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ABSTRACT: Partially acetylated cellulose nanofibers (CNF) were chemically extracted from sisal fibers and the performance of those
CNF as nanofillers for polylactide (PLA) for food packaging applications was evaluated. Three PLA nanocomposites; PLA/CNF (cellu-
lose nanofibers), PLA/CNC (nanocrystalline cellulose), and PLA/C30B (Cloisite™ 30B, an organically modified montmorillonite clay)
were prepared and their properties were evaluated. It was found that CNF reinforced composites showed a larger decrease on oxygen
transmission rate (OTR) than the clay-based composites; (PLA/CNF 1% nanocomposite showed a 63% of reduction at 23°C and
50% RH while PLA/C30B 1% showed a 26% decrease) and similar behavior on terms of water vapor barrier properties with 46 and
43%, respectively of decrease on water vapor transmission rate at 23°C and 50% RH (relative humidity). In terms of mechanical and
thermomechanical properties, CNF-based nanocomposites showed better performance than clay-based composites without affecting

significantly the optical transparency. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43257.
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INTRODUCTION

The use of petrochemical products for packaging applications
represents a serious global environmental challenge, not only
from the point of view of the availability of the raw material
but also due to disposal of the products. For that reason in
recent years, especially in the packaging industry, a considerate
effort has been made in order to develop both biobased and
biodegradable materials to substitute the materials that are
being used currently (e.g., PE and PET). The use of biobased
and biodegradable polymers such as polylactide (PLA) is find-
ing an increasing number of applications which has led to per-
spectives of high growing in production and market."?
Traditionally, PLA has been deemed to have inferior material
performance compared to the most widely used synthetic poly-
mers for which it might substitute. In particular, poor thermo-
mechanical properties, brittleness, slow crystallization, medium
oxygen, and water vapor barrier properties have been some of

the major technical obstacles in expanding applications for
PLA.’

To improve the properties of PLA, several different strategies
have been adopted. These strategies include modifying PLA
(e.g., block copolymers),* blending with other polymers such as
PEG, use of reinforcing agents such as natural fibers,” nano-
clays,® nanocellulose,” chitosan,® xylans,” and calcium carbon-
ate!® among others. Cellulose nanofibers (CNF) or cellulose
nanocrystals (CNC), which can be obtained from lignocellulosic
materials or from bacteria or algae,'"'? have received the atten-
tion of numerous researchers not only for their biodegradabil-
ity, bio-based origin, and availability but also due to their good
reinforcing properties'® which makes it a promising nanofiller
for PLA. There are already several reports on PLA/CNF nano-
composites,'*'¢ with various results reported. The reason for
such variations might be the large number of parameters
involved in the reinforcing effect, such as the quality of the
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reinforcing agent (aspect ratio/yield), the dispersion of the filler
in the matrix, and the presence of aggregates amongst others.

The mechanical properties of PLA/nanocellulose composites
have been widely studied, and while in one hand there are
reports claiming a great reduction in the tensile strength and
Young modulus 47%,'” in the other hand there are other works
reporting a slight improvement of the mechanical properties,'®
but, generally, the reinforcing of CNF is more pronounced at
temperatures above the T, when the mechanical resistance of
the polymer dramatically decreases. In food packaging applica-
tions, good thermomechanical stability is required not only for
special applications such as microwave heated food, but also for
processes such as thermoforming.

Apart from the thermomechanical properties, the barrier prop-
erties are critical for some food packaging applications. For
example, oxygen can enhance microbiological activity and oxi-
dize the food; water vapor ingress can lead to deterioration of
dry products and aroma barrier properties may also be
required. Although a frequent reference material for barrier
properties is PET, implying that the OTR of PLA should be
decreased by 90%, there is a huge range of food packaging
applications (i.e., MAP (modified atmosphere packaging), poul-
try product packaging, vegetable packaging, and so on), where
any kind of improvement in barrier properties of PLA could
make this material useful, even if the improvement in barrier
properties does not reach the same level as PET.

In theory, nanofillers such as C30B increase the so-called tortu-
ous path through a polymer film, meaning that gas or water
molecules passing through the films have to follow a longer
path, so, diffusivity and hence permeability are thereby reduced.
The studies on the effect of CNF on the barrier properties of
PLA show also a large variation. From a decrease of 90% in the
oxygen permeability at 75% RH on PLA/CNC 2% films'” to
moderate improvements (9-43%)' and finally there are reports
of a reduction on both oxygen and water barrier properties.'®
Finally, nanocellulose has been reported to have a nucleating
agent behavior'®*° of PLA.

A key point to obtain enhanced properties of PLA/CNF nano-
composites is to achieve a very good dispersion of nanofillers in
the polymer matrix. The dispersion of hydrophilic nanocellulose
within a hydrophobic still remains a challenge, and some strat-
egies such as the use of surfactants®' or grafting hydrophobic
chains onto nanocellulose surface®® are usually required in order
to achieve good dispersion. In previous publications a method
to produce high yield partially acetylated-CNF by means of
chemical methods was developed.”> Because of the high yield
and the partially grafted nature of those nanofillers they may be
promising additives to enhance the performance of PLA for
food packaging applications.

The aim of this work is to compare the performance of those
CNF not only with the neat PLA, but also with CNC and clay.
From the diverse amount of clay, such as montmorillonite,?*
kaolin,” the C30B, a commercially available organically modi-
fied clay, was selected, since it has been widely used to reinforce
PLA, increasing the tensile modulus by 13% and impact
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strength by 27% at 3% load,”® 63% the tensile modulus at 5%
load,” and by decreasing the water vapor permeability by 40%
at 5% load.”®

EXPERIMENTAL

Materials and Methods

L-polylactide (Ingeo 2003D) was kindly supplied by Nature-
works (Minnesota, MN). Nanocellulose was extracted from sisal
which was kindly supplied by Expor Sisal S.L. The chosen nano-
clay was the commercially available Cloisite 30B which is
reported to have a cationic exchange capacity (CEC) of 90%°
and a tetraalkyl ammonium salt as a surfactant modifier.
NaOH, sulfuric acid (95-97%), nitric acid (ACS reagent, 70%),
acetic acid (99-100%), N,N-dimethyl formamide (98%, ACS
reagent) and dichloromethane (99, 8% chromasolv) were pur-
chased from Sigma-Aldrich and sodium chlorite (25% w/w
aqueous solution) from Merck. All of the reagents were used as
received.

The thickness of cast PLA films (12 X 12 ¢cm?) was determined
using a digital micrometer with a tolerance of *1% at nine
points (eight points on the edges and one in the middle). Films
were examined microscopically to check for bubbles or other
contamination and discarded if not deemed suitable for use.

The dispersion of the nanofiller in the matrix was studied by X-
ray diffraction (XRD) using a Philips X'Pert Pro diffraction sys-
tem containing a Cu tube (/= 1.542 A) operating at 40 kV and
40 mA. TEM (FEI Tecnai T20 G2) and SEM (FEI Helios EBS3,
FEI Inspect) operating at 200 and 5 kV, respectively were also
employed.

Thermal properties such as glass transition (7T,), melting tem-
perature (7,,), and degree of crystallinity (X,) of PLA and the
nanocomposites were determined by DSC (TA DSC Q1000)
with heating and cooling rates of 10°C min~ ' in a range of 0-
200°C in a heat/cool/heat cycle. A melting enthalpy (AH,) of 93
J g ! for 100% crystalline r-polylactide) was used as reported
by Ref. 30. To determine X, for the first and second heating
cycles eq. (1) was used.

1 AH,,—AH¢
Xc= (1)
1— My AH()

Where X, is the degree of crystallinity of the composite, Myr
the content of nanofiller, AH,, is the melting enthalpy (the area
of the peak which minimum is at T,,) and AH¢ is the crystalli-
zation enthalpy.

The isothermal crystallization studies were conducted using the
following cycle: heating at 10°C min~' to 200°C, hold at 200°C
for 2 min and cooled down to 0°C at 20°C min~'. Subse-
quently, each sample was heated at 20°C until 120°C and then
held at that temperature for 2 h. Finally, the samples were
cooled to 0°C at 10°C min~' and heated until 200°C at
10°C min~ .

The spherulite size and shape of the nanocomposites due to the
solvent casting approach was compared with the crystallinity
induced by isothermal crystallization. The neat PLA and the
nanocomposites were placed between two microscope crystal
slides and introduced in a heating device connected to an
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optical microscope with polarized light. The samples were
heated until 200°C for 2 min and thereafter were cooled to
room temperature using a tissue impregnated with ethanol.
Finally the samples were introduced in the heating chamber at
100°C and the crystallization process was recorded by a camera.

The optical properties were measured at least at three different
points on each cast film using a UV-vis spectrometer (Polar
Star Omega) in the range of 200-1000 nm.

The oxygen transmission rate (OTR) was measured in triplicate
sample sets using a Lyssy OPT-5000 Oxygen permeability tester.
Experiments were performed at 23°C at 0% or 50% RH. Results

. . —2 —1
were expressed in units of mL pm m™ ~ day .

The water vapor transmission rate (WVTR) of the films was
measured in triplicate sample sets according to the norm NF H
00-030** at 23°C and 50% RH using silica gel as desiccating
agent with a specific exchange surface (S) 28.27 cm®. The mass
increase of the cups, due to the water absorption of silica gel
was plotted against time having slope n. The WVTR was calcu-
lated with eq. (2) in which /s the thickness of the film.

WVTR= %*l (2)

The mechanical properties of sample films were measured in an
Instron Universal Testing Machine Model 4507 (Instron Engi-
neering Corporation, Canton, MA) equipped with pneumatic
jaws of type I BA using dumbbell-shaped samples. The proper-
ties were measured at a strain rate of 2.5 mm min~'. This test-
ing was carried out using five 5 X 1 cm® samples from each
film type after thickness measurement at four locations. The
samples were preconditioned at 23°C and 50% RH.

The thermomechanical properties of test films were measured
in duplicate samples using a DMA RSA3 (TA Instruments,
USA) equipment 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.
The samples were heated at 10°C min~ ' from room tempera-
ture to 110°C, were held at this temperature for 20 min and
then cooled to 25°C at 10°C min~ . In a final step, the samples
were heated to 180°C at 10°C min~'. The analysis of each sam-
ple was carried twice to check the reproducibility of the
measurements.

Preparation of CNF and CNC

CNF Preparation. Our method for isolation of the cellulose
nanofibers (CNF) has been already discussed.”> The method
consists of a sequence of chemical treatments to sisal fibers:

A. Washing 50 g of sisal fibers (S) of around 200 pm of diam-
eter, were cut to ~2 cm of length, and washed with 1.5 L
of a solution of 2% NaOH at room temperature overnight
in a 2-L round bottom flask. After that the fibers were fil-
tered and washed, adding distilled water until no further
change was observed in the pH of the aqueous suspension

B. Mercerization (SM): After that the washed fibers were col-
lected and treated with 1.5 L of a solution of NaOH at 10%
in a 2-L round bottom flask and were held for 1.5 h at
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boiling temperature. This procedure was repeated two more
times and the fibers were washed.

C. Bleaching (SMB): The mercerized pulp (SM) collected in
1.25 L of distilled water in a 2-L round bottom flask and
the temperature was raised to 70°C. Once this temperature
was achieved, 10 mL of acetic acid and 50 mL of NaClO,
were added once per hour for the next 7 h. Finally, the
bleached pulp was filtered and cleaned until no change in
the pH was observed.

D. Acetylation (SMBA): The bleached pulp (SMB) was collected
in a 2-L round bottom flask with 150 mL of nitric acid and
900 mL of acetic acid. This solution was kept at boiling
temperature and magnetic stirring for 90 min and after
that, the reaction medium was cooled by diluting with cold
water (ratio 1:5).

This pulp was submitted either for a dispersion-centrifugation
procedure to achieve CNF or to acid hydrolysis to achieve
CNW.

1. CNF isolation: To extract and individualize CNF, the SMBA
was washed with DMF and solvent exchanged into DMF
three times with no intermediate redispersion to be finally
diluted with DMF until achieve a solution of 1% of CNF on
DME. This mixture was kept under vigorous magnetic stir-
ring for 3 days and then was centrifuged (~2500 rpm for 10
min) to separate the individualized nanofibers from the
remaining aggregates. The supernatant was collected and the
precipitate—remaining aggregates—was discarded.

2. CNC isolation: CNC were obtained by acid hydrolysis of
SMBA. Nearly 20 g SMBA pulp was treated with 400 mL of
32% sulfuric acid at 45 °C for 2 h under magnetic stirring.
The suspension was then diluted five-fold with water and
dialyzed until no change in pH was observed. Finally, the
product was solvent exchanged into DCM and thereafter to
DME. The CNC in DMF was held for 24 h under strong
magnetic stirring and was then centrifuged to separate the
aggregates (~1500 rpm for 10 min). The supernatant con-
taining CNC was used to make the nanocomposites.

Preparation of Nanocomposites

Neat PLA film and three types of nanocomposites: (a) PLA/
C30B; (b) PLA/CNF, and (c) PLA/CNC were prepared by sol-
vent casting. Briefly, separately, PLA and nanofillers were dis-
solved/predispersed in a solvent, and thereafter the two
solutions were mixed, casted in a Teflon mold and dried.

Neat PLA Film. For the neat PLA, 10 g of PLA were dissolved
in 200 mL of DCM (dichloromethane) using magnetic stirring,
overnight. After that, 100 mL of the DCM solution were poured
in a 250 mL Erlenmeyer and the solution was raised until
250 mL by adding extra DCM. Thereafter, the suspension was
degassed by ultrasonication for 5 min and 240 mL of that solu-
tion was poured slowly into three Teflon molds (80 mL/each
mold). The three molds were covered by a 5- to 13-um filter
paper and they were kept in a Climacell climatic chamber
(MMM Group) at 23°C for 16 h. Subsequently, the resulting
PLA/C30B films were dried at 50°C under vacuum for a mini-
mum of 24 h.
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PLA/C30B Nanocomposites. To prepare the C30B nanocompo-
sites, first, the C30B was predispersed on DCM in the following
way: 3.0 g of C30B were mixed with 300 mL of DCM and this
mixture was magnetically stirred for 24 h. Thereafter, nanoclay
suspension in a DCM solution was ultrasonicated for 3 h at
200W and homogenized for 90 min, which was found to be the
optimal procedure for the clay dispersion, with an Ultraturrax
homogenizer (Jonke & Kunnel IKA Ultraturrax T25) at
20,500 rpm.

Thereafter, the previously prepared PLA solution and the pre-
dispersed nanoclay suspension were mixed to obtain the desired
concentration of C30B in PLA. After that, they were kept for 10
min under strong magnetic stirring, and finally, the volume was
then increased to 250 mL with DCM. This solution was there-
after ultrasonicated for 90 min, homogenized for 30 min and
the necessary DCM was added to increase the volume again to
250 mL. Finally, the suspension was degassed by ultrasonication
for 5 min and 240 mL of the solution was poured slowly into
three Teflon molds (80 mL/each mold). The three molds were
covered by a 5-13 pum filter paper and they were kept in a
Climacell climatic chamber (MMM Group) at 23°C for 16 h.
Subsequently, the resulting PLA/C30B films were dried at 50°C
under vacuum for a minimum of 24 h.
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PLA/CNF and PLA/CNC Nanocomposites. To elaborate
nanocellulose-based composites, several solvents (water, acetone,
dichloromethane (DCM), tetrahydrofuran (THF), dimethylfor-
mamide (DMF), dimethylacetamide (DMAc), and N-methyl-2-
pyrrolidone (NMP)) were evaluated for PLA/nanocellulose film
preparation, and after evaluating different aspects, it was found
that DMF was the most suitable solvent for nanocellulose-based
composites.

Nearly 3.3 g of PLA were dissolved in 66 mL of DMF by mixing
and keeping them for 2 h at 70°C under vigorous stirring. After
2 h, the nanocellulose suspension on DME, obtained in CNF/
CNC isolation procedure, was added and the solution was
increased to 100 mL with additional DMF. The PLA/nanocellu-
lose mixtures were thereafter kept under vigorous stirring and
ultrasonicated at 200 W for 10 min. Finally the solution was
casted into two Teflon molds covered by a 5- to 13-um filter
paper (50 mL/each mold). In each case, remaining solvent was
removed from cast films by drying at 80°C for 15 h followed by
drying under vacuum at 50°C for 24 h.

Thermal Treatments. To achieve quenched nanocomposites, the
films were hot pressed for 5 min at 170°C followed by a fast
cooling in order to achieve essentially amorphous nanocompo-
sites (AM). After that, to achieve fully crystallized nanocompo-
sites, the quenched nanocomposites were placed into an oven at
120°C for 2 h in order to obtain fully crystallized nanocompo-
sites (FC).

RESULTS AND DISCUSSION

The nanofillers were characterized by FT-IR and XRD as can be
seen in Figures 1 and 2.

As can be clearly seen in Figure 1, there is a difference between
the CNC and CNF FT-IR spectra at 1740 cm™'. The CNF shows
absorbance on the peak at 1740 cm ™', corresponding to the
carbonyl groups grafted onto the nanocellulose during the acet-
ylation procedure that have been removed during the acid
hydrolysis.

As can be seen in Figure 2, the crystallinity of the CNC and
CNF are very similar, this is due to the fact that the acetylation
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Figure 2. XRD patterns of CNF and CNC.
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Figure 3. Cross section of PLA/CNF nanocomposites (up) and PLA/CNC nanocomposites (down).

is already a strong treatment that it has already degraded the
amorphous domains of the cellulose. Actually, due to those
aggressive treatments, it was decided to perform the acid hydro-
lysis of the CNC at milder conditions to avoid a too high deg-
radation of the cellulose.

Nanocomposite Preparation

For the film making process a critical point was the choice of
solvents. The C30B-based nanocomposites were made using
DCM as solvent; the reason is that C30B is a hydrophobic clay
so it has more affinity with hydrophobic solvents, and there are
many reports on using DCM to disperse the C30B in the
literature.

For nanocellulose-based nanocomposites it was found that it
was not possible to achieve a good dispersion of CNF using
DCM, so another solvent was required in order to make a fair
comparison between clay and nanocellulose (good dispersion vs.
good dispersion). After comparing different solvents (DCM,
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acetone/DCM, THE, DMF, DMAc, and NMP) it was found that
the DMF (dimethylformamide) was the most suitable solvent
although the DMAc was showing well dispersed composites too.

Nanocomposite Dispersion Study

In Figure 3 the SEM images of PLA/CNF and PLA/CNC nano-
composites are shown, where no large aggregates within the
matrix can be observed for any of the nanocellulose entities.
Furthermore, in Figure 3, some individualized CNF and CNC
can be observed, proving that we have successfully dispersed the
CNF within the matrix. In general, not very clear differences
could be observed between CNF and CNC although the CNF is
partially acetylated. The authors attribute this effect to the fact
that the DMF is a very good solvent for the nanocellulose,
(both nanofillers showed a stable dispersion at 1% on DMEF),
so, the compatibilizing effect of the acetate groups is negligible
in this case.
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Figure 4. XRD pattern of PLA C30B based nanocomposites.

From the XRD pattern (Figure 4) it can be observed that the
peak of neat C30B at (2¢) = 4.8), which correspond to the d-
spacing of the clay, almost disappears in the nanocomposites,
especially at 1% load. The absence of a peak means that there is
not a constant distance between clay platelets, suggesting that
there aren’t large aggregates of clay, hence suggesting that there
is a good dispersion of clay within the matrix. Moreover, from
the TEM images (some representative images could be found
on Figure 5) it can be seen that the clay is well dispersed with
no evidence of large aggregates.

Crystallinity

Polymer crystallinity is reported to play an important role in
determining mechanical and barrier properties.’’?* Thus,
describing the degree of crystallinity of the nanocomposites is
critical in terms of extracting conclusions about nanocomposite
properties.

All of the nanocomposites showed higher degrees of crystallin-
ity than neat PLA and no significant changes were observed in
T, or T,,. None of the films showed crystallization peaks dur-
ing the cooling and the heating/cooling/heating procedure. In
Figure 6, the degree of crystallinity of the composites is shown
and as can be seen that all of the nanocomposites—except

% Nanofiller Load

Figure 6. Degree of crystallinity of the nanocomposites (from the 1st
heating cycle).

PLA/C30B 3%—have a similar degree of crystallinity, making

the nanocomposites at those loads very suitable for

comparison.

As previously explained, the slow crystallization time of PLA is
a drawback for the industrial application of this polymer, so
the addition of fillers that could enhance the crystallization
rate would be an important improvement. The nanoclay, the
cellulose nanofibers, and nanocrystals'®>® have been reported
to be nucleating agents for PLA thus influencing the crystalliza-
tion kinetics. To compare the nucleating agent behaviour, the
isothermal crystallization process of PLA and the nanocompo-
sites at 1% load at 120°C was studied. The nanocomposites at
1% load were chosen since they had the best dispersion and
therefore should be less influenced by the presence of
aggregates.

As can be seen in Figure 7, all of the nanocomposites show an
endothermic peak shifted to shorter crystallization time. In the
case of CNF and CNGC, it seems that they show similar crystalli-
zation behavior, and slower crystallization kinetics than when
using the C30B as an additive. Finally, all of the nanocompo-
sites and the neat PLA reached approximately the same degree

1- 0.2m

Figure 5. TEM of PLA/C30B 5% Nanocomposite.
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Figure 7. Isothermal crystallization of the nanocomposites at 120°C.

of crystallinity after the isothermal crystallization process
(between 35 and 38%)).

The results for the clay as nucleating agent is due to the clay
platelets—if well dispersed—having much better aspect ratio
than nanocellulose-based entities. While the nanocelluose
obtained with this method is around 20 nm diameter and
550 nm length, the platelets montmorionite are around 400 nm
X 300 nm and few nanometers of thickness if well dispersed, so
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providing more nucleating sites thus

crystallization.

leading to faster

The crystallinity is a very complex phenomenon and although it
has been classically studied by DSC, this technique does not
give all the relevant information. For that reason, polarized
optical microscopy (POM) was applied to obtain more informa-
tion about the spherulite size and distribution.

Briefly, it was found that while PLA and PLA/C30B composites
showed a crystalline morphology where was difficult to distin-
guish the spherulites, the PLA/CNF and PLA/CNC showed a
crystalline morphology where the spherulites could be clearly
distinguished. Furthermore, the polarized optical micrographs
of the samples after isothermal crystallization procedure at
100°C can be found on the Supporting Information. A further
study underway to elucidate the influence of the crystalline
morphology on the mass transport properties of the film is
going to be subject of incoming publications.

Optical Properties

The optical properties of the nanocomposites have not been as
widely studied although they are relevant in the case of the
food packaging applications. For many applications the industry
requires transparent and colorless films. An opaque film will
not allow the customer to see the food, making it less likely
that the consumer will buy it and a yellow film can give food
an artificial color.

Figure 8. POM of the (A) PLA, (B) PLA/C30B 1%, (C) PLA/CNF 1%, and (D) PLA/CNC 1% films after solvent casting. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Transmittance of the nanocomposites at 1% filler after solvent casting (A) and (B), after annealing (C) and after isothermal crystallization (D).

As shown in Figure 8 the composites prepared by solvent cast-
ing (SC) showed a different crystalline morphology. To elimi-
nate the differences the films prepared by solvent casting were
hot pressed for 5 min at 170°C followed by a fast cooling in
order to achieve essentially amorphous nanocomposites (AM).
After that the annealed nanocomposites were placed into an
oven at 120°C for 2 h in order to obtain fully crystallized nano-
composites (FC).

The UV-vis spectroscopy of the samples can be found in Fig-
ure 9. All of the samples showed a standard deviation below
10% on absorbance.

From the data it can be seen that the nanocomposites made by
solvent casting show reduced transparency compared to the
neat PLA film [Figure 9(A,B)]. However, after annealing and
isothermal crystallization processes [Figure 9(C,D)] the differ-
ence is smaller; probably due to the fact that while after solvent
casting procedure (SC) there is a large difference between
PLA and nanocomposites in terms of degree of crystallinity
(Figure 6); this difference is negligible for annealed (AM) or
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fully crystallized composites (FC). So, it can be concluded that
the addition of small amounts of C30B or CNF doesn’t affect
significantly the optical properties of the films.

From Figure 9(B) it can be seen how C30B shows a UV block-
ing capability, which can be desirable in some food packaging
applications.*

Finally, there is a big difference between annealed [Figure
9(C)] and fully crystallized composites [Figure 9(D)] being the
annealed composites more transparent than the fully crystal-
lized ones. This is due to differences in refractive indexes
between crystalline and amorphous domains. This difference
can be mainly seen on the range of 220-500 nm. The fact that
PLA/CNF SC and PLA/CNC SC composites (big spherulite
size) show a similar behavior than the fully crystallized com-
posites (big spherulite too), while PLA SC and PLA/C30B
SC (small spherulites) show a similar behavior to the
quenched composites (no spherulites), suggest that spherulite
size has a slight influence on the optical properties of the
nanocomposites.
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Figure 10. OTR and WVTR of PLA and nanocomposites at 23°C and
50% or RH.

Barrier Properties

Generally the permeability results for PLA and PLA/C30B-based
nanocomposites were comparable to those found in the litera-
ture either for WVTR?® or for OTR.**** For PLA/CNE-based
nanocomposites there are, to the knowledge of the authors, no
other publication using those particular partially acetylated CNF
describing barrier properties, but, in the case of CNC, as
explained in the introduction, various values for oxygen and
water barrier properties can be found in the literature.

In Figure 10, the OTR and WVTR of the neat PLA and its
nanocomposites at 23°C and 50% RH can be seen. The results
of the OTR at 23 and 0% RH can be found in the Supporting
Information.

As can be clearly observed in Figure 10(A) all of the nanocom-
posites showed better barrier properties than the neat PLA,
which could be attributed partially to the fact that the compo-
sites showed higher degree of crystallinity than the neat PLA.
Surprisingly, nanocellulose-based composites showed lower oxy-
gen transmission rate than nanoclay-based composites. Figure
10(B) also show a great reduction in the WVTR of composites,
but, in this case it can be seen that all three nanofillers showed
similar behavior, meaning that nanoclay has better performance
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reducing the WVTR than OTR while CNF has better perform-
ance reducing the OTR rather than WVTR. This is probably
due to the fact that the clay is likely more hydrophobic than
nanocellulose. Finally, In general it can be seen that the addition
of nanofillers to PLA matrix is a very promising way to enhance
the barrier properties.

The reason of the improvement on the barrier properties could
be partially due to the increased crystallinity of the nanocompo-
sites due to the nucleating agent behavior, while the difference
between CNF and C30B could be partially due to the different
crystalline morphology. A further study underway to elucidate
the influence of the nanofillers and crystalline morphology on
the mass transport properties of the composites is going to be
subject of incoming publications.

Mechanical Properties

The mechanical properties are critical for food packaging appli-
cations, since the packaging has to protect the food from dam-
age during the whole supply chain. Although the Young
modulus and stress at break of PLA are adequate for food pack-
aging the neat PLA is still too brittle for some food packaging
applications, although a range of novel formulations of PLA are
now available. Mechanical tests were performed for PLA and its
nanocomposites to check the effect of each of the nanofillers on
the mechanical properties. The results can be seen in Support-
ing Information Table I-SI and the values for PLA were in the
range of other reports.'>,”® In this work we have found that
although the addition of nanofiller did not affect dramatically
the mechanical properties of the nanocomposites; PLA/CNF
composites showed a slightly better performance than the other
nanofillers. The PLA/CNF 1% nanocomposite showed around a
10% of improvement in terms of elongation and stress at break
while a 5% loss on Young modulus. Although the mechanical
properties, despite the brittleness, of PLA, the low thermome-
chanical stability keeps the thermoforming of PLA a challenge
for the industry. Moreover, there are some food applications
that require higher thermal stability of PLA such as disposable
glasses for hot drinks. The thermomechanical resistance was
investigated by DMA as shown in Figure 11.

DMA
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Figure 11. DMA of the nanocomposites.
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As can be seen in Figure 11, there is a clear improvement in the
thermomechanical properties of PLA and the nanocomposites
when surpassing the T, of PLA. After this point, the mechanical
properties of the neat PLA decreases very rapidly whereas the
nanocomposites offer greater resistance; this being more pro-
nounced for CNF reinforced composites than for C30B rein-
forced ones. We ascribed this to the fact that nanocellulose can
make stronger percolated networks while the reinforcement of
the clay—due to stress transfer mechanism—is not as effective.
There is little difference between the effect of CNF and CNC
probably due to the fact that CNF is expected to be better dis-
persed; CNC can form stronger percolated networks due to
stronger hydrogen bonding interaction between fillers. Finally,
to the understanding of the authors the differences in crystallin-
ity can be neglected in this case since all of the samples were
preheated for 20 min at 110°C.

CONCLUSIONS

The performance of a partially acetylated novel CNF as filler
for PLA for food packaging applications was compared with
the neat PLA and other nanofillers such as clay (C30B) and
nanocrystalline cellulose (CNC). It was found that the addi-
tion of only a 1% of CNF lead to significant improvements
on the performance of PLA for food packaging (a 64% of
decrease on oxygen transmission rate, a 46% of decrease on
water vapor transmission rate and significant improvement in
thermomechanical properties and crystallization kinetic, with-
out a significant influence on the transparency of the films),
although part of this improvement could be due to the
increased crystallinity present in the nanofillers due to the
nucleating agent affect. Comparing CNF with C30B as rein-
forcing agent, it can be seen how nanocellulose, apart from
being biodegradable while clay it is not, has a much better
performance than the clay as oxygen barrier, a slightly better
performance in thermomechanical and water barrier proper-
ties, making this nanofiller a promising candidate for food
packaging applications.
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