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Macromolecular Nanotechnology
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a b s t r a c t

In the aim of producing fully organic bionanocomposite based on poly(lactide) (PLA), cel-
lulose nanowhiskers (CNW) were grafted by n-octadecyl-isocyanate (CNW-ICN) applying 
an in situ surface grafting method. The compatibilizing effect of the long aliphatic grafted 
chain was investigated by thermal, mechanical and permeability analysis of solvent cast 
nanocomposite films. The grafted CNW-ICN could be successfully dispersed in the polymer 
matrix. The gained compatibility brought about a nucleating effect, decreasing the half 
time of isothermal crystallization from 25 min for the neat PLA to 8.4 min for the nanocom-
posite including 2.5 wt% CNW-ICN, e.g., tensile strength was improved by 10 MPa for the 
same 2.5 wt% CNW-ICN/PLA composite. Mechanical reinforcement was also effective in 
the rubbery state of PLA and increased the tensile modulus of the rubbery plateau provid-
ing thereby thermal resistance to the polymer. Oxygen barrier properties did not change 
significantly upon the inclusion of CNW-ICN, even when the quantity of CNW-ICN was 
increased to 15 wt%. More interestingly, the water vapour permeability of the CNW-ICN 
nanocomposite was always lower than the one of ungrafted CNW composites, which led 
to the conclusion that the hydrophobic surface graft and improved compatibility could 
counteract the effect of inclusion of hydrophilic structures in the matrix on water vapour 
transport. In conclusion, the surface grafting of CNW with isocyanates might be an easy 
and versatile tool for designing fully organic bionanocomposites with tailored properties. � 

1. Introduction

Nowadays, driven by a growing consciousness for the
environment and limited fossil carbon sources, there is a
great interest in developing effective ‘‘green materials’’ de-
rived from renewable sources being biodegradable and
non-toxic to humans and environment. To enhance the

performance of those materials in technological terms, in
particular thermal, mechanical and barrier properties, the
compounding with other polymers or the use of filler are
common strategies. Cellulose nanowhiskers (CNW) are
biobased and very stiff filler [1], that’s why their use in
nanocomposites has been firstly tested in the 1990s [2].
Since that time, they have been used increasingly as nano-
filler in a number of different applications and in a number
of polymers, which has already been extensively reviewed
[3]. To give some examples of large literature, CNW has
been used in natural rubber [4,5], starch [6], cellulose
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acetate [7], poly(ethylene oxide) [8], poly(vinyl alcohol)
[9], poly(caprolactone) (PCL) [10,11], poly(3-hydroxybuty-
rate-hydroxyvalerate) (PHBV) [12,13] or poly(lactide)
[11,14–17]. Among those polymers, poly(lactide) (PLA),
which is a biobased and biodegradable polymer, has at-
tracted large research interest due to its promising proper-
ties, its ease of processing and its industrial availability, as
acknowledged by the increasing number of reviews and
book chapters [18–21]. The dispersion of CNW or micro-
fibrillated cellulose in PLA has already been studied and
brings about several advantages, such as increased biode-
gradability [22], mechanical reinforcement [6,23–28] and
modulated barrier properties [11,15]. One of the main
drawbacks of CNW is their high propensity to agglomera-
tion (or film forming) as soon as they are dried, even if a
new drying-redispersion method by cation exchange of
the H+ counterions of CNW to Na+ counterions has been
very recently proposed [29]. Furthermore, CNW show poor
compatibility with hydrophobic polymer matrices. Both
properties stem from the difference in polarity caused by
the hydrophilic character of the nanocrystal surface.

Different strategies are available to remedy this prob-
lem, such as the use of surfactants, encapsulation or graft-
ing of the cellulose nanowhiskers surface. Several grafting
strategies have already been used, for example surface
acetylation of microfibrillar cellulose [30,31], reactive
compatibilisation [32], or grafting of PLA oligomers onto
the CNW surface [16,33]. Recently the grafting of long ali-
phatic chains onto CNW with isocyanate to modify the
nanofiller/PCL matrix interaction has been proposed along
with an innovative method of in situ surface grafting, and
the beneficial effect on mechanical properties of the nano-
composite due to augmented compatibility has been
clearly established [34]. The positive impact of the chemi-
cally modified CNW on nucleation of PCL and its crystallin-
ity has also been studied in detail [10]. The isocyanate
grafting reaction is having a number of advantages, such
as high reaction rates, the absence of secondary products
and the chemical stability of the urethane linkage [35].

The compatibilizing of PLA with CNW by surface graft-
ing with long aliphatic isocyanate chain appears thus to
be a versatile method for obtaining tailored bionanocom-
posites. The aim of this study was to apply this strategy to
produce compatibilized PLA/CNW bionanocomposites. For
that the CNW surface was modified by in situ surface graft-
ing and characterized before producing PLA/CNW samples
by solvent casting. Thermal, mechanical and barrier proper-
ties of ensuing material have then been evaluated in detail
for the first time with a focus on the interaction between
crystallinity, reinforcement and barrier properties.

2. Experimental section

2.1. Materials

Poly(lactide) (PLA) with a D content less than 5%, INGEO
2002D, was purchased from NatureWorks (USA). The PLA
pellets were dried under vacuum and stored over P2O5 at
room temperature before use. Microcrystalline cellulose
(MCC) powder was acquired from Sigma–Aldrich (France)

and was used as a raw material for the production of cellu-
lose nanowhiskers. Sulphuric acid (95%) and n-octadecyl
isocyanate were obtained from Sigma–Aldrich (France).
Ethanol, acetone, chloroform, toluene, and dichlorometh-
ane were purchased from Chimie-Plus (France) and used
as delivered.

2.1.1. Cellulose nanowhiskers production
The preparation of CNW followed an adaptation of the

optimized protocol of Bondeson et al. [36]. In brief,
270.3 g of water were added to 56.9 g of MCC and mixed
until good dispersion. Thereafter 529.7 g of sulphuric acid
was slowly added to the suspension (65 wt% acid concen-
tration). The MCC in the acid suspension was then hydroly-
sed at 44 �C for 130 min under mechanical stirring. The
excess of sulphuric acid was removed by repeated cycles
of water exchange/centrifugations (10,000 rpm) at 4 �C
for 10 min, until the supernatant became turbid. After the
centrifugation cycles, the suspension containing the CNW
was dialyzed in distilled water during one week. Then
the CNW suspension was homogenized using an Ultra-Tur-
ax T25 homogenizer (France) and was subjected to ultra-
sound treatment in order to ensure dispersion of CNW.
Finally, the neutralization was carried out by adding drops
of a 1 wt% NaOH solution to the CNW suspension. Some
drops of chloroform were added to avoid microbiological
development. Suspensions were stored at 4 �C.

2.1.2. Chemical modification of cellulose nanowhiskers
CNW were modified with n-octadecyl isocyanate (ICN)

according to a protocol adapted from Siqueira et al. [34].
The CNW dispersed in dry toluene were grafted with ICN,
10 equivalents according to the hydroxyl groups available
at the surface of the cellulose nanoparticles (�10%), under
nitrogen atmosphere at 110 �C using dibutyl dilauryl as
catalyst. The reaction system was washed by centrifuga-
tion/redispersion for amines and unreacted isocyanates re-
moval. Finally the modified CNW (named hereafter CNW-
ICN) was stored in chloroform.

2.1.3. Processing of bionanocomposite films
PLA/CNW and PLA/CNW-ICN nanocomposite films were

prepared by the solvent casting method. For that, the CNW
and CNW-ICN suspensions were solvent exchanged to
chloroform by centrifugation. Chloroform suspensions at
concentrations of 5 wt%, 14 wt% and 30 wt% of CNW and
CNW-ICN were prepared and sonicated during 10 min.
Thereafter, these suspensions were mixed with a PLA/chlo-
roform solution (7 wt%) to get a final concentration of cel-
lulose nanowhiskers of 2.5 wt%, 7.5 wt% and 15 wt% in the
PLA bionanocomposites. To ensure dispersion of the nano-
whiskers in the PLA solution, the suspensions were mixed
for 5 h at 60 �C and sonicated twice during 10 min. Subse-
quently the suspensions were cast into Teflon dishes, left
to evaporate at room temperature for one day, and then
dried under vacuum until constant weight. Film thickness
varied between 40 and 120 lm according to the quantity
cast into the Teflon dish.



2.2. Characterization methods

The grafting of CNW was checked with the help of Atten-
uated Total Reflectance-Fourier Transform Infrared Spec-
troscopy (ATR-FTIR) (PerkinElmer, Spectrum 65). Spectra
were recorded by depositing the dried film or powder of
the CNW or CNW-ICN directly on the surface of the crystal.
At least two measurements with different samples of each
composition were performed to check reproducibility.

X-ray analysis of CNW and CNW-ICN was performed
using a Panalytical X’Pert Pro MPD-Ray diffractometer with
Ni-filtered Cu Ka radiation (k = 1.54 Å) generated at a volt-
age of 45 kV and current of 40 mA, and scan from 5� to 60�.
The crystallinity index was evaluated using the Buschle-
Diller and Zeronian Eq. (1):

Ic ¼ 1� I1

I2
; ð1Þ

where I1 is the intensity at the minimum (2h = 18.8�) and I2

is the intensity associated with the crystalline region of
cellulose (2h = 22.75�). All analyses were duplicated.

Dynamic contact angle measurements on CNW and
CNW-ICN were carried out with distillate water. A Data-
Physics instrument (Anton Paar) equipped with a CCD
camera was used, allowing the determination of contact
angle at equilibrium with a precision of ±1�. The kinetic
of its evolution started with a few tens of milliseconds after
the deposition of the drop by taking up to 1000 images per
second. Each measurement was the average value of at
least triplicate determination.

CNW and CNW-ICN were further characterized by field
emission scanning electron microscopy (FE-SEM), model
Quanta 200 FEI, with an accelerating voltage of 12.5 kV.
Samples were put onto a substrate with carbon tape and
coated with a thin gold layer. Digital image analysis (Ima-
geJ Software) was used in order to measure the dimensions
of the nanoparticles, an average of at least 50 measures
was proposed. SEM observation of film samples was real-
ized after cryofracture in liquid nitrogen by means of a
Zeiss EVO MA10 and with an accelerating voltage of
7.05 kV.

Determination of the degree of crystallinity of PLA was
performed on a DSC Q100 (TA Instrument) under nitrogen
atmosphere calibrated with zinc and indium standards.
The samples (4–6 mg) were put into aluminium pans (TZe-
ro) and analysed by a heat-cool-heat scan at a scanning
speed of 10 �C min�1 from �10 �C to 190 �C. All experi-
ments were carried out in duplicate. The degree of crystal-
linity was calculated from the enthalpy of the first heating
scan from the following equation:

vc ¼
DHm � DHcc

DH0
m

; ð2Þ

where DHm is the measured endothermic enthalpy of melt-
ing corrected by the concentration of CNW, DHcc is the exo-
thermic enthalpy of cold crystallization during the DSC
heating scan and DH0

m is the enthalpy of fusion of repeating
unit of the perfect crystal of infinite size of PLA, being
93 J g�1 [37]. The glass transition temperature of the bio-
nanocomposites was determined during the second heat-
ing scan, after erasing of the thermal history.

Isothermal crystallization experiments at temperatures
between 90 and 120 �C were carried out on a DSC 1 (Met-
tler Toledo, France), calibrated with indium and zinc stan-
dards. Samples were melted at 190 �C for 5 min and then
quenched at the maximum cooling rate (approximately
50 �C min�1) to the desired crystallization temperature.
Samples were maintained at crystallization temperature
until the baseline was recovered (typically 3 h). Subse-
quently, samples were quenched below glass transition
to �10 �C and reheated with a scanning rate of 10 �C min�1

to 190 �C to record glass transition and the melting peak.
Measurements were done in duplicate. For the determina-
tion of the crystallization half time, the crystallization peak
was integrated. The half time was taken at the time the
integral reached 50% of its total value.

Measurement of the thermomechanical properties was
carried out with a DMA RSA3 (TA Instruments, USA) equip-
ment working in tensile mode. The measurements were
performed at a constant frequency of 1 Hz and strain
amplitude of 0.05% with a distance between jaws of
10 mm. Film thickness was determined before each mea-
surement. Firstly, the samples were heated from room
temperature (�28 �C) to 110 �C and maintained at this
temperature during 20 min in order to remove residual
solvent eventually still present in the sample and to obtain
a reproducible degree of crystallinity. Then the system was
cooled down to 0 �C and the viscoelastic moduli during the
heating run were recorded up to 180 �C at 2 �C min�1. The
temperature of the a-relaxation which can be associated to
the glass transition temperature was taken at the maxi-
mum of the peak of the damping factor (tand). Two sam-
ples were used to characterize each film.

The tensile testing of film samples was carried out at
room temperature and relative humidity at a cross head
speed of 5 mm min�1 with an Instron tensile testing ma-
chine (Instron Model 4507) equipped with pneumatic jaws
on type I BA dumbbell shaped samples. The thickness of
the samples was determined before the experiment and
varied from 90 to 120 lm. Each value is an average of 7
measurements.

The oxygen transmission rate (OTR) was monitored at
23 �C and 0% relative humidity with the help of a Systech
8001 (France) apparatus. Oxygen permeability was ob-
tained by dividing respectively OTR by the film thickness.
Experiments were carried out in duplicate.

The water vapour transmission rate (WVTR) of the films
was measured according to the norm NF H 00-030 at 25 �C
and 50% RH. The procedure consisted in measuring the
weight uptake (balance Kern 770, precision 0.01 mg) of
precedingly dried CaCl2 in a metal cap sealed by the sam-
ple films and tightened with the help of beeswax. The spe-
cific exchange surface was 50.24 cm2. For controlling the
environmental conditions, the cups were placed in a cli-
matic chamber (Vötsch industrietechnik, VCN100). The
WVTR (g m m�2 s�1) value can be obtained from the slope
of the weight uptake through the following equation:

WVTR ¼ slope � l
S

; ð3Þ

where slope corresponds to the slope of the plot of cumu-
lated weight against time, S to the exchange surface, and



l to the film thickness, determined before measurement.
Given values were averages of two or three experiments.
The WVTR was normalized to permeability (P) to take into
account the pressure gradient between each side of the
film with the help of

PH2O ¼
WVTR

Dp
; ð4Þ

where Dp is the gradient in partial pressure of water (Pa).
The statistical analysis was realized with a one-way

Analysis of Variance (ANOVA). When the differences were
significant (p < 0.05), Duncan’s test was used to check the
differences between pairs of groups and was carried out
using XLSTAT-Pro 7.0 software (Addinsoft, Paris, France).

3. Results and discussion

3.1. Morphological analysis of cellulose nanowhiskers

CNW were obtained by acid hydrolysis of the amor-
phous phase of microcrystalline cellulose. After the hydro-
lysis procedure, the CNW suspension showed flow
birefringence when observed undercrosss polarized light
as presented in Fig. 1a. This indicates a chiral nematic li-
quid crystalline alignment and reveals the existence of
nanostructures [1]. The morphology of CNW was con-
firmed by field emission-scanning electron microscopy
(FE-SEM) (Fig. 1b). The average geometric characteristics
of CNW were evaluated at 243.9 ± 48.5 nm in length and
9.4 ± 2.5 nm in diameter. It is in accordance with published
nanocrystal dimensions [38]. After chemical grafting,
structure was kept and similar dimension was achieved
(Fig. 1c).

One of the drawbacks of CNW is their poor dispersibility
in organic (hydrophobic) solvents and their propensity to
aggregation because of the large number of hydroxyl
groups on the surface [2]. In order to overcome this draw-
back, chemical modification of the CNW with an aliphatic
grafting agent n-octadecyl isocyanate was carried out to
provide hydrophobic behaviour to CNW. Fig. 2 shows the
dispersion of CNW (Fig. 2a, tube a) and CNW-ICN (Fig. 2a,
tube b) at 3 wt% in chloroform, being the solvent used for
PLA dissolution. An improvement was clearly obtained
after the CNW grafting since a homogenous suspension
was observed.

ATR-FTIR analysis was carried out to confirm grafting of
CNW. Fig. 2b shows that before the chemical treatment the
CNW display characteristic bands of cellulose at 3320 cm�1

(O–H), 1099 cm�1 (C–O of secondary alcohol), and 2919
and 2849 cm�1 (C–H from –CH2). After reaction, a strong
increase of the band characteristic of the grafted alkyl
chain (–CH3 and –CH2– groups) at 2919 and 2849 cm�1

was observed. The signal at 1697 cm�1 was interpreted
as the presence of the ureic linkage formed during the
reaction. The washing steps were effective, as the signal
at 2260 cm�1 corresponding to the isocyanate functions
was absent. Chemical grafting was thus clearly evidenced
by the FTIR results.

The crystallinity index of both, CNW and CNW-ICN, was
measured by X-ray scattering. X-ray diffraction measure-
ments showed peaks located around 15.2� and 22.8� for
CNW and two peaks around 15.3� and 22.6� for
CNW-ICN. These peaks are characteristics of cellulose I.
The crystallinity index was determined according to Eq.
(1) showing values of 87.2% and 73.7% for CNW and
CNW-ICN, respectively. The decrease may be explained by
the fact that the surface grafting of the nanoparticle could
induce a possible peeling effect of the modified CNW, as al-
ready observed for similar grafting [39]. Although the de-
crease observed, one can conclude that the crystalline
structure of the nanoparticles was kept undamaged in the
core after grafting with the n-octadecyl isocyanate.

Finally, the dynamic behaviour of the contact angle for a
drop of distillate water on the surface of the cellulose par-
ticles was analysed to provide supplementary evidence on
surface grafting. The CNW contact angle value was mea-
sured at 66� (±0.8�). CNW-ICN displayed a significantly
higher contact angle value at 89� (±0.7�). This value also
showed that the grafting density of cellulose nanowhiskers
was probably low and there were still free hydroxyl groups
on the surface. It was nevertheless enough to modify sur-
face properties.

3.2. Morphological analysis of bionanocomposites

Fig. 3 shows the photographs of the different bionano-
composite films obtained by the casting process. Visual
examination of the films indicated that good filler disper-
sion was achieved for the lowest CNW and CNW-ICN con-
tent (2.5 wt%). The transparency of these two films can be
considered like that of the neat biopolymer. The film

Fig. 1. (a) Birefringence behaviour of cellulose nanowhiskers, field emission scanning electron microscopy of (b) unmodified and (c) modified cellulose
nanowhiskers.



reinforced with CNW-ICN was always more transparent
(sample e in Fig. 3b) than the CNW containing film (sample
b in Fig. 3a). At higher CNW loads, aggregation of the
unmodified nanoparticles in the matrix can be observed
giving rise to a granular structure (sample d in Fig. 3a). In
the case of CNW-ICN, films became opaque but no aggre-
gates were observed (sample g in Fig. 3b). The difficulty
to disperse unmodified CNW in PLA has already been evi-
denced in literature. For example Petersson and Oksman
[40] showed loss in transparency for PLA/microcrystalline
cellulose composites. Sanchez-Garcia et al. [11] had the
same observation for PLA/cellulose fibre composites. More
recently Fortunati et al. [41] showed the reduction of the
transparency of PLA films due to dispersion of CNW with
the help of a surfactant. For nearer examination of the film
morphology, Fig. 4 shows cryofractured samples under
SEM observation. A flat and neat fracture of neat PLA is
seen. This result is comparable to literature data [42,43].
Upon dispersion of CNW, fracture surfaces became rough.
At 2.5 wt% reinforcement in PLA a uniform distribution is
obtained for both CNW (Fig. 4b) and CNW-ICN (Fig. 4e).
For 15 wt% of nanofiller, aggregates of CNW and CNW-
ICN were evidenced. However, the filler/matrix interaction
was much better for CNW-ICN. Fig. 4d clearly proved that
the interfacial adhesion between CNW aggregates and ma-
trix was poor, and the aggregate insertion caused the for-
mation of fissures around the filler. CNW-ICN appeared

to be better distributed in PLA compared to CNW and
adhesion to the PLA matrix seemed to be improved.

3.3. Impact of CNW and CNW-ICN on crystallization
properties of PLA

The nanocomposites were analysed by differential scan-
ning calorimetry with a heat-cool-heat cycle in order to
investigate materials as produced and intrinsic properties
after erasing of the thermal history of the samples. Mea-
sured thermal properties are summarized in Table 1. The
degree of crystallinity of the as produced samples calcu-
lated from the first heating scan of the cast samples
showed that PLA and CNW-ICN samples had notably lower
degrees of crystallinity than samples containing CNW.
However, data were difficult to interpret because crystalli-
zation took place during the drying process of the casting
solution, the kinetics of which is difficult to control. There-
fore a more detailed investigation was carried out after
erasing of the thermal history. The data obtained from
the second heating run were, not surprisingly, much more
reproducible. Typical thermograms of the second heating
loop are shown in Fig. 5. The glass transition temperature
of the bionanocomposites did not change significantly
compared with that of the neat PLA (Table 1). On the
contrary, Fortunati et al. [44] showed a decrease in the
glass transition temperature of PLA including cellulose

Fig. 2. (a) Dispersion of (a) unmodified and (b) modified cellulose nanowhiskers in chloroform, (b) FTIR spectrum for (a) unmodified and (b) modified
cellulose nanowhiskers.

Fig. 3. Images of (a) neat PLA film compare with those of bionanocomposites reinforced in 3(a) with CNW at (b) 2.5 wt%, (c) 7.5 wt% and (d) 15 wt%, and in
3(b) with CNW-ICN at (e) 2.5 wt%, (f) 7.5 wt% and (g) 15 wt%.



nanocrystals and a surfactant for dispersion. A likely expli-
cation would be plasticizing of PLA by desorbed surfac-
tants. Goffin et al. [16] showed also a decrease of Tg upon
blending PLA with cellulose nanowhiskers modified by lac-
tide oligomers. They conclude on plasticizing of the oligo-
mers protruding in the PLA phase.

Furthermore, the PLA bionanocomposites reinforced
with CNW-ICN showed a high cold crystallization peak,
the peak temperature of which was reduced by approxi-
mately 10 �C compared to the small peak of PLA containing
2.5 wt% CNW (Fig. 5). The appearance of the high PLA cold

crystallization peak showed that CNW, and more effi-
ciently, the CNW-ICN were most likely acting as nucleating
agents.

Therefore, the half time of isotherm crystallization from
the melt, t1/2, of the neat PLA and bionanocomposites was
evaluated at different temperatures. Results are plotted out
in Fig. 6. Half-time curves typically show a minimum
around 110 �C. This temperature is known to be in the
range of the optimum crystallization temperature of PLA,
laying between 105 and 115 �C [45–51]. Values of the half
time of the pristine polymer are in agreement with

Fig. 4. Scanning electron microscopy (SEM) of (a) neat PLA and bionanocomposite cryofractured surfaces reinforced with CNW at (b) 2.5 wt%, (c) 7.5 wt%
and (d) 15 wt%, and CNW-ICN at (e) 2.5 wt%, (f) 7.5 wt% and (g) 15 wt%.

Table 1
Thermal properties of PLA and PLA bionanocomposites obtained from DSC at the first and second heating scan.

Sample v1(%) Tg2 (�C) Tcc2(�C) DHcc2 (J g�1) Tm2 (�C) DHm2 (J g�1) DHm annealing
* (J g�1)

PLA 2.9 61 – – 152.6 – 50
PLA/CNW 2.5 wt% 12.4 59 127.7 10 152.2 10 42
PLA/CNW 7.5 wt% 10.5 60 – – 152.7 – 52
PLA/CNW 15 wt% 17.2 60 –2 – 152.2 – 41
PLA/CNW-ICN 2.5 wt% 2.5 60 113.1 27 149.1 25 53
PLA/CNW-ICN 7.5 wt% 6.6 60 113.8 24 150.4 21 52
PLA/CNW-ICN 15 wt% 6.3 59 117.3 22 150.3 22 53

Note: Enthalpy values correspond to PLA and are corrected by the content of CNW or CNW-ICN.
1Measuerd at the first heating scan.
2Measured at the second heating scan.
* After annealing for 3 h at 110 �C from the melt at maximum crystallization rate.



published data [46,52,53]. The action of a nucleating agent
is the reduction of the nucleation induction period and the
increase of the number of primary nucleation sites. Fig. 6
shows that unmodified CNW had a small (15 wt%) or no ef-
fect (2.5 and 7.5 wt%) on the crystallization rate of PLA.
This result has also been observed by Pei et al. [42]. As ex-
pected from data reported in Fig. 5, CNW-ICN had a clear
evidence of nucleating effect, which increased with its con-
centration. The biggest difference was observed at 100 �C.
The t1/2 of PLA was reduced from 25 min to 8.4, 6.9 and
3.4 min using 2.5, 7.5 and 15 wt% of CNW-ICN, respec-
tively. A similar effect has been recently published for
PCL/CNW composite [10]. The nucleating efficiency of
CNW-ICN was equal to the efficiency of talc, which is a
very widely used nucleating material for PLA
[45,46,51,53–55] and to the efficiency of silylated CNW
[42]. Inorganic nanofillers showed higher acceleration of
the PLA crystallization kinetics. For example Day et al. ob-
tained a decrease in t1/2 from 21 min to only one minute
with the help of a specially designed nanocomposite [50].
An interesting result was obtained by Krikorian and

Pochan [56]. They compared the nucleating efficiency of
different organomodified nanoclays and showed that the
most compatible nanoclay had the smallest effect. A cer-
tain incompatibility can thus favour nucleation. This is
not in complete accordance with what happened in our
case with nanocellulose. This might be due to the fact that
the number of interface/contact filler with the matrix is
much more important once chemical modified CNW are
used contrary to CNW and its aggregates. One might issue
that CNW was completely incompatible and that the sur-
face grafting brought about just the slight increase of com-
patibility needed for inducing the nucleating effect.

The equilibrium melting temperatures of pure PLA and
PLA bionanocomposites were obtained using the Hoffman–
Weeks method, the corresponding experimental data are
listed in Table 2. Data linearization and extrapolation were
used to determinate the stability parameters, u, T0

m based
on the least square method, and the thickening coefficient,
c, which represent the ratio of the lamellar thickness to the
lamellar thickness of the critical nucleus [57]. T0

m for PLA
amounted to 175 �C, which is consistent with Courgneau
et al. (173.5 �C) [53]. Differences are linked to different per-
centages of D-lactic acid in PLA [58]. In the bionanocom-
posites, the equilibrium melting point was not decreased
and stability parameters were not affected when unmodi-
fied CNW is used like reinforcement. This result showed
the non-compatibility of CNW and PLA.

For grafted CNW, losing of correlation and no melting
point depression is observed. Therefore, no prediction is
possible about the influence of the nanoparticles inside
the polymer following the Hoffman–Weeks method. Fur-
thermore after isothermal crystallization the glass transi-
tion temperature of CNW-ICN decreased in comparison
with the Tg before crystallization, while it remained con-
stant in the case of CNW. CNW-ICN might thermally de-
grade during the isothermal crystallization (carried out
during 3 h) and the degradation products can have caused
plasticizing. The effect was more important for higher
CNW-ICN concentrations and higher crystallization tem-
perature. Melting point depression of the CNW-ICN bio-
nanocomposites could therefore stem from two different
causes and the Hoffman-Weeks model could not be ap-
plied anymore.

3.4. Mechanical and thermomechanical properties

Tensile properties are a very sensitive probe for interfa-
cial adhesion in a composite, as in general strength and

Fig. 5. Second heating run thermograms for (a) neat PLA and PLA
reinforced with CNW at (b) 2.5 wt%, (c) 7.5 wt% and (d) 15 wt%, and CNW-
ICN at (e) 2.5 wt%, (f) 7.5 wt% and (g) 15 wt%.
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Fig. 6. Comparison of the crystallization half times dertermined by DSC
for different annealing conditions for PLA and bionanocomposite films.
Lines are drawn to guide the eye.

Table 2
Equilibrium melting temperature (T0

m), stability parameter (u) and
thickening coefficient (c) obtained from Hoffman–Weeks plots of PLA and
PLA bionanocomposites.

Sample T0
m (�C) u c R2

PLA 175 0.38 2.6 0.97
PLA/CNW 2.5 wt% 173 0.34 3.0 0.99
PLA/CNW 7.5 wt% 175 0.39 2.6 0.99
PLA/CNW 15 wt% 175 0.38 2.6 0.99
PLA/CNW-ICN 2.5 wt% 172 0.35 2.8 0.91
PLA/CNW-ICN 7.5 wt% 172 0.36 2.8 0.84
PLA/CNW-ICN 15 wt% 140 �0.07 �14.8 0.35



elongation at break decrease when interfacial affinity is not
ensured [42,59–61]. Films of PLA and its bionanocompos-
ites were evaluated by tensile testing in order to investi-
gate the effect of CNW and CNW-ICN on mechanical
properties of the composites. Mechanical properties as ten-
sile strength and elongation at break are shown in Table 3.
The mechanical tests of neat PLA showed its very brittle
behaviour and are within the range of values published
in different literature studies, which are between 30 and
60 MPa [26,42,53,59,62–64]. Statistical analysis showed
that the addition of non-compatible CNW imparted
mechanical properties, in that both tensile strength and
elongation at break decreased. Sanchez-Garcia and Lagaron
[15] showed the same lack of interaction between CNW
and PLA inducing a reduction of mechanical properties. A
reduction in tensile strength between 36% and 56% was
also reported. On the same way Petersson and Oksman
[40] reported a high decrease in mechanical properties
(16% for elongation at break) when they used microcrystal-
line cellulose (5 wt%) as reinforcement in PLA. On the con-
trary, the mechanical properties were improved when
CNW-ICN was incorporated. Improvement was higher at
lower concentrations; the best result was achieved by an
increase of roughly 10 MPa for 2.5 wt% CNW-ICN. Further
increase of CNW-ICN quantity did not yield improvement
of tensile strength according to neat PLA, where else the
highest elongation at break was obtained at the higher
CNW-ICN concentration. Habibi and Dufresne [65] ob-
tained similar results when adding neat and surface mod-
ified CNW into PCL. Siqueira et al. [34] also observed
similar positive effect of chemically grafted CNW with
PCL. This reinforcement with grafted CNW is classically ex-
plained by a better dispersion and a better compatibility
with the matrix, but always a compromise with the CNW
network quality has to be found.

Indeed, the mechanism of mechanical reinforcement of
CNW is also to rely on hydrogen bonding between nano-
particles at concentrations above the percolation threshold
[2]. The percolation threshold in our case lies at approxi-
mately 2.7 wt% [3]. In some cases a decrease of mechanical
properties can also be observed when the CNW surface is
grafted as the grafts disturb the hydrogen bonding [66].
In our case, however, due to the incompatibility between

filler and matrix this effect is less important than the com-
patibilisation and dispersion enhancement thanks to the
grafting. Moreover as shown by contact angle and FTIR,
the grafting is not very efficient and still some OH groups
are available for hydrogen bonded network.

The storage modulus E’ provides information on ther-
mo-mechanical behaviour and interactions due to the
incorporation of CNW or CNW-ICN within the PLA matrix.
Fig. 7 shows the temperature dependence of E0 of the neat
PLA matrix and related nanocomposites. As it is well
known, the exact determination of the glassy modulus de-
pends on the precise knowledge of the sample dimensions
which is subjected to high uncertainty in the case of very
thin film samples as ours. In order to minimize this influ-
ence and to underline differences in behaviour, the curves
were arbitrarily shifted to coincide at the glassy elastic
modulus of PLA at 0 �C. To separate the reinforcing effect
of the PLA degree of crystallinity from the effect of the
nanowhiskers, the neat PLA and bionanocomposites were
crystallized inside the DMA equipment at 110 �C during
20 min before recording E0. The neat recrystallized PLA dis-
played a typical behaviour of semicrystalline polymer with
three different zones: the glassy plateau (T < 52 �C), the
glass transition (52 < T < 80 �C), and the rubbery plateau
before melting and flow starting at 130 �C. For comparison
reasons, the E0 curve of an amorphous PLA which was not
recrystallized in the DMA equipment is also plotted in
Fig. 7a. It shows that the PLA modulus in the rubbery pla-
teau rises to the same value than the modulus of the recrys-
tallized PLA. Nanocomposites reinforced with CNW at 2.5
and 15 wt% did not change the film behaviour compared
to neat PLA, but probably for different reasons. Indeed the
concentration of 2.5 wt% is below percolation threshold,
so the hydrogen bonding mechanism cannot occur, and at
15 wt% the very big aggregates and poor interfacial adhe-
sion did not allow for reinforcement either. In the case of
CNW at 7.5 wt%, an action of the percolated CNW network
could be possible. On the contrary, the compatibilized
CNW-ICN nanofiller obtained an increase in the rubbery
modulus, increase which was higher at higher concentra-
tion. The crystallization enthalpy of the different samples
annealed at 110 �C from the melt is given in Table 1. It re-
mained the same for all CNW-ICN containing samples.

Table 3
Dynamic mechanical analysis, oxygen permeability and water vapour transmission rate coefficients for PLA and PLA bionanocomposites.

Sample Mechanical properties Barrier properties

Tensile strength
(MPa)

Elongation at break
(%)

O2

permeability ( � 1018 m3 m m�2 s�1 Pa�1)
H2O permeability
(�1014 kg m s�1 m�2 Pa)

PLA 40 ± 1a 4.3 ± 0.3b,c 2.9 ± 0.6a 2.200 ± 0.045a

PLA/CNW 2.5% 40 ± 1a 5.3 ± 0.6b 3.3 ± 1.4a 2.671 ± 0.222b

PLA/CNW 7.5% 32 ± 2b 4.0 ± 0.8c 2.9 ± 0.4a 3.134 ± 0.410c

PLA/CNW 15% 15 ± 1c 3.4 ± 0.4c 4.3 ± 0.7a 6.507 ± 0.42d

PLA/CNW-ICN
2.5%

51 ± 2d 5.6 ± 1.2b 3.2 ± 1.0a 2.367 ± 0.035a,b

PLA/CNW-ICN
7.5%

44 ± 1e 5.4 ± 0.3b 3.9 ± 0.3a 2.428 ± 0.062a,b

PLA/CNW-ICN
15%

47 ± 2f 7.7 ± 0.9a 3.3 ± 0.8a 2.298 ± 0.008a,b

a,b,c,d Significant differences at p < 0.05 (Duncan).



Furthermore, the crystallization enthalpy of the CNW-ICN
nanocomposites cold crystallization, also displayed in
Table 1, showed no differences. We suppose therefore, that
the crystallinity degree of the samples after heat treatment
in the DMA equipment showed no high differences. There-
fore, we think that the increase in E’ of the bionanocompos-
ites could be attributed to the nanowhiskers presence.

3.5. Barrier properties of bionanocomposites films

Table 3 gathers the oxygen and water vapour perme-
abilities of PLA as function of the nanofiller content. The
oxygen permeability values of the blank samples are com-
parable to literature values laying around 2.4 � 10�18 m3 -
m m�2 s�1 [53,62,67–70], although films were prepared by
casting. The water permeability is also in the range of liter-
ature data [15,62,71]. High variance of the results of the
oxygen permeability was observed, most likely linked to
the heterogeneous character of the samples. Statistical
analysis of O2 permeability showed therefore no significant
difference between the neat polymer and PLA/CNW and

PLA/CNW-ICN nanocomposites. The PLA/CNW 15 wt% had
maybe slightly higher oxygen permeability, most probably
due to poor interfacial adhesion and aggregate presence.
These results indicate that barrier properties to oxygen of
the PLA were not reduced but not bettered either by
the addition of the nanofiller. Petersson and Oksman [40]
reported an increase of 241% in oxygen permeability
attributed to the lack of good interaction of the microcrys-
talline cellulose with the PLA. On the contrary, Sanchez-
Garcia and Lagaron [15] reported a substantial decrease
in O2 permeability (reduction by 90%) upon introduction
of CNW. However, the comparison of results shows that
the blank value (1.37 � 10�17 m3 m m�2 s�1 Pa�1) of San-
chez-Garcia and Lagaron [15] was one order of magnitude
higher than ours and their results for the nanocomposites
are in the same range than ours (between 1.6 and
2.3 � 10�18 m3 m m�2 s�1 Pa�1). The water vapour perme-
ability values of the PLA bionanocomposites were higher
when CNW were used compared with CNW-ICN, and the
water vapour permeability increased according to the
CNW content (21.3%, 42.4% and 195.8%). No significant dif-
ference was found in for the CNW-ICN samples. We as-
sume that inclusion of very hydrophilic structures in PLA
increased the water solubility coefficient. These results
are in agreement with Sanchez-Garcia et al. [11] where
an increase of 44.3% and 80.0% of water vapour transfer
was observed when PLA was reinforced with 5 and
10 wt% of cellulose fibres. It can be concluded that the
grafting of CNW successfully counteracted this effect. Test
at temperatures higher than glass transition could be inter-
esting to investigate the performance in the rubbery poly-
mer, but was not possible with our equipment.

4. Conclusion

A novel, in situ grafting method was applied in the aim
of producing surface modified CNW with enhanced com-
patibility with PLA. Successful grafting of CNW by n-octa-
decyl isocyanate was evidenced and CNW-ICN could be
satisfyingly dispersed in the PLA matrix. The grafting in-
duced compatibility, which provided CNW-ICN with a
nucleating effect on PLA comparable to talc. CNW-ICN
showed however some thermal degradation under severe
conditions, which for its thermal stability needs therefore
to be investigated further. The enhanced compatibility
brought about increased tensile strength of the bionano-
composites at low CNW-ICN concentrations and higher
thermal resistance of PLA, as shown by an increased
rubbery plateau modulus. Oxygen permeability was not af-
fected by the blending with CNW-ICN. More interestingly,
the water vapour permeability of CNW-ICN bionanocom-
posities was lower than the one of the comparable CNW
bionanocomposites. This led to the conclusion that hydro-
phobic grafting might counteract the expected effect of en-
hanced water vapour permeability due to inclusion of
hydrophilic structures in the matrix. In conclusion, the sur-
face grafting of CNW with a long chain aliphatic molecule
was successful in providing compatibilized structures and
could be, with regards to the variety of different iscocya-
nates available, a easy method for designing functional,
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fully organic and eventually biodegradable bionanocom-
posites based on PLA.
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