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grafting of glycidyl methacrylate
(GMA) onto fully biodegradable poly(lactic) acid
films: effect of cellulose nanocrystals and a
masterbatch process

Weijun Yang, Franco Dominici, Elena Fortunati, José M. Kenny and Debora Puglia*

This article reports the preparation, by means of a masterbatch procedure, of poly (lactic acid) (PLA)/

cellulose nanocrystal (CNC) films via premixing 1% wt of CNC into PLA or glycidyl methacrylate (GMA)

grafted PLA (g-PLA). These films were obtained by reactive extrusion and subsequent film processing. In

this study, 10% wt of GMA with respect to neat PLA was used in the extrusion phase, after that a final

grafting degree of 5.69% was obtained. The film obtained by using the masterbatch steps were

compared with the system obtained by a direct extrusion of 1% wt of CNC in PLA/g-PLA.

Thermogravimetric, crystallization and mechanical properties, as well as morphology of CNC reinforced

PLA nanocomposites were characterized. Differential scanning calorimetry and thermogravimetric

analysis showed enhanced crystallization ability and an improved heat resistance for the resulting

nanocomposites obtained after the use of masterbatches, for example field emission scanning electron

microscopy confirmed that the masterbatch preparation procedure was beneficial to the dispersion of

CNC in the final nanocomposites. Furthermore, different mechanical performance was obtained when

using different masterbatches, which were considered to contribute to extend the applications of PLA

based composites as food packaging materials in different sectors.
Introduction

Research on biodegradable polymer nanocomposites has
attracted both considerable industrial and academic attention
in recent years, due to their being environmentally friendly,
having good performance, design exibility, lower life-cycle
costs and a large applicability range in various industrial
elds. Both the nanollers and matrix come from bio-based,
renewable agricultural resources, making them competitive
with petroleum-derived materials.1–4 In the food packaging
industry, there is a trend that renewable plastics will substitute
petroleum based plastics with lower environmental impact,
among which poly(lactic acid) (PLA) is a very promising material
because of its excellent mechanical properties, transparency
and commercial availability. Nonetheless, some properties,
such as gas and water vapour permeability and thermal
stability, are somewhat poor for some specic applications. In
this context, the addition of nanoparticles as polymer additives
contributes to enhance the barrier to gases due to the syner-
gistic tortuosity, crystal nucleation and chain immobilization
effects.1–5
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Cellulose is one of most abundant carbohydrate polymers
produced by biomass, from which high modulus nanocrystals
(CNC) can be extracted. These nanosized particles have been
recognized as important bio-based llers to enhance the
biopolymer performance, in terms of mechanical, thermal and
barrier properties. In the meanwhile, they present the advan-
tage of being renewable when compared to other inorganic
llers, which have been widely proposed to reinforce PLA and
develop biodegradable materials.1,6–9 However, homogeneous
dispersion of cellulose nanoparticles is difficult to be achieved
by means of traditional melt processing techniques, due to the
high tendency of CNC to form agglomerates as a consequence of
the presence of hydroxyl groups on the particle surfaces and
their high specic surface area.10,11 In order to promote the
compatibility between the components, functionalization of
cellulose nanostructures and PLA can be also carried out (in
solution as well as in the melt) using either surface silanization,
graing of reactive groups or polymer chains.12,13 Li et al.14

prepared a novel copolymer of PLA and glycidyl methacrylate
(PLA-co-PGMA) by free radical polymerization and used it to
modify the cellulose surface. Interfacial thermodynamic prop-
erties were studied and the results suggested that PLA-co-PGMA
was efficient in the modication of bacterial cellulose (BC)
nanobril surface and in improvement of compatibility of PLA-
cellulose composites. Fortunati et al.15 also studied the blend of
This journal is © The Royal Society of Chemistry 2015
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Table 1 Masterbatches for preparation of PLA nanocomposites

MBs Composition Dwell time (min)

MB1 g-PLA 8
MB2 PLA + 1.17% CNC 6 + 2
MB3 g-PLA + 6.67% CNC 6 + 2
MB4 Neat PLA 8
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PLA with an ethylene-vinyl acetate–GMA copolymer (EVA–GMA),
and their composites with cellulose microbers (CF); the results
showed that the presence of EVA–GMA contributed to improve
the interfacial adhesion between cellulose bres and PLA, due
to interactions of the epoxy groups of GMA with hydroxyls of CF.
By using the Fourier Transform Infrared Spectroscopy (FTIR),
X-ray photoelectron spectroscopy (XPS) and transmission elec-
tron microscopy (TEM), Stenstad et al.16 conrmed that the
epoxy functionality was introduced onto the microbrillated
cellulose (MFC) surface by oxidation with cerium(IV) followed by
graing of GMA and the length of the polymer chains could be
varied by regulating the amount of GMA added. In a study by
Mart́ınez-Sanz et al.,17 poly(glycidyl methacrylate) (PGMA) was
graed onto bacterial cellulose nanowhiskers (BCNW) by
means of a redox-initiated free radical copolymerization reac-
tion. The neat and the PGMA-graed BCNW were subsequently
incorporated as llers into the PLA matrix. PGMA graing
improved both matrix-ller adhesion and the dispersion of
cellulose nanocrystals. The incorporation of both neat and
PGMA-graed BCNW signicantly reduced the oxygen perme-
ability of PLA. Furthermore, increased elastic modulus and
tensile strength were observed for all the nanocomposites,
especially when the concentration of nanocrystals was around
the percolation threshold, i.e. 3% wt, but only nanocomposites
containing PGMA-graed BCNW preserved the ductility of neat
PLA. Pracella et al.18 functionalized PLA and CNC by radical
graing of glycidyl methacrylate (GMA) and pre-dispersed CNC
in poly(vinyl acetate) (PVAc) emulsion; their results showed that
functionalized components (PLA–GMA, CNC–GMA) and/or
PVAc dispersed CNC both improved the phase distribution of
nanoller and tensile properties, compared to the binary PLA/
CNC nanocomposites. Most above listed researches focused
on the effects of dosage and modication of nanollers or PLA
matrix on the properties of resulted nanocomposites. Jonoobi
et al.,7 in order to improve the nanober dispersion, prepared a
masterbatch of PLA/cellulose nanobers (CNF) by solvent
casting before extrusion. The morphology studies of PLA and its
nanocomposites showed that a relatively good dispersion was
achieved as no CNF aggregates were visible in the fracture
surfaces of the PLA nanocomposites with 1 and 3% wt of CNF,
hence an enhancement of the mechanical performances of the
nal materials was obtained. Arrieta et al.19 blended a PLA–
poly(hydroxybutyrate) (PHB) masterbatch system, which was
granulated into pellets and then melted in the microextruder
(1 min) while 5%wt of CNC or surfactant-modied CNC (s-CNC)
were subsequently added and mixed, and the results revealed
that the use of a masterbatch improved the dispersion of CNC
and s-CNC in the nal nanocomposite lms and made easier
the processability between PLA and PHB.

In this study, we highlight the preparation of different
masterbatches by premixing the 1% wt of CNC into PLA or
modied PLA matrix and nally processed into lms. Thermal
and mechanical properties were tested and reported here, with
the aim to evaluate their suitability for the food packaging
sector, expecting to optimize the approaches to process the
nanocomposites and to provide some reference for industrial
This journal is © The Royal Society of Chemistry 2015
manufacture and practical application of CNC reinforced bio-
plastic nanocomposites.
Experimental
Materials

Poly(lactic acid) (PLA 3251D), with a specic gravity of
1.24 g cm�3, a relative viscosity of ca. 2.5, and a melt ow index
(MFI) of 35 g/10 min (190 �C, 2.16 kg) was supplied by Nature
Works LLC, USA. Glycidyl methacrylate (GMA 779342), with a
density of 1.042 g mL�1 at 25 �C, and dicumyl peroxide (DCP
329541), with a density of 1.56 g mL�1 at 25 �C, were supplied by
Sigma-Aldrich. PLA pellets were dried in an oven at 40 �C for
overnight. Microcrystalline cellulose (MCC, dimensions of 10–
15 mm) was supplied by Sigma-Aldrich.
Methods

Cellulose nanocrystal (CNC) synthesis. CNC suspension was
prepared from MCC by sulphuric acid hydrolysis following the
recipe used by Cranston.20,21 Generally, hydrolysis was carried
out with 64% (wt/wt) sulphuric acid at 45 �C for 30 min with
vigorous stirring, followed by diluting the suspension into a 20-
fold deionised water to quench the reaction. The suspension
was then centrifuged at 4500 rpm for 20 min to concentrate the
cellulose and to remove excess aqueous acid. The resultant
precipitate was dialyzed against water for 5 days to further
eliminate the acid until a pH of ca. 7.0 was obtained. Mixed bed
ion exchange resin (Dowex Marathon MR-3 hydrogen and
hydroxide form) was added to the cellulose suspension for 24 h
and then removed by ltration, which ensured that all ionic
materials were removed except the H+ counter ions associated
with the sulphate groups on the CNC surfaces. An ultrasonic
treatment by means of a tip sonicator (Vibracell, 750) for 5 min
was then performed. The pH of cellulose nanocrystal suspen-
sions was raised to approximately 9 by the addition of 1.0%
(wt/wt) (0.25 mol L�1) NaOH in order to stabilize the cellulose.
The resultant cellulose nanocrystal aqueous suspension was
approximately 0.5% (wt/wt) by weight and the yield was ca. 20%.
The solid CNC was collected by freeze-vacuum dry method
(lyophilizer Virtis B.T. 2K ES).

Preparation of masterbatches (MBs). In order to determine
the effects of processing procedures on the properties of the
PLA based nanocomposites, in this study we xed the content of
CNC and PLA graed with GMA (g-PLA) to 1% wt and 15% wt,
respectively, in the resulted nanocomposites. The compositions
of different masterbatches are shown in Table 1.
RSC Adv., 2015, 5, 32350–32357 | 32351
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Graing of GMA onto the PLA (MB1 and MB3) was per-
formed in a twin-screw microextruder (DSM Explorer 5&15 CC
Micro Compounder) in the presence of DCP as initiator. The
DCP and GMA (DCP/GMA ¼ 1/10 in weight) were mixed and the
solution was sprayed onto the dried PLA matrix. The GMA
content was xed at 10% wt of the PLA weight. The mixture of
GMA, PLA and initiator DCP was introduced into the micro-
extruder. Screw speed of 100 rpm andmixing time of 8 min were
used in order to realize the graing reaction, while a tempera-
ture prole of 165–175–180 �C was chosen.

The different masterbatches were obtained by mixing
various amounts of CNC with PLA or g-PLA. In details, the
following processing conditions were applied:

- MB1 consisted of graed PLA (g-PLA) prepared in the
conditions above reported (total time of reaction in the extruder
of t ¼ 8 minutes);

- MB2 was obtained through incorporation of 1.17% wt of
CNC into PLA matrix, with incorporation of CNC (mixing time
2 minutes) aer 6 minutes of PLA heating, in order to prevent
the thermal degradation for CNC;

- MB3 was obtained through incorporation of 6.67% wt of
CNC into g-PLA matrix, with incorporation of CNC (mixing time
2 minutes) aer 6 minutes of g-PLA heating;

- MB4 consisted of neat PLA, produced under the same
parameters as described in the cases of MB1, MB2 and MB3
(total time of mixing ¼ 8 minutes).

PLA nanocomposite processing. PLA and PLA nano-
composite lms were manufactured by using a twin-screw
microextruder as well. Conditions of 100 rpm screw speed,
2 min of dwell time and a kneading temperature of 180–195–
210 �C were employed to optimize material nal properties,
aer which, a lm forming process with a head force of 180 N
and a die temperature of 200 �C was performed, in order to
obtain PLA and PLA nanocomposite lms with a thickness
ranged from 20 up to 80 mm. The materials designed as neat
PLA and g-PLA were regarded as controls, while the PLA nano-
composite lms having the codes PLA/1CNC and g-PLA/1CNC
consisted of 99% wt MB4 and MB1, respectively, and 1% wt of
CNC. The system containing 15% wt of MB1 and 85% wt of MB2
was denoted as g-PLA/PLA-1CNC, while g-PLA-1CNC/PLA rep-
resented the material composed of 16% wt of MB3 and 84% wt
of MB4. Finally, g-PLA/PLA/1CNC was indicated as the material
obtained through the reactive mixture of 15%wtMB1, 84%wt¼
Table 2 Nanocomposite formulations

Materials
MB1
(% wt)

MB2
(% wt)

MB3
(% wt)

MB4
(% wt)

CNC
(% wt)

Dwell
time (min)

PLA 100 2
g-PLA 100 2
PLA/1CNC 99 1 2
g-PLA/1CNC 99 1 2
g-PLA/PLA-1CNC 15 85 2
g-PLA-1CNC/PLA 16 84 2
g-PLA/PLA/1CNC 15 84 1 2

32352 | RSC Adv., 2015, 5, 32350–32357
MB4 and 1% wt CNC. Thus, the contents of CNC and g-PLA in
the resulted nanocomposite lms were 1% wt and 15% wt,
respectively. These formulations are reported in Table 2.

Characterizations

Fourier transform infrared spectrometry (FTIR) analysis.
FTIR analysis was performed by means of a Jasco FTIR 615
spectrometer instrument (Japan). The samples were scanned in
the frequency range 500–4000 cm�1 operating in ATR (attenu-
ated total reectance) mode. In case of PLA and PLA-g-GMA,
FTIR analysis was performed on thin lms prepared by
solvent casting from a chloroform (supplied by Sigma-Aldrich)
solution aer removal of residual GMA and homopolymer.22

Determination of the GMA content. Purication of g-PLA
was performed drying g-PLA and neat PLA (1.50 � 0.01 g) and
dissolving them in 40 mL of chloroform. The solution was
vigorously stirred for 45 min in a hot plate stirrer (Thermolyne
Mirak hot plate/stirrer; Sigma-Aldrich Corp., Saint Louis, MO).
Finally, the suspension was precipitated with a large excess of
ethanol. The products were washed several times with ethanol
to remove the residual GMA and homopolymer, and then dried
to a constant weight in a vacuum oven at 60 �C for 24 h. The
weight percentage of graing was determined by back-titration,
the most common procedure used in epoxide analysis. The
graed polymer (0.50 � 0.02 g) was reuxed with o-xylene for
0.5 h, and then 5.0 ml HCl–isopropanol (0.1 mol L�1) solution
was added. The solution was allowed to complete the reaction
for 0.5 h. The GMA content of graed polymer was determined
by titration of the residual hydrochloric acid by back-titration
with standard KOH–ethanol (0.1 mol L�1), and 2–3 drops of
the phenolphthalein–ethanol (10 g L�1) was added as an indi-
cator. The end point was determined by colour change. The neat
PLA was used as control. The graed GMA (%) were calculated
according to the following expression:

Grafted GMA (%) ¼ VHCl � NHCl � 142.2 � 0.1/m (1)

where VHCl and NHCl, were volume (mL) and normality of the
standardized HCl, respectively; 142.2 was the molecule weight
of GMA; m was the weight of the sample in g. In this study, 10%
of the GMA (MB1) was used and the nal graing degree was
5.69%, the result was in accordance with some other
researches.14,22

Morphology. The cellulose nanocrystal morphology was
investigated by means of eld emission scanning electron
microscope (FESEM, Supra 25-Zeiss). Few drops of the suspen-
sion were cast onto silicon substrate, vacuum dried for 2 h and
gold sputtered before the analysis. Microstructure of the PLA
nanocomposite lms were also investigated by FESEM, by
checking the cross-section morphology of samples fractured in
liquid nitrogen and followed by gold sputtering.

Differential scanning calorimeter (DSC). DSC (TA Instru-
ment, Q200) measurements were performed in the temperature
range from �25 to 210 �C at 10 �C min�1 under nitrogen ow;
PLA and PLA nanocomposite samples (6–7 mg) were heated
from �25 to 210 �C at a rate of 10 �C min�1 and held at 210 �C
for 2 min to erase the thermal history (1st scan), then they were
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) Mechanism of the grafting of GMA onto the PLA chain and (b)
FTIR spectra of neat PLA, PLA/GMA, and g-PLA.

Fig. 2 Visual appearance of films (a), DSC thermograms related to the
(b) first heating scan, (c) cooling scan and (d) second heating scan of
neat PLA, g-PLA and PLA nanocomposite systems obtained by
different masterbatch procedures.
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cooled to �25 at 10 �C min�1 and reheated under the same
conditions (2nd scan). Glass transition, cold crystallization
and melting temperatures, indicated as Tg, Tcc and Tm, respec-
tively, were determined from the rst and second heating scans.
The crystallinity degree (c) was calculated from the second
scan as:

x ¼ DHm

DHm0

�
1�mf

� (2)

where DHm is enthalpy of melting for a 100% crystalline PLA
sample, taken as 93 J g�1 (ref. 23) and (1 � mf) is the weight
fraction of PLA in the sample.

Thermogravimetric analysis (TGA). TGA was carried out
using a Thermo gravimetric Analyzer (TGA, Seiko Exstar 6300).
The samples, approximately 8 mg, were heated from 30 to
900 �C at a heating rate of 10 �C min�1 under nitrogen atmo-
sphere. The weight-loss rate was obtained from derivative
thermogravimetric (DTG) data. The onset degradation temper-
ature (Tonset) was dened as the 1% weight loss drawn from the
TG curves aer 200 �C at which the samples begin to degrade.
Maximum thermal degradation temperature (Tmax) was also
collected from DTG peaks maxima, along with the residual
weight percent at 600 �C.

Mechanical behavior. The mechanical performance of neat
PLA and PLA nanocomposite systems was evaluated by means
of tensile tests, performed on rectangular probes (100 mm �
10 mm) on the basis of UNI ISO 527 standard with a crosshead
speed of 5 mm min�1, a load cell of 500 N and an initial
gauge length of 25 mm. Average tensile strength (s), elastic
modulus (E) and elongation at break (3b) were calculated from
the resulting stress–strain curves. The measurements were
done at room temperature and at least ve samples were
tested.

Results and discussion
FTIR analysis

The g-PLA (graed polymer) was successfully prepared via
free-radical polymerization, in which the peroxide initiator
abstracted a tertiary hydrogen from the PLA chain to form a
macromolecular radical, as shown in Fig. 1a, and the mech-
anism was revealed in a study by Xu,24 in which tert-butyl
perbenzoate (TBPB) was used as initiator. The FTIR spectra of
neat PLA, PLA/GMA, and g-PLA are given in Fig. 1b, in
which PLA/GMA indicates g-PLA without further purication
aer the polymerization, with unreacted residual GMA
inside.

Compared with the spectrum of neat PLA, some new peaks
appeared at 815, 910 and 1637 cm�1 in the spectrum of PLA/
GMA and were associated with the carbon double bonds
(815 and 1637 cm�1)24 and the asymmetric stretching of the
epoxy group (910 cm�1).14,18 Aer eliminating the unreacted
GMA, the peak of epoxy group was still present, while the C]C
bond was not observed in the case of g-PLA, which means that
the C]C bonds disappeared aer polymerization and GMA was
successfully graed onto the PLA chain. Similar results were
also reported.18
This journal is © The Royal Society of Chemistry 2015
DSC analysis

Differential scanning calorimetry was used to investigate the
glass transition (Tg), cold crystallization (Tcc), melting (Tm) and
crystallinity (Xc) of PLA and PLA nanocomposites. Photos
reported in Fig. 2a show the visual appearance of neat PLA and
PLA nanocomposite lms prepared with the different master-
batches, conrming that all the lms have good transparency,
with no effects related to the process used for the preparation of
the different formulations. Fig. 2(b–d) and Tables 3 and 4
RSC Adv., 2015, 5, 32350–32357 | 32353
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Table 3 Thermal parameters (Tg, Tcc and Tm) of PLA and PLA nano-
composites derived from the first heating DSC scan of nanocomposite
formulations

Materials Tg (�C) Tcc (�C) Tm (�C)

PLA 61.3 � 0.4 101.8 � 0.1 170.3 � 0.2
g-PLA 54.4 � 0.3 94.7 � 0.3 166.9 � 0.3
PLA/1CNC 60.9 � 0.1 100.2 � 0.1 170.0 � 0.1
g-PLA/1CNC 59.4 � 0.3 97.7 � 0.5 168.8 � 0.2
g-PLA/PLA-1CNC 60.6 � 0.3 98.7 � 0.3 169.1 � 0.2
g-PLA-1CNC/PLA 61.0 � 0.1 94.2 � 0.1 169.1 � 0.1
g-PLA/PLA/1CNC 60.5 � 0.1 98.2 � 0.4 169.5 � 0.5

Table 4 Thermal parameters (Tg, Tcc, Tm and cc) of PLA and PLA
nanocomposites derived from the second heating DSC scan

Materials Tg (�C) Tcc (�C) Tm (�C) Xc (%)

PLA 61.5 � 0.6 100.3 � 0.8 169.3 � 0.2 15.0 � 1.0
g-PLA 57.9 � 0.2 100.1 � 0.4 166.5 � 0.5 7.4 � 3.8
PLA/1CNC 60.6 � 0.2 98.4 � 0.3 169.0 � 0.2 18.8 � 2.6
g-PLA/1CNC 60.0 � 0.6 98.9 � 0.4 168.2 � 0.1 16.3 � 1.8
g-PLA/PLA-1CNC 59.2 � 0.6 97.1 � 0.7 168.2 � 0.1 24.4 � 0.1
g-PLA-1CNC/PLA 60.4 � 0.3 97.9 � 0.5 168.3 � 0.5 24.1 � 1.4
g-PLA/PLA/1CNC 59.8 � 0.6 97.5 � 0.7 168.4 � 0.3 23.2 � 0.7
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summarize the calorimetric parameters from the rst and
second heating scan for all materials.

To make the following discussion clearer, here we divided
them into three systems, namely the rst system as CNC pre-
mixed with pure PLA system (PLA, PLA/1CNC and g-PLA/PLA-
1CNC), the second system as CNC premixed with g-PLA
system (g-PLA, g-PLA/1CNC and g-PLA-1CNC/PLA) and the
third system as the one in which CNC are introduced in the
mixture without using a masterbatch procedure (g-PLA/PLA/
1CNC). The low Tg, Tcc and Tm values detected for g-PLA at
the rst heating scan (Fig. 2b and Table 3) were due to the
presence of high content of graed PLA and residual GMA in
the lm aer extrusion. In the case of PLA/1CNC and g-PLA/
PLA-1CNC, a slight decrease of Tg was observed respect to
PLA, and this effect can be related to the incorporation of CNC,
that blocked the weak interactions between PLA chains, such as
van der Waals force and hydrogen bond. An opposite tendency
was indeed detected for g-PLA/1CNC and g-PLA-1CNC/PLA
systems, in which CNC particles acted as claws. While in the
case of neat g-PLA we observed a reduction in glass transition
with respect of neat PLA (due to the plasticizing effect of GMA),
in the case of systems that contains CNC, the presence of GMA
contributed to improve the interfacial adhesion between CNC
and PLAmatrix, and this behavior can be explained considering
the possible interactions of the epoxy groups of GMA with
hydroxyls of CNC, that restrict the motion of PLA chain
segments and increase the complex viscosity, with consequent
increase of Tg.15 Moreover, the thermogram of g-PLA, revealed a
sharper endothermic peak, respect to other samples, associated
to the glass transition, which it is typically attributed to a
stronger stress relaxation on heating.25 Some other studies also
32354 | RSC Adv., 2015, 5, 32350–32357
reported similar relaxation phenomena in plasticized PLA,
conrming the presence of a compatibilizer with a plasticizing
effect in the lms.1,26 It was also observed that the ability to re-
crystallize increased for PLA nanocomposites, with a reduction
in Tcc (98.7 �C of g-PLA/PLA-1CNC and 94.2 �C of g-PLA-1CNC/
PLA, respectively) in comparison with neat PLA or g-PLA,
since CNC served as a preferable heterogeneous nucleation
agent in PLA matrix. Moreover, the graing of GMA onto PLA
matrix promoted the dispersion of CNC in matrix, representing
an important factor on the different crystallization behavior of
the resulted nanocomposites.27,28

It should be also observed that the shapes of melting peaks
changed at the rst heating scan. In Fig. 2b, the double melting
peaks appeared on the curves of g-PLA/PLA-1CNC, g-PLA-1CNC/
PLA and g-PLA/PLA/1CNC, which could be attributed to the
melt/recrystallization of the a form crystal of PLA.29 With the
CNC premixing with PLA (MB2) and g-PLA (MB3), the melting
peak at lower temperature becomes visible and the melting
peak at higher temperature still retains. A small exothermic
peak appeared prior to the major melting peak when the CNC
were incorporated into PLA or g-PLA, due to the transition of
metastable a0 form crystal to the stable a form crystal of PLA.30

Similar results were also observed with gradual increase of
microbrillated cellulose (MFC) loading in a study by Song
et al.31 In that specic work, it was observed that the small
exothermic peaks disappeared on the second heating scan
curves. In the cooling scans shown in Fig. 2c, exothermic peaks
with low intensity were observed for the pure PLA and g-PLA
samples, indicating a rather low crystallization capability. In
the case of PLA samples lled with 1% wt of CNC, the crystal-
lization peaks had relatively higher intensity and started from
higher temperature as a result of enhanced tendency to crys-
tallize. The nucleation effect was remarkably enhanced when
homogeneous cellulose nanocrystal dispersion in PLA and their
good interaction with the matrix are achieved.32 In the second
heating process (Fig. 2d and Table 4), we observed that the Tg,
Tcc and Tm showed the same tendency as in the rst heating
scan. Specically, it has to be observed that, even at the second
heating, the combination of g-PLA with CNC favoured the
nucleation effect and the crystal growth, with higher crystal-
linity values obtained for g-PLA/PLA-1CNC (24.4%), g-PLA-
1CNC/PLA (24.1%) and g-PLA/PLA/1CNC (23.2%). DSC test
results clearly evidenced that the use of a masterbatch
approach, i.e. the premixing the CNC llers with PLA or g-PLA,
can be considered as an effective method to improve the CNC
homogeneous dispersion and crystallization ability of resulted
PLA nanocomposites.
Thermogravimetric analysis

TG and DTG curves of neat PLA and PLA based nanocomposites
are shown in Fig. 3a and b, respectively. Thermal parameters
including Tonset, Tmax and residual mass calculated at 600 �C
were summarize in Table 5. Tonset of neat PLA was 259.0 �C,
while were 262.6 and 269.2 �C for PLA/1CNC and g-PLA/PLA-
1CNC, respectively. Similar tendency was also observed in the
case of g-PLA, g-PLA/1CNC and g-PLA/PLA-1CNC lms,
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 TG (a) and DTG (b) curves of neat PLA, g-PLA and PLA nano-
composite systems obtained by different masterbatch procedures.

Table 5 Thermal parameters derived from TGA (Tonset(1%), Tmax and
residual mass (%) at 600 �C) for PLA and PLA nanocomposites

Materials Tonset(1%) (�C) Tmax (�C)
Residual mass (%)
@ 600 �C

PLA 259.0 351.1 0.04
g-PLA 263.4 352.8 1.05
PLA/1CNC 262.6 328.2 2.37
g-PLA/1CNC 263.4 337.0 2.75
g-PLA/PLA-1CNC 269.2 341.1 2.21
g-PLA-1CNC/PLA 265.9 348.9 1.11
g-PLA/PLA/1CNC 268.7 330.8 2.39

Fig. 4 Values for tensile strength (a), Young's modulus (b), elongation
at break (c) and stress–strain curves for neat PLA, g-PLA and PLA
nanocomposite systems (d) obtained by different masterbatch

Paper RSC Advances

Pu
bl

is
he

d 
on

 0
7 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 8

:1
1:

36
 P

M
. 

View Article Online
indicating that both CNC and GMA improved the heat resis-
tance of resulted nanocomposites. For g-PLA/PLA-1CNC, g-PLA-
1CNC/PLA, and g-PLA/PLA/1CNC, Tonset kept the same level,
however Tmax of g-PLA/PLA-1CNC (341.1 �C) and g-PLA-1CNC/
PLA (348.9 �C) showed a remarkable improvement with
respect of g-PLA/PLA/1CNC (330.8 �C), demonstrating that the
preparation of masterbatches via pre-incorporation of 1% wt of
CNC into PLA or g-PLA was a favourable method to enhance the
thermal stability of CNC reinforced PLA nanocomposites. The
increased Tmax for g-PLA/PLA-1CNC and g-PLA-1CNC/PLA,
compared with PLA/1CNC and g-PLA/1CNC, respectively, may
be attributed to the increased crystallinity due to the more
This journal is © The Royal Society of Chemistry 2015
homogeneous dispersion of CNC (discussed in DSC section),
and this result was in agreement with the study by Shi et al.33

The reduction of Tmax for 1% wt of CNC containing PLA nano-
composites, compared with neat PLA and g-PLA, was also
observed in some other studies.34–36

Moreover, the addition of CNC increased the char yield
(residual mass): increased char formation can limit the
production of combustible gases, decreasing the exothermicity
of the pyrolysis reaction, and inhibiting the thermal conduc-
tivity of the burning materials.37,38
Tensile properties

Fig. 4a–c show the tensile test results and the typical stress–
strain curves (Fig. 4d) for all studied materials. The neat poly-
meric matrices (neat PLA and g-PLA) exhibited a step-by-step
failure process, while the nanocomposites showed a brittle
failure process, as a result of the incorporation of rigid CNC
particles. In premixing of CNC with PLA system, the addition of
1% wt of CNC (PLA/1CNC) resulted in s reaching 52.8 MPa, a
19% increase over the neat PLA (44.3 MPa). Furthermore, higher
s (54.2 MPa) and E (2319.0 MPa) were obtained in the case of
g-PLA/PLA-1CNC, with an increase of 22.3% and 18.6%
compared to PLA, respectively, due to the presence of g-PLA and
better dispersion of CNC nanollers. The same tendency could
also be seen in the case of g-PLA, g-PLA/1CNC and g-PLA-1CNC/
PLA, being s and E of the two CNC containing systems increase
of 26.2% and 23.7% compared with g-PLA, respectively. Obvi-
ously, the effect of changes on 3b was just the opposite of that on
s and E, and it can be attributed to the presence of rigid
nanocrystals, as conrmed in many previous studies.6,18,32,39 The
important improvements observed in the CNC-lled PLA
systems may be ascribed to the uniform distribution of CNC in
the PLA matrix, and to the strong interfacial adhesion between
procedures.

RSC Adv., 2015, 5, 32350–32357 | 32355
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CNC and PLA matrix. It was believed that the presence of g-PLA
would inhibit self-aggregation promoting the CNC dispersion.

In the g-PLA/PLA/1CNC system, maximum values of tensile
strength (s) (62.4 MPa) and elastic modulus (E) (2428.2 MPa),
with a minimum of elongation at break (3b) (5.0%) were
observed, conrming the creation of a rigid network formed
among the cellulose nanocrystals in the nanocomposites, which
greatly facilitated the enhancement of strength and modulus; at
the same time, the appearance of the rigid network and self-
aggregation may have slightly damaged the original PLA poly-
mer structure, resulting in a decreased elongation of the
composite.8 The tensile results were in agreement with the DSC
tests, conrming how the use of masterbatches could effectively
improve the mechanical performance of resulted CNC rein-
forced PLA nanocomposites. The different mechanical perfor-
mance detected from g-PLA/PLA-1CNC, g-PLA-1CNC/PLA and
g-PLA/PLA/1CNC were considered to contribute to extend
applications of PLA based composites as food packaging
materials in different sectors.

Morphological analysis

FESEM micrographs of CNC and fractured surfaces of the neat
PLA and its nanocomposites are presented in Fig. 5. CNC
aggregates (individualized with typical dimensions ranging
Fig. 5 FESEM images of cellulose nanocrystals (CNC) and fractured
samples of neat PLA, g-PLA and PLA nanocomposite systems obtained
by different masterbatch procedures.

32356 | RSC Adv., 2015, 5, 32350–32357
from 100 to 200 nm in length and 5–10 nm in width) were not
visible in all the fractured surfaces, indicating a good dispersion
and homogeneous distribution of CNC in the nanocomposites.

While a smooth fracture surface could be seen in neat PLA,
an irregular surface was observed in the PLA/1CNC system.
Interestingly, the g-PLA/PLA-1CNC lm showed a more at
surface compared to PLA/1CNC due to the presence of g-PLA.
The fracture surface of PLA and g-PLA samples exhibited a
distinct difference because of a plasticizing effect due to the
presence of GMA. However, with the loading of 1% wt of CNC, a
uniform surface was observed in the case of g-PLA/1CNC, sug-
gesting a good interface adhesion between g-PLA and CNC
particles. Compared to pure PLA and g-PLA, the surface of the
g-PLA/PLA-1CNC and g-PLA-1CNC/PLA nanocomposites
showed no signicant differences, as the observed surface
regularity of them was between g-PLA and g-PLA/1CNC. The
PLA/PLA/1CNC system, with respect of g-PLA/PLA-1CNC and
g-PLA-1CNC/PLA, had a rougher fracture surface, since some
sawtooth-shape traces and cracks could be observed, which
evidenced the more brittle tendency of this system to break. The
observed morphological results were consistent with tensile
tests (Fig. 4), conrming that the use of a masterbatch approach
would be benecial to the dispersion of cellulose nano-
structures in the nanocomposites.

Conclusions

Poly(lactic acid)/cellulose nanocrystal based nanocomposites
were produced by means of different masterbatch approaches,
i.e. materials were prepared by extrusion of premixed 1% wt
CNC in PLA or glycidyl methacrylate graed PLA (g-PLA), fol-
lowed by lm processing of the different obtained formulations.
The morphology studies showed that a relatively good disper-
sion was achieved, since smoother surfaces were visible in the
fractured surfaces of the g-PLA/PLA-1CNC and g-PLA-1CNC/PLA
nanocomposites when compared to g-PLA/PLA/1CNC, indi-
cating that the graing of GMA onto PLA matrix and the use of
masterbatches were favourable methods to obtain more
homogeneous distribution of CNC in PLA matrix. It was also
found that the use of masterbatches was an effective approach
to improve the crystallization ability of resulted PLA nano-
composites, with increased crystallinity values observed in DSC
tests. The increase of temperature related to the maximum
degradation rate (peaks in DTG curves) suggested that the
thermal stability could be also improved applying the master-
batches procedure. The evaluation of the mechanical properties
of the neat PLA and its nanocomposites showed that the tensile
strength and modulus were notably improved due to the pres-
ence of g-PLA and better dispersion of CNC llers, as an
increase of 22.3% of tensile strength and 18.6% of modulus for
g-PLA/PLA-1CNC was obtained in comparison with neat PLA,
while values of 26.2% and 23.7% were achieved in g-PLA-1CNC/
PLA composite with respect of g-PLA. Furthermore, the highest
tensile strength and modulus values were registered in g-PLA/
PLA/1CNC nanocomposites. This study shows that the melt
compounding process using themasterbatches, in combination
with the graing of the polymeric matrix, is a very promising
This journal is © The Royal Society of Chemistry 2015
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method to reach good processability of cellulose nanocrystal
nanocomposites and achievement of improved mechanical and
thermal properties for PLA. The results are supposed to
contribute to extend the processing methods and applications
for CNC based PLA nanocomposites.
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M. Garćıa, Polym. Compos., 2010, 31, 974–984.

30 P. Pan, B. Zhu, W. Kai, T. Dong and Y. Inoue,
Macromolecules, 2008, 41, 4296–4304.

31 Y. Song, K. Tashiro, D. Xu, J. Liu and Y. Bin, Polymer, 2013,
54, 3417–3425.

32 A. Pei, Q. Zhou and L. A. Berglund, Compos. Sci. Technol.,
2010, 70, 815–821.

33 Q. Shi, C. Zhou, Y. Yue, W. Guo, Y. Wu and Q. Wu,
Carbohydr. Polym., 2012, 90, 301–308.

34 E. Fortunati, M. Peltzer, I. Armentano, L. Torre, A. Jiménez
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