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1 | INTRODUCTION

The term “biocomposites” has been used for polymer
composites having as an inert phase a biomass. Both bio-
degradable bio-based polymers and fossil-derived poly-
mers were used for these polymer systems. The objective
of all these types of biocomposites is to reduce the envi-
ronmental impact of the polymers. In the case of bio-
based, biodegradable matrices, these polymer systems are
carbon neutral and at the end of their life are biode-
graded. Then, one of the most important tools to reduce
the environmental impact of polymers is the use of bio-
based, biodegradable polymers. These polymers are pre-
pared from monomers derived from biomasses and, at
the end of their life, are biodegraded and/or composted.
The same final fate occurs for the natural filler. Promoted
by national and international environmental agreements,
recent trends aim at use biomass wastes. In this context,
the employ of biocomposites can be a noteworthy help in
an effective conversion towards a circular economy.
Many books or chapter of books,' ™ reviews,”'® and
papers''? have been published on the preparation, charac-
terization, degradation, and recycling of biocomposites.
Both traditional fossil-derived polymers'®™" and biodegrad-
able bio-based polymers'®> have been used as matrices;
many different fillers like wood flour (WF), cornstarch, cel-
lulose, rice husk flour, sisal, flax, agricultural, marine waste,
and so forth were employed. In general, the matrices
become more rigid with increasing the content of filler, but
this is accompanied by a reduction of the tensile strength
and of the elongation at break. Moreover, the size of the
fillers plays an important role. In fact, viscosity and
mechanical properties improve with decreasing the dimen-
sions of the filler particles. As for the resistance of the
matrix with respect to thermal and photo-oxidative degra-
dation and biodegradation, different results have been
found depending on the nature of the filler."”>> Averous
and Boquillon"® found that the addition of cellulose
improves the thermal resistance without significant effect
on the post-processing stability. Kim et al.'® investigated
biocomposites of polybutylene succinate (PBS) with WF
and rice husk flour. The fillers improve the degradation of
PBS during natural soil burial test. Batista et al.** studied
the soil degradation of a biodegradable matrix (poly
(hydroxy butyrate-co-hydroxy valerate), PHBV) with peach
palm particles and found that the degradation was faster in
the biocomposites due to the presence of cavities that
resulted from the introduction of the fillers. These cavities

allowed for larger water adsorption and greater access to
microorganisms. Enhanced biodegradation was also found
by other researchers with several fillers,'¢-20-24-26-28-30:32,34
The hydrophilicity of the filler seems the more important
characteristic that influences the biodegradability of the
matrix. Additionally, the resistance to the photo-oxidative
degradation is enhanced in biocomposites by the presence
of lignocellulosic filler.**3*3¢-37

As for the applications, besides the usual manufacts
produced by injection molding, some papers also report
the possibility to use biocomposites both in film blowing
and in 3D printing.’”*® Nevertheless, in this relevant
amount of scientific literature, to our best knowledge, no
paper has been published that follows the whole life of a
biocomposite system from the preparation of the manu-
facts to the compost burial degradation. In this work, the
biocomposite systems were designed for packaging appli-
cations with the aim of being reusable and at the end of
the lifetime being disposed of in the organic waste. The
biocomposites have been prepared in a twin-screw
extruder, mixing polylactide (PLA) and WF or powder of
hazelnut shell (HS). Then specimens were obtained by
compression molding and characterized from a rheologi-
cal and mechanical point of view. Compression molding
sheets were then subjected to UV irradiation to simulate
a degradation during their use. Finally, both virgin and
UV-irradiated samples were buried to simulate a real
composting and compare the effect of the previous treat-
ments on the degradation in compost.

2 | EXPERIMENTAL

2.1 | Materials and preparation of the
biocomposites

The materials (polymer and fillers) used in this work and
their main properties are reported in Table 1.

PLA sample was provided by Nature Works (USA),
WF (mainly coming from beech trees) was supplied by
La.So.Le. (Percoto, Italy), and HS powder was provided
by Agrindustria Tecco (Cuneo, Italy). These fillers have
been used in previous papers.'***

All the biocomposites were prepared in a counter-
rotating, intermeshing twin-screw extruder (OMC,
Saronno, Italy) with a screw diameter of 19 mm and a
length-to-diameter ratio of 25. The filler contents used
were 10% and 20% by weight (Table 2). The temperature
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Materials Sample codes MFI, g/10 min
PLA 2003 D PLA 6
Wood flour WF -
Hazelnut shell HS -
TABLE 2 Sample codes and composition of all the investigated
samples.
Sample codes PLA, wt% WF, wt% HS, wt%
PLA EXT 100 0 0
PLA/WF10 90 10 0
PLA/WF20 80 20 0
PLA/HS10 90 0 10
PLA/HS20 80 0 20

profile used for all the systems was 150-160-170-170-
170-180-180°C (die) and the screw speed was 160 rpm.
The pure PLA was also subjected to the same processing.
To prevent the hydrothermal degradation of PLA during
processing, both PLA and the fillers were dried overnight,
under vacuum, at 60 and 80°C, respectively.

The specimens for all the tests were prepared by
compression molding. A Carver laboratory press (USA)
was used. The samples were prepared at 180°C for
about 3 min at a pressure of 300 psi. Even before the
preparation of the compression-molded sheets both
PLA and biocomposites were dried under vacuum at
60°C overnight.

2.2 | Photo-oxidation

The PLA and the biocomposites were exposed to acceler-
ated weathering in a QUV chamber, equipped with eight
lamps UVB-313 (Q-Labs Corp., USA). The exposure cycle
conditions were 8 h of UV irradiation at a temperature of
60°C followed by 4 h condensation at the temperature
of 40°C (named UV-COND). To investigate the effect of
the humidity during weathering, comparative tests were
also carried out on the pure PLA in the QUV with the
same irradiation cycle, but only under UV irradiation.
Samples were monitored at different degradation inter-
vals (12, 24, and 36 h).

2.3 | Characterization

Mechanical characterization was performed using an
Instron (USA) universal testing machine, model 3365,
according to ASTM D638. The elastic modulus was

TABLE 1 Materials and fillers.

Diameter, pm

300-500
120-240

measured with a crosshead rate of 1 mm/min up to a
deformation of 10% and after the crosshead rate was
increased to 100 mm/min until breaking. At least seven
specimens were tested for each sample. All the data
were validated by one-way analysis of variance
(ANOVA).

Rheological characterization was carried out for all the
samples at 180°C using an ARES G2 (TA Instruments, New
Castle, DE, USA) with a plate-plate geometry (25 mm diam-
eter). The angular frequency range used was of 0.1-
100 rad/s.

Fourier Transform Infrared Spectroscopy Attenuated
Total Reflectance (ATR-FTIR) spectra were performed
with a Perkin-Elmer (USA) Spectrum One spectrometer,
using Spectrum software. The spectra were obtained
through 8 scans with a 4 cm™! resolution. Measurements
were attained from the average of triplicate samples. The
ATR spectra were normalized using the peak located at
2995 cm™ ' attributed to the asymmetric stretching of
CH; groups.™

SEM images were acquired by using a Phenom proX
scanning electron microscope (Phenom World, Eindho-
ven, Netherlands). Before examination, the samples were
cracked in liquid nitrogen. Analysis of SEM images was
performed by ImageJ software.

Nuclear magnetic resonance experiments were con-
ducted with an Agilent """ INOVA spectrometer (Santa
Clara, CA, USA) working at 500 MHz (*H). Spectra were
recorded at 27°C in CDCl; with 0.03% TMS v/v as an
internal standard and with the following Agilent acquisi-
tion parameters: sw 8012.8 Hz, at 4.089s, d1 4 s, np
65,536, pw 45°. Spectra were processed with the Mestre-
Nova software (Mestrelab Research, Santiago de Compos-
tela, Spain).

A contact angle goniometer (OCA15EC, Dataphy-
sics) was employed to monitor the surface wettability
of samples. Measurements were carried out at room
temperature. SCA (Static contact angle) values were
defined releasing 2 pL of water from a micro syringe on
the surfaces. Then, the dedicated software (SCA 20)
analyzed the images acquired by the connected video
camera. To exclude interferences, the samples were
earlier equilibrated at 40°C for 30 min and after that
SCA was computed. For each sample, at least five SCA
values were determined to assure repeatability of
the data.
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24 | Compost burial test

Compost burial test was performed under moisture-
controlled settings and at 58.0 + 0.1°C. Compost was pro-
vided by Biofactory S.p.A (Calcinate, BG, Italy). Triplicate
specimens of the biocomposite samples were located in
dark vessels arranged with a multi-layer substrate.*'
Squares of filter paper were utilized as positive controls.
Biocomposite film pieces of 2 cm x 2 cm were cut. The
specimens (initial weight 100-350 mg, positive control
~28 mg; PA114C Ohaus Pioneer Plus, d = 0.1 mg) were
inserted between two layers of milled perlite (70 g) mixed
with compost (200 g). The mixture were humidified of
distilled water (100 mL). Perlite (60 g) was placed as the
bottom and top layers of the multi-layer substrate and
moistened with distilled water (120 mL). It was used for
encouraging aeration to the compost and the retention of
water. Biocomposites were unearthed after established
intervals (10 and 30 days), brushed gently, cleaned with
distilled water numerous times, and dried at room
temperature, in the presence of P,Os, under vacuum to
constant weight.** The degree of degradation was esti-
mated by WL by the Equation (1):

WL (%) = (W; — W,)/W; x 100, (1)

where W, is the weight of the sample at the starting time
and W, is the weight after a fixed time.

3 | RESULTS AND DISCUSSION

3.1 | Mechanical, rheological, and
morphological characterization of the
biocomposites and influence of photo-
oxidation

Figure 1 reports the flow curves of the PLA and of two
biocomposites with two different compositions. To inves-
tigate a possible thermomechanical degradation during
the extrusion, the flow curve of the unprocessed PLA is
also reported. The flow curves of the two PLA samples
are very near indicating that the PLA does not undergo
severe degradation phenomena during processing due to
the thermomechanical stress acting on the melt.

The rheological behavior of the two biocomposites is
quite unusual. Indeed, usually the composites with inert
fillers show a viscosity increasing with increasing the
content of filler.*® On the contrary, in these two cases,
the viscosity of the biocomposites decreases in the pres-
ence of the filler, and, in particular, the biocomposite
with 10% of WF filler shows a lower viscosity. The flow
curve of the biocomposite with 20% of filler is higher,

{
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although still lower than that of the pure, processed
matrix; moreover, the flow curves do not show the typical
Newtonian plateau at low frequency, but the flow curves
tend to grow up. This last behavior is typical of the poly-
mer composites with inert filler and the upturn at low
frequency suggests the presence of a yield stress. The
decrease of the viscosity in presence of fillers, then, is
quite unusual, as the presence of inert fillers should
induce an increase of the viscosity. This behavior, how-
ever, could be explained considering both a very poor
adhesion between the two phases and/or some thermo-
mechanical degradation of the matrix during the
processing.

As for the morphology of these systems, in Figure 2
the SEM micrographs of the biocomposites with a filler
content of 20% are reported.

The morphology of the two samples is typical of com-
posites with low adhesion between matrix and fillers in
both cases and a broad range of dimension is observed.
The morphology of both samples can certainly justify the
lower viscosity of the biocomposites with respect to that
of the pure matrix. However, it is not possible to interpret
only based on the morphology the lower flow curves of
the samples with WF (Figure 1).

As for the thermomechanical degradation during pro-
cessing, although no relevant degradation of the pure
PLA has been previously observed, the increase of the
viscosity, due to the presence of the filler with conse-
quent increase of the mechanical stress acting on the
melt during processing, could cause some degradation.
The flow curves that we measured are, indeed, the flow
curves of the degraded material after the processing.
During processing, the pushing force of the thermome-
chanical degradation is the temperature and the mechan-
ical stress. The processing temperature is the same for
both systems, while the mechanical stress is:

T=n%7, (2)

where 7 is the viscosity at the processing conditions and y
the shear rate. The typical shear rate range in extrusion
operations is about 100 s™' and in this shear rate range
the viscosity of the filled systems is very near or even
higher than that of the PLA. Some thermomechanical
degradation more severe than that observed for the PLA
can be considered responsible for this unusual behavior,
at least in part.

The mechanical properties, elastic modulus, E, tensile
strength, TS, and elongation at break, EB, are reported in
Table 3 for all the investigated samples. As expected, the
elastic modulus increases in presence of the filler and
with increasing the filler content (p < 0.05). On the con-
trary, tensile strength and elongation at break decrease

85UB017 SUOLUIOD 8AITE8.D) 8|edl|dde 8y Aq peusenob ae sejole YO ‘9S JO S8INI o ARIq 18Ul UO A8]IA UO (SUOTHIPUOD-PUR-SLLIBY WD A8 |1MAe1q 1 BU1|UO//:SANY) SUORIPUOD Pue SWLB | 8U1 89S *[9202/50/52] U ARiqiauliuo 48| ‘Bfd 1a 1pms 1Bea AisieAiun Ad 68182 9d/Z00T 0T/10p/woo A 1M A juluo'suo reoljgndadsty//sciy Wwoly pepeojumoq ‘TT ‘%202 ‘69508rST



9806 | W l L E Y—W nspIRNG Polymer

BAIAMONTE ET AL.

PROFEssiONALs  COMPOSITES

10000

Complex Viscosity (Pa s)

1000
0.1 1

---PLA
——PLA EXT
—o—PLA/WF20
—&—PLA/HS20
——PLA/HS10

——PLA/WF10

10 100

Frequency (rad/s)

FIGURE 1

with increasing the filler content (p < 0.05). The pres-
ence of an inert filler increases the rigidity of the PLA
and reduces its deformability. The reduction of the
deformability also causes a decrease of the tensile
strength for the premature breaking of the sample. It is
worth to mention that the reproducibility of the

Flow curves of PLA and of the two biocomposite systems.

FIGURE 2 SEM
micrographs of biocomposites
with 20% of (A) HS and (B) WF.

experimental data is good for all the biocomposites. This
means that, in all the systems, the filler particles are quite
well dispersed. The biocomposite with WF shows slightly
better properties, in particular a higher tensile strength.
In Figure 3, the flow curves of the PLA and all the vir-
gin biocomposites, photo-oxidized for 36 h (with and
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TABLE 3 Mechanical properties of PLA and of the without condensation cycle) and not, are reported. The
biocomposites. flow curves of the PLA and of the biocomposites, weath-
Materials E (MPa) TS (MPa) EB (%) ered 36 h, are 10\‘Ner than t}%at of the virgin samples with
a decrease that is more evident for the samples photo-

PLA 1540 + 51* 38.3 + 6.9* 4.0 + 0.63* s . .
oxidized with condensation cycles. These results clearly
PLA/HS10 1572 + 88* 24.3 + 2.0* 2.3 +£0.22% indicate that the samples weathered in presence of con-
PLA/HS20 1674 + 74* 214 £ 1.7 1.5+0.18* densation cycles undergo a more relevant chain scission
PLA/WF10 1567 + 19* 27.5 + 1.5* 2.5 + 0.13* of the PLA. The decrease of the viscosity is almost similar
PLA/WEF20 1690 + 64* 24.0 + 1.8* 1.9 + 0.3* for both systems. It is interesting to notice the presence of

an upturn in the photo-oxidized samples at low values of

*Significant at p < 0.05.
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Flow curves of virgin and photo-oxidized samples: (A) PLA with HS (B) PLA with WF.
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the frequency that, then, implies the apparence of a yield
stress. This behavior is to attribute to the presence of
inert fillers. The apparence of the yield stress at these
frequencies—not present in the virgin sample—is cer-
tainly due to the reduction of the viscosity of the matrix
and to the more relevant influence of the inert filler dur-
ing the flow with respect to the higher viscosity virgin
sample.

However, the more severe photo-oxidative degradation
is observed for the PLA matrix (Figure 4) where the flow
curves of the PLA samples aged under photo-oxidation for
36 h and under a cycle with both UV irradiation and con-
densation are reported. The flow curves of the PLA aged
only under UV irradiation is much higher than that of the
same polymer aged under a cycle with UV irradiation and
condensation. Consequently, the macroscopic effects mea-
sured on this last sample are due mainly to the hydrolytic
degradation that gives rise to chain scission and not to the
oxidation. The effect of the hydrolytic degradation is very
effective as the viscosity decreases of more one decade after
this relatively short treatment. In fact, noteworthy, under
the weathering carried out with a cycle involving 4 h of
condensation, the decrease of the flow curves for the bio-

The decrease of the viscosity is reasonably due
to the reduction of the weight average molecular
weight (Mw) because the Newtonian viscosity is
strongly dependent on the Mw according to the
equation:

Ho = kMw?*, (3)

where k is a constant. The dimensionless molecular
weight, Mw, for each sample can be evaluated as:

Mw = (70(£) /16(0))"/>*, (4)

where 7,(t) is the value of the Newtonian viscosity of the
samples photo-oxidized 36 h and 7,(0) the Newtonian
value of the same virgin sample. Considering the previ-
ous equations, the decrease of the molecular weight for
PLA under UV photo-oxidation is only about 20% while

TABLE 4
samples weathered 36 h.

Dimensionless viscosity for all the investigated

composites is much lower than that induced in PLA. This Samples 1(t)/n(0) Mw
result could be due to the protective action of the lignin, PLA 0.06 0.43
which is a component of both WF and HS during the PLA/HS10 0.15 0.58
photo-oxidation' but it could be related to a hydrolytic sta- PLA/HS20 012 .
bilization outcome induced by the fillers as Wel'l. Th}s effect SN 0.16 0.58
could be very relevant for a PLA-based packaging aimed to
PLA/WF20 0.11 0.52
be reusable.
10000
—PLAEXT —PLA 36UV —PLA 36 UV-COND
=
&
E'
w»
[=]
<
& 1000
v
5
B
s
O
T + } : . : . t : }

T — FIGURE 4 Flow curves of
the extruded PLA and of the
same sample degraded under

100 Lo
01 10 100 UV irradiation and under UV

Frequency (rad/s)

irradiation and condensation.
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the reduction of the molecular weight for the sample
aged under condensation and UV cycle is about 60%
(Figure 4).

Of course, these equations hold for homogeneous
polymer systems, but it is reasonable consider that only
the decrease of the molecular weight of the matrix is
the cause of the decrease of the viscosity because the
adhesion between matrix and filler and the dimensions
and shape of the filler do not change with the proces-
sing. The value of the Newtonian viscosity for the bio-
composites cannot be evaluated from the flow curves
of Figure 3 because of the presence of an upturn in the

TABLE 5
photo-oxidized PLA and biocomposites.

Mechanical properties of Materials

PLA-36

PLA/HS10-36 UV-COND
PLA/HS20-36 UV-COND
PLA/WF10-36 UV-COND
PLA/WF20-36 UV-COND

low frequency range, for this reason Equation (4) could
not be applied. However, we can use the viscosity
values in the flat zone and evaluate the ratio of the vis-
cosity as an indicator of the decrease of the molecular
weight. The values of the dimensionless viscosity, cal-
culated as:

n(t)/n(0), (5)

at a shear rate of 1 s ! are reported in Table 4. At this
shear rate, the flow curve of the PLA matrix is still in the
Newtonian zone.

E (MPa) TS (MPa) EB (%)

1518 + 96 (n.s.) 21.4 + 2* 1.9 + 0.1*
1517 + 87 (n.s.) 18.8 + 2.8* 1.6 + 0.4*
1571 + 113 (n.s.) 24.8 + 2.9* 2.1 + 0.2%
1596 + 117 (n.s.) 21.9 + 2.7* 1.9 + 0.4*

Abbreviation: n.s., not significant.

*Significant at p < 0.05.
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FIGURE 5

Average static contact angle values for the PLA film samples virgin and photo-oxidized under different conditions.
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Although, as said before, it should not be possible
to use Equation (4) because the Newtonian plateau is
not observed for some samples, we have used this
equation to obtain a rough evaluation of the reduction
of the molecular weight because the viscosity at 1 s~ ' is
in the Newtonian plateau of almost all the samples.
The reduction of the molecular weight is much higher
for the pure PLA and lower for the two biocomposites
confirming the dramatic chain scission undergone by
the PLA during photo-oxidation and an UV-
stabilization effect induced by the fillers. As reported
before, the effect of the weathering is similar for both
fillers and only very slightly higher for the PLA/WF
biocomposite.

The mechanical properties of the photo-oxidized
samples are reported in Table 5 for all the investigated
samples. For the weathered PLA sample, it was not
possible to carry out the mechanical test because the
sample becomes too brittle after 36 h of photo-
oxidation. This result would seem to confirm once
again the protective effect by the two fillers that
involves less severe photo-oxidative degradation of the
PLA matrix (p < 0.05).

OPLAAVF10 OPLAAVF10-12 GPLAAVF10-36 PLAAVF10-36 UV-COND

A)

86.63 86.16
T

=

8636

Contact Angle (°)
3

BPLAAVF20 OPLAAVF20-12 BPLAAVF20-36 OPLAAVF20-36 UV-COND

(B)

88.10

79.73

Contact Angle (°)

FIGURE 6
20%), virgin and photo-oxidized under different conditions.

Contact Angle (°)

Contact Angle (°)

3.2 | Chemical-physical and structure
modifications induced by fillers and photo-
oxidation

The hydrophilicity/hydrophobicity of a surface has a rele-
vant impact on the hydrolysis and biodegradation rate. A
greater hydrophilicity implies a higher water adsorption
capability that provides a larger hydrolysis rate.** Accord-
ingly, the wettability of the biocomposite samples, before
and after accelerated photo-oxidation, was monitored by
using SCA analysis. Figure 5 shows that the SCA values
of PLA noticeably decreased after 36 h of photo-
oxidation, due to the new hydrophilic chain ends origi-
nated. Chemical changes, stimulated by oxygen and light,
on the surface of the films, enhanced the wettability of
PLA samples, underlined by the decrease of SCA values.
The wettability increase was more pronounced after the
weathering with a condensation cycle. On the contrary,
the presence of WF and HS fillers affected the changes of
SCA values induced by photo-oxidation (Figure 6) sug-
gesting again a UV light stabilization effect. In fact, SCA
values are unchanged or increased after 36 h of photo-
oxidation and the increase in surface wettability induced

@APLA/MHSI0 QPLA/HS10-12 BPLA/HS10-36 OPLA/MHS10-36 UV-COND

©

100
90

81.43
T

80

- //

APLAMS20 OPLA/MHS20-12 BPLA/HS20-36 OPLA/HS20-36 UV-COND

100 e
88.52 91.16 (D)

82.35

Average static contact angle values for the PLA nanocomposite films with (a, b) WF (10% and 20%) and (c, d) HS (10% and
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FIGURE 9 'H NMR spectra of PLA extruded and PLA loaded with 20% w/w WF and HS.

by weathering with a condensation cycle was less pro-
nounced for the biocomposites (Figure 6, ACA ~2-10°)
than for the PLA (Figure 5, ACA ~10-22°).

In Figure 7, the ATR-FTIR spectra of PLA and biocom-
posites, virgin and photo-oxidized (UV 4+ condensation
cycle) samples, are reported for the two systems. PLA can
be distinguished by the presence of signals associated to the
—CHj; groups at 1510-1330 cm ™', corresponding respec-
tively to the out-of-phase bending (6,s) and in-phase bend-
ing (J,), and at 3050-2810 cm ', related to the asymmetric
(vas) and symmetric (vs) stretching. The most intense peaks,
at 1750 cm™' and 1250-970 cm™ !, are respectively

associated to the C=0 (vc—o) and the C—O (v—o) groups
stretching.** For all samples, compared to the extruded
PLA, an increase in the absorption peaks is observed in the
regions relating to the CH; vibrational and the C—O
stretching. In agreement with a hydrolytic process, the
bands relating to the carboxyl acid carbonyl C=0O and
—OH increase in the photo-oxidized samples, and this effect
is more pronounced in PLA/HS (Figure 7A) than in
PLA/WF (Figure 7B). The signal relating to the ester car-
bonyl C=0 decreases in the case of composite samples sub-
jected to photo-oxidation, while a measurable increase of
the absorbance of the peak centered around 1650 cm™ ' is

85UB017 SUOLUIOD 8AITE8.D) 8|edl|dde 8y Aq peusenob ae sejole YO ‘9S JO S8INI o ARIq 18Ul UO A8]IA UO (SUOTHIPUOD-PUR-SLLIBY WD A8 |1MAe1q 1 BU1|UO//:SANY) SUORIPUOD Pue SWLB | 8U1 89S *[9202/50/52] U ARiqiauliuo 48| ‘Bfd 1a 1pms 1Bea AisieAiun Ad 68182 9d/Z00T 0T/10p/woo A 1M A juluo'suo reoljgndadsty//sciy Wwoly pepeojumoq ‘TT ‘%202 ‘69508rST



BAIAMONTE ET AL.

Polymer

#]2) INSPIRING 9813
a : PLASTICS —
PROFESSIONALS  COMPOSITES WI LEY

FIGURE 10 'HNMR
spectra of extruded PLA (PLA Terminal -CH(CH;)-OH
EXT), PLA subjected to UV
weathering with (PLA 36 h UV-
COND) and without (PLA 36 h )
UV) condensation cycle. Bhi3sH; LJ\»L
A A A
PLA 36H UV-COND \A\ 1 u\
A " A
o Jj m
A R .
e TR T G e S To ¥ R e et W GG © S Dt © Rt R 1
(ppm)

40

-2-PLAEXT -=~-PLA 36 UV ——PLA/WF10 -*~PLA/WF20 -©-PLA/HS10 —--PLA/HS20 -0~-PLA 12UV

35

30

Weight Loss (%)
S b

—
W

10

0 5 10 15
Degradation time (days)

FIGURE 11

observed, not present in the spectra of PLA EXT sample,
and characteristic of the stretch of carbonyl of carboxylic
groups.®

In biocomposites, the peak at 1746 cm ™', attributed
to the ester groups, is slightly decreasing, but at the same

20 2 30 35

W

Average weight losses versus degradation time at 58°C for PLA and biocomposite samples.

time, the area under the wavelength range 1600-
1830 cm ™ is slightly increasing as reported in Figure 8.
In this figure, the dimensionless area under the peak at
1600-1830 cm ' are reported as a function of the photo-
oxidation time for all samples. The area under this peak
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FIGURE 12 Average weight losses versus degradation time at 58°C for PLA biocomposite samples (A) with HS (10% and 20%) and

(B) WF (10% and 20%) fillers, photo-oxidized and not.

represents the concentration of all the C=0 groups pre-
sent in the macromolecular chains.

The curve relative to the matrix indicates a slight
increase, about 15%, of the area relative to all the C=0
groups. This could be explained by hypothesizing that
the photo-oxidation contribute to the formation of other
types of carbonyl groups as already reported in a previous

paper for PLA.* Similar comments can be made for the
biocomposites. However, in this case, the change of area
is much more slow and still less pronounced confirming
the protective effect of the lignin contained in the fillers.
The WF filler seems to be slightly more effective than HS
in protecting the PLA matrix against the photo-oxidation.
No peak at 1845cm ' of the anhydrides, typical
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functional groups found in the photo-oxidation of PLA,*
has been observed in all the samples. Thus, it is evident
that the oxidation of the PLA matrix is very small and
certainly does not compatible with the dramatic decrease
of the viscosity and of the molecular weight which in fact
has been attributed mainly to hydrolytic scission. It is
then clear that the decrease of the molecular weight is
not accompanied by a formation of other oxygenated
species.

Samples were also investigated by NMR to gain infor-
mation on the terminal groups originated from the chain
scission reactions leading to the reduction of MW illus-
trated in the preceding paragraphs. The '"H NMR spectra
of PLA extruded, and PLA loaded with 20% w/w WF and
HS are shown in Figure 9. The polymer repeating unit
methyl and methine protons give rise to a doublet at
1.57 ppm and a quartet at 5.17 ppm, respectively.** A ver-
tical magnification of the spectra shows that, besides the
main signals of the PLA repeating unit, there is a small
resonance at 4.35 ppm that is assigned to the terminal
lactic acid unit bearing a free hydroxyl group, which con-
stitute the main termination of the polymer. The similar
intensity of this peak in these samples indicates that
there is no or very little depolymerization during the
extrusion of PLA with WF or HS.

In Figure 10 the proton spectra of extruded PLA (PLA
EXT), PLA subjected to UV weathering with and without
condensation (PLA 36H UV-COND and PLA 36H UV)
are shown. The resonance at 4.35 ppm, a proof of hydro-
lytic depolymerization, is clearly more intense in the
sample subjected to UV irradiation with condensation.
Photo-oxidative chain scission is absent or negligible, as
these reactions lead to formation of terminal groups reso-
nating at lower magnetic field, usually between 7 and
5 ppm.** Therefore, NMR data confirm the conclusion
deduced from FTIR spectra.

3.3 | Compost burial degradation

The biodegradation process can be outlined in three-
steps. At first, external the microbial cell, polymer chains
are cut into monomers and oligomers; successively, the
low molecular weight products pass through the micro-
bial cell wall, and in the final step they are metabolized,
using O, and releasing CO, and H,O (under aerobic con-
ditions). Almost all standardized methods, focused on the
determination of biodegradation degree, are based on
the analysis of the conversion into CO, of the organic
carbon originally existent in the polymeric material
(e.g., ISO 19679:2020, ISO 17556:2019, ISO 14855-1:2012,
ISO 14855-2:2018). Conversely, in the literature, most of
the papers regarding biodegradation of polymers, blends,

{
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or composites use WL checking, which is recognized as
an index of biodegradability of plastic films.>***” Addi-
tionally, the laboratory procedures based on WL mea-
surements are more similar to the degradation tests
carried out in the open environment.

In Figures 11 and 12, the average WLs reported versus
the compost burial degradation time of PLA photo-oxidized
with or without condensation cycle are shown, together
with those of the biocomposite samples, with 10% and 20%
of fillers. A representative photographic documentation is
shown for each type of film sample, recovered after 30 days
of degradation in compost. PLA samples (virgin, photo-
oxidized 12 and 36 h) were all brittle and the degradation
in compost generated several plastic fragments and WL
values with high standard deviations. Both fillers induced a
high resistance and lower WL percentages (Figure 12). In
agreement with our previous studies,*® > photo-oxidation
increased the WL in both type of biocomposites with
increasing weathering time exposure and with the conden-
sation cycle (Figure S1).

4 | CONCLUSIONS

To reduce the environmental impact of plastics, biocom-
posites are an important tool produced by loading a bio-
degradable matrix with organic fillers. Biocomposites are,
then, biodegradable and, depending on the matrix,
compostable. In this work, sustainable and degradable
biocomposites were prepared using a bio-based and com-
postable PLA and biowaste-derived fillers. PLA based bio-
composite systems were formulated in a twin-screw
extruder with 10% and 20% of WF and HS fillers. Com-
pression molding specimens of PLA and biocomposites
were then subjected to UV irradiation to simulate a
severe degradation during their lifetime. To test their pro-
cessability and mechanical performance, the rheological
and mechanical properties of the materials were investi-
gated and studied in comparison with those of the virgin
polymer, assessing the influence of photo-oxidation.
Usually, the presence of inert fillers in a polymeric matrix
increases the viscosity of the composite and this means,
in many cases, a worsening of the processability. In our
instance, the flow curves of the biocomposite samples
are, on the contrary, lower than that of the virgin PLA
matrix. In particular, the biocomposite with WF shows
the lower viscosity. This behavior has been attributed to
the strong incompatibility between the matrix and the
two inert fillers with consequent very poor adhesion and
slipping between the two phases. Moreover, a more
severe thermomechanical degradation with a reduction
of the molecular weight in the biocomposite with respect
to the degradation of the matrix could also contribute to
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this behavior. Additionally, the very poor adhesion
between the two phases could be considered also respon-
sible for the decrease of the tensile strength and elonga-
tion at break. However, it is worth to notice that the
elongation at break is lower also for the brittle PLA
matrix. A slight increase of the modulus is observed, in
particular, for the biocomposite with the WF.

The effect of photo-oxidation by UV-irradiation and the
combined influence of humidity was studied as well. The
employment of bio-wastes resulted in biocomposites with
increased UV resistance and lower degradation rate in com-
post, as demonstrated by mechanical and chemical-
physical analyses and burial degradation test in compost.
The presence of the lignin of the fillers—a stabilizer against
the photo-oxidation - is responsible for this behavior.

Both virgin and UV-degraded samples were buried
to simulate a real composting and to compare the effect
of the fillers and UV irradiation on the degradation in
compost. Both fillers induced a high resistance to deg-
radation in compost. However, degradation rate in
compost increased in both type of biocomposites with
the photo-oxidation. Overall, the experimental data
showed improved mechanical properties and enhanced
UV resistance of the PLA as well as a reduced suscepti-
bility to compost degradation of the biobased biocom-
posites, with a WL in 30 days up to ca. 25% for PLA
and 10%-15% for the biocomposites. Predictably,
photo-oxidation increased the WL in both type of bio-
composites with increasing weathering time exposure
and with the condensation cycle.
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