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Abstract

Chitin nano-fibrils, obtained by waste sea food (for example exoskeletons of crustaceous), are available as water diluted
nano-suspensions. Hence, their dispersion at the nanoscale in a molten polyester matrix is considered an issue, because
diluted liquids cannot be usually added easily in most common extruders. In the present paper the use of poly(ethylene
glycol) (PEG) of different molecular weight was investigated to prepare solid pre-composites useful to disperse chitin
nanofibrils in poly(lactic acid) (PLA) by extrusion. The tensile properties of injection moulded specimens were determined
and insights were also provided regarding the thermal characteristics of chitin nanofibril-reinforced nanocomposites. This
study allowed the identification of a process leading to transparent PLA-based nanocomposites suitable to be exploited in
packaging and personal care applications, where the intrinsic anti-microbial and tissue regenerative properties of chitin
nanofibrils can be greatly useful. Copyright © VBRI Press.
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Introduction

Biodegradable and renewable polyester such as
poly(lactic acid) (PLA) can be used for preparing both
flexible and rigid products in dependence of the final
applications. The use of suitable plasticizers [1-3],
nucleating agents [3-4] and processing aids [5]
compatible  with  material  renewability  and
biodegradability is currently the objective of many
researches. Indeed, the preparation of nanocomposites
[6-9], especially with natural nanofillers [10-11], aims at
exploring the potentialities of nanotechnology to
overcome application-related issues. The main goal is
preparing materials which are more benign towards
environment and health, and use them in packaging or
personal care applications to replace petro-sourced
counterparts [12-15]. Several natural biopolymers
showed interesting biocidal properties suitable for
packaging applications: chitosan, obtained by the
deacetylation of chitin, gelatin, pectin, cationic dextran
and cationic cellulose [16].

Chitin represents the second most abundant biomass
resource on earth with global reserves of 100 billion tons
[15]. It is present as main component of the exoskeleton
of crustaceous and insects and can be obtained by sea
food waste that is globally produced in large amount.
Chitin nano-fibrils (CNs) are obtained in aqueous
suspension from chitin and have nanometric dimensions.
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It is demonstrated that they possess anti-microbial
activity and favor tissue regeneration [17]. CNs can be
easily dispersed in water-soluble polymers, such as
chitosan in an acidic environment using water as a
solvent [18]. The removal of water allows casting films
[19] or coagulation fibers [20] to be obtained.
Differently, the dispersion in non-water-soluble
polymers, and indeed, sensitive to moisture during
processing, such as biodegradable polyesters, is much
more difficult. On the other hand, these polymers are
processable by injection molding, thermoforming, flat
die extrusion and extrusion, and therefore for a quick
transfer into application in different sectors it is
necessary for the nanofibrils to be successfully dispersed
inside polymer matrices in the molten state. In particular,
the extrusion of granules in which the CNs are dispersed
as large microsized aggregates are characterized by high
fragility and low transparency, features that prevent both
the processing and the use.

The obtainment of the nano-dispersion, being
necessary to have industrially biodegradable plastic
objects containing CNs, also allows CNS to be exploited
as reinforcement agents for the modulation of the
mechanical properties [21], nucleating agents [22], anti-
microbial agents as a function of the degree of
acetylation and pH [23], or as carrier of substances, such
as dyes [24], antioxidants and active substances for
potential applications in the intelligent packaging sector
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or personal care/cosmetic sector [14-15]. Zhang et al.
[25] have acetylated chitin to improve dispersion in poly
(lactic acid) (PLA), but the tensile properties of
composites prepared by solvent casting (not in the
molten state) showed a low value of elongation at break,
according to a suboptimal dispersion of CNs.

Rizvi et al. [23], evaluated the effects of different
amounts of chitin nano-fibrils in melt-blended
PLA/chitin and PLA/CN composites. Given the
hydrophobic nature of PLA, which implies poor
adhesion at the interface with natural reinforcements that
are hydrophilic, a series of nano-composites has been
prepared with the addition of a compatibilizing agent.
Therefore, PLA nano-composites were prepared on
which maleic anhydride (MA) was grafted to PLA at
about 2% by weight producing a modified polymer
(PLA-g-MA). Tensile tests showed an increase in
Young's modulus in nano-composites compared to pure
PLA. In particular, it has been observed that the Young's
modulus underwent an increase up to 5% chitin content,
while higher quantities did not produce further
reinforcement effect. As regards the tensile strength, a
decrease by increasing the nano-chitin content was
observed and, in any case, always lower values than pure
PLA. Such a decreasing trend was attributed to the
hydrolysis of PLA during preparation, since aqueous
solutions of CNs were used to avoid phenomena of
agglomeration, and therefore, as the amount of
reinforcement used increased, the introduced moisture
increased accordingly, leading to the hydrolysis of the
PLA. This paper showed the good potentialities of CNs
to improve mechanical performance but at the same time
it highlighted the difficulty of dispersing them at the
nano-metric level and homogeneously in the PLA. Guan
and Naguib [21] studied PLA/CN nano-composites
using MA as a compatibilizing agent and N, N-
dimethylacetamide (DMAc) as a dispersing agent,
considered necessary to improve the dispersion of nano-
fibrils in composite. The CNs were re-dispersed in
DMAc by mechanical stirring to enable a nano-
structured suspension. Moreover, to favor the fiber-
matrix adhesion, PLA was prepared with grafted
anhydride groups (PLA-g-MA) using 2 wt% of MA and
0.5 wt% of peroxide as a radical initiator. Tensile tests
have demonstrated that the presence of both DMAc and
PLA-g-MA, without CNs, led to a decrease of the
Young's modulus and of the tensile strength; DMAc
caused the reduction of the mechanical properties due to,
according to the authors, the degradation generated in the
PLA through chain scission during the extrusion. In the
specimens that presented both the CNs as nano-
structured suspension and compatibilization agents, an
increase in the modulus of elasticity and tensile strength
could be observed, so that it was concluded that the
presence of nano-fillers counterbalanced the degradation
effect. An increase of Young's Modulus and tensile
strength with reduction of the deformation at break was
detected in these nano-composites. It is also important to
note that, as the amount of nano-filler increased, two
contrasting effects occurred: (i) the reinforcing effect of
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chitin, which increased stiffness and strength at the
expense of ductility; and (ii) a negative impact on
mechanical properties attributable to the presence of
DMAc which caused the degradation of the matrix.

This article underpinned the need to use a dispersing
agent, looking for one that does not negatively impacts
the mechanical performances of PLA. The use of known
plasticizers of PLA in PLA-based nanocomposites has
been studied by several researchers and poly(ethylene
glycol) (PEG) was successfully used to disperse CNs
[12, 26] in PLA. Successively, other researchers came to
similar conclusions [27-30].

Herrera et al. [27-29] developed citrate in
water/alcohol ~ suspensions and investigated the
properties of composites containing 1% of CNs. They
reported that this amount was sufficient to modify some
key properties, such as anti-fungal activity, antistatic
behavior and puncture strength, thanks to the very high
surface to volume ratio of nanofibrils. More recently Li
et al. [30], aiming at obtaining rigid nanocomposites,
used high molecular weight poly(ethylene oxide) (PEO)
or PEG and investigated the flexural and impact
properties of composites with NC in the range 10% -
40%. The use of PEG and PEO was considered less
effective than other methods, without any plasticizing
agent, due to the decrease of the elastic modulus
attributable to plasticization. However, this methodology
based on PEG can be advantageous in the case of study
of flexible materials, to be applied in plastic films, with
low content of CNE.

Moreover, more research is required to identify
specific procedures for preparing these nano-
composites, considering also extrusion protocols and
processing parameters, that highly affect the final
properties of the composite.

In this frame, in the present paper the use of PEGs
of different molecular weight is proposed to disperse
CNs in PLA thanks to the preparation of pre-composites.
The pre-composites are then dispersed in PLA during
extrusion to obtain plasticized PLA containing 2% by
weight of NC. The tensile properties of injection molded
specimens are discussed, and insights were also provided
regarding the thermal characteristics of CN- reinforced
nanocomposites.

Experimental

Materials / chemicals details

CN water suspension was produced by MAVI SUD
through its patented process [31] and concentrated up to
20% by weight. PEG having a molecular weight of 400
(P4), liquid, and PEG having a molecular weight of 4000
(P40), 6000 (P60) and 8000 (P80), solid, purchased from
Aldrich, were used without any further purification.

PLA Ingeo ™ 2003D, Extrusion Grade with density
of 1,24g/cm?, a melt index of 6 g/10 min at 210 °C and
2,16 Kg, produced by NatureWorks LLC. It has a
molecular weight of 170000 g/mol and contains up to
4.1% isomeric D units. It was dried in ventilated oven at
60 °C for 16 hours before extrusion trials.
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Material synthesis / reactions

PG4 (or PG80) were added to concentrated chitin
nanofibrils suspension and stirred for two hours at room
temperature. The amount was calculated considering that
in the final pre-composites the weight ratio of PEG and
NC was 1:1. The obtained semiliquid emulsion was dried
in a ventilated oven at 50 °C up to constant weight to
obtain a solid when P80 was employed (P80S, P40S and
P60S) and a sample with liquid highly viscous
consistency when P4 was used (P4S).

The extrusion of the PLA 2003D (Ingeo TM Nature
Works) in the presence of P80S or P4S and PEG was
carried out, after drying the material, using a TwinLab |1
Haake™ Rheomex CTW 5 laboratory screw extruder.
The extrusion was carried out at 180 ° C and 90 rpm for
one minute. After extrusion, the molten material was
transferred through a preheated cylinder into the
Haake ™ MiniJet II mini injection molding
machine to obtain Haake type Ill test specimens for
tensile testing. The injection molding was carried out at
180 °C, 650 bar, holding time of 15 seconds, mold
temperature of 35 °C.

The extrusion and injection molding were carried
out onto: pure PLA (PLA); PLA with 2% wt. of dried
CNs (PLA+2CN*); PLA plasticized with P4 at 10% by
weight (PLA +P4-10); PLA containing 10% wt. of P4
and 2% wt. of CNs added by P4S (PLA+P4-10+2CN);
PLA containing 10% wt. of P80 and 2% wt. CNs added
by P80S (PLA+P80-10+2CN);

Characterizations / device fabrications /response
measurements

Tensile tests (UNI EN 1SO527) were carried out using a
universal INSTRON 5500R test machine with a 1 kN
load cell at a speed of 10 mm/min.

Differential scanning calorimetry analyzes (DSC)
were performed on material sampled from injection
molded specimens using a TA Q200 instrument with
nitrogen as carrier gas and indium as a calibration
standard. The samples were heated from -100 °C to
200 °C at 10 °C/min to clean the thermal history of the
sample and cooled from 200 °C to -100 °C at 20 °C/min.
The second heating was carried out by heating
analogously from -100 °C to 200 °C at 10 °C/min.

The morphology of master batches and composites
was studied by scanning electron microscopy (SEM)
using a JEOL JSM-5600LV instrument and analyzing
cryo-fractured surfaces, previously subjected to
sputtering with gold.

Results and discussion

If a suspension of CNs is deposited in a Petri dish
a film is formed after drying and its structure consists of
strongly aggregated chitin nanofibrils (Fig. 1). In Fig. 1a
it is possible to observe how the drying of nanosized
chitin has produced large flakes in which the fibers are
aggregated to form a compact structure similar to that of
the paper. Here, the nano-fibrous consistency is
observable only at the edges of the flakes.

Copyright © VBRI Press

2019, 10(6), 425-430

Advanced Materials Letters

@)

Fig. 1. SEM micrographs related to films obtained by drying CNs
from water suspensions: (a) 3700 x magnification; (b) 15,000 x
magnification.

P80 was analyzed by SEM (Fig. 2) and it was
possible to observe the maintenance of the nano-fibrous
structure (Fig. 2b). Reasonably the use of the plasticizer
therefore allows the nanofibrils to be kept well separated,
thus avoiding their aggregation.

lq‘kU XzZe. 6ea

Fig. 2. SEM micrographs related to the pre-dispersed solid prepared by
using P80 poly(ethylene glycol) (P80S): (a) 5000x magnification;
(b) 20,000x magnification.

427



Research Article

It was not possible to make a similar analysis of the
P4S, which gave rise to a deformable viscous paste.
Anyway, P40S and P60S showed a morphology quite
similar to P80S (Fig. 3).

(a) (b)

Fig. 3. SEM micrographs related to the pre-dispersed solid prepared by
using (a) P40 poly(ethylene glycol) (P40S) and (b) P60 (P60S)

P4S and P80S were added to PLA in a laboratory
scale twin-screw extruder and nano-composites were
thus prepared. In fact, transparent extruded strands and
injection molded specimens were obtained from these
trials (Fig. 4b) and the absence of micrometric
agglomerates was also confirmed by SEM analysis.
Interestingly, it can be noticed the presence of almost
spherical dispersed domains attributable to the presence
of PEG partially in separated domains, due to the
incomplete miscibility of this plasticizer with PLA [32].
On the contrary, by adding dried CNs to PLA,
opaque micro-composites were obtained which
were characterized by the presence of nanofibrils
agglomerates (Fig. 4a).

It is thus evident that, by adding none, presence of
agglomerates is revealed.

1818 JSE 1

Fig. 4. SEM micrographs and picture of specimens related (a)
microcomposite obtained by dried chitin nanofibrils in PLA at 2% wit.
(PLA+2CN); (b) nano-composites obtained by using P4 and the P4 pre-
composite (PLA+P4-10+2CN).
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The tensile properties were measured, and it was
found that the dispersion in PLA of dried nanofibrils,
hence aggregated (Table 1), resulted in a decrease of
elastic modulus, stress at break and elongation at break
due to the increased brittleness. On the contrary, the
addition of CNs using the methodology based on the use
of P4 and P80 allowed the obtainment of materials with
an elongation at break quite similar to the plasticized
sample without nanofibrils. Although the CNs did not
enhance the elastic modulus and the stress at break, the
maintenance of a high elongation at break indicated that
a nanoscaled dispersion was achieved, in agreement with
morphologic and optical evaluations. Thanks to this
good dispersion, high interfacial surface and low
dimension, the nanofibrils do not contribute to increase
the brittleness of the material, as instead has generally
been observed for many microfillers [33].

Table 1. Tensile properties of PLA based CN- containing composites.

E Cbh €p
(GPa) (MPa) (%)
PLA 35+0.1 57+1 41+05
PLA+2CN* 29+0.1 58 +2 2,3+04
PLA +P4-10 23+03 33+2 180.0 + 10.0
PLA+P4-10+2CN 1.8+0.3 32+2 160.0 + 10.0
PLA+P80-10+2CN | 25%0.1 34+ 2 160.0 + 10.0

The composites were characterized by DSC tests.
The second heating thermograms were analyzed
(Table 2 and Fig. 5) and it was found that the thermal
properties were not significantly changed by adding
chitin nanofibrils, although the decrease of the cold
crystallization temperature and the decrease of its
enthalpy indicated a slight influence of the CNs on
crystals formation. As the AHm does not change
significantly by adding CNs to plasticized PLA, the
crystallinity content is not modified too. Despite of the
high surface to volume ratio of nanofibrils and its good
dispersion, the glass transition temperature was not
increased with respect to the plasticized PLA, as often
observed in nanocomposites [34, 35], but slightly
decreased. This can indicate only reduced interactions of
nanofibrils surface with the polymer, probably thanks to
the presence of PEG on nanofibrils surface. It is thus
evident a good synergy with PEG, as CNs do not seem
to reduce the plasticizing effect of this additive.

Table 2. DSC results related to chitin nanofibrils PLA based
nanococmposites.

Ty | Te | AHe Tm AH,,

(°©) | (CC) | (Qlg) (C) (/9)
PLA 59.1 [109.4 | 238 | 148.3/1574 | 2.6
PLA+2CN* 552 |108.8 | 233 | 147.9/1558 [ 1.2
PLA +P4-10 36.1 [838 | 213 153,7 113
PLA+P4-10+2CN | 327 [79.8 | 17.1 152.1 12.1
PLA+P80-10+2CN | 314 | 805 | 175 154.2 11.8

T, = glass transition temperature; Tcc = crystallization during heating
peak temperature; AHcc= enthalpy of crystallization during heating;
Tm= melting peak temperature; AHm = integral of the melting peak-
AHcc
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PLA+P80-10+2CN
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Fig. 5. Second heating thermograms of PEG400 plasticized PLA, the
same with 2% by weight of CNs and the same plasticized with
PEG8000 and with 2% of CNs. The thermograms were vertically
translated to allow a better comparison

In general, mechanical and thermal
characterizations showed that CNs are nano-dispersed in
PLA based plasticized films without significantly
altering their flexibility and crystallization behavior.

CNs were thus found as dispersible in PLA and this
opened the possibility to add them to biopolyester
composites to exploit the intrinsic anti-microbial and
tissue regenerative properties of the nano-fibrils
allowing a wide spectrum of applications of innovative,
nano-structured, renewable and biodegradable materials.
These can be applied, through different processing
options, in packaging, personal care and biomedical field

(Fig. 6).
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Fig. 6. Platform of processing methodologies and applications
considered in past and ongoing European projects about biopolyesters
based nano-composites containing CNs.

Conclusion

In the present paper, the use PEG of different molecular
weight (8000 and 400) was successfully used to disperse
chitin nanofibrils in PLA thanks to the preliminary
preparation of CN/PEG pre-composites. The tensile
properties results, related to the transparent injection
molded specimens obtained by adding the pre-composite
in molten PLA during the extrusion, showed that the
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mechanical properties of plasticized PLA were not
affected by the presence of CNs. The thermal
characteristics of the nanocomposites was investigated
by DSC measurements and it was found that the presence
of CNs, despite of a slight alteration of crystallization
during heating temperature and related heat, did not
influence significantly thermal properties. These
findings can pave the way for developing biobased and
biodegradable = nanocomposites  with  improved
functionalities containing these anti-microbial and tissue
regenerating nanofibrils, suitable to be used in a large
range of applications (packaging, personal care and
biomedicine) where it is beneficial, considering health
and environment concerns, replacing petrochemical
plastics.
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