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The fabrication of ternary fibrous mats based on poly(lactic) acid (PLA), cellulose nanocrystals (CNCs, both
pristine (p-CNCs) and modified with a commercial surfactant (s-CNCs)) and silver (Ag) nanoparticles by
electrospinning is reported. Amounts of 1 and 5 wt.% were selected for Ag and CNCs, respectively. Neat
PLA and binary PLA/Ag, PLA/p-CNCs and PLA/s-CNCs were produced as references.

The CNCs and Ag influence on the microstructural, thermal and mechanical properties was inves-
tigated. The Ag and/or p-CNCs addition did not remarkably affect fiber morphology and average size
dimension (between (468 +111) and (551 +122)nm), whereas the s-CNCs presence led to the depo-
sition of a honeycomb-like network on a underneath layer of randomly oriented fibers. The efficiency
of the surfactant use in promoting the CNC dispersion was demonstrated. A slight enhancement (e.g.
around 25%, in terms of strength) of the mechanical properties of p-CNCs loaded fibers, particularly for
PLA/Ag[p-CNCs, was revealed, whereas mats with s-CNCs showed a decrement (e.g. around 35-45%, in
terms of strength), mainly imputable to the delamination between the upper honeycomb-like layer and
the lower conventional fibrous mat.

Keywords:
Electrospinning
Poly(lactic acid)
Cellulose nanocrystals
Silver nanoparticles
Self-assembling
Honeycomb structure

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Electrospinning consists in a cheap and user friendly tech-
nique to fabricate polymeric, ceramic and composite fibrous
membranes, with diameters ranging from hundreds to tens of
nanometers (Frenot & Chronakis, 2003) and could be integrated
with conventional techniques to create innovative multifunctional
patterned micro/nano-structures, starting from different materials.
Electrospun membranes are considered promising and excellent
candidates for applications in filtration, food texture alterations,
encapsulation of food additives, active and bioactive packag-
ing elements, separation membranes, reinforcement in composite
materials (Bianco, Di Federico, & Cacciotti, 2011; Lamastra et al.,
2012), intelligent, functional and active packaging sectors for
food and pharmaceuticals (Kriegel, Arrechi, Kit, McClements, &
Weiss, 2008; Lagaron & Lopez-Rubio, 2011; Sanchez-Garcia, Lopez-
Rubio, & Lagaron, 2010; Weiss, Takhistov, & McClements, 2006). In

* Corresponding author. Tel.: +39 0672594482; fax: +39 0672594328.
E-mail address: ilaria.cacciotti@uniromaz2.it (I. Cacciotti).

0144-8617/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.carbpol.2013.11.052

particular, food industry could employ electrospun fibers in sev-
eral ways: as a building/reinforcement element of composite green
food packaging material, as building elements of the food matrix for
imitation/artificial foods, as nanostructured and microstructured
scaffolding for bacterial cultures, as edible carriers for encapsula-
tion of food additives or to modify food properties and in the design
of novel active and bioactive packaging technologies (Lagaron &
Lopez-Rubio, 2011).

Electrospun fibers provide additional advantages compared to
film and sheet carriers due to their nano- or submicron-scale
diameter and consequent very large surface area, and, thus, are
ideal as sensors (Arecchi, Scampicchio, Drusch, & Mannino, 2010),
for biomolecules and enzymes immobilization, controlled release
(Jiang et al., 2005) and filtration (Ramakrishna et al., 2010).

Several polymers have been employed to prepare electrospun
fibers and among them PLA is receiving a lot of attention, since
it is a renewable resources derived thermoplastic polyester, com-
mercially available and widely used in packaging industry, due to
its high transparency, stiffness and thermoformability (Siracusa,
Rocculi, Romani, & Dalla Rosa, 2008). Moreover it is not only
biodegradable, but also compostable and thus its employment is
strongly desirable, in order to minimize the environmental impact
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of petroleum based plastics (Petersen, Nielsen, & Olsen, 2001) as
well as the environmental concerns raising from waste manage-
ment (Lagaron & Lopez-Rubio, 2011). Plastic recycling, in fact, is not
often economically viable, especially in the case of food packaging
due to the contamination of food (Kijchavengkul, Auras, Rubino,
Ngouajio, & Fernandez, 2006). However compostable polymers
still present a lot of drawbacks with respect to the conventional
petroleum-based polymers used in packaging applications, such as
inherent brittleness, low impact resistance, fair thermal proper-
ties, toughness, water vapour and gas barrier properties. Thus, in
order to improve some of these properties, several kinds of fillers
have been recently proposed, including natural and synthetic cel-
lulose fibers (Fortunati, Puglia, Santulli, Sarasini, & Kenny, 2012),
regenerated cellulose fibers (Lim, Son, Lee, Park, & Cho, 2001), wood
fibers (Huda, Drzal, Misra, & Mohanty, 2006), recycled newspaper
fibers (Huda, Drzal, Mohanty, & Misra, 2007), plant fibers from
kenaf (Ochi, 2008), and microfibrillated cellulose (MFC) (Galina
Rodionova, Lenes, Eriksen, & Gregersen, 2011).

Cellulose nanocrystals (CNCs) have been widely used as rein-
forcement fillers, since they present good mechanical properties,
are biodegradable and biocompatible and present low density.
However, they are difficult to process, since they tend to agglom-
erate and show low thermal stability; thus it is very challenging
to obtain good CNCs dispersion and to preserve their properties in
polymeric matrices by means of common processing techniques,
such as extrusion and melt spinning processes (Oksman, Mathew,
Bondeson, & Kvien, 2006). To overcome these drawbacks, electro-
spinning was used in this work, since it takes place at ambient
conditions and it has been already proven to be particularly suitable
for encapsulating thermally labile molecules and/or low tempera-
ture degradable fillers (i.e. cellulose nanocrystals) (Qi, Hu, Xu, &
Wang, 2006).

In order to promote stability in the dispersion of the CNCs, their
surface was modified using a surfactant that, on the basis of pre-
vious papers (Bondeson & Oksman, 2007; Bondeson, Mathew, &
Oksman, 2006; Fortunati, Armentano, Zhou, Puglia, et al., 2012;
Fortunati, Armentano, Zhou, lannoni, et al., 2012; Heux, Chauve,
& Bonini, 2000; Oksman et al., 2006), was an acid phosphate ester
of ethoxylated nonylphenol.

In the present paper the production and characterization of
multifunctional ternary poly(lactic acid) (PLA) fibers, loaded with
cellulose nanocrystals (CNCs, both pristine and modified with a sur-
factant) and silver nanoparticles, by electrospinning technique is
reported for the first time. Silver nanoparticles were added since
they showed good conductivity, chemical stability, catalytic activ-
ity and, mainly, inherent antimicrobial properties that make them
appealing for applications in biomedical and food packaging sec-
tors.

In previous reports (Shi et al., 2012; Xiang, Joo, & Frey, 2009),
only binary fibrous systems composed of PLA and pristine CNCs
have been investigated and the use of the modified CNCs as fillers
in electrospun PLA fibers has not been considered yet.

The main purpose of this work was to investigate the influence of
the co-presence of the cellulose nanocrystal and silver nanoparticle
fillers on the morphological, thermal and mechanical properties
of the produced fibrous mats, reporting the neat PLA and binary
systems as references.

2. Materials and methods
2.1. Materials
Poly(lactic) acid (PLA 3051D, specific gravity of 1.25g/cm?3,

molecular weight (M) of ca. 1.42 x 10* g/mol) was supplied by
Nature Works®, USA. Commercial silver nanopowder (Ag, P203, size

distribution range 20-80 nm) was purchased by Cima NanoTech®,
USA.

Microcrystalline cellulose (MCC, dimensions of 10-15 mm) was
supplied by Sigma-Aldrich, Italy.

2.2. Synthesis of pristine and modified cellulose nanocrystals

Cellulose nanocrystal (p-CNCs) suspension was prepared from
microcrystalline cellulose by sulphuric acid hydrolysis following
the recipe used by Cranston and Gray (2006). Hydrolysis was car-
ried out with 64% (w/w) sulphuric acid at 45°C for 30 min with
vigorous stirring. After removing the acid, dialysis, and ultrasonic
treatment were performed. The resultant cellulose nanocrystal
aqueous suspension was approximately 0.5% (w/w) by weight and
the yield was ca. 20%. The obtained pristine cellulose crystals
showed the typical acicular structure with the dimensions ranging
from 100 to 200nm in length and 5-10nm in width as previ-
ously reported (Fortunati, Armentano, Zhou, Puglia, et al., 2012;
Fortunati, Armentano, Zhou, lannoni, et al., 2012).

Cellulose nanocrystals were modified with a surfactant, an acid
phosphate ester of ethoxylated nonylphenol, in order to increase
the dispersion in the polymer matrix and to enhance the final prop-
erties of nanocomposite porous systems. The CNCs modified with
surfactant (designed as s-CNCs) were prepared by adding the Bey-
costat A B09 (CECCA S.A.) (Heux et al., 2000) to the suspension
containing nanocrystals, in portion of 4/1 (w/w), using the weight
of p-CNCs estimated at the end of the hydrolysis process. This
high content of surfactant is necessary to re-disperse the cellulose
nanostructures in organic solvent after the freeze-drying process.
The pH of the suspension was then adjusted to 8.5 using the same
0.25 wt.% NaOH solution as above.

2.3. Preparation of PLA based suspensions

2.3.1. PLA/Ag binary suspensions

The Ag nanoparticles disagglomeration was performed in chlo-
roform (CHCl3, 99%, Carlo Erba Reagents) by sonication for 1h
in an ice bath. Successively, proper amounts of PLA pellets and
of N,N-dimethylformamide (DMF, (CH3),NOCH, 99.8%, Carlo Erba
Reagents) were added to the Ag nanoparticle suspensions in order
to obtain the desiderated amounts (i.e. PLA concentration of 15%
(w/v) with respect to the solvents, solvent mixture CHCl3:DMF in a
volume ratio 67:33, Ag nanoparticles amount of 1 wt.% with respect
to the polymer, Table 1).

Finally, the obtained hybrid suspension was magnetically stirred
at around 40-50°C for 2-3h and then at room temperature for
12-24h, in order to promote the complete dissolution of the poly-
mer.

The Ag content (i.e. 1 wt.%) was properly selected on the basis of
previous reports (Fortunati, Armentano, Zhou, Puglia, et al., 2012;
Fortunati, Armentano, Zhou, lannoni, et al., 2012).

2.3.2. PLA/CNCs binary suspensions

In order to obtain an effective dispersion of the pristine and
modified CNCs, a proper amount of the freeze-dried CNCs was
suspended in N,N-dimethylformamide (DMF, (CH3 ), NOCH, 99.8%,
Carlo Erba reagents) and ultrasonicated (Sonics Vibracell CV33) for
2 min at 40% amplitude in an ice bath. Afterwards proper amounts
of PLA pellets and of chloroform were added to the CNCs suspension
in order to obtain the desiderated composition (i.e. PLA concen-
tration of 15% (w/v) with respect to the solvents, solvent mixture
CHCl3:DMF in a volume ratio 67:33, CNCs amount of 5wt.% with
respect to the polymer, Table 1).
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Table 1

Designation, composition and average fiber diameter of neat and hybrid PLA based electrospun mats, and viscosity and conductivity values of the related solutions and

suspensions.

Sample %Wt. Viscosity (cP) Conductivity (nS/cm) Average fiber diameter (nm)
[PLA] [Ag] [p-CNCs] [s-CNCs]

CHCl3 - - - - 0.25 £ 0.01 0.007 + 0.004 -

DMF - - - - 0.25 + 0.01 1.625 + 0.014 -
CHCl3:DMF, 67:33 - - - 0.25 + 0.01 1.848 + 0.015 -

PLA 163.00 £ 0.07 0.930 + 0.016 551 4+ 122
PLA/Ag 99 1 - 155.00 + 0.39 4.440 + 0.025 468 + 111
PLA/p-CNCs 95 - 5 - 280.00 + 2.36 5.550 + 0.013 479 + 121
PLA/s-CNCs 95 - - 5 214.00 + 0.37 3.279 + 0.027 521 £ 116
PLA/Ag/p-CNCs 94 1 5 - 299.00 + 1.30 5.890 + 0.0180 521 4+ 107
PLA/Ag[s-CNCs 94 1 - 5 250.00 + 0.35 3.303 + 0.051 467 + 113

The CNCs content (i.e. 5wt.%) was chosen on the ground of
previous results (Fortunati, Armentano, Zhou, Puglia, et al., 2012;
Fortunati, Armentano, Zhou, lannoni, et al., 2012).

2.3.3. PLA/Ag/CNCs ternary suspensions

In the case of ternary systems, proper aliquots of CNCs (p-CNCs
or s-CNCs) and of Ag suspensions were mixed and a suitable amount
of PLA (15%, wt/v in CHCl3:DMF 67:33) was added in order to obtain
the compositions reported in Table 1.

The obtained mixture was magnetically stirred at around
40-50°C for 2 h and then at room temperature for 12-24h, up to
complete polymer dissolution.

2.4. Fabrication of neat and hybrid PLA based mats by
electrospinning

The prepared hybrid suspensions were poured in a glass syringe
(Socorex, Switzerland) equipped with a 18 G needle, fixed in a
digitally controlled syringe pump (KD Scientific, MA, USA) and elec-
trospun in air at room temperature in the following conditions:
applied voltage 16 kV (Spellman, Model SL 30, NY, USA), feed rate
0.5 ml/h, needle-target distance 15 cm.

After deposition, membranes were detached from the target
by ethanol (EtOH) immersion, dried under vacuum and stored in
air drier. As a reference sample, neat PLA mat was also produced
employing the same experimental procedure. In Table 1 the sam-
ples designation and the related compositions are summarized.

2.5. Characterization techniques

2.5.1. Viscosity and conductivity of polymeric solutions and
suspensions

The viscosity of all polymeric solutions/suspensions was mea-
sured at 25 °C by means of a digital viscosimeter (Brookfield DV-II+,
Middleboro, MA, USA) equipped with a SC4-21 spindle, at 20 rpm.
Electrical conductivities were registered at 25°C by means of an
electrical conductimeter (CDM230, Analitica De Mori, Italy) cali-
brated with a 0.01 D KCI solution (standard conductivity value of
1.408 mS/cm). In both cases five measurements were acquired, at
least, for each solution/suspension, in order to provide an average
value.

2.5.2. Morphology of PLA based mats

The morphology of the electrospun mats was investigated by
means of scanning electron microscopy (SEM) (Cambridge Stere-
oscan 300, Leo Supra 35).

Energy dispersive spectroscopy (EDS) mapping of Ag element
was carried out on 24.3 wm x 18.2 wm areas by means of INCA
Energy 300, Oxford ELXII detector, in order to evaluate its distri-
bution within the fibrous mats. The average fiber diameter was

determined considering around 50 randomly selected fibers from
SEM micrographs (Imagej, NIH).

2.5.3. Thermal properties of PLA based mats

Differential scanning calorimetry (DSC, Mettler Toledo 822e/400)
measurements were performed in the following conditions: sam-
ple weight ~5 mg, nitrogen atmosphere, range temperature from
25°Cto 250°C, heating and cooling rates of 10 °C/min. Two heating
and one cooling scans were carried out. Melting temperatures (T
and Ty ), cold crystallization temperatures (Teq and Teqp), melting
enthalpies (AH;,;; and AHy,;), cold crystallization enthalpies (AH¢q
and AHq;), and crystallinity degrees (x; and xj;) were evaluated in
the first and in the second heating scans.

The crystallinity degree (x) was calculated as:

AHpm — AHec

X:mxloo 1)

where AHpm, AHp;,m and AHc represent scan-related enthalpy,
melting enthalpy for 100% crystalline PLA material (i.e. 93 ]/g (Riga,
Zhang, & Collis, 2004)) and cold crystallization enthalpy, respec-
tively; my is the weight fraction of the filler within the nanohybrid
fibers (Sarasua, Lopez Arraiza, Balerdi, & Maiza, 2005).

2.5.4. Mechanical properties of PLA based electrospun mats

Uniaxial tensile tests were performed on dog-bone specimens
(width 4.8 mm, length 22.25 mm), at 1.2 mm/min to rupture by an
electromechanical machine equipped with a 100 N load cell (Lloyd
LRX), following ASTM D1708 and ASTM D882 for elastic modulus
calculation. Four specimens were considered for each electrospun
matrix. The ultimate stress (omax) was calculated considering the
nominal cross-sectional area of the tensile specimen. All mechan-
ical properties were calculated considering the nominal specimen
cross-section. Finally, the fracture surface of electrospun sam-
ples was investigated by means of scanning electron microscopy
(FE-SEM, Cambridge Leo Supra 35), aimed to investigate the mor-
phological response of the fibers to the mechanical stress.

2.5.5. Dynamic mechanical thermal analysis of PLA based mats

Viscoelastic properties of the electrospun mats were inves-
tigated by means of the dynamic mechanical thermal analysis
(DMTA) (Tritec 2000 DMA, Triton Technology, UK), in the ten-
sile mode. The tests were carried out on rectangular specimens
(15 mm x 3 mm) with thickness (0.40 +0.14) mm. Measurements
were performed in the temperature range of 30-110°C (5 °C/min
heating ramp), applying a displacement of 0.02 mm at a frequency
of 1Hz. The obtained results were discussed in terms of storage
modulus (E’) and loss factor (tand), being representative of the
viscoelastic damping of the polymer system.

Glass transition temperatures (Tg) were evaluated as temper-
atures corresponding to tané maximum. At least four specimens
were tested for each investigated mats.
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3. Results and discussion
3.1. Properties of the PLA based solutions/suspensions

The viscosity and conductivity of the prepared solutions and
suspensions are collected in Table 1.

As a reference, the values of the used solvents, i.e. CHCl3, DMF
and the CHCl3:DMF mixture in a 2:1 volume ratio, are reported. As
expected, the DMF presents a remarkably higher conductivity with
respect to the CHCl3 (i.e. 1.625 S/cm vs. 0.065 wS/cm), and, thus,
its use promotes the electrospinning process.

For the binary and ternary systems, the addition of the
nanofiller(s) led to an increment of both viscosity and conductivity,
in particular in the case of p-CNCs loaded ones. The ternary com-
posites were characterized by slightly higher values with respect
to the related binary ones, due to the Ag nanoparticles presence.

Moreover, it is worthy to note that in the case of s-CNCs contain-
ing suspensions, remarkably lower viscosity values were obtained
with respect to the correspondent p-CNCs ones (214 cP vs. 280 cP
and 250 cP vs. 299 cP, as average values, for the binary and ternary
systems, respectively), ascribable to the surfactant presence.

3.2. Morphology and microstructure of PLA based mats

In Figs. 1 and 2 the morphologies of obtained neat and hybrid
PLA based fibrous mats are compared and in Table 1 the values of
the average diameter sizes are collected.

All the deposited mats were composed of smooth, randomly ori-
ented, homogeneous, uniform and bead-free fibers. The presence
of Ag and/or CNCs fillers favored the deposition of slightly thin-
ner fibers compared to the neat PLA ones (i.e. (551 4+ 122)nm), due
to the higher conductivity of the hybrid suspension (Table 1), in
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agreement with the literature (Ramakrishna, Fujihara, Teo, Lim, &
Ma, 2005).

In the case of PLA/Ag mat and, generally for all Ag loaded sam-
ples (i.e. PLA/Ag/p-CNCs and PLA/Ag/s-CNCs), the metallic filler was
well dispersed throughout all the fibrous mats, as evidenced in the
related Ag EDS map (Fig. 1b). However, some sporadic and random
Ag nanoparticles clusters were detected within the fibers.

The addition of pristine p-CNCs to PLA suspension did not alter
the fiber morphology and the presence of agglomerates was not
evidenced, allowing to obtain submicrometric (average diameter
(479 +121)nm) defect free fibers (Fig. 1a).

Similarly SEM micrographs of PLA/Ag/p-CNCs mats revealed
homogenous and uniform fibers, with well dispersed Ag nanopar-
ticles, accompanied by some Ag agglomerates (Fig. 1b).

Finally, both the binary and ternary systems containing sur-
factant modified s-CNCs were surprisingly composed of bundles
of submicrometric (average diameter size 521 nm, Table 1) fibers
organized in a honeycomb-like network, with cells formed by poly-
gons with a random number of sides (Fig. 2). The honeycomb-like
meshes were mainly composed of pentagons, and hexagons and
were clearly separated by wall-like boundaries, constituted by self-
aligning fibers, obtaining polygonal shape channels characterized
by three-branched walls with the intersecting angle approaching
120°. The walls of the honeycomb network consisted in bundles of
thick wet fibers which in turn favored the alignment and deposi-
tion of further fibers in a self-sustained process (Ahirwal, Hébraud,
Kadar, Wilhelm, & Schlatter, 2013).

This experimental evidence is ascribable to the presence of the
modified s-CNCs, with a possible self-assembling phenomenon that
occurred after an initial deposition of randomly distributed fibers,
comparable to that observed for the other samples (Fig. 2). It is wor-
thy to highlight that this kind of structure has been never obtained
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Fig. 1. (a) SEM micrographs of electrospun PLA, PLA/Ag, PLA/p-CNCs and PLA/Ag/p-CNCs mats and (b) SEM micrographs of electrospun PLA/Ag/p-CNCs, PLA/Ag/s-CNCs,

PLA/Ag mats and related EDS Ag map.
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Fig. 2. SEM micrographs of electrospun PLA/s-CNCs and PLA/Ag/s-CNCs mats.

in the case of electrospun PLA fibers and present a wide range of
possible applications, due to the peculiar shape, very similar to that
observed in colloidal crystals and foams as a result of a self-similar
pattern growth and to some natural organization, such as plant
parenchyma.

This phenomenon was also observed by Deitzel, Kleinmeyer,
Harris, and Tan (2001), Yan et al. (2011), Thandavamoorthy,
Gopinath, and Ramkumar (2006) and Ahirwal et al. (2013)
for the polyacrylonitrile, polyvinyl alcohol, polyethylene oxide,
polyurethane and poly(e-caprolactone).

They hypothesized that the formation of dimples or honeycomb
structure can be associated to the presence of residual charges
on the collected nanofibers leading to the occurring of a self-
organization.

In particular, according to Yan et al. (2011), the formation of the
honeycomb structure is ascribable to the competitive actions of
two pivotal driving forces, i.e. the surface tension and electrostatic
repulsion, reporting that wetter fibers tend to form more defined
honeycomb structure while drier fibers tend to form randomly dis-
tributed fibers. In fact they stated that the surface tension promotes
the wet fibers to stick together while the electrostatic repulsion
pushes the fibers apart. It is likely that the incoming fibers tend
to preferentially deposit on points of contact between fibers since
these points feature a lower charge density compared to other parts
of the fiber (Morozov & Vsevolodov, 2007), leading to the progres-
sive building of a honeycomb structure.

Since the fiber deposition pattern is dominated by the fiber
charge intensity and the repulsive forces exerted by the already
deposited fibers, it is expected that the collected fibers tend to repel
the incoming similarly charged fibers and drive them toward the
nearby conducting points on the collector screen for easier charge
dissipation.

Ahirwal et al. (2013) proposed a scheme of the temporal evo-
lution in the self-assembly mechanism, reporting that during the
first minutes of the electrospinning process, the electrospun jet is
subjected to a homogeneous electric field that induces a pseudo-
random deposition. It was hypothesized that the residually wet
fibers are in very good contact with the collector, allowing efficient
electric charge dissipation, whereas thin dry fibers tend to remain
suspended in the air and retain their electric charge (Ahirwal et al.,
2013).

Thus, as also underlined by Yan et al. (2011), a heterogeneous
distribution of electric charges accumulates at the collector sur-
face, leading to a perfect template that promotes the formation
of the first honeycomb layer. Successively, it is expected that the

thickness of the honeycomb patterns continuously increase with
increasing electrospinning time (Ahirwal et al., 2013).

3.3. Thermal properties of PLA based mats

DSC analyses were carried out on neat and hybrid PLA based
samples, in order to investigate the influence of the fillers on the
thermal properties of the produced fibers. The glass transition (Tg),
melting (Tp,), cold crystallization (T..) temperatures, the melting
(AHpy) and cold crystallization (AH..) enthalpies and the crys-
tallinity degree ( x), related to the first and the second heating scans,
are summarized in Table 2. The first and second heating scan DSC
curves are compared in Fig. 3a and b, respectively.

From the comparison between the data reported in Table 2,
related to the first heating scan, it is clear that filler addition did
not seem to significantly influence the melting temperature (Ty;),
whereas it led to an increment of around 3 °C of the glass transi-
tion temperature (Tg, 60°C for neat PLA vs. 63°C for the hybrid
systems). On the other hand, the cold crystallization temperature
(Tea), presented a decrement of around 3-5 °C, particularly in the
case of the nanocomposites containing the modified s-CNCs (94 °C
for the neat PLA vs. 87-88°C for PLA/s-CNCs and PLA/Ag/s-CNCs
systems) (Table 2). This result suggests a good dispersion in the
case of s-CNCs, since well-dispersed nanofillers are able to promote
the cold crystallization at lower temperatures (Bianco, Di Federico,
etal.,,2011; Bianco, Bozzo, et al., 2011; Fortunati, Armentano, Zhou,
Puglia, et al., 2012; Wu et al., 2007).

The p-CNCs were less efficient in favoring the crystallization,
since they were more agglomerated with consequent smaller con-
tact area between the fillers and the polymer matrix (Fortunati,
Armentano, Zhou, Puglia, et al., 2012) (Table 2).

In addition, itis evident that, in the case of neat PLA the cold crys-
tallization occurred in a wide temperature range (around 30°C),
whereas the filler addition led to a narrowing (around 20°C) of
this temperature range and to a more intense T, peak, suggest-
ing that the fillers were able to promote PLA nucleation during
electrospinning process (Xiang et al., 2009).

Interestingly, the obtained T, values were remarkably lower
with respect to those registered for related solvent cast films (i.e.
122-110°C) (Fortunati, Armentano, Zhou, Puglia, et al., 2012), due
to the very large surface to volume ratio of the electrospun mem-
branes (Zong et al.,2002) and probably to the presence of numerous
crystal nuclei (Huang, Zhang, Kotaki, & Ramakrishna, 2003).

Furthermore, in the case of PLA/Ag and PLA/Ag/p-CNCs, two
melting peaks were detected in the first heating scan DSC curves:
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Table 2
Differential scanning calorimetry (DSC) data for the neat and hybrid PLA based fibrous mats.
I Heating
Tai(°C) Tea(°C) AHca(J/g) AHm(J/g) Tnu(°C) Tin21(°C) x1(%)
PLA 60.3 £ 0.8 94.3 £ 0.5 20.7 £ 1.8 229 +24 - 1479 £ 13 24+ 14
PLA/Ag 63.5+ 0.2 913 £ 0.7 154 +£ 0.7 27.8 £ 0.6 145.0 £ 0.3 148.8 £ 0.3 13.1+£0.6
PLA/p-CNCs 63.1 + 04 91.5 + 0.4 12.8 +£2.1 254 + 1.7 - 149.0 + 0.5 129+ 14
PLA/s-CNCs 61.9 £ 09 873+ 04 151+15 273+1.0 - 148.1 £ 0.3 124 £ 0.7
PLA/Ag/p-CNCs 600+ 1.4 912+ 04 115+ 25 24.0 £ 3.7 146.1 £ 0.3 1484 £ 0.2 127 £ 24
PLA/Ag[s-CNCs 62.8 + 0.1 88.6 + 0.2 16.2 £ 0.9 27.1 +£ 0.6 - 149.1 £ 0.2 11.0+03
Il Heating
Tau(°C) Teen(°C) AHcai(J/g) AHm(J/g) Tmin(°C) Tman(°C) xu(%)
PLA 59.0 + 1.1 - - 1.2 £ 0.6 - 147.1 +£ 04 1.3 +0.7
PLA/Ag 59.1 £ 0.6 - - 0.6 £ 0.3 - 147.5+1.6 0.6 £ 0.3
PLA/p-CNCs 59.7 £ 0.5 - - 1.2+03 - 1484 £ 0.1 14+05
PLA/s-CNCs 52.7 £ 1.7 1128 £ 5.3 28.2 + 4.7 28.4 4+ 3.7 1443 £ 2.1 1512 +£ 0.3 -
PLA/Ag/p-CNCs 613 + 1.8 - - 31+16 - 146.4+2.3 31+16
PLA/Ag/[s-CNCs 55.6 £ 0.1 1185+ 1.5 23.7 £ 0.7 246 £ 0.2 1472 £ 0.2 151.8 £ 04 09+ 04

a first little shoulder (Ty,11), followed by the effective melting tem-
perature (T;21). This experimental evidence suggested that the Ag
nanoparticles and the pristine CNCs were able to promote the
rearrangement of the PLA chains and the formation of heteroge-
neous crystalline phases in PLA during the thermal crystallization.
The same phenomenon was revealed in the case of PLA/s-CNCs
and PLA/Ag/s-CNCs in the second heating scan. In fact, the fillers
addition usually promotes the formation of small crystals whose
melting occurs at lower temperatures (He, Fan, Wie, & Li, 2006;
Shi, Mou, Gao, Yang, & Guo, 2010; Sim & Han, 2010; Suksut &
Deeprasertkul, 2011).

Regarding the crystallinity degrees, in general, in electrospun
mats they are very low, indicating that the majority of the chains
are in the amorphous state, due to the intrinsic features of the elec-
trospinning process. In fact, the rapid evaporation of the solvent and
the high elongation strain rate of the jet of the electrospinning usu-
ally lead to rapid solidification of stretched chains during the later
stages of the process, hindering the development of crystallinity.
Thus the stretched chains do not have enough time to organize
into crystals before they are solidified (Zong et al., 2002).

In details, comparing the registered crystallinity degrees, higher
values were obtained in the case of hybrid systems, acting the
particles as crystallinity nuclei. In fact, higher melting enthalpies
correspond to the formation of smaller and less dense crystals in
the PLA matrix (Suksut & Deeprasertkul, 2011).

Concerning the second heating scan, the related DSC curves are
shown in Fig. 3b. It is interesting to note that the glass transition
is hardly detectable and the cold crystallization phenomenon was
only identified in the s-CNCs loaded samples, indicating that, in
these samples, the applied cooling conditions were not able to
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induce the complete PLA crystallization. This experimental evi-
dence was a further confirmation of the surfactant influence, being
able to interact with the polymer chains and affect its thermal
properties and crystallization process.

In the second heating scan, the Tg further reduced in the case of
s-CNCs based systems (Table 2), due to the better dispersion of the
fillers within the fibrous mats with consequent development of a
higher interphase fraction and to the surfactant influence.

The cold crystallization temperatures were higher than those
registered during the first scan, revealing the different organiza-
tion of the molecular chains of the sample before and after the first
heating and cooling scans, passing from the fibrous structure to the
melted one.

As expected, significantly lower crystallinity degree values were
obtained due to the elimination of the fibrous structure, conse-
quent to the first heating scan, in agreement with Liu, Yuan, and
Bhattacharyya (2012).

3.4. Mechanical properties of PLA based mats

The stress-strain curves of the neat and hybrid PLA mats are
compared in Fig. 4a.

In Table 3 the data of the uniaxial tensile tests, in terms of ulti-
mate tensile stress (o'max ), yield stress (o) and Young’s modulus (E),
are assembled. As it has been already pointed out elsewhere, the
mechanical properties of electrospun mats are the result of a syner-
gic combination of several factors as (Cacciotti, Calderone, & Bianco,
2013; Li, Cooper, Mauck, & Tuan, 2006): (i) intrinsic characteristics
of the polymer which influence the fibers deformation mecha-
nisms (whose increment causes a higher ultimate tensile stress);

- PLA/Ag/s-CNCs

PLA/Ag/p-CNCs

PLA/s-CNCs

PLA/p-CNCs
PLA/Ag

e OE

-1 T T T T T T T
40 60 80 100 120 140 160 180 200
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Fig. 3. First (a) and second (b) heating scan DSC curves of neat PLA and binary and ternary PLA based systems.
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Fig. 4. (a) Stress—strain curves of neat PLA and binary and ternary PLA based systems; (b) SEM micrographs of stress-strained neat PLA and binary and ternary PLA based
mats and (c) low magnification SEM micrographs and optical microscope pictures of stress-strained PLA/Ag/s-CNCs and PLA/s-CNCs mats.

(ii) fibers packing density, interaction and mechanical interlocking
that increment the elastic modulus; (iii) fibers average diameter
size (thinner fibers correspond to a higher packing density); (iv)
presence of defects in the fibers.

The stiffness values of neat PLA and PLA/Ag produced mats
(which measures the opposition to the alignment of the fibers in
stress direction) were comparable (~27-28 MPa, Table 3), and it
can be explained considering that these samples were composed
of fibers of similar diameters and therefore presumably with the
same interweave degree. Despite these systems presented simi-
lar ultimate tensile strength (Table 3), the yield stress of the binary
PLA/Ag sample was poor ((0.16 4 0.02) MPa, Table 3), showing weak
mutual interaction among the single fibers (Li et al., 2006). Pris-
tine CNCs containing mats showed a slight improvement of tensile
strength and modulus in binary systems, which become much
evident in PLA/Ag/p-CNCs ternary systems. These ternary mats
presented increased yield and tensile strength, associable to the

Table 3

occurring of a synergic effect between the Ag and p-CNCs fillers.
The SEM observation of the stress-strained mats revealed a fiber
alignment in the direction of the stress and the presence of large
necking areas, only interrupted by the presence of agglomerates,
most probably silver clusters (Fig. 4b).

Both binary and ternary s-CNCs loaded mats showed a differ-
ent and peculiar mechanical behavior with respect to the neat PLA
and p-CNCs containing systems, presenting lower o'max and E values
(Table 3). These decreased mechanical properties can be considered
the result of concomitant causes, since, as already underlined, in the
case of electrospun systems, many factors can affect the mechani-
cal performances, among which the chemical composition and the
morphology play a critical role.

In particular, the surfactant in the s-CNCs loaded mats could
act as plasticizer and lead to a decrement of the Young’s modu-
lus, as already observed in previous papers for s-CNCs loaded films
(Fortunati, Armentano, Zhou, Puglia, et al., 2012) and corroborated

Tensile modulus (E), ultimate tensile stress (0max ) and yield stress (o) from uniaxial tensile tests and storage modulus (E'), loss modulus (E”) and glass transition temperature
(Tg) from DMTA analysis of neat and hybrid PLA based fibers (all values are expressed as mean values + standard deviation (SD)).

Sample Uniaxial tensile test DMTA
E (MPa) os(MPa) O max(MPa) Ty(°C) E' (MPa) E” (MPa)

PLA 28 +1 0.63 + 0.01 1.10 £ 0.10 67.7 £ 0.9 28.6 + 8.1 1.5+ 0.5
PLA/Ag 27 £ 1 0.16 £+ 0.02 1.15 + 0.05 68.0 + 0.7 37.7 +£48 1.9+ 0.1
PLA/p-CNCs 31+2 0.60 £+ 0.10 1.38 £ 0.10 68.1 £ 04 26.2 £ 9.1 1.2+ 05
PLA/Ag/p-CNCs 39+5 0.90 + 0.10 1.40 + 0.10 67.0 £ 0.1 448 +13.1 1.92 +£ 0.8
PLA/s-CNCs 54+ 0.5 0.21 + 0.01 0.60 + 0.10 65.8 + 0.6 229+70 23+04
PLA/Ag/[s-CNCs 98 £1.5 0.33 £+ 0.05 0.73 £ 0.05 65.8 +£ 0.5 21.7 £ 69 2.1+ 06
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by the DSC results which evidenced a significant decrement of the
Ty values during the second heating scan for the s-CNCs loaded mats
(Table 2).

Furthermore, according to the authors, this decrement of the
mechanical performances can be mainly imputed to the peculiar
honeycomb morphology of the s-CNCs loaded mats. All samples,
in fact, experienced a quick and evident delamination occurring
at low loading conditions, between the layer with the honeycomb
assembling of fibers and the below conventional mat layer, during
the test, as evidenced in the related optical images of the fracture
surface (Fig. 4c). Consequently this phenomenon caused detrimen-
tal effects on the mechanical properties since only a limited part of
the mat sustained the load.

Inagreement with the p-CNCs loaded mats, also in the case of the
s-CNCs mats, an improvement of the mechanical data was observed
for the ternary systems with respect to the binary ones, due to a
synergic interaction between the s-CNCs and the Ag nanoparticles.
From the reported optical images, it is possible to observe that the
underneath fibrous layer was characterized by a marked fiber align-
ment in the load direction (Fig. 4c), behavior probably imputable to
the co-presence of s-CNCs and Ag nanoparticles. In fact the PLA/s-
CNCs mat presented lower fiber alignment degree (Fig. 4c), with
the consequence that only the few fibers aligned in stress direction
underwent necking and contributed to mat strength.

3.5. Viscoelastic properties of electrospun PLA based mats

The viscoelastic behavior of the nanocomposite fibrous mats
was analyzed by means of the DMTA. In Table 3 the transition tem-
perature (Tg) and the average values of storage dynamic modulus
(E") and loss modulus (E”) at 25°C are reported. This temperature
was selected in order to investigate the thermo-mechanical proper-
ties for applications in the food packaging field, in order to identify
systems with the optimal requirements for future developments as
fillers in PLA matrix based composites.

The reported glass transition temperatures were evaluated as
temperatures corresponding to the maximum value of the phase
angle tangent (tan d).

In the present study, it is important to note that for all sam-
ples the storage modulus (E’) was about one order higher than
the loss modulus (E”), thus evidencing an elastic behavior of the
investigated mats (Table 3). In fact, the loss factor represents the
proportion of the viscoelastic response of a material, correspond-
ing tan§=0 to a 100% elastic behavior, while tan§=1 to a 50-50%
elastic and viscoelastic behavior (Francois et al., 2010).

In Fig. 5a the tan § curves of all samples are compared, revealing
aremarkable decrement of the maximum peak intensity in the case
of hybrid systems with respect to the neat PLA. This experimental
evidence testified that well-dispersed nanofillers were able to delay

the movements of the polymeric matrix segments during the glass
transition.

Furthermore, the p-CNCs loaded mats presented neither sig-
nificant shift nor broadening of the maximum peak, being
characterized by T values comparable to the neat PLA (in the range
67-69°C). On the other hand, the tané§ curves of s-CNCs loaded
systems featured slightly lower Ty, indicating a better dispersion
of the filler within the fibrous mat, and resulted broader than neat
PLA one. This broadening corresponds to an increased temperature
range for the glass transition, associated to an increment in the het-
erogeneity of the segmental mobilities and, thus, of the relaxation
times distribution (Picciochi, Wang, Alves, & Mano, 2007). This
experimental evidence suggested that the s-CNCs presence seemed
to promote a different rearrangement of the polymeric chains. In
fact the chain mobility of the polymer was enhanced, contribut-
ing to reduce the relaxation time needed for the glass transition
and, therefore, less energy was needed for the transition from the
glassy to the rubbery state (Picciochi, Wang, Alves, & Mano, 2007),
supporting the recorded mechanical properties (Table 3).

Itis important to highlight that the Tg values recorded by DMTA
(Table 3) showed the same trend revealed for the Tg values acquired
by DSC (Table 2), even if they were higher, as expected (Urayama,
Ma, & Kimura, 2003; Wetton, 1993).

Comparing the storage dynamic modulus (E’) curves and the
DMTA data reported in Fig. 5b and Table 3, respectively, the PLA/p-
CNCs showed values comparable to the neat PLA ones, whereas
PLA/Ag and PLA/Ag/p-CNCs samples were characterized by higher
E’ values. This result can be ascribed to the inorganic filler which
provides a higher rigidity, due to the restriction action of the Ag
nanoparticles toward the polymeric chains mobility, to the rein-
forcement effect and to the higher modulus of the Ag nanoparticles.

In agreement with the tensile tests (Table 3), the s-CNCs loaded
binary and ternary samples featured lower E’ and E” values, even if
the registered decrement with respect to the neat PLA was remark-
ably inferior than that recorded by the tensile tests. Therefore, this
result suggested that the morphological features played a pivotal
role in determining the mechanical behavior.

4. Conclusions

Hybrid PLA based fibers, loaded with CNCs and silver nanopar-
ticles, were successfully pursued by means of electrospinning
technique, using 1wt.% and 5wt.% of Ag and CNCs, respectively.
All the obtained mats were composed of smooth, randomly ori-
ented, homogeneous, uniform and bead-free fibers whose average
size ranged between (468 +111)nm and (551 +122) nm.

The addition of Ag and/or pristine p-CNCs fillers did not remark-
ably affect the fiber morphology and the average size dimension.
On the other hand, more interestingly, the presence of surfactant
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modified s-CNCs promoted the self-assembling of submicrometric
(average diameter size 521 nm) fibers in bundles randomly orga-
nized in polygonal structures, such as pentagons and hexagons,
resulting in a honeycomb-like network. This phenomenon is ascrib-
able to the presence of residual charges on the collected nanofibers
leading to the occurring of a self-organization and it was observed
for PLA fibers for the first time.

The DSC and DMTA results suggested a good filler dispersion
in the case of s-CNCs loaded samples, being characterized by lower
cold crystallization and a shift of glass transition temperatures with
respect to the neat PLA. Thus the s-CNCs acted as crystallization
nuclei, thus promoting a different rearrangement of the polymeric
chains.

Tensile tests and DMTA analysis revealed a slight improve-
ment of the mechanical properties in the case of p-CNCs loaded
fibers, particularly for the ternary systems, due to a synergic effect
between the Ag and p-CNCs fillers. Both binary and ternary mats
with s-CNCs fillers showed a peculiar mechanical behavior, char-
acterized by lower Young’s modulus and ultimate tensile stress. It
is possible to hypothesize that such low mechanical performance
can be ascribable to the plasticizer effect of the added surfactant
and mainly to the occurring of a quick and evident delamination
between the layer with the honeycomb assembling of fibers and
the below conventional mat layer.

Thus, it is possible to modulate the morphological, thermal and
mechanical properties of PLA fibers, properly selecting the fillers
to use, in order to make them suitable for application in the food
packaging sector. Future efforts will be devoted to employ the pro-
duced fibers as fillers in PLA matrix based composites, aimed at
providing mechanical reinforcement, antimicrobial characteristics
and improved barrier properties.
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