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Cellulose  nanocrystals  (CNCs)  synthesized  from  microcrystalline  cellulose  by  acid hydrolysis  were  added
into  poly(lactic  acid)–poly(hydroxybutyrate)  (PLA–PHB)  blends  to improve  the final  properties  of  the
multifunctional  systems.  CNC  were  also  modified  with  a surfactant  (CNCs)  to increase  the  interfacial
adhesion  in  the  systems  maintaining  the  thermal  stability.  Firstly,  masterbatch  pellets  were  obtained
for  each  formulation  to improve  the  dispersion  of  the  cellulose  structures  in the PLA–PHB  and  then
nanocomposite  films  were  processed.  The  thermal  stability  as well  as  the  morphological  and  structural
properties  of nanocomposites  was  investigated.  While  PHB  increased  the  PLA  crystallinity  due  to  its
oly(lactic acid)
oly(hydroxybutyrate)
ellulose nanocrystals
lends
anocomposites
ilm processing
hermal properties

nucleation  effect,  well  dispersed  CNC  and  CNCs  not  only  increased  the  crystallinity  but  also  improved  the
processability,  the thermal  stability  and  the  interaction  between  both  polymers  especially  in the case  of
the  modified  CNCs  based  PLA–PHB  formulation.  Likewise,  CNCs  were  better  dispersed  in  PLA-CNCs  and
PLA–PHB–CNCs,  than  CNC.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Several biodegradable polymers have been investigated during
he last few decades as alternatives to non-degradable polymers
urrently used in film production with particular attention to
he food packaging sector (Armentano et al., 2013; Fortunati,
rmentano, Iannoni, & Kenny, 2010). In this sense, poly(lactic acid)

PLA) is one of the most attractive biodegradable polymers used
n short-term food commodities (Arrieta, Parres, López, & Jiménez,
013). PLA can be processed by usual thermoplastic technologies
uch as extrusion, injection molding, sheet extrusion, blow mold-
ng, thermoforming and film forming) (Auras, Harte, & Selke, 2004).
LA is a semicrystalline polymer with low softening temperature
nd therefore it shows glasslike appearance at room temperature.
t is being used in the food industry since seeing through the pack-

ging is one of the most important requirements for consumers
Arrieta, López, Ferrándiz, & Peltzer, 2013) and PLA shows high
ransparency. Unfortunately, so far the use of PLA as film for food

∗ Corresponding author. Tel.: +39 0744492921; fax: +39 0744492950.
E-mail address: elena.fortunati@unipg.it (E. Fortunati).

ttp://dx.doi.org/10.1016/j.carbpol.2014.02.044
144-8617/© 2014 Elsevier Ltd. All rights reserved.
packaging is limited because PLA shows high brittleness (Auras,
Harte, & Selke, 2004), low heat resistance (Kose & Kondo, 2013) and
poor barrier properties (Martino, Jiménez, Ruseckaite, & Avérous,
2011). Interest in reducing PLA inherent brittleness and improving
gas barrier properties has led researchers and industries to develop
new PLA matrices with increased crystallinity.

Poly(hydroxybutyrate) (PHB) is the best known
poly(hydroxyalcanoate) (PHA) synthesized by controlled bac-
terial fermentation (Zhang & Thomas, 2011). It presents high
crystallinity (Calvão et al., 2012); nevertheless, the main drawback
of PHB is that it has the melting temperature at about 170–180 ◦C
(Arrieta, López, Hernández, & Rayón, 2014; Malinová & Brožek,
2011), close to the degradation temperature (typically around
270 ◦C) (Koller, Salerno, Dias, Reiterer, & Braunegg, 2010), showing
a small processing window for melt extrusion (Koller, Salerno,
Dias, Reiterer, & Braunegg, 2010; Malinová & Brožek, 2011).
Thus, PHB processing temperature should be at least 180–190 ◦C
but its thermal degradation takes place very quickly at these

temperatures (Erceg, Kovačić, & Klarić, 2005). Nevertheless, the
melting temperature of PHB can be lowered far below the thermal
decomposition temperature to make this material much easier to
process (Corre, Bruzaud, Audic, & Grohens, 2012) through chemical

dx.doi.org/10.1016/j.carbpol.2014.02.044
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.02.044&domain=pdf
mailto:elena.fortunati@unipg.it
dx.doi.org/10.1016/j.carbpol.2014.02.044
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r physical modifications: introducing other structural units into
he PHB backbone or blending with another polymer, respectively
Malinová & Brožek, 2011).

Many modifications have been proposed for extending biopoly-
ers applications such as the addition of modifiers, copolymer-

zation or blending. In this sense, blend process is a common and
elatively simple approach to tuning the physical and mechanical
roperties of biopolymers (Bartczak, Galeski, Kowalczuk, Sobota,

 Malinowski, 2013). The modification of biopolymers by blend-
ng with other bio-based and/or biodegradable polymer has many
dvantages, because it offers the opportunity to improve prop-
rties in a wide range, while legislation also favors completely
ompostable materials with minimal carbon-footprint (Imre &
ukánszky, 2013).

PLA and PHB present similar melting temperatures, thus they
an be blended in the melt state leading to a new biodegrad-
ble material that combine the advantages of both polymers. It
s expected that PHB crystals increase the crystallinity of PLA
Furukawa et al., 2005; Zhang & Thomas, 2011), as well as PLA can
ignificantly improve the stiffness of PHB (Vogel & Siesler, 2008). It
as been reported that the best synergic effect is achieved blending
LA and PHB in 75 wt% and 25 wt% ratio, respectively (Abdelwahab
t al., 2012; Arrieta, López, Hernández, & Rayón, 2014; Zhang &
homas, 2011)

Alternatively, the use of natural reinforcements to improve the
echanical properties of biopolymers for food packaging appli-

ations represents a promising method without influencing the
ransparency (Fortunati, Armentano, Iannoni, et al., 2012; Fortunati
t al., 2010). For millennia, natural lignocellulosic basic mate-
ials, referring to its main constituent cellulose, hemicelluloses
nd lignin have been used in the form of wood and plant fibers
y number of industries in forest products, paper, textiles, etc.
Brinchi, Cotana, Fortunati, & Kenny, 2013). It is known that
he high mechanical and nanomechanical performance of natural

aterials extracted from the agriculture is conferred by cellu-
osic hierarchical structures (Rayón, López, & Arrieta, 2013). The
econd generation of cellulosic based materials, focused in the
anometer scale, are represented by cellulose nanocrystals (CNC),
hich offer new properties including high biodegradability, bet-

er uniformity and durability (Brinchi, Cotana, Fortunati, & Kenny,
013). Cellulose nanocrystals (CNC) have been successfully incor-
orated into the PLA matrix by Fortunati and colleagues (Bitinis
t al., 2013b; Fortunati, Armentano, Iannoni, et al., 2012; Fortunati,
uglia, Monti, Peponi, et al., 2013; Fortunati, Puglia, Monti, Santulli,
t al., 2013) and also into the PHB matrix (Patrício et al., 2013)
howing an improvement in the mechanical properties better than
ther reinforcing materials. The incorporation of CNC into the PLA
atrix has shown to improve oxygen barrier properties of PLA

Fortunati, Peltzer, Armentano, Torre, et al., 2012). Therefore they
re suitable for food packaging applications. Moreover, the incorpo-
ation of CNC allows reducing the amount of biopolymer in the final
ormulation offering additional advantages such as they are fully
enewable and biodegradable, and possess high stiffness and low
ensity. CNC are commonly synthesized from the acid hydrolysis
f microcrystalline cellulose (MCC) (Bondeson, Mathew, & Oksman,
006; Fortunati et al., 2012b). However, the homogeneous disper-
ion of CNC in PLA matrix is not easy to achieve (Kose & Kondo,
013) due to its hydrophilic character (Martínez-Sanz et al., 2013).
ne strategy to favor the CNC dispersion and therefore the final
roperties of the final formulation is using a surfactant for the CNC
urface modification (Fortunati, Armentano, Zhou, et al., 2012).

In this work the innovative combination of PLA-PHB blends

einforced with cellulose nanocrystals were prepared by melt
ompounding extrusion followed by film forming with the main
urpose to produce new biodegradable ternary systems with

ncreased interaction, crystallinity and thermal properties. The
olymers 107 (2014) 16–24 17

main objective is to evaluate the effect of synthesized cellulose
nanocrystals (CNC) and surfactant modified cellulose nanocrystals
(CNCs) in PLA-PHB blends with the aim of improving PLA–PHB
processability and obtaining a fully biodegradable film based on
PLA matrix with increased crystallinity intended for food packag-
ing. With this propose, PLA–PHB masterbatches were prepared by
melt blending and then CNC and CNCs were added prior to film
processing to improve the dispersion of the cellulose nanocrystals
in the PLA and PLA–PHB matrices. So, cellulose nanocrystals dis-
persion during processing and in the obtained nanocomposite films
was specifically addressed and discussed. Another issue concerning
the development of such systems is the thermal stability due to the
cellulose nanocrystals introduction and their modification and/or
degradation during processing. Thus isothermal and dynamic ther-
mal  studies were also conducted. Moreover, fully morphological
and structural characterizations of the obtained nanocomposite
films were carried out.

2. Experimental

2.1. Materials

Poly(lactic acid) (PLA 2002D, Mn = 98,000 g mol−1,
4 wt% d-isomer) was supplied by NatureWorks (USA),
Poly(hydroxybutyrate) (PHB, under the trade name PHI002)
was supplied by NaturePlast (France) and microcrystalline cel-
lulose (MCC, dimensions of 10–15 �m) was purchased from
Sigma–Aldrich.

2.2. Nanocrystal synthesis and modification

Cellulose nanocrystal suspension was  prepared from 20 g of
MCC  by acid hydrolysis following the recipe used by Fortunati,
Peltzer, Armentano, Torre, et al. (2012) (Fortunati, Armentano,
Zhou, et al., 2012). Sulphuric acid hydrolysis was carried out with
64% (w/w) at 45 ◦C for 30 min  with continuous stirring. The solu-
tion obtained was  diluted in ultrapure water (1:200) and the acid
was eliminated by centrifugation; the sediment deposits were then
dialyzed until neutral pH. An ion exchange resin was added to the
cellulose suspension for 24 h and then was  removed by filtration
in order to ensure that all ionic materials were removed except
the H+ counter ions associated with the sulfate groups on the CNC
surfaces. Ultrasonic treatment was  also carried out in a Vibracell
75043, 750 W,  Bioblock Scientific for 2 min  in an ice bath. Cellu-
lose nanocrystals were also modified by adding STEFAC TM 8170
(Stepan Company Norhfield) surfactant, an acid phosphate ester of
ethoxylated nonylphenol, in 1/1 (w/w), and designed as CNCs. The
dry content yield was calculated by the determination of dry matter
content (Wdm) (Eq. (1)) following the oven drying method (UNE-EN
ISO, 2008).

Wdm = m1

m0
× 100 (1)

where m0 is the mass content before drying and m1 is the mass
content after drying.

Nanocrystal solutions were neutralized by the addition of 1.0%
(w/w) of 0.25 mol  l−1 NaOH and freeze-drying to obtain a power.

2.3. PLA–PHB blending and nanocomposite preparation

PLA–PHB were blended in 75:25 proportion, according to the
literature (Abdelwahab et al., 2012; Arrieta, López, Hernández,

& Rayón, 2014; Zhang & Thomas, 2011). Meanwhile, a cellulose
nanocrystal content of 5% was  selected according with previ-
ous results (Fortunati, Armentano, Zhou, et al., 2012). PLA matrix
nanocomposites with CNC and CNCs were also produced for
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Table  1
PLA and PLA–PHB nanocomposite film formulations.

Materials PLA (wt%) PHB (wt%) CNC (wt%) CNCs (wt%)

PLA 100
PLA-CNC 95 5
PLA-CNCs 95 5
PLA–PHB 75 25
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show that synthesized CNC (Fig. 1A-a) and CNCs (Fig. 1A-b) exhibit
PLA–PHB-CNC 71.25 23.75 5
PLA–PHB-CNCs 71.25 23.75 5

omparison. Sample blend formulations and their concentrations
re summarized in Table 1.

Nanocomposites were manufactured by using a twin-screw
icroextruder (DSM explorer 5&15 CC Micro Compounder). It is

nown that to prevent thermomechanical degradation during the
xtrusion process, screw speed, mixing time and temperature pro-
le must be carefully selected (Fortunati et al., 2010). Therefore, a
crew speed of 150 rpm and mixing time of 3 min  were used to opti-
ize the material final properties (Fortunati, Armentano, Iannoni,

t al., 2012; Fortunati, Armentano, Zhou, et al., 2012).
In the case of binary PLA and cellulose nanocrystal based sys-

ems, PLA pellets, previously dried, were put in the microextruder
anually to reach a head force of 1200 N while a temperature pro-

le of mixing process with a maximum temperature of 200 ◦C with
hree steps: 180–190–200 ◦C, was selected. After 2 min, CNC or
NCs were added into the microextruder for 1 additional minute.

In the case of PLA–PHB blends a masterbatch was previously
repared (mixing time of 2 min). PLA–PHB masterbatch was gran-
lated into pellets and then melted in the microextruder (1 min)
hile CNC or CNCs were subsequently added and mixed during 1

upplementary minute.
Directly after the mixing process, a film forming process with a

ead force of 3000 N was carried out to obtain PLA and PLA–PHB
ased nanocomposite films.

.4. Characterization techniques

.4.1. Transmission electron microscopy (TEM)
TEM images of cellulose nanocrystals and their nanocomposite

lms were obtained by Transmission Electron Microscopy (TEM,
EOL JEM-1010) operating at 100 kV. One droplet of CNC or CNCs
uspension was deposited on carbon-coated copper grids and dried
t room temperature during 20 min  before observations.

For the film characterization, they were embedded in epoxy
esin and cured during 3 days at room temperature. To observe the
ross section, the films were cut with an ultra-microtome (Leica
M1950, SCSIE Universitat de València) and were stained with a
ranyl-acetate solution (2 wt%) for about 5 min.

.4.2. Field emission scanning electron microscope (FESEM)
For the microstructural analysis of the nanocomposite films,

he samples were previously frozen in liquid N2, cryofractured and
puttered with a gold layer. The obtained cross-sections were inves-
igated by FESEM, Supra 25-Zeiss.

.4.3. Atomic force microscopy (AFM)
AFM analysis was performed to analyze the surface filler disper-

ion into the polymer matrices. The investigations were carried out
y means a Multimode/NanoScope III (Veeco Metrology, Santa Bar-
ara, CA) operating in the tapping mode under air conditions with
rive amplitude of 200 mV  and an amplitude set point of 1.4 V. Sur-

ace roughness was calculated from the AFM topographical images
y a Nanoscope Analysis 1.4 software using the root mean square
RMS) parameter.
olymers 107 (2014) 16–24

2.4.4. Thermogravimetric analysis (TGA)
Thermogravimetric measurements were performed in a Seiko

Exstar 6300 thermal analyzer. Masterbatch blends were heated
under isothermic mode while processed film samples were heated
under dynamic mode, both weighing around 5–10 mg.  Isothermal
tests were carried out at a 200 ◦C during 40 min under air condi-
tions while dynamic measurements were run from 30 to 900 ◦C at
10 ◦C min−1 under nitrogen atmosphere.

2.4.5. Differential scanning calorimetry (DSC)
DSC experiments were carried out in a TA Instrument Q200

calorimeter (New Castle, DE, USA). The heating and cooling rate
for the scans was 2 ◦C/min under nitrogen atmosphere with sam-
ple weight about 4 mg  in hermetic aluminum pans. Calibration
was performed using an indium sample. First the cycle program
consisted of a heating stage from −25 to 210 ◦C at a heating rate of
2 ◦C min−1, followed by a cooling process up to −25 ◦C and subse-
quent heating up to 210 ◦C.

The glass transition temperature (Tg) was taken at the mid-point
of heat capacity changes. The melting temperature (Tm) and cold
crystallization temperature (Tcc) were obtained from the first heat-
ing and the degree of crystallinity (�c) was calculated through Eq.
(2):

�c = 100% ×
[

�Hm − �Hcc

�Hc
m

]
× 1

WPLA
(2)

where �Hm is the melting enthalpy, �Hcc is the cold crystallization
enthalpy, �Hc

m is the melting heat associated to pure crystalline PLA
(93 J g−1) (Turner, Riga, O‘Connor, Zhang & Collis, 2004) and WPLA
the weightfraction of PLA in the blend.

2.5. X-ray diffraction

The crystalline phases of the nanocomposite films were exam-
ined by X-ray diffraction (XRD) equipment (BRUKER AXS D5005,
SCSIE Universitat de València). Scanning was  performed on square
nanocomposite film surfaces (15 mm × 15 mm)  mounted in an
appropriate sample holder. The patterns for profile fitting were
obtained from a diffractometer using Cu K� radiation with a scan-
ning step of 0.02◦ between 2.5◦ and 40◦ in 2� with a collection time
of 10 s per step, while the voltage was  held at 40 kV.

2.5.1. Fourier transformed infrared spectroscopy (FTIR)
FTIR measurements of the nanocomposite films were carried

out at room temperature in transmission mode by a Jasco FTIR
spectrometer. Spectra were obtained in the 4000–600 cm−1 region.

3. Results and discussion

3.1. Cellulose nanocrystal dispersion

CNC and CNCs yield reactions resulted in ca. 20.6 ± 5.3%, in good
accordance with previous reported works (Bitinis et al., 2013b;
Fortunati, Armentano, Iannoni, et al., 2012; Fortunati, Armentano,
Zhou, Puglia, et al., 2012). While pristine CNC suspension reached
a constant pH between 8.5 and 9, the pH of CNCs solution after
the modification procedure was around 3. Therefore, CNCs solu-
tions were neutralized with NaOH and raised to pH 9 in order to
improve the thermal stability of the final nanocrystals.

TEM images of the cellulose nanocrystals obtained (Fig. 1A)
dimensions ranging from 100 to 300 nm in length and between
5 and 10 nm in width confirming previous results (Bitinis et al.,
2013b; Fortunati, Armentano, Zhou, et al., 2012).
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ig. 1. (A) TEM analysis of (a) CNC and (b) CNCs suspensions. (B) Visual appearanc
LA,  (b) PLA–CNC, (c) PLA–CNCs, (d) PLA–PHB, (e) PLA–PHB–CNC and (f) PLA–PHB–

.2. PLA–PHB-nanocomposite masterbatches and film processing

The use of preformed masterbatches represents a useful
echnique for industrial end-applications. Therefore, master-
atch processing parameters were studied. During masterbatch
rocessing some changes in the force applied in the system were

bserved. Neat PLA process started with a 1000 N, but after 1 min
he force decreased to around 600 N showing that the material was
ompletely in the melt state. In the case of PLA-PHB masterbatch
A and PLA–PHB nanocomposite films. (C) Microstructure of fracture surface of (a)

melting, 30 s after the process, the force notably increased from
1000 N to 1200 N owing to an increase in the viscosity of the
system. This behavior was more noticeable in the case of CNC
and CNCs based formulations. After the addition of nanoreinforce-
ments the force increased from 1000 N to around 1200 N after CNC
incorporation while it increased drastically from 1000 N to around

1400 N with the addition of modified CNCs. This increment in the
force was  due to the viscosity change that increases with cellulose
introduction, showing the effect of nanocrystals on the processing
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ig. 2. (A) TEM analysis of nanocomposite films with cellulose nanocrystals: (a) 

anocomposite films with cellulose nanocrystals incorporated films: (a) PLA–CNC, 

onditions and, consequently, on the final properties of both poly-
er  matrixes.
A similar situation was observed during filming in which the

orce started at 1200 N, and then it reached a constant value of 400 N
nd increased to around 600 N in binary PLA–CNC and PLA–CNCs
anocomposite films. While for ternary PLA–PHB formulations
he force decreased from 1200 N to around 200 N followed by an
ncrease to around 400 N with CNC and CNCs incorporation during
lm forming.

.3. Morphological characterization of the nanocomposite films

PLA and PLA–PHB nanocomposite films with a thickness ranging
etween 10 and 30 �m are shown in Fig. 1B. It can be noticed when
olling the films that PHB presence produced a tendency to yellow,
hile CNC or CNCs slightly reduce this trend in PLA–PHB blends.
owever, all the formulations showed an evident transparency also

n the case of PHB based systems, underlining that the presence of
5 wt% of PHB does not affect the PLA original transparency.

Morphological aspects of the cross cryo-fractured sections of
ure PLA, PLA–PHB blend, binary and ternary nanocomposite films
ere investigated by FESEM and the images are shown in Fig. 1C.

he pure PLA film (Fig. 1C-a) shows a typical smooth and uni-
orm surface of an amorphous polymer, while PLA–PHB blend
Fig. 1C-d) shows a more toughness surface due of the increased
rystallinity. At higher magnification (Fig. 1C-d, insert) PHB par-
icles appear dispersed as crystalline aggregates showing that no
hase separation had taken place during the extrusion process. In
he case of nanocomposites, CNC based films (Fig. 1C-b and e) show
ome compact structures (arrows), suggesting that CNC are present
n flakes with poor interfacial adhesion (Fortunati, Armentano,
hou, Puglia, et al., 2012). However, this structure is less pro-
ounced in the PLA–PHB–CNC ternary film (Fig. 1C-e), suggesting

hat nanocrystals are able to enhance the interfacial adhesion and
nfluence the compatibility between PLA and PHB matrices. More-
ver, surfactant modified nanocrystals seem to be better dispersed
n both binary PLA–CNCs (Fig. 1C-c) and ternary PLA–PHB–CNCs,
NC, (b) PLA–CNCs, (c) PLA–PHB–CNC and (d) PLA–PHB–CNCs. (B) AFM images of
–CNCs, (c) PLA–PHB–CNC and (d) PLA–PHB–CNCs.

(Fig. 1C-f) nanocomposite films, highlighting the positive effect of
cellulose modification.

The cellulose structures in the polymer matrices were also stud-
ied by transmission electron microscopy (TEM). Individual CNC and
CNCs with dimensions ranging from 100 to 300 nm were actually
identified in the cross section of the nanocomposite films, con-
firming the effective incorporation of the synthesized nanocrystals
into the polymer matrices (Fig. 2A). It was found that the size of
the CNC and CNCs are in agreement with the TEM observations of
the cellulose nanocrystal solutions conducted after the hydrolysis
procedure (Fig. 1A). Regardless the nanocrystals identification no
information on their distribution could be observed by TEM anal-
ysis as a result of the low contrast between PLA, PHB and cellulose
structures.

Therefore, nanocrystals dispersion was  studied by means of AFM
analysis on film surfaces in the view of the fact that it represents a
more sensitive technique without any limitations concerning con-
trast and resolution. The phase channel images of the cellulose
nanocrystal based films are displayed in Fig. 2B. The unmodified
CNC based films showed that the nanocrystals appear somewhat
agglomerated (Fig. 2B-a and c), while more individualized struc-
tures were detected for CNCs based systems (Fig. 2B-b and d)
underlining that the surfactant presence allows the polymer chain
penetration between the cellulose structures and confirming SEM
and TEM results. Moreover, a topographical analysis was also car-
ried out and it revealed that the RMS  value increased from 10.2 nm
for PLA-CNC to 49.7 nm for PLA-CNCs. Meanwhile, no significant
differences were observed between ternary nanocomposite blend
films, which showed RMS  values of 14.0 nm for PLA–PHB–CNC
and 14.8 nm for PLA–PHB–CNCs. Nevertheless, these differences in
roughness surfaces are framed in the nanometer scale.

3.4. Thermal properties of nanocomposite films
The thermal stability of the masterbatches was  studied by
means of thermogravimetric analysis conducted under isothermal
mode at the highest extrusion temperature of 200 ◦C (Fig. 3a). It was
observed that CNC and CNCs slightly improved the thermal stability
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ig. 3. (a) Isothermal thermogravimetric analysis at 200 ◦C of binary and ternary
asterbatches. (b) Dynamic TGA and DTGA curves of binary PLA nanocomposite

lms. (c) Dynamic TGA and DTGA curves of ternary PLA–PHB nanocomposite films.

f pure PLA, PLA–CNC and PLA–CNCs losing less than 1% of the
nitial weight at the processing temperature. Whereas, nanocrys-
als based PLA–PHB blends showed lesser thermal stability than
he neat PLA–PHB blend. It must be noticed that each masterbatch
s melt blended using 180–190–200 ◦C steps as temperature pro-
le during 2 min  and subsequently it is inmediately processed into
lm at 200 ◦C during no more than 5 min. Thus, after the actual
rocessing time of 7 min  at 200 ◦C, the PLA–PHB–CNC nanocom-

osite was the lesser thermally stable sample, losing aproximately
% of the initial mass (Fig. 3a). Meanwhile, sligthly better ther-
al  stability was shown for PLA–PHB–CNCs and PLA–PHB, which

resented a mass loss lower than 3%.
olymers 107 (2014) 16–24 21

The effect of CNC and CNCs on the thermal properties of the
PLA–PHB blends was  also investigated by dynamic measurements.
A one-step degradation process was  observed for PLA and PLA–CNC,
while PLA–CNCs degraded in two steps (Fig. 3b). In PLA–CNCs the
first degradation process, occurring at lower temperatures than the
main degradation process, may  be related with the loss of the sur-
factant. PLA–PHB blends and PLA–PHB nanocomposites (PLA–PHB,
PLA–PHB–CNC and PLA–PHB–CNCs) degraded in two-steps (Fig. 3c)
with the first peak related to the PHB decomposition, and the sec-
ond peak due to the PLA degradation.

In the binary systems the addition of cellulose fillers shifted the
onset of the PLA degradation process toward lower temperatures
(Fig. 3b and Table 2). The PLA maximum degradation rate (Tmax)
was also shifted to lower temperatures and with the most evident
decrease observed in PLA–CNCs (Table 2). But it must be underlined
that there was no degradation at temperatures below 200 ◦C. As
a consequence, PLA integrated with CNC or CNCs were thermally
stable at the selected process conditions without risking thermal
degradation.

On the other hand, the addition of CNC and CNCs shifted the
onset of the PLA–PHB blend degradation process from 266 ◦C to
around 278 ◦C and led to an improvement in the thermal stabil-
ity of the ternary nanocomposites. No important changes in the
temperature corresponding to the maximum degradation rate of
the first stage process (Tmax-I) were observed (Table 2). However,
while the temperature at the maximum degradation rate corre-
sponding to the PLA degradation process was unaffected in the
PLA–PHB blend, Tmax-II was shifted to lower temperatures (Table 2)
in ternary nanocomposites. The changes in the thermal stability due
to cellulose nanocrystals introduction lead to enhance the interface
interaction between PLA and PHB.

DSC thermal properties obtained for the first heating scan are
summarized in Table 2 while DSC thermograms for first and sec-
ond heating scans are reported in Fig. 4. No significant changes were
observed in the glass transition temperature (Tg) between neat PLA
and PLA–CNC or PLA–CNCs in good accordance with a previous pub-
lished work (Fortunati, Armentano, Zhou, et al., 2012). However, a
slightly shift to lower Tg values was observed in the PLA–PHB blend
while ternary systems showed higher Tg values without significant
differences respect to neat PLA. A reduction of PLA cold crystal-
lization temperature was observed in all formulations. The shift of
the cold crystallization to lower temperatures in binary PLA–CNC
and PLA–CNCs indicates that the addition of cellulose nanocrys-
tals favors PLA recrystallization (Fortunati, Armentano, Zhou, et al.,
2012). This behavior was  more marked in the case of PHB addi-
tion, with a reduction of about 16 ◦C, showing that PHB crystals act
as nucleating agents of the PLA matrix (Zhang & Thomas, 2011).
However, a slight shift to higher temperature was observed in the
case of ternary PLA–PHB–CNC and PLA–PHB–CNCs with respect
to PLA–PHB blend. This increase of almost 5 ◦C in the cold crys-
tallization could be related to the difference in the flexibility of
the chains and their ability to form different crystalline structures
(Malinová & Brožek, 2011). Moreover, the degree of crystallinity
increased almost 5% in PLA–CNC, PLA–CNCs and PLA–PHB with
respect to pure PLA, while in reinforced PLA–PHB it raised up 18.5%
for PLA–PHB–CNC and 21.3% for PLA–PHB–CNCs. The higher crys-
tallinity reached by PLA–PHB–CNCs than PLA–PHB–CNC is due to
the presence of the surfactant on the nanocrystal surfaces leading to
a better dispersion and thus a higher nucleation effect (Fortunati,
Armentano, Zhou, et al., 2012). The melting temperatures of the
binary and ternary systems do not change significantly with respect
to the neat PLA, while the PLA-PHB film shows two peaks in the

melting process (Fig. 4c); the first one is due to the PLA compo-
nent and the second corresponds to the melting of PHB component,
suggesting no complete miscibility between the polymers. Con-
versely, for ternary PLA–PHB–CNC and PLA–PHB–CNCs only one
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Table  2
TGA and DSC thermal properties of PLA and PLA–PHB nanocomposite films.

Formulations TGA parameters DSC parameters

Stage T0 (◦C) Tmax (◦C) Tg (◦C) Tcc (◦C) �Hcc (J g−1) Tm (◦C) �Hm (J g−1) �c
a (%)

PLA – 320 357 58.8 82.5 12.6 149.0 17.7 5.6
PLA-CNC I 293 343 56.3 74.1 9.7 150.2 20.1 11.7
PLA-CNCs I  261 267 55.3 78.4 18.9 148.6 28.6 11.0

II  310
PLA–PHB I  266 278 53.5 66.4 19.4 149.6/172.7 28.8 11.9

II  356
PLA–PHB-CNC I  278 280 60.1 70.9 12.8 150.2 25.0 18.5

II  332
PLA–PHB-CNCs I  278 280 62.5 72.1 13.1 148.8 27.2 21.3

II  333

T0, calculated at 5% mass loss (10 ◦C min−1).
D

m
p
b

w
t

w
w
F
t
t
t

SC parameters calculated at the first heating scan (2 ◦C min−1).
a �c (%), calculated using �Hc

m of PLA.

elting peak was observed. This result evidences that well dis-
ersed nanocrystals lead to a clear improvement in the interaction
etween PLA and PHB.

During the cooling (not shown), no crystallization phenomena
ere observed for the different formulations and only one deflec-

ion due to the glass transition temperature, was observed.
During the second heating scan a double melting behavior,

ith one peak at around 145 ◦C and the second one at 151 ◦C,
as observed for PLA, PLA–CNC and PLA–CNCs as it is shown in

ig. 4b ascribed to the formation of small and imperfect crystals

hat change into more stable crystals through melting and recrys-
allization at low heating rates or to lamellar populations with
wo different crystalline phases (Bitinis et al., 2013a). In PLA–PHB

Fig. 4. DSC curves of nanocomposite films during firs
blend after the PLA melting peak at around 150 ◦C two  more small
melting peaks were present at around 160 ◦C and 170 ◦C corre-
sponding to the as-formed PHB crystals during blending process
and re-crystallized PHB crystals formed from the re-crystallization
during DSC heating, respectively (Zhang & Thomas, 2011). Whereas,
PLA–PHB–CNC and PLA–PHB–CNCs films (Fig. 4d) showed a sim-
ilar behavior to that of the first heating (Fig. 4c). This result is
related with the fact that cellulose nanocrystals are small and
well dispersed phases able to enhance the interfacial adhesion
and consequently improve the compatibility between PLA and PHB

matrices. Thus, the melting and re-crystallization of PHB becomes
faster than that of PLA–PHB blend in the subsequent heating pro-
cesses due to CNC and CNCs presence.

t (a and c) and second (d and e) heating scans.
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Fig. 5. (a) X-ray diffraction patterns of PLA and PLA–PHB nanocomposite films. (b)
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nfrared spectra of PLA and PLA–PHB nanocomposite films.

.5. Structural characterization of nanocomposite films

X-ray diffraction analysis was used to determine the crystalline
tructure of the nanocomposite films and the results are shown
n Fig. 5-a. All films exhibited the characteristic peak of PLA at
� = 16.5◦. An increase in the intensity at around 2� = 22.5◦ is
xpected for PLA based systems with the CNC (Fortunati, Peltzer,
rmentano, Torre, et al., 2012; Hossain et al., 2012) or CNCs

Fortunati, Peltzer, Armentano, Torre, et al., 2012) introduction.
owever, in this case, this peak was replaced by a broad shoulder in
LA–CNC and PLA–CNCs due to the low cellulose content. PLA–PHB
lend exhibited the characteristic peak of PHB at 2� = 13.5◦ and
he peak at 2� = 17◦ (Abdelwahab et al., 2012; Zhang & Thomas,
011) was overlapped by the peak at 2� = 16.5◦ attributed to
LA. PLA–PHB–CNC and PLA–PHB–CNCs ternary systems showed

 clearly different XRD pattern respect to the PLA–PHB blend
ehavior, where the peaks in the 2� = 10–23◦ range have merged

nto a single broad peak. The broad X-ray diffraction peaks are
ndicative of small crystallites size and semi-crystalline charac-
er (Turner et al., 2003). In this case, while the broad peak could
e influenced by the small cellulose crystal size, the increased

ntensity at 2� = 16.5◦ shows that in ternary systems, PLA is re-
rystallising confirming, as previous discussed, that the presence of
NC or CNCs is able to positively affect the interaction between PLA
nd PHB.

Fig. 5b shows the FTIR spectra in the 1900–700 cm−1 region.

t 1750 cm−1 the typical stretching of amorphous carbonyl group

C O) assigned to lactides was present in all PLA (Auras, Harte,
 Selke, 2004) based formulations showing a particularly broad
olymers 107 (2014) 16–24 23

absorption in PLA–PHB blends attributed to the crystalline car-
bonyl stretching of PHB (Arrieta, López, Hernández, & Rayón, 2014;
Phuong Nguyen, Domenek, Guinault, & Sollogoub, 2013; Zhang &
Thomas, 2011). This broadening evidences the molecular interac-
tion between both polymers at the selected proportion which has
been ascribed to a transesterification reaction between PLA and
PHB during melt processing (Zhang & Thomas, 2011). Moreover,
PLA–PHB blend shows a shoulder at 1720 cm−1 that is replaced by
broader bands in PLA–PHB-CNC and PLA–PHB-CNCs. This behav-
ior has been related to the hydrogen interactions between the
C O groups in PHB and OH groups in CNC (Patrício et al., 2013).
The CH deformation and asymmetric bands appear at 1382 cm−1

and 1365 cm−1, respectively (Auras et al., 2004). The intensity
of the peak at 1382 cm−1 increased in PLA-PHB blends spectra
due to the CH3 symmetric deformation of PHB (Furukawa et al.,
2005). Moreover, the band at 980 cm−1 assigned to the coupling of
C C backbone stretching with the CH3 stretching vibration band
decreases due to CNC and CNCs presence. FTIR spectra showed
the miscibility between PLA, PHB and CNC or CNCs, particularly
in the ternary systems confirming that CNC  and CNCs improve the
molecular interaction between PLA–PHB.

4. Conclusions

The study of the blend processing and characterization of
the innovative combination of PLA, PHB and cellulose nanocrys-
tals showed the potential of these nanocomposite films for the
food packaging industry. Cellulose nanocrystals (CNC) and sur-
factant modified cellulose nanocrystals (CNCs) were synthesized
from microcrystalline cellulose by acid hydrolysis. Synthesized
nanocrystals were successfully incorporated in PLA and PLA–PHB
blends by preparing a masterbatch prior to the film forming pro-
cess. The use of a masterbatch improved the dispersion of CNC
and CNCs in the final nanocomposite films and made easier the
processability between PLA and PHB. CNC and CNCs improved the
interfacial adhesion between PLA and PHB and consequently an
enhancement of the thermal stability was achieved by shifting the
initial degradation temperature of the ternary systems around 10 ◦C
to higher temperatures. This result indicates an improvement of
the usually small processing window of the PHB. Thus, PLA, PHB
and cellulose nanocrystals can be processed in the region from at
least 160 ◦C and below 200 ◦C. Moreover, PHB increased the crys-
tallinity of PLA due to its nucleation effect. However, the overall
crystallinity was further increased in the PLA–PHB blend by the
addition of CNC and this effect was  more evident with the addi-
tion of modified CNCs, highlighting the positive effect of surfactant
modification on the final nucleation process.

The incorporation of surfactant modified cellulose nanocrystals
into PLA–PHB blends represents an effective procedure to improve
the compatibility between both polymers processed by means
of a simple melt-blending process. Moreover, synergic effects in
the final properties of ternary nanocomposites are present such
as enhanced crystallinity, improved thermal stability and better
interfacial adhesion among PLA, PHB and cellulose nanocrystals,
showing their suitability for film food packaging industry.
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