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The crystallization, mechanical and biodegradation properties of poly(lactic acid)/natural rub-
ber/cellulose nanocrystals (CNC) bionanocomposites were evaluated. Three types of CNC were used in this
study, one unmodified (CNC), long alkyl chain grafted CNC (C18-g-CNC) and PLA grafted CNC (PLA-g-CNC).
The CNC modifications determined the affinity of the nanocrystals toward the polymers and reflected
on the ultimate properties. Interestingly, PLA-g-CNC acted as a nucleating agent for the PLA matrix
in the bio-based PLA/NR blend. Good mechanical properties were reported, as the bionanocomposites
maintained a high elongation at break for a concentration up to 3 wt.% of cellulose nanocrystals. More-
over, the disintegration study confirmed that the materials completely disintegrated after one month in

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose is one of most abundant carbohydrate polymer pro-
duced by biomass, from which high modulus nanocrystals (CNC)
can be extracted (Azizi Samir, Alloin, & Dufresne, 2005; Habibi,
Lucia, & Rojas, 2010). These nanosized particles present the
advantage of being renewable when compared to other inor-
ganic fillers, which is of great interest regarding the reinforcement
of biopolymers such as poly(lactic acid) (PLA) and the devel-
opment of biodegradable materials (Fortunati, Peltzer, et al.,
2012; Pei, Zhou, & Berglund, 2010; Petersson, Kvien, & Oksman,
2007).

In our previous studies, we produced a ductile bio-based
PLA blend through the addition of 10wt.% of natural rub-
ber (NR) into the PLA matrix (Bitinis, Verdejo, Cassagnau, &
Lopez-Manchado, 2011). Further improvements were obtained by
developing PLA/NR/organoclays bionanocomposites, as the organ-
oclays acted as compatibilisers for the immiscible blend (Bitinis,
Sanz, et al., 2012; Bitinis, Verdejo, et al.,, 2012). Nevertheless,
it seemed of interest to replace the organoclays by cellulose
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nanowhiskers in our blend and observe their behavior in an
immiscible polymer blend.

Therefore, cellulose nanowhiskers (CNC) were prepared from
microcrystalline cellulose and two surface grafting reactions, i.e.
long alkyl chain grafting (C18-g-CNC) and PLA chain grafting (PLA-
g-CNC), were carried out in order to improve their compatibility
with the two components of the blend (Bitinis et al., 2013). The
processing conditions were optimized adequately in order to reach
a good dispersion of the CNC, combining solvent casting and extru-
sion and considering the low thermal stability of the filler and their
strong aggregation upon drying (Henriksson, Berglund, Isaksson,
Lindstrom, & Nishino, 2008; Roman & Winter, 2004). Moreover,
the CNC modifications determined their location in the PLA/NR
blend and influenced the blend morphology. Thus, CNC and PLA-
g-CNC were mainly located in the PLA phase while C18-g-CNC
was observed in the NR droplets. The good dispersion of the
nanoparticles was demonstrated by TEM images and rheological
measurements.

Here, the objective of our work is to relate the morphol-
ogy of the bionanocomposites to their ultimate properties,
which should strongly depend on the location and interac-
tions of the CNC with the two blended polymers. Specially,
we report the crystallization, mechanical and biodegradation
properties.
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2. Experimental
2.1. Preparation of the nanocomposites

The preparation of the cellulose nanowhiskers, i.e. unmodi-
fied cellulose nanocrystal (CNC), cellulose nanocrystal grafted
with long alkyl chains (C18-g-CNC) and cellulose nanocrys-
tal grafted with PLA chains (PLA-g-CNC), was described in our
previous study (Bitinis et al., 2013). PLA polymer 2002D was
provided by NatureWorks® (D-content 4.25%, MI=5-7 g/10 min,
p=124gcm™3). Natural rubber (NR) was kindly supplied by
Malaysian rubber under the trade name CV60 (Mooney viscosity:
ML(1+4)100°C=60, p=0.91gcm3).

NR concentration was fixed at 10wt.% and the cellulose
nanocrystal loading was varied from 1 to 5 wt.%. Samples were pre-
pared by combining solvent casting and extrusion (Bitinis et al.,
2013) followed by compression molded (2 min at 10 bars and
170°C, 2min at 150 bars and 170°C, cooled 2 min at 150 bars).
The materials resulted in amorphous state.

2.2. Characterizations

2.2.1. Physical properties

Dynamic mechanical analysis was performed on a Mettler
Toledo DMA 861°€ in tensile mode at 1 Hz as a function of the tem-
perature from —90°C to 150°C at a heating rate of 2°Cmin~1.

The cold crystallization process was examined in a Mettler
Toledo DSC822 differential scanning calorimetry. The following
procedure was adopted: samples of about 10 mg were firstly heated
from room temperature to 200°C at a scan rate of 40°Cmin~!,
maintained at this temperature for 3 min to erase the thermal his-
tory, then, were rapidly cooled to 20°C. Finally, a second heating
scan from 20°C to 200°C at 2°Cmin~! was carried out. The exper-
iments were performed in nitrogen atmosphere.

2.2.2. Mechanical properties

Tensile tests of the samples were measured according to ASTM D
3379-75 specifications on an Instron dynamometer (model 3366)
at 23°C, and at a cross-head speed of 10 mm min~!. At least five
specimens of each sample were tested.

2.2.3. Bio-disintegration study

Bio-disintegration study was carried out following the Euro-
pean standard ISO 20200 which considers the disintegration degree
of plastic materials under simulated composting conditions in a
laboratory-scale test at 58 °C, 50% of humidity and in aerobic con-
ditions. ISO 20200 defines as disintegrable a sample that achieves
in 90 days the 90% of disintegration, which means that no more
than 10% of the original dry weight has to be retained in a 2 mm
sieve. A specific quantity of compost inoculum, supplied by Gesenu
S.p.a., was mixed together with the synthetic biowaste prepared
with sawdust, rabbit food, starch, sugar, oil and urea as reported in
Table 1. The water content of the substrate was around 50 wt.% and

Table 1

Compost composition.
Components %
Sawdust 20
Rabbit food 15
Starch 5
Compost inoculum 5
Sugar 2.5
Oil 1.5
Urea 1
Deionized water 50

the aerobic conditions were guaranteed by periodically mixing it
softly.

Compression molded films of 20 mm x 20 mm x 0.30 mm were
buried into the organic substrate at 4-6 cm depth in the perforated
boxes and incubated at 58 °C. The tested samples were taken out at
selected times, washed and dried in an oven at 37 °C for 24 h.

The blends chosen for the disintegrability study were the
nanocomposites with 3 wt.% of nanofiller loading. The disintegra-
bility value was obtained normalizing the weight of the samples,
at different stages of incubation, with respect to the initial ones.
Infrared spectra of the samples were measured in a Jasco FT-IR 615
spectrometer in attenuated total refraction (ATR) mode before and
after different times of disintegration in composting conditions.

3. Results and discussion
3.1. Dynamic mechanical analysis

An increase of the mechanical properties and of the storage
modulus of PLA/cellulose bionanocomposites have been described
by several research groups, although no significant changes were
observed regarding PLA tand (Lee, Blaker, & Bismarck, 2009;
Petersson et al., 2007; Tome et al., 2011). Fig. 1 shows the storage
modulus and tan § of PLA/NR blend and its nanocomposites over a
temperature range from —100 to 150°C.

The E’ curve of the blend exhibits two drops corresponding to
the glass transition temperature of its constituents. The addition
of 3wt.% of the different types of CNC results in an increase of the
modulus value (Fig. 1a). The stronger increases are observed for
unmodified CNC and PLA-g-CNC. For C18-g-CNC, the storage mod-
ulus difference between the PLA/NR blend and the nanocomposite
tends to zero from NR Tg to the PLA T; and the reinforcing effect
decreases with increasing temperature. Moreover, while none of
the CNC affects the PLA Tg, a shift of NR T toward higher temper-
ature is observed with the addition of C18-g-CNC, increasing from
—50.5°Cin the blend to —47.8 °C after the addition of 3 wt.% of C18-
g-CNC (Fig. 1b). This shift confirms the affinity of C18-g-CNC to the
NR phase that we observed from TEM images (Bitinis et al., 2013),
reducing the rubber chain mobility due to the formation of strong
nanofiller-rubber interactions. For PLA-g-CNC filled nanocompos-
ites (Fig. 1¢), an increase of the storage modulus is observed when
increasing the concentration over the entire temperature range
while no clear tendency over the polymer Ty is perceived. In fact,
the real concentration of C18-g-CNC in the NR phase is higher than
the concentration of PLA-g-CNC in the PLA phase, explaining why
no changes are observed in the PLA Tg, even if a good affinity is
expected between PLA matrix and PLA-g-CNC.

3.2. Crystallization behavior

The cold crystallization behavior of the PLA/NR/CNC nanocom-
posites was studied by DSC dynamic measurements, as pictured
in Fig. 2 and reported in Table 2. No changes of the PLA Ty
are observed with the addition of the cellulose nanowhiskers. As
already reported, NR acts as a nucleating agent for the PLA matrix,
resulting in a decrease of the PLA T, in the polymer blend (Bitinis
et al,, 2011). DSC thermograms show the presence of two melt-
ing peaks during the melting process. This crystallization behavior
of PLA has been ascribed to either a re-crystallization process,
i.e. the change of small and imperfect crystals into more stable
crystals through melting and recrystallisation at low heating rates
(Yasuniwa, Tsubakihara, Sugimoto, & Nakafuku, 2004), or the pres-
ence of two crystalline phases (Eling, Gogolewski, & Pennings,
1982).
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Fig. 1. Temperature dependence of (a) E’' and tan§ (referred to PLA Tg) of PLA-NR blend and its nanocomposites with cellulose nanowhisker type at 3wt.%, (b) E' and
tand (referred to the Ty of NR) of PLA-NR blend and its nanocomposites with C18-g-CNC concentration and (c) E’ and tan§ (referred to PLA Tg) of PLA-NR blend and its
nanocomposites with PLA-g-CNC concentration.

Fig. 2 displays the influence of different cellulose nanowhiskers
over the crystallization behavior of the PLA/NR blend. An oppo-
site effect is observed depending on the whisker modifications.
The addition of 3 wt.% of unmodified CNC and C18-g-CNC induces

Table 2

DSC data of PLA/NR/CNC nanocomposites (second heating scan).

an increase of PLA T, while a slight decrease is reported for PLA-
g-CNC. As observed in Table 2, this effect is more evident as the
nanowhisker concentration increases in the composite. The incor-
poration of CNC has no apparent effect on the PLA melting peaks.

Tc (°C) AH:(Jg™") Tm1 (°C) Tm2 (°C) AHmior Jg71)
PLA 1138 -273 146.9 1525 234
PLA/NR 104.9 222 145.2 152.3 2138
PLA/NR/CNC 3 wt.% 106.0 -2238 145.7 152.6 23.0
PLA/NR/C18-g-CNC 1wt.% 107.1 —227 145.6 1525 218
PLA/NR/C18-g-CNC 3 wt.% 110.0 -239 146.8 153.0 208
PLA/NR/C18-g-CNC 5 wt.% 1115 -237 147.0 153.2 225
PLA/NR/PLA-g-CNC 1 wt.% 103.7 -223 1449 1525 205
PLA/NR/PLA-g-CNC 3 wt.% 103.0 -215 145.6 153.6 212
PLA/NR/PLA-g-CNC 5 wt.% 100.9 —24.1 145.6 153.9 2338
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Fig. 2. Dynamic crystallization of PLA/NR/CNC bionanocomposites at 3 wt.% of CNC
as a function of the type of modification.

Both location and affinity of the bioparticles with the two poly-
mers play an important role on the crystallinity behavior of the
nanocomposites. Unmodified CNC and PLA-g-CNC are both located
in the PLA phase. However, while the presence of CNC appears to
affect negatively the PLA crystallization, PLA-g-CNC shows a nucle-
ating effect over the PLA/NR blend. This different behavior can
be attributed to the better compatibility of PLA-g-CNC with the
PLA matrix. The nucleating effect of PLA-g-CNC has been reported
by Goffin et al. (2011). Nevertheless, they also observed a strong
decrease of the PLA T due to the presence of short PLA-grafted or
non-grafted chains that could act as plasticizers. Therefore, it was
difficult to conclude which effect was more predominant between
the nucleation induced by PLA-g-CNC or the plasticization effect of
PLA short chains. In the current study, no changes on the PLA Tg
were observed by neither DMA nor DSC measurements. Thus, the
nucleating effect of well dispersed and modified CNC is predomi-
nant.

On the other hand, the addition of C18-g-CNC leads to an
increase of PLA cold crystallization temperature (Table 2). From
DMA measurements and TEM images, it was demonstrated that
C18-g-CNC affinity toward NR was higher than toward PLA. In this
case, the nucleating effect of the NR droplets could be reduced due
to the interaction of C18-g-CNC with NR.

3.3. Mechanical properties

As already reported, the addition of a 10wt.% of NR to the
PLA matrix leads to a strong increase of the elongation at break
(Bitinis et al., 2011) (Table 3). Retaining the ductile behavior of
the PLA/NR blend after the addition of nanofillers was a desired
result. Therefore, the study of the mechanical properties of cellulose
nanowhisker based nanocomposites is critical in the development
of these systems.

No real improvements of Young’s modulus or tensile strength
are observed with the addition of unmodified CNC. The average
elongation of this material is not reported in Table 3 because
of the large deviations of the results, which vary between 8%
and 148%. TEM images demonstrated that unmodified CNC are
preferentially located in the PLA phase. A good dispersion of the
fillers was observed by TEM images and rheological measurements
(Bitinis et al., 2013), nevertheless a lack of compatibility between

unmodified CNC and PLA matrix could be responsible for the inho-
mogeneous values of the elongation at break.

The addition of C18-g-CNC leads to a progressive decrease of the
Young’'s modulus and the tensile strength with increasing concen-
tration of whiskers. The elongation at break remains over 150% for
concentrations of 1 wt.% and 3 wt.% while decreases to about a third
of that value for 5 wt.%. These mechanical properties are similar to
those obtained for C15A montmorillonites and are attributed to the
affinity of the C18-g-CNC toward the NR phase (Bitinis, Verdejo,
et al., 2012). Furthermore, the short grafted chains may act as
plasticizer influencing the T of the nanocomposite system (Greco,
Gennaro, & Rizzo, 2012).

Interesting results are obtained with the addition of PLA-g-CNC.
The tensile strength is maintained with increasing the concentra-
tion of nanocrystals while the Young’s modulus slightly increases.
The elongation at break is also maintained for concentrations of
1wt.% and 3 wt.%, while more heterogeneous results are observed
at 5wt.%. The presence of PLA grafted short chains on the CNC sur-
face appears to be an effective compatibilizer between CNC and
PLA to maintain the ductile property of the PLA/NR blend, even
though the PLA-g-CNC are preferentially located in the PLA phase.
Moreover, small PLA chains could also help to improve PLA matrix
flexibility even if no changes in PLA Tg were observed.

3.4. Disintegration in composting conditions

The biodegradation of PLA in compost is one of its most attrac-
tive properties for packaging applications (Kale, Auras, Singh, &
Narayan, 2007). Its degradation usually starts with the hydrolysis of
the PLA chains induced by the diffusion of water into the materials.
The PLA molecular weight reduction caused by the random non-
enzymatic chain scissions of the ester groups leads to the formation
of oligomers and lactic acid. When the molecular weight reaches
about 10,000-20,000 g mol~!, microorganisms such as fungi and
bacteria can metabolized the macromolecules converting them
to carbon dioxide, water and hummus, this step occurring at the
surface of the material (Fukushima, Abbate, Tabuani, Gennari, &
Camino, 2009; Kale et al., 2007; Paul et al., 2005).

The effect of nanoparticles addition over PLA biodegradation
in compost has been reported over the past few years; especially
for layered silicates, leading to opposite conclusions (Fukushima
et al,, 2009; Ray, Yamada, Okamoto, & Ueda, 2003). The influence
of nanoparticles over the degradation process strongly depends on
their hydrophilicity and their dispersion (Fukushima et al., 2009;
Lee et al., 2002; Ray et al., 2003). The improved barrier properties
of the nanocomposites could also have a negative effect over the
water diffusion through the bulk, retarding the biodegradability
(Lee et al., 2002).

Nevertheless, no reports were found on the influence of bio-
nanoparticles over PLA biodegradation. The biodegradation in
compost of PLA composites reinforced with microcrystalline cel-
lulose, wood flour and wood pulp was described by Mathew,
Oksman, and Sain (2005). Surprisingly, a slower disintegration rate
was observed for the composites and was attributed to a higher
resistance to water uptake and diffusion through the composites
compared to pure PLA.

Here, the study of the disintegration of PLA/NR/cellulose
nanowhisker materials was carried out for 3wt.% of nanofillers.
Additionally, PLA and PLA/NR blend were also studied for compar-
ison. As the crystallinity of the materials can strongly influences
its degradation rate, all samples were prepared to be amorphous
(Iannace, Maffezzoli, Leo, & Nicolais, 2001).

Fig. 3 shows the samples taken out at different times of compost-
ing. During the first week, whitening and deformation of the surface
are detected for all materials. These observations are a signal that
the hydrolytic degradation has started. The opacity observed is
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Table 3
Mechanical properties of PLA/NR/CNC nanocomposites.

Young's modulus (MPa)

Tensile strength (MPa) Elongation at break (%)

PLA 2553 + 68
PLA/NR 2045 + 86
PLA/NR/CNC 3 wt.% 2043 + 142
PLA/NR/C18-g-CNC 1wt.% 2260 + 138
PLA/NR/C18-g-CNC 3 wt.% 1876 + 111
PLA/NR/C18-g-CNC 5 wt.% 1785 + 77
PLA/NR/PLA-g-CNC 1wt.% 1892 + 58
PLA/NR/PLA-g-CNC 3 wt.% 1986 + 88
PLA/NR/PLA-g-CNC 5 wt.% 2047 + 135

604 + 1.5 4+1

41.1 £ 0.9 166 +22

424 £ 1.1 From 8 to 148
399+ 1.3 178+6
339+09 152+12

31.1 £ 0.6 53+13
420+ 1.0 163+8

41.1 £ 0.8 167 +20

414 +£21 From 58 to 191

due to changes of the refractive index which can be attributed
to the water absorption and to the low molecular weight com-
pounds formed by the hydrolytic degradation (Fukushima, Tabuani,
Abbate, Arena, & Ferreri, 2010). Moreover, the formation of holes
in the materials or an increase of crystallinity during degradation
can also be responsible for the opacity (Paul et al., 2005). It should
be taken into account that the degradation experiments took place
at 58°C, which is closed to the T of the matrix. This could increase
the chains mobility, inducing the crystallization of the PLA matrix.
At the 10th day, fragmentation and weight loss of the samples are
already observed for all the materials except C18-g-CNC nanocom-
posite, which starts to fragment after the 15th day.

Fig. 4 reports the evolution of the material disintegrability
with the composting time. It can be observed that after 31
days of composting, all materials reach a 100% of disintegra-
tion. A slight delay of PLA/NR blend disintegration is observed
when compared to PLA. It has been demonstrated that natural

PLA
PLA/NR

1

PLA/NR/CNC

PLA/NR/C18-g-CNC

PLA/NR/PLA-g-CNC

0 day 2day 10t day

-
T
T LT Ll

15thday

rubber undergoes microbial degradation and possible biodegrada-
tion involving oxidative cleavage of the double bond of the polymer
backbone (Bode, Kerkhoff, & Jendrossek, 2001; Rose & Steinbuchel,
2005). However, the rubber biodegradation is a slow process and
this explains the observed results for the blend when compared
to PLA.

The addition of the unmodified CNC does not affect the disin-
tegration rate of the blend. Although the addition of a hydrophilic
filler is expected to accelerate the degradation rate of the PLA/NR
material, CNC could also inhibit water diffusion, explaining the
obtained results (Fortunati, Peltzer, et al., 2012; Mathew et al.,,
2005). Here, the two effects appear to counterbalance each other.
Meanwhile, the modified cellulose nanowhiskers delay the dis-
integration rate, the slowest rate being observed for C18-g-CNC.
The modification reaction of cellulose whiskers increases the
hydrophobicity of the nanofillers, especially for C18-g-CNC, which
could then hinder hydrolytic degradation.

..

17thday 23"day

28t day

Fig. 3. Disintegration of the materials at different times of composting.
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Fig. 5 shows the FT-IR spectra of PLA/NR and PLA/NR/C18-g-
CNC at different incubation times. Both materials present at the
beginning of the experiment the typical sharp band at 1750 cm™!
of the carbonyl group stretching (—C=0) and the —C—0— stretching
band of the —CH—O— group at 1182 cm~! of PLA. Observing the PLA
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Fig. 5. FT-IR spectra of (a) PLA/NR and (b) PLA/NR/C18-g-CNC as function of the
disintegration time.

spectra evolution, a new band appears at 1600 cm~! corresponding
to the carboxylate ion, while the band at 1260 cm~! corresponding
to the —C—O— stretching disappears (15 days). These observations
have previously been reported and are due to the depletion of the
lactic acid and oligomers by the microorganism leaving a carboxyl-
ate ion at the end of the chain (Fortunati, Armentano, et al., 2012;
Khabbaz, Karlsson, & Albertsson, 2000). Moreover, after 17 days
of incubation, the characteristic bands of PLA spectra disappeared.
On another hand, a new band progressively appears at 830 cm™!
(cis-1,4-double bond), due to the increasing concentration of NR in
the blend as PLA degrades. The process of degradation is slower for
C18-g-CNC composites than for PLA/NR blend.

4. Conclusions

The properties of new PLA/NR/CNC bionanocomposites based
on unmodified cellulose nanowhiskers, alkyl chain grafted CNC
(C18-g-CNC) and PLA grafted CNC (PLA-g-CNC) were described. The
nanocomposites showed different morphologies which strongly
influenced their ultimate properties. CNC and PLA-g-CNC displayed
a higher affinity to the PLA phase while C18-g-CNC exhibited strong
interactions with the rubbery phase. Moreover, PLA-g-CNC pre-
sented an interesting nucleating effect over the PLA matrix, while,
on the contrary, C18-g-PLA inhibited the nucleating effect of the
NR droplets. Interestingly, a high elongation under tensile condi-
tions was maintained for the bionanocomposites. Furthermore, all
materials reached a 100% of disintegration in composting condi-
tions, even if the introduction of hydrophobic nanofillers delayed
the process.
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