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controlled end-of-life is imperative for an effective circular economy. In this work,
an innovative approach to induce and control the end-of-life of biodegradable

posed. Chitosan (Ch) has been subjected to ionotropically crosslinking and then
added to polylactic acid (PLA) at different amounts (1.0-4.0%w) by melt mixing.
All obtained results suggest that the addition of crosslinked Ch (cCh) particles
does not modify significantly the investigated biopolyester properties. Specifically,
the thermal analysis of the composites reveals that the addition of unmodified Ch
alters the PLA thermal behavior, while the addition of cCh particles does not
change the PLA glass transition, cold crystallization and fusion phenomena. The
infrared and UV-visible spectroscopic analyses suggest no significant changes in
PLA structure. PLA/cCh films show a good optical transparency, which is a desir-
able property for food packaging applications. In addition, thin PLA-based films
have been subjected to UVB exposure and the accumulation of oxygen-containing
groups has been monitored in time through spectroscopic analysis. Interestingly,
at low exposure time, the presence of chitosan slows down the accumulation of
these groups, while at long exposure time, chitosan induces accelerated oxygen-
groups formation, supporting its beneficial effect as end-of-life accelerant.

KEYWORDS
ionotropically crosslinked chitosan, oxygen-containing groups accumulation, PLA
photodegradation
1 | INTRODUCTION sources, the development of a bio-based industry and
the implementation of circular economy.'?! Although
The formulation of bio-based materials from natu- replacing of fossil-based polymers by biopolymers may
rally occurring sources is a very challenging issue, have positive impacts on the environment and human

related to the gradual reduction of fossil-based health, the production of biopolymers at large
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industrial scale and their end-of-life management are
still challenging.!*3-!

Polylactic acid (PLA) is one of the most attractive
biopolymers because of its compostability, biodegradabil-
ity and properties that make it a good candidate in
replacing fossil-based polyolefins for some industrial
applications.['>*=1 Therefore, the PLA shows inferior
thermal and thermomechanical resistance with respect
to synthetic polyolefins and to improve PLA poor
properties, natural clay, metal oxides, natural fibers,
cellulose, and so forth, have been evaluated as suitable
additives.!®'!! These additives increase PLA thermal sta-
bility, hardness, and rigidity">"1°; however, they reduce
biodegradation rate.'>'”) PLA degradation depends on its
molecular weight, macromolecular architecture, crystal-
linity degree, morphology, supramolecular structure, and
so forth, but also on the surrounding environmental condi-
tions such as moisture/water, oxygen content, pH, temper-
ature, and/or kind and activity of microorganisms.!*#-2!
All degradation mechanisms, for example, hydrolytic,
thermo-oxidative, photooxidative and biotic, have random
chain scission as the first step. In addition, the thermal
and photooxidative degradation chain scission occurs with
simultaneous accumulation of oxygen-containing groups,
and the latter facilitates further eventual polymer deterio-
ration by microorganisms.!”-*>23!

The PLA degradation rate must be tailored to its spe-
cific application. However, different methods have been
proposed currently to tailor the PLA degradation,
including the incorporation of additives that increase
the PLA hydrophilicity, and the incorporation of
enzymes and/or other additives that decrease the activa-
tion energy of hydrolysis, and so forth Most of these
methods are focused on modifying the hydrolytic rate
or thermal degradation and only a few address the
photodegradation.**2°!

Chitosan is a cationic polysaccharide obtained by con-
trolled NaOH deacetylation of chitin, which is a polysac-
charide present in the exoskeleton of crustaceans, fungal
cell walls and other biological materials.”® Chitosan
properties and performances depend on the deacetylation
degree and the molecular mass.l*”?®! When added as a
filler to a polymeric matrix, chitosan can improve
mechanical and barrier properties'?>>?! because of its
selectivity to CO, and 0,.126:3)

In this work, ionotropically crosslinked chitosan
(cCh) has been added to PLA at different amount (1.0-
4.0%w) via melt mixing to induce and control PLA
oxygen-containing group accumulation during exposure
to UVB light, without detrimentally affecting the thermal
and optical properties. The thermal behavior of PLA/cCh
has been studied by differential scanning calorimetry and
thermogravimetric analyses, alongside of PLA/Ch and
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neat PLA samples, for comparison. The morphology of
all PLA-based films has been investigated by accurate
scanning electron microscopy. Further, the optical trans-
parency of PLA-based films has been evaluated by UV-
vis spectroscopy, while the oxygen-containing group
accumulation has been monitored in time through infra-
red spectroscopy.

2 | EXPERIMENTAL

2.1 | Materials
The materials used in this work are:

- PLA 3001D has been purchased from NatureWorks
LLC. This material is an injection molding grade with
melting point = 200°C; heat distortion tempe-
rature = 55°C; melt flow rate (210°C/2.16 kg) = 22;
clarity-transparent.

- Low-molecular-weight chitosan with deacetylation
degree in the range 75-85% and average molecular
weight = 120 kDa, has been purchased from Sigma Aldrich.

- Glacial acetic acid, hydrogen chloride 37% (HCI),
and disodium sulfate has been purchased from Sigma
Aldrich.

2.2 | Preparation of ionotropically cCh
microparticle/nanoparticle

In consideration of the large molecular weight distribu-
tion of the chitosan, the low-molecular-weight fraction
was removed by dialysis. In particular, a 1% w/v aqueous
solution of the polymer in 0.20% w/v acetic acid and
0.01 M HCI was prepared at room temperature by mag-
netic stirring for 24 h. The solution was then dialyzed
against its own solvent (0.20% w/v acetic acid and 0.01 M
HCl) for three 3 days using a 12 kDa cut-off dialysis
membrane. The solution was then freeze-dried. After this
treatment, a fraction corresponding to the 33.0 + 4.0% of
the total polymer was removed. The dry polymer was
then redispersed in bi-distilled water containing 2.0%w
acetic acid at 0.1 w/v, by magnetic stirring for 2 h. To a
given volume of each solution a proper amount of 10%
w/v disodium sulfate solution was added in order to keep
the polymer to salt weight ratio always equal to 0.1. The
addition was performed dropwise in an ultrasound bath
at 25°C. After addition of the salt, the final mixture was
sonicated for 10 min. The cCh particles were recovered
by centrifugation at 13,000 rpm per 30 min at 15°C to
remove the supernatant solution containing the excess of
salt, redispersed in water and filtrated with 5 pm cut-off
syringe filters to remove eventual larger aggregates and,
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finally, dried in a vacuum oven at 40°C until constant
weight was attained. No appreciable dry polymer weight
change was measured.
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2.3 | Processing by melt extrusion

PLA pellets were dried before processing for 24 h under
vacuum in an oven at 70°C. The preparation of PLA-
based samples was carried out using a HAAKE MiniLab
Rheomex Micro-Compounder model CTW5 conical twin-
screw extruder operating in a corotating mode. The
processing temperature was 170°C, the residence time
5 min and the rotation speed was 100 rpm. Both
untreated chitosan and cCh particles were added at 1.0%
w and 1.0, 2.0, and 4.0%w, respectively, to the polymer
melt after 2 min of processing. Neat PLA was subjected
to the same processing condition.

Thin films (thickness about 60 pm) of neat PLA and
PLA-based systems containing chitosan were obtained
through compression molding (for 5 min at 6000 psi) in a
Carver Laboratory Press.

2.4 | Characterizations

24.1 | Differential scanning calorimetry
The calorimetric data were evaluated by differential scan-
ning calorimetry (DSC) using a PerkinElmer DSC7 calo-
rimeter. All experiments were performed under dry N,
on samples of around 10 mg in 40 pl sealed aluminum
pans. Four calorimetric (two heating: 30-200°C and two
cooling: 200-30°C) scans were performed for each sample
at scanning heating/cooling rate of 10°C/min.

Crystalline degree has been calculated using the formula:

Xo = (AH; - AHCC)/AHO, 100%cryst PLA

where AH; and AH,. are the fusion enthalpy and the
enthalpy of cold crystallization, respectively, and AHis
the fusion enthalpy of 100% crystalline PLA (93.7 J/g).>4!

242 | Thermogravimetric analysis
Thermogravimetric analysis (TGA) was conducted with
STA6000 PerkinElmer apparatus. Samples were tested in
a temperature range of 30-600°C at a heating rate of
10°C/min under nitrogen flux (20 ml/min). The charac-
teristic temperatures associated with the various phe-
nomena are calculated as the peak temperature of the
first derivative function (DTG).

2.4.3 | Scanning electron microscopy
Scanning electron microscopy (SEM) analysis was per-
formed on cryogenically fractured and gold sputtered sur-
faces of thin films using a Philips (Netherlands) ESEM
X130 scanning electron microscope. The voltages used in
SEM characterizations are 10.00 and 20.00 kV for obser-
vations of Ch particles and 10.00 and 30.0 kV for PLA-
based systems.

2.4.4 | Fourier transform infrared analysis

A Fourier transform infrared (FTIR) spectrometer
(Spectrum One, PerkinElmer) was used to record IR
spectra using 16 scans at a resolution of 1 cm™'. Measure-
ments were obtained from the average of triplicate sam-
ples with a calculated maximum experimental error
(relative standard deviation) of around 5%.

The progress of degradation for PLA and PLA-based
systems has been followed by running FTIR analysis with
time and monitoring the variations in the range 1800-
1700 cm ™' in time, using Spectrum One software.

2.4.5 | UV-visible analysis

UV-visible (UV-vis) spectrometer, (Specord250 Plus,
Analytik Jena), was used to record UV-vis spectra per-
forming eight scans between 200 and 1100 nm at a reso-
lution of 1 nm.

2.5 | Photooxidation exposure
Photooxidation tests of PLA and PLA-based films (thick-
ness about 60 pm) were carried out using a Q-UV/basic
weatherometer (from Q-LAB) equipped with UVB lamps
(313 nm). The weathering conditions were a continuous
light irradiation at T = 55°C. The progress of photooxida-
tive degradation was followed by FTIR spectroscopic
technique.

3 | RESULTS AND DISCUSSION

3.1 | Ionotropically cCh

Sodium sulfate was added to a diluted chitosan/acetate
aqueous solution to prepare a cCh derivative using sul-
fate anions as ionic crosslinking points. The effect of
ionotropic gelation on the thermal resistance of chitosan
was investigated by TGA. The obtained thermograms are
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plotted in Figure 1(A). Both Ch and cCh samples were
dried for 24 h at temperature of about 80°C in a vacuum
oven before the analysis. In the thermogram of Ch, a first
weight loss of about 5%w is observed in the temperature
range between 50 and 100°C, mainly due to the removal
of bound water. The dehydration treatment, carried out
before analysis, removed only plasticizing (unbound)
water, that is, the free water present between polymer
chains or very weakly bound water. This treatment did
not remove adsorbed bound water, that is, water that is
physically or chemically interacting with polymer chains,
acetate ions and/or trapped in the crystalline domains.!**
The untreated chitosan is thermally stable up to about
250°C. The main pyrolytic degradation process of Ch
takes place between 250 and 300°C with a relative steep
weight loss (ca. 40%). The random split of the glycosidic
bonds is accompanied by the release of low-molecular-
weight compounds (H,O, NH;, CO, CO,, and CH;
COOH) and significant structural rearrangements of the
polymer chain segments (decomposition of pyranose
rings through dehydration and deamination first and
then ring-opening reactions). At about 450°C, the
thermogram curve slope changes, becoming much
less steep and causing a further weight loss (ca. 40%)
in the temperature range between 450 and 600°C.
The overall residual weight is of about 36% at 600°C.
This second step of the thermal degradation process
is associated with CH, evolution and consequent for-
mation of a graphite-like structure via dehydrogena-
tion mechanism. ¢!

The thermogram of cCh clearly shows that the sample
possesses a lower amount of bound water. This behavior
has been already observed for other ionically crosslinked
polyelectrolytes characterized by a relatively high
crosslinking density.!*”! The lower amount of bond water
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in cCh can be ascribed to two main reasons: (i) the reduc-
tion of the number of hydrophilic groups available to
establish direct interactions with water (some hydrophilic
groups are engaged in ion-ion bonds with dissociated
potassium sulfate ions) and (ii) the restricted mobility of
some hydrophilic groups that are not involved in cross-
links. Moreover, the crosslinking can increase the portion
of amorphous regions of the polymer, and the latter
reduces the amount of bound water trapped in the crys-
talline regions. At the same time, this creates cavities
inside the material, thus favoring the access of free
unbound water. This water was probably successfully
removed by the thermal treatment under vacuum.
Another noticeable difference with respect to the thermo-
gram of Ch is that weight loss associated with thermal
degradation is anticipated to 200°C, but it is much less
significant. Indeed, the final residual weight at 600°C is
of about 77% that is much higher than for untreated
Ch. The decomposition reactions that start at lower tem-
peratures likely involve in loosing of network chain ends,
while the crosslinked portions undergo progressive car-
bonization without significant fragmentation. According
to literature,'®® it is worth noting that the main decom-
position processes for chitosan are radical reactions that
can also evolve toward radical-radical combination,
hence crosslinking. A small portion of the residual
weight at 600°C can be attributed to the presence of the
salt. In conclusion, the ionotropic crosslinking of
chitosan has the advantage of reducing the amount of
bound water, in comparison to the untreated chitosan,
and this can mitigate the hydrolytic degradation of
the host PLA matrix during melt processing at high
temperature.

Figure 2(A-D) shows the scanning electron micro-
graphs of cCh freeze-dried powder. The powder is rather
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Thermogravimetric analysis (TGA) curves of (a) untreated chitosan, Ch, and crosslinked chitosan, cCh and (B) neat

polylactic acid (PLA) and PLA containing crosslinked chitosan at different concentrations
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heterogeneous in size, showing small individual particles
and large aggregates of hundreds of micrometers. At
higher magnification, the larger particles appear like
aggregates of nanoparticles with an elongated shape.

3.2 | PLA/ionotropically cCh composites
PLA-based systems containing 1.0%w untreated chitosan
and 1.0, 2.0, and 4.0%w cCh were prepared by melt
mixing and characterized for their morphological and
thermal properties.

The morphology of the fracture surface of PLA/cCh
composites was investigated by SEM, alongside with the
fracture surfaces of PLA/Ch and neat PLA samples, for
comparison. In Figure 3(A-I), representative micro-
graphs are reported. The neat PLA sample shows smooth,
laminated fractured surface (see Figure 3(A)) that con-
firm the well-known inherently stiff and brittle character
of PLA. In Figure 3(B), the micrograph of PLA/Ch-1
composite is shown. The fractured surface morphology
appears less smooth than for neat PLA. Several cracks
and ridges are evident, which suggest that the chitosan
has induced some ductile characteristics to PLA. In the
micrographs of the PLA/cCh systems containing cCh
concentration ranging from 1.0 to 4.0%w, can be observed

electron microscopy (SEM)
micrographs at different
magnifications of crosslinked
chitosan

a rougher fractured surface and an occasional presence of
microparticles (10-30 pm diameter, (see Figure 3(C-E)).
In particular, for PLA/cCh-4, there are large regions
that appear homogeneous at lower magnification
(Figure 3(F)) and much rarer zones with larger and irreg-
ular porous aggregates (Figure 3(G)). The apparently
homogeneous regions, at higher magnification, show the
presence of elongated nanoparticles (Figure 3(H,I)). It is
also worth noting that the adhesion between the individ-
ual cCh microparticle/nanoparticle or their smaller clus-
ters and the host matrix is rather good (see Figure 3(D,E,
H,I)), indicating good compatibility between the bio-
polyester matrix and the more finely dispersed
crosslinked polysaccharide particles.

In Figure 4, the second heating scans of different PLA-
based samples containing untreated chitosan and cCh parti-
cles at different concentrations are plotted. In Table 1, all
information extracted from the DSC curves shown in
Figure 4, related to PLA glass transition (g), cold crystalliza-
tion (cc), and fusion (f), are reported. The introduction of
1.0%w Ch leads to an anticipation of the glass transition
phenomenon, for example, the onset temperature is slightly
lower than the corresponding value for the neat PLA. Addi-
tionally, the presence of Ch causes the disappearance of the
cold crystallization phenomenon and a significant reduc-
tion of the fusion enthalpy of the crystalline domains to
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FIGURE 3

about 2.9 J/g, with respect to 43.7 J/g measured for neat
PLA. This corresponds to a reduction of the crystalline
degree from 5.1 to 3.1%. Contrarywise, the introduction of
cCh in different amounts, that is, from 1.0 to 4.0%w, does
not significantly influence the thermal transition phenom-
ena (see Table 1). Indeed, the onset temperatures of the
glass transition phenomenon remain almost unchanged
and there are no major changes in the peak temperatures
related to the cold crystallization and melting phenomena.
The values of cold crystallization enthalpy are only 10%
higher than those of neat PLA. The PLA/cCh-4 system
shows a slightly increased crystalline degree, from 5.1 to
7.7%, probably because the cCh particles dispersed in PLA
matrix act as nucleating centers.

The first fusion peak (Tj,), closely to the main fusion
peak (Tg,), can be attributed to the melting of imperfect
crystals. Indeed, during melt processing the PLA

Scanning electron microscopy (SEM) micrographs of different polylactic acid (PLA)-based samples: (A) neat PLA;
(B) PLA/Ch-1; (C) PLA/cCh-1; (D) PLA/cCh-2; and (E) PLA/cCh-4 (F,G). SEM micrographs of PLA/cCh-4 at higher magnification (H,I)

undergone thermomechanical degradation, generating
PLA chains with low molecular weight that involve in
imperfect crystals.!>! Interestingly, it can be also
observed that this first fusion peak is slightly reduced for
PLA/cCh-4 in comparison to neat PLA.

Therefore, the presence of untreated chitosan in
blend with PLA has a negative effect on the thermal
behavior and, more specifically, on the PLA cold crystalli-
zation and melting phenomena, that are no longer
exhibited by PLA/Ch-1 (see Figure 4). In agreement with
this result, the PLA/Ch-1 exhibit a predominantly amor-
phous state that involves poorer barrier properties and
thermal resistance. On the contrary, the presence of
ionotropically cCh does not have any significant effect on
PLA crystallinity, except for PLA/cCh-4, and probably no
impact on the service temperature, as well as its mechan-
ical properties.[*0-42!



INSPIRING POLYMER
PLASTICS ENGINEERING

« | WILEY—

DISPENZA ET AL.

PROFESSIONALS AND SCIENCE

—PLA

- —— PLA/cCh-1
s —— PLA/cCh-2
© ——— PLA/cCh-4
o —— PLA/Ch-1
)

(@)

(]

=z

L

2

=

L

)

©

o /—b’\_
I

T T T T T T
50 100 150 200 250 300
Temperature (°C)

FIGURE 4 Differential scanning calorimetry (DSC) curves,

second heating scan of neat polylactic acid (PLA), and PLA
containing 1%w untreated chitosan (Ch) and 1.0, 2.0, and 4.0%w
crosslinked chitosan (cCh)

TABLE 1
chitosan microparticle/nanoparticle (cCh) at different concentrations

The TGA of selected PLA-based systems, namely
PLA/cChl and PLA/cCh4, was carried out under nitro-
gen atmosphere and the obtained thermograms are plot-
ted in Figure 1(B). The thermogram of neat PLA is also
reported for comparison. A single decomposition process
can be seen for all systems. PLA thermal degradation is
based on a hydroxyl end-initiated transesterification pro-
cess and chain scission.[**! Various gaseous products,
such as cyclic oligomers, lactide molecules, acetaldehyde,
carbon monoxide, and carbon dioxide, are released dur-
ing this process. The single decomposition temperature
for both PLA/cCh systems points out a good compatibil-
ity between PLA and cCh. The onset decomposition tem-
perature (Ty) is the same for neat PLA and PLA/cCh-1
and the mass loss at 600°C for both systems is around
99.5%. The presence of cCh at the highest concentration
(4.0%w) causes a slight decrease of the degradation tem-
perature and an increase of residual mass (ca. 2%). The
decrease of degradation temperature for PLA/cCh-4,

DSC data related to second heating scan of neat PLA and PLA-based samples containing untreated Ch and crosslinked

Glass
trans. (g) Cold crystallization peak (cc) Melt peak (f)
Tgonset chonset choﬂset chpea.k AHct: Tfonset Tfoﬁfset le peakl T_ﬂ peak2 AHf X
Sample (°C) {9 ) (°C) J/g) (§) ) (0 {9 J/g) (%)
PLA 574 74.0 132.7 113.0 —38.9 148.0 181.8 163.7 169.3 43.7 5.1
PLA/Ch- 57.0 = = = = 134.6 172.4 151.5 163.4 2.9 31
1
PLA/ 57.6 71.5 1334 113.7 —40.1 148.3 180.9 163.9 168.9 44.9 5.1
cCh-1
PLA/ 57.3 79.2 133.8 122.7 —42.6 148.1 178.4 163.2 169.0 47.4 5.1
cCh-2
PLA/ 57.9 77.6 132.7 110.8 —39.9 148.3 182.0 163.0 168.6 47.1 7.7
cCh-4

Abbreviations: Ch, chitosan; cCh, crosslinked Ch; DSC, differential scanning calorimetry; PLA, polylactic acid.
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(B) linear attenuation coefficient, K, as a function of Ch concentration
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despite of the observed slight increase of PLA crystallin-
ity, can be related to the presence of cCh-based larger
clusters in this system that, by creating heterogeneities,
impact on the thermal stability of the composite material.

In Figure 5(A), the UV-vis of PLA-based samples con-
taining Ch and cCh are plotted. The UV-vis spectra do
not show any significant difference among PLA and
PLA-based systems that contain Ch and cCh, highlight-
ing no evident changes in the optical properties. The
small differences in the UV adsorption, that is, in the
220-240 nm range, are nonsystematic and do not point to
specific changes in materials structure. Additionally, to
evaluate the film transparency, the linear attenuation

—PLA
—— PLA/Ch-1
R PLA/cCh-1
= —— PLA/cCh-2
® |— PLA/Ch-4 M
@ M
g M\JV\
©
o
@ M
e
< M M
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FIGURE 6 Fourier transform infrared analysis (FTIR) spectra

of pristine polylactic acid (PLA) and PLA-based samples containing
chitosan (Ch) and cCh
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coefficient (K) values were calculated considering the
measured absorption values (A) at 4 = 750 nm, samples
thickness (D) and using the formula: K = A/(2.3D).1#
The corresponding data are reported in Figure 5(B).
Although the differences are small, the transparency of
the PLA-based films is slightly lower due to the presence
of both Ch and cCh. The K values decrease with increas-
ing the cCh concentration and comparatively less with
cCh than with Ch at the same concentration.

The chemical structure of PLA-based samples con-
taining Ch and cCh was also investigated by FTIR analy-
sis. In Figure 6, the FTIR spectra are reported, and in
Table 2, the peak assignments for pristine PLA and Ch,
also according to literature,*°! are noticed. The compari-
son among the various FTIR spectra does not reveal sig-
nificant differences. This is mainly due to the similarity
between PLA and Ch in terms of functional groups (car-
bonyl and methylene groups) and the relatively low
amount of both Ch and cCh in the composites.

To sum up, the presence of cCh at 1.0, 2.0, and 4.0%w
does not significantly modify the properties and perfor-
mance of PLA, suggesting good compatibility between
the matrix and cCh particles. The PLA/Ch, even if Ch is
at a very low content, shows a lower crystallinity degree
and inferior optical properties, that could compromise
the application of PLA/Ch, for example, as food packag-
ing material.

3.3 | Accumulation of oxygen-containing
groups in PLA/Ch and PLA/cCh

To investigate the accumulation of oxygen-containing
groups at end-of-life of PLA-based systems, the PLA/Ch

[45]

TABLE 2  Assignment of FTIR peaks for neat PLA®! and neat chitosan
PLA Chitosan
vem ! Attribution vem ! Attribution
3500 —OH stretching (free) 2927 >C—H sym stretching
2993, 2879 >CH asym and sym stretching 1736 >C=0 stretching
1748 —C=0 carbonyl stretching 1626 C=0 of secondary amide group (amide I)
1450 —CHj; bending 1530 N—H bending (residue of amide II)
1382, 1357 >CH sym and asym bending 1395 C=N stretching (amide III band)
1259 —C=0 bending 1353 N—H in plan deformation
1180, 1128 —C—O— stretching 955 Piranose ring
1083, 1043 —OH bending 890 C—N finger print band
954 —CH; rocking
869, 756, 700 —C—C— stretching

Abbreviations: FTIR, Fourier transform infrared analysis; PLA, polylactic acid.
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and PLA/cCh thin films (thickness 60 um) were sub-
jected to accelerated UVB exposure. The accumulation of
oxygen-containing groups, that could facilitate the PLA
deterioration of microorganisms at its end-of-life, was
monitored by FTIR analysis in time. All obtained FTIR
spectra of PLA/Ch and PLA/cCh at 1.0, 2.0, and 4.0%w at
different UVB exposure times, that is, from 0 to 960 h,
are plotted as supplementary figures (see Figures S1(A)-
S5(A)).

According to the literature, the PLA oxidation degra-
dation mechanism occurs predominantly by random
chain scission of the polymer backbone, and in Figure 7
(A),[*) main degradation mechanism is shown.[*®!

Besides, the oxidation of PLA in both melt state and solid
state brings about a decrease of the PLA molar mass via
pathway (1). The degradation pathways (2) and (3) would
probably also occur, but the number of anhydrides spe-
cies, possibly volatile, would be low and not detectable by
FTIR. Therefore, the increase of the PLA absorption
band, due to the presence of anhydride functions at
around 1845 cm ' and related to the accumulation of
oxygen-containing groups, can be profitable followed by
FTIR analysis.

As already pointed out, Ch degradation occurs mainly
by depolymerization, that is, chain fragmentation, due to
deacetylation and oxidation (see Figure 7(B)).1**
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Furthermore, the new groups can react themselves, caus-
ing interchain crosslinking and 3D-structure formation.

As discussed above, the main FTIR absorption bands
of PLA and Ch are overlapped, the detection of different
peaks related to PLA or Ch degradation is very difficult,
also considering that Ch and cCh are added at low con-
centration. Thus, to understand the photodegradation
process, that is, accumulation of oxygen-containing
groups, it is followed the variation of anhydride accumu-
lations in PLA. In Figures S1(B)-S5(B) (supplementary
figures), the carbonyl domains 1900-1500 cm ', that con-
tains the PLA anhydride accumulations detectable at
1845 cm ™!, are plotted. In addition, in Figures S1(C)-S5
(C) (supplementary figures), the subtracted spectra in the
carbonyl domain, elaborated by FTIR software and calcu-
lated as AA@gasem—1) = Aw - A, of PLA/Ch and
PLA/cCh 1.0-4.0%w, are shown.

By means of subtracted spectra showed in Figures S1
(C)-S5(C), it was possible to estimate the variations of
anhydride accumulations for all investigated samples as a
function of exposure time, and in Figure 8(A,B), obtained
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trends are plotted. At short exposure times, up to 400 h,
the anhydride accumulation is more pronounced for neat
PLA, rather than for PLA/Ch-1 (see Figure 8(A). Interest-
ingly, at longer exposure times, up to 1000 h, the anhy-
dride accumulation becomes more pronounced for
PLA/Ch-1, in comparison to the neat PLA. As for the
untreated chitosan, the addition of cCh particles at short
exposure time slow down the anhydride accumulation
of PLA, while at long exposure time results in accelera-
tions of anhydride accumulation (see Figure 8(B). Spe-
cifically, the cross over between PLA and PLA/cCh-1.0,
2.0, and 4.0%w occurs, respectively, at 80, 170, and
260 h. Thus, the addition of cCh results in better pro-
degradation action in comparison to blended chitosan.
Moreover, it is worth noting that the trends of accumu-
lation of anhydride functions increase with increasing
the cCh concentration and this trend is particularly pro-
nounced at longer exposure times for the higher concen-
tration (see Figure 8(B). Probably at short exposure
time, the radicals coming from chitosan depolymeriza-
tion interact with the free radicals coming from
f-scission of PLA. Over a certain time, that depends on
chitosan concentration and chitosan chemical structure
(untreated and cCh), the chitosan radicals accelerates
the p-scission of PLA.

4 | CONCLUSIONS

An innovative sustainable approach to induce and con-
trol end-of-life oxygen-containing group accumulation
in biopolyester, such as PLA, through introduction of
polysaccharide particles, such as chitosan, is proposed.
The chitosan has been subjected to ionotropically
crosslinking to obtain microparticle/nanoparticles, and
then, these particles have been introduced in PLA
matrix through melt mixing at different concentrations
(1.0-4.0%w). The cCh particles do not significantly mod-
ify the thermal behavior, spectroscopic properties, and
morphology of PLA, while untreated chitosan, although
added at low concentration, alters the PLA properties
and performance.

To evaluate the oxygen-containing group accumula-
tion, thin PLA, PLA/Ch, and PLA/cCh films have been
subjected to accelerated UVB exposure and the accumu-
lation of anhydride functions, coming from the PLA
photodegradation, has been monitored through FTIR
analysis in time. Obtained results suggests that at short
exposure time, the anhydride accumulation is more pro-
nounced for neat PLA, rather than for PLA/Ch and
PLA/cCh, while at long exposure time, the pro-degradant
effect of both Ch and cCh is well noticeable. Further, it is
worth noting that the trends of accumulation of
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anhydride functions increase with increasing the cCh
concentration, suggesting a successful induction and con-
trol of the accumulation of oxygen-containing groups at
PLA end-of-life.
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