvement of thermal stability can also be

ascribed to the well-dispersed YMNs in the PLAR
due to the CTAB surfactant presence. The improve-
ment of lignocellulose nanoparticles’ thermal stabil-
ity due to physical or chemical modifications has al-
ready been observed [30–32].
The thermal transitions of the different materials were
analyzed by means of DSC analysis. Figure 8 shows
the first heating scan of the single layers (Figure 8a)
and the tri-layer samples (Figure 8b). Figure 8a shows
that the sodium caseinate layer presents a wide en-
dothermic peak around 70 °C, which can be related
to the evaporation of water present in the caseinate
layer. Regarding the behavior of the recycled PLA
films, it can be seen that all samples show the char-
acteristic thermal behavior of recycled PLA: (i) a
glass transition below 60°C; (ii) an exothermic peak
above 100 °C, corresponding to the cold crystalliza-
tion; and (iii) an endothermic double melting peak
[12, 37]. The presence of this double melting peak can
be related to a melt recrystallization mechanism, as
was pointed out by Di Lorenzo [48], in which the less
perfect crystals melt at lower temperatures, rearrange
themselves and melt again at higher temperatures. It
is worth noting that both nanocomposites show high-
er glass transition and cold crystallization tempera-
tures. This increase suggests that the presence of
lignocellulosic nanoparticles limits the mobility of
the PLA molecular segments, thus making difficult
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Figure 7. TGA curves of a) sodium caseinate monolayer films, b) PLAR monolayer films, and c) tri-layer films.



the glass transition and the crystallization of the poly-
mer matrix. Similar results have been reported by
Gordobil et al. [49] and Bužarovska et al. [50], in
PLA-based lignin composites.
Figure 8b shows the first heating scans of the tri-
layer systems. It can be seen that the behavior of the
different samples is very similar. All of them show the
characteristic thermal behavior of PLA, although the
broad endothermic peak at 70 °C of the sodium ca-
seinate layer is noticeable in the three multilayer sys-
tems. Furthermore, it is worth noting that the enthalpy
values for cold crystallization and melting are lower.
This decrease can be attributed to the PLA layers
being a small part of the sample since confocal mi-
croscopy analysis showed that the sodium caseinate
layer was the predominant layer in the samples.
Therefore, the inclusion of a sodium caseinate layer

has only a limited effect on the thermal transitions
of the materials since it does not affect the crystal-
lization nor the melting temperatures of both PLA
layers in contact.
Raman microspectroscopy is widely used for the
characterization of multilayer polymer structures
[51]. Raman spectra allow the identification of the
polymer present in each layer, and the coupling to
optical microscopy adds the capability of measuring
the width of the different layers [52]. Moreover, as oc-
curs in all vibrational spectroscopies, Raman spectra
are very sensitive to the local molecular environment,
which gives useful information on the molecular
structure of the polymers [53]. Figure 9 shows the
Raman spectra of a tri-layer structure representative
of the materials studied in this work, formed by the
outer layers of RPLA and RPLA nanocomposites
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Figure 8. DSC heating scans of a) single layer and b) tri-layer sample.

Figure 9. Raman spectra of RPLA/SC/RPLA-YNM3 tri-layer film with the corresponding confocal microscopy image (50×).



reinforced with 3 wt% of yerba mate nanoparticles
(RPLA/SC/RPLA-YMN3). The Raman spectra were
measured at the points indicated in the tri-layer image
inserted in the figure. The spectrum of the RPLA layer
shows the characteristic bands of the Raman spec-
trum of this polymer, such as those that appear at
1770, 1454, 870, and 410 cm–1, which can be as-
signed to C=O stretching, CH3 bending, C–COO
stretching, and C=O deformation, respectively, ac-
cording to the bibliography [54]. Spectrum 3, record-
ed in the intermediate layer, shows the characteristic
bands of the Raman spectrum of sodium caseinate,
especially those that appear at 1667 cm–1 (amide I),
1452 cm–1 (amide II) [55], and 1004 cm–1, which has
been assigned to the presence of phenylalanine [55].
Spectrum 4 corresponds to the layer of RPLA with
yerba mate nanoparticles. It is a spectrum very sim-
ilar to that of RPLA since the bands corresponding
to nanoparticles are very weak due to the low amount
of nanoparticles.
One of the main advantages of Raman confocal mi-
crospectroscopy is the ability to measure in very small
areas of the material, with diameters of about 3 µm.
This ability has been used to compare the RPLA spec-
trum measured in bulk with the spectrum measured
at the interfacial region between the different layers
in order to study the existing chemical interactions.
Thus, Figure 9 also shows the Raman spectrum meas-
ured at the interface between the RPLA and sodium
caseinate layers (see no. 2 spectrum). This spectrum
shows the characteristic bands of both substances,
although the bands corresponding to PLA are more
intense. It is important to note that the spectra of
RPLA measured in the interface and in bulk are
slightly different, as shown in the inset of Figure 9.
In this inset, a very slight shift towards lower wave -
numbers (lower energies) can be observed in the
C=O stretching band measured at the interface, which
could correspond to the formation of hydrogen bonds
between RPLA and sodium caseinate. It is well
known that hydrogen bonding leads to shifts to lower
frequencies and broadening of the carbonyl stretch
band [53]. This possible formation of hydrogen bonds
is important because it would indicate a good adhe-
sion between RPLA and sodium caseinate layer,
which could be used to obtain multilayer structures
with good properties. The existence of hydrogen
bonding interactions has already been suggested for
multilayer films based on PLA, and soy protein iso-
late plasticized with glycerol (SPI-G) [56] or PLA

with gelatin plasticized with glycerol (Ge-G) [14]:
PLA/SPI-G/PLA [56] and PLA/Ge-G/PLA [14].
Films for food packaging are required to protect
foodstuff from mechanical stress during transport,
storage, and conservation. Thus, the mechanical per-
formance of the tri-layer formulations was evaluated
by means of tensile test measurements, and the re-
sults in terms of the tensile strength (TS), elastic
modulus (E), and elongation at break (εB) are sum-
marized in Table 1, and the tensile curves are repre-
sented in Figure 10.
Caseinate-based films are very fragile materials, and
this is why sodium caseinate matrix requires plasti-
cization [16, 36]. In this work, SC was plasticized
with glycerol, and the materials showed flexibility
with a consequent reduction in the TS and E of sodi-
um caseinate proteins [36]. The low mechanical
strength of caseinate films is one of the reasons that
limit their use in food packaging applications, and it
is expected that the PLA layer governs the bi-layer
structure. Regarding the PLA-based monolayer films,
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Table 1. Tensile test properties of mono-layer and tri-layer
films [%].

a–eDifferent letters within the same column indicate significant dif-
ferences between the indicated values of the film formulations
(p < 0.05).

E
[MPa]

TS
[MPa]

εB
[%]

SC 25.0±0.8a 2.5±0.5a 135.4±12.1a

RPLA 1900±100b 48.0±3.3b 6.4±0.7b

RPLA-YMN1 800±50c 15.3±2.1c 5.4±1.3b

RPLA-YMN3 1400±100d 24.8±4.4d 6.8±1.4b

RPLA/SC/RPLA 1000±50e 22.8±2.2d 7.0±0.4b

RPLA/SC/RPLA-YMN1 1100±50e 25.1±3.0d 5.2±0.8b

RPLA/SC/RPLA-YMN3 900±50c,e 23.2±2.0d 7.8±0.9b

Figure 10. Stress-strain curves of monolayer and tri-layer
films.



it was observed that the TS and E values of the recy-
cled PLA monolayer film (RPLA) were reduced due
to the addition of YMNs, while the elongation at break
was maintained (p > 0.05). When using low amount
of YMNs, that is 1 wt%, it seems that, although the
modification of YMNs improved their dispersion,
YMNs caused local stress concentrations, and then
the nanocomposites fail at reduced strain values. Sim-
ilar findings have already been observed in surfactant-
modified cellulose nanocrystals reinforced PLA-
based nanocomposites [31]. Nevertheless, it should
be highlighted that the TS and E significantly (p <
0.05) increased with an increasing amount of YMNs
to 3 wt%, showing the reinforcing ability of such lig-
nocellulosic nanoparticles [24]. In the case of the tri-
layer films, the elastic modulus and the elongation at
break were controlled by the PLA layer, while the me-
chanical behavior of the tensile strength was not an
average of the individual properties of monolayer
films, but intermediate values between RPLA and SC
layers were obtained, as frequently occurs in multi-
layer polymeric films [13, 16]. Kristo et al. [19] de-
veloped caseinate/pullulan bilayer films as well as ca-
seinate-pullulan blends and observed that the
mechanical response of blends depends to a greater
extent on the good interaction between both polymeric
matrices, while in bilayer systems, no strong stress
concentration effect exists near the interface since it
is aligned along the tensile direction. Our results are
in good agreement with those obtained by Martucci
and Ruseckaite [14], who developed tri-layer films

based on two external layers of PLA and an internal
layer of glycerol plasticized gelatin (Ge-G). The elas-
tic modulus and the elongation at break of PLA/Ge-
G/PLA system were mainly that of the PLA individ-
ual layer, and the tensile strength was an intermediate
value of both polymers with a higher influence by the
PLA layer. They concluded that the mechanical be-
havior of the tri-layer films did not answer to a simple
blending rule and ascribed the obtained results to in-
teractions between polymeric layers, such as hydro-
gen interactions established at the gelatin/PLA inter-
face [14]. As it was already commented, we also
observed some evidence of hydrogen bonding inter-
actions by means of Raman spectroscopy.
Gas barrier properties are very important for materials
intended for food packaging applications. One of the
key degradation agents in food is oxygen since it takes
part in a wide array of undesirable reactions such as
enzymatic browning, vitamin loss, lipid oxidation,
and microorganism growth [3, 17, 57]. Figure 11a
shows the oxygen permeability results for the differ-
ent samples. It can be seen that the sodium caseinate
films showed excellent oxygen barrier properties, as
has been previously reported in different studies [17,
57, 58]. In the case of multilayer films, all samples
show lower oxygen permeability than the value re-
ported by Rocca-Smith et al. [7] for pure PLA
(3.81·10–12 mol·m/(m2·s·Pa). This considerable im-
provement of the oxygen barrier properties can be
attributed to the presence of the inner sodium ca-
seinate layer. Similar results have been observed by
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Figure 11. a) Oxygen permeability and b) water vapor permeability of the different samples. a,cDifferent letters on the WVP
results indicate significant differences between formulations (p < 0.05).



Rhim et al. [56] in PLA/soy protein/PLA isolate
multilayer films and Rocca-Smith et al. [7] in PLA/
wheat gluten/PLA systems. Regarding the effect of
YMNs, it can be seen in Figure 11a that the addition
of the yerba mate nanoparticles to one of the PLA
layers led to a significant decrease in the oxygen per-
meability of the samples. This behavior can be ex-
plained by the synergic effect of nanoparticles to in-
crease the tortuosity of the diffusion path of oxygen
through the polymer and the tri-layer structures, thus
considerably reducing the permeability [59]. More-
over, the well-known antioxidant properties of YMNs
can provide some oxygen scavenging capacity, thus
contributing to further reducing the oxygen perme-
ability [21, 60, 61]. It should be highlighted that one
of the major drawbacks of PLA-based materials for
food packaging applications is its low oxygen barrier
performance. The results obtained here showed that
the middle layer of caseinate could improve the oxy-
gen barrier performance of PLA in the tri-layer struc-
ture, thus, suggesting that the multilayer films devel-
oped here could be suitable for food packaging
applications with reduced oxygen permeation.
Another agent with a pernicious effect on food pack-
aging is moisture. Figure 11b displays the WVP val-
ues of the different monolayer and tri-layer film sam-
ples. In the case of RPLA, the obtained value is
similar to that previously reported for this polymer
[29]. Similarly, the WVP value obtained for the glyc-
erol plasticized sodium caseinate film is in good
agreement with that previously published in several
studies [62–64]. The significantly higher WVP of the
sodium caseinate layer can be attributed to the hy-
drophilic character of the sodium caseinate matrix,
which facilitates the water vapor transport across the
material. The inclusion of the caseinate layer be-
tween the RPLA layers led to an improvement of the
barrier properties against water vapor due to the hy-
drophobic PLA layers protecting the inner caseinate
layer. Similar results have been reported by Trinh et
al. [65] in PLA/thermoplastic starch/PLA multilayer
films, in which the PLA layers helped to reduce the
WVP of the hydrophilic starch layer. Rocca-Smith et
al. [7] also pointed out the positive effect on WVP
of external PLA layers in PLA/wheat gluten/PLA
multilayer films, allowing for improving the barrier
properties of the internal hydrophilic gluten layer.
Specific migration tests were conducted to assess
the release of antioxidant compounds from the
YMNs contained in the inner layer of the tri-layer

formulations. Tri-layer formulations were exposed
to a fatty food simulant D1, particularly the inner ac-
tive layer was in direct contact with the food simu-
lant. The released compounds into the food simulant
D1 were assessed by DPPH method, with the main
objective of determining the antioxidant ability of
the developed tri-layer films. As expected, a signif-
icantly (p < 0.05) greater antioxidant effectiveness
was detected in the formulation with a higher con-
tent of YMNs, that is RPLA/SC/RPLA-YMN3
(81.1±2.5 GA mg/dm2 film) than in that with the
lowest amount used here of 1 wt% of YMNs
(RPLA/SC/RPLA-YMN1 = 36.8±2.5 GA mg/dm2

film). The antioxidant activity can be improved due
to the presence of shorter PLA chains, such as
oligomers produced during the mechanical recycling
process, that can further act as plasticizers for RPLA
matrix. It is known that plasticizers are able to im-
prove the release capacity of active compounds from
the polymeric matrix to the foodstuff [13, 66]. In
fact, in previous work, it has been observed that
PLA-based formulations plasticized with oligomeric
lactic acid (OLA) showed higher antioxidant effec-
tiveness than unplasticized ones [13]. Deladino  et al.
[26] studied different starch-based polymeric matrices
as the carrier of yerba mate extract in different load-
ing levels (from 9 to 50 wt%) and found starch-yerba
mate based systems with very good antioxidant ac-
tivity, such as DPPH inhibition of around 50% for
the lowest amount of yerba mate extract used and
more than 80% of inhibition for the sample with
50 wt% of yerba mate extract. Our results are in
good agreement with that of Deladino et al. [26],
considering the lowest loading levels (RPLA/SC/
RPLA-YMN = 6.4±0.1% of radical scavenging in-
hibition and RPLA/SC/RPLA-YMN3 = 11.0±0.2%
of radical scavenging inhibition).
Since each reprocessing cycle deleteriously affects
the thermomechanical performance of PLA matrix,
PLA-based materials cannot be infinitely recycled
[8, 67]. Fortunately, recycled PLA-based materials
can be composted under industrial composting con-
ditions after their useful life in the same way as sin-
gle-use PLA-based materials [9, 11]. Therefore, the
tri-layer formulations were submitted to a disintegra-
bility test in a composting medium at a laboratory
scale level. Figure 12a shows the visual appearance of
tri-layer films during composting, while Figure 12b
is represented the degree of disintegration as a func-
tion of time. In only 4 days of disintegration under
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composting, the materials lost a considerable amount
of their initial mass (around 60%, Figure 12b) ac-
companied by evident macroscopic changes, such as
reduced transparency (Figure 12a). It has been re-
ported that SC monolayer films were fully disinte-
grated under composting conditions in 6 h, as sodi-
um caseinate is soluble in water [68], but the main
disintegration process of the protein does not start
until glycerol was completely released [68, 69]. The
obtained results suggest that a considerable amount
of SC layer was lost during the 4 first days of the
composting test. Then, after 7 days under composting
conditions, the disintegration rate of tri-layer films
slowed down, and a somewhat higher disintegration
rate for tri-layer systems composed of the nanocom-
posite layer was observed.
It also could be noticed that RPLA/SC/RPLA-YMN1
and RPLA/SC/RPLA-YMN3 changed their color

and acquired a brownish tonality. The changes in the
color and the increased opacity could indicate that a
water uptake process takes place and/or the existence
of products formed during the hydrolytic degradation
process of the RPLA polymeric matrix, which induces
a change in the refraction index of the polymeric films
[38, 70]. On the 11th day of the composting test, both
tri-layer systems composed of a YMNs reinforced
RPLA layer reached 90% of weight loss, which is fre-
quently used as the goal of the disintegrability test [38,
71]. The hydrophilic nature of YMNs favors the water
penetration into the extremely disintegrated polymeric
matrix at this stage. Meanwhile, RPLA/SC/RPLA for-
mulation completely disappeared in 17 days. The suc-
cess of the compostability experiment was followed
by the evolution of the change of compost soil’s visual
appearance, which finally resulted in humus-rich soil
(Figure 12a) with a pH of 7.1.
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Figure 12. Disintegrability under composting conditions: a) visual appearance of tri-layer films before and after different
composting days, b) tri-layer films disintegration degree [%] as a function of time [days].



4. Conclusions
Tri-layer films of two external layers of mechanical-
ly recycled PLA and an intermediate layer of glyc-
erol plasticized sodium caseinate were successfully
produced by compression molding process without
the need of adding adhesives or chemically modify-
ing the film surface. Additionally, the inner layer of
PLA was loaded with different content of lignocel-
lulosic nanoparticles, extracted from yerba mate
waste (YMNs). A cationic surfactant was used to im-
prove the dispersion of YMNs into the recycled PLA
polymeric matrix. The structural analysis and the
morphological observation, together with the barrier
and mechanical characterization allows suggesting
the existence of hydrogen interactions between PLA
and caseinate polymeric layers at the interface. The
addition of YMNs into the inner layer of the tri-layer
formulation contributed to improving the oxygen
barrier properties of the tri-layer films, at the same
time providing the formulation antioxidant activity
that could lead to tri-layer films interesting for active
food packaging applications. Meanwhile, although
the PLA outer layers were able to protect the ca-
seinate internal layer from water, the WVP values
were worst than that of neat PLA but considerably
better than neat sodium caseinate film. The tri-layer
structure also had beneficial effects on the mechan-
ical properties of the films, evidenced by the gov-
erning effect of PLA mechanical behavior. Addition-
ally, the tri-layer films were fully disintegrated under
composting conditions in less than 20 days, highlight-
ing the suitability of these RPLA-based tri-layer poly-
meric structures for biodegradable active food pack-
aging applications toward a circular bioeconomy.
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