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Figure 4. a) DLS measurements of YMNSs 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.

maintained transparency (Figure 5a), even in the pres-
ence of YMNSs. 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 (250400 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
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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 5. a) Visual appearance of tri-layer films: a;) RPLA/SC/RPLA, a;) RPLA/SC/RPLA-YMNI, a3) RPLA/SC/RPLA-
YMN3. b) UV-vis spectra of monolayer films, and ¢) UV-vis spectra of tri-layer films.

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 um), while the sodium
caseinate internal layer resulted thicker and, thus,
the final thickness was governed by the SC layer

a)

leading to final tri-layer films with a thickness be-
tween 70 and 115 pm.

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

c)

Figure 6. Confocal optical microscope observations of the cross-section of a) RPLA/SC/RPLA, b) RPLA/SC/RPLA-YMNI,

and ¢) RPLA/SC/RPLA-YMNS3 (100x).

890



M. P. Arrieta et al. — Express Polymer Letters Vol.16, No.8 (2022) 881-900

0.5

100 100
— SC — RPLA
—-— Derivative curve SC —— RPLA-YMN1
F H{0.4 80 —— RPLA-YMN3
o
{03 & 60|
2 £ 2
© 102 o s 404
= 2 =
2
{01 g 20
04— ; ; ; ; ——=10.0 0 : ; : ;
100 200 300 400 500 600 700 150 220 290 360 430 500
a) Temperature [°C] b) Temperature [°C]
100
— RPLA/SC/RPLA
—— RPLA/SC/RPLA-YMN1
80 —— RPLA/SC/RPLA-YMN3
g 60
17
2 40
20
0 T T T T T T
100 200 300 400 500 600 700
c) Temperature [°C]

Figure 7. TGA curves of a) sodium caseinate monolayer films, b) PLAR monolayer films, and c) tri-layer films.

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 Beltran 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 YMNSs, 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 YMNSs 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 8. DSC heating scans of a) single layer and b) tri-layer sample.

the glass transition and the crystallization of the poly-
mer matrix. Similar results have been reported by
Gordobil et al. [49] and Buzarovska 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

Raman intensity [a.u.]

4. RPLA-YMN3
A

1. RPLA

2. Interface

J 3.SC

T I
1900 1500

T
1100 700 300

Raman shift [cm™]

Figure 9. Raman spectra of RPLA/SC/RPLA-YNM3 tri-layer film with the corresponding confocal microscopy image (50%).
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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™!, which can be as-
signed to C=0 stretching, CH; bending, C—-COO
stretching, and C=0 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™' (amide I),
1452 cm™! (amide II) [55], and 1004 cm™, 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 pum.
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=0 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
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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 (7)), elastic
modulus (£), and elongation at break (eg) 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 7S and £ 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 PLLA-based monolayer films,

Table 1. Tensile test properties of mono-layer and tri-layer

films [%].
E T8 £
[MPa] [MPa] [%]
sc 25.0£0.8% | 2.5+0.5% |135.4+£12.1°
RPLA 1900+100° | 48.0+£3.3% |  6.4+0.7°
RPLA-YMN1 800+50° | 15.3+£2.1¢ | 5.4+1.3°
RPLA-YMNS3 1400+1009 | 24.8+4.44 |  6.8+1.4°
RPLA/SC/RPLA 1000+50¢ | 22.842.24 | 7.0+0.4°
RPLA/SC/RPLA-YMNI | 1100+£50° | 25.1+3.0¢ | 5.2+0.8°
RPLA/SC/RPLA-YMN3 | 900+50%¢ | 23.242.09 | 7.8+0.9b

*Different letters within the same column indicate significant dif-
ferences between the indicated values of the film formulations
(» <0.05).
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Elongation at break [%]

Figure 10. Stress-strain curves of monolayer and tri-layer
films.
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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 YMN:Ss, 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 7'S 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
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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
(3.81:107'2 mol-m/(m?-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. *“Different letters on the WVP
results indicate significant differences between formulations (p < 0.05).
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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 WV P 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 W VP 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/dm? film) than in that with the
lowest amount used here of 1wt% of YMNs
(RPLA/SC/RPLA-YMNI = 36.8+2.5 GA mg/dm?
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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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].

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-YMNI
and RPLA/SC/RPLA-YMN3 changed their color
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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 11" day of the composting test, both
tri-layer systems composed of a YMNSs 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 YMNSs 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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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 (YMNSs). A cationic surfactant was used to im-
prove the dispersion of YMNSs 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 YMNSs 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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