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ABSTRACT: Poly(lactic acid) (PLA) was impregnated in bacterial cellulose (BC) membranes. BC/PLA films were prepared by solvent
casting and mechanical, optical and barrier properties, and biodegradation process were investigated. The transparency of processed
films was higher than that of neat BC and increased with PLA content. Moreover, the incorporation of PLA to BC enhanced signifi-
cantly the water vapor barrier properties of the BC membranes. The bionanocomposites contained a high percentage of cellulose due
to the impregnation method that leads to the film with a BC content of 94%, which practically maintains the excellent mechanical
properties of BC. However, when increasing the PLA content in the bionanocomposites the mechanical properties decreased slightly
with respect to BC. Biodegradation under real soil conditions was determined indirectly through the study of the visual degradation
and disintegration, demonstrating that the bionanocomposites were degraded faster than the neat PLA. The successful production of
BC/PLA bionanocomposites suggested the possible application of them for active food packaging. © 2016 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2016, 133, 43669.
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INTRODUCTION

In recent decades, the transformation of the lifestyle of our soci-
ety has led to changing consumption habits, which are reflected
in the waste generated in our homes. The saturation levels of our
landfills are the result of the new culture of throwaway and exces-
sive packaging of products. Therefore, our society must use the
acquired knowledge, expertise, and innovation to create new bio-
degradable materials in accordance with the current legislation.'
In this context, biopolymers, biodegradable packaging materials
which are obtained from renewable resources, represent an alter-
native to petroleum derived plastics because their degradation
process leads to non-toxic or non-environmentally harmful resi-
dues. However, their use in packaging is restricted due to the
poor barrier, mechanical, and thermal properties. To overcome
this drawbacks and as a promising alternative, a new class of
materials called bio-nanocomposites have been considered. These
materials exhibit enhanced barrier, mechanical, and thermal
properties due to their nanometric size.

© 2016 Wiley Periodicals, Inc.
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Poly(lactic acid) (PLA), a thermoplastic polymer derived from
renewable resources, has been widely studied in this field since
it presents some attractive characteristics such as renewability,
transparency, biodegradability, and relatively low cost.? In fact,
PLA can be processed combined with different types of nano-
reinforcements or polymers to obtain composites for a variety
of applications.”® Nakagaito et al. produced microfibrillated cel-
lulose (MFC)-reinforced poly(lactic acid) (PLA) nanocomposites
and the study revealed that the modulus, strength, and strain at
fracture increased linearly with the MFC content.” Nevertheless,
the use of PLA for food packaging still presents some challenges.
On the one hand, the thermal and mechanical properties of
PLA are inferior to those of conventional petroleum-based poly-
mers.® On the other hand, the incorporation of nanocelluloses
into PLA matrices, which have hydrophobic nature, is not easy
as the nanoparticles tend to form aggregations due to their
hydrophilicity. For this reason, different processing methods
have been reported to improve the interfacial compatibility
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between these nanocellulosic substrates and the PLA, such us
injection of aqueous suspension of cellulose nanofibrils (NFCs)
in the melt PLA during the extrusion, electrospinning, or solu-
tion-casting.”> There are several studies using solvent-casting
method and have achieved a uniform dispersion of the rein-

forcement in the PLA matrix.” *°

Recently, bacterial cellulose (BC), a natural polymer synthe-
sized by the fermentation process of bacteria belonging to gen-
era Gluconacetobacter, Rhizobium, Sarcina, Agrobacterium,
Alcaligenes among others, has been regarded as reinforcing ele-
ment for biopolymers due to its interesting properties.'' In
fact, BC nanowhiskers have been used to develop coated sys-
tems with PLA by electrospinning.'> BC presents excellent
mechanical properties even at wet state, high water-holding
capacity, moldability, crystallinity, and biocompatibility that
make it very attractive for various fields of application such as
food packaging, medicine or catalysis. Despite BC presents the
same chemical structure as cellulose from plants, the 3D
network-like structure formed by cellulose nanofibers during
its biosynthesis derives in different conformation and its final
physico-chemical properties.'”> However, the hydrophilic nature
of BC membranes and the filling of the existing free volume by
water molecules can cause a reduction of the barrier properties
compared to conventional polymers. Although there are several
studies in which PLA matrix has been used reinforced with vari-
ous types of celluloses, such us natural fibers, cellulose nanocrys-
tals or nanowhiskers,'* ¢ to the best of our knowledge, no work
was found that exploits the excellent mechanical properties of the
whole bacterial cellulose membrane obtained during the biosyn-
thesis'> to develop BC/PLA systems. Moreover, the impregnation
methodology proposed in this work counteracts the difficulties to
obtain good dispersion of large amounts of nanofibers in the
polymer matrix and the filling of the gaps between the nanofibers
of the BC membrane by the PLA can lead to an improvement of
the barrier properties. In this work, BC/PLA biodegradable biona-
nocomposites using different PLA loading percentages have been
developed and the water vapor permeability (WVP), mechanical
behavior, and biodegradability of the obtained bionanocomposites
have been analyzed.

MATERIALS AND METHODS

Materials

Poly(lactic acid) (PLA 3051D, in pellets, molecular weight of
1.42 X 10* Da) was supplied by Nature Works LLC (Minne-
tonka, Minnesota, USA). Potassium hydroxide (KOH) was
obtained by Panreac. Polyethylene glycol 8000 (PEG) was pur-
chased from Aldrich (Spain). Chloroform was used as solvent.

Preparation of Bacterial Cellulose Membranes

Bacterial cellulose biosynthesis was carried out using commercial
sugar cane and pineapple peel bought in a local supermarket as
nutrients. It was obtained in the laboratory of the research group
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from Gluconacetobacter medellinensis bacterial strain whose cells,
like all the cellulose producer bacteria, possess pores in their
membrane for cellulose extrusion and secretion into the culture
medium. Besides, the desired thickness of the BC membrane
depends on the growing time. BC pellicles were incubated for 13
days at 28 °C in a static culture containing 13.0% (wt/vol) sugar
and agricultural pineapple residues in water adjusting pH with
acetic acid to 3.3 in a glass flask according to our previously
developed procedure.'” Then, BC membranes with a thickness of
0.5-0.7 cm and 9 cm of diameter were boiled in KOH (5 wt %)
solution for 60 min at 120 °C in order to remove non-cellulosic
compounds and then thoroughly washed under running water
for 2 days until a complete neutralization. Then, KOH-treated
BC membranes were suspended in distillated water and main-
tained until their use.

Preparation of BC/PLA-PEG Films

BC/PLA bionanocomposites were prepared by solvent casting
method. After checking in several impregnation tests the poor
compatibility between the hydrophobic PLA and hydrophilic
BC, the interaction between BC and PLA was improved by the
addition of a small amount of polyethylene glycol (PEG). The
ratio of PLA-PEG was fixed to 9/1 (wt/wt). Solutions with dif-
ferent PLA-PEG concentrations in chloroform (1, 5, 10, and
15 wt %) were prepared and chloroform wet BC membranes
were immersed in these solutions and maintained in a vacuum
oven for 2 h at room temperature. Finally, films were dried
under ambient conditions during 2 weeks via compression
between Teflon plates in order to avoid the shrinkage of the
films. Films with a thickness of =0.06 mm were obtained. All
samples were conditioned at 60 °C for 24 h and then kept in a
desiccator before testing.

NMR Spectroscopy

The composition of the BC/PLA-PEG films was determined by
carbon-13 nuclear magnetic resonance (?C NMR spectroscopy).
C NMR solid-state spectra were performed using Bruker 400
WB Plus spectrometer. Spectra were collected using a 4 mm
cross-polarization magic angle spining (CP-MAS) probe at a
spinning of 10,000 Hz. CP/MAS ">C NMR spectra of solid sam-
ples were recorded for 12 h using the standard pulse sequence
at 100.6 MHz, a time domain of 2K, a spectral width of
29 kHz, a contact time of 1.5 ms and an inter-pulse delay of 5 s
at 25 °C. To calculate the PLA molar percentage in the bionano-
composites, two peaks were taken as a reference to measure the
relationship of the areas: the peak of the C; at d ~ 105 of cellu-
lose and the peak of the methyl group of PLA.

PLA molar %= Peak area CHjpra

X100 (1

Peak area CHjppa+Peak area Cipc M)
Then, the weight percent of PLA was calculated using the molar
percentage and the molecular weight of the repeating units of
both cellulose and PLA.

PLA weight %=
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Figure 1. 13C NMR spectra of (a) BC, (b) PLA-PEG blend, and (c) bionanocomposite from the solution of 1% PLA-PEG. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

FTIR Spectroscopy

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-
FTIR) spectroscopy analysis was carried out to identify functional
groups present in the samples and analyze interactions between
PLA and BC on a Nexys Fourier transform infrared spectropho-
tometer from Nicolet in the range of 4000-400 cm™'. All spectra
were recorded with the accumulation of 32 scans with a resolu-

tion of 4 cm ™ ..

Water Vapor Permeability (WVP)

The analysis of water vapor permeability was carried out with a
Sartorius BP210D gravimetric cell. Taken into account the
results obtained of time and weight gain, due to the water
vapor that cross the film, water vapor transmission rate
(WVTR) value could be calculated. This data is directly related
with the water vapor permeability (WVP).

X
WvTR= "L 3)
A(uin_uaut)
WVT
WVP= . R (4)

where m is the total mass of sample, [ is the film thickness, A is
the film area (2.54 cm?), a;, and a,,, are the relative humidity
inside and outside the cell, and p, is the saturation vapor pres-
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sure of water at test temperature. Three samples of each system
were tested.

Mechanical Properties

Mechanical properties were measured using a 200 N load cell
(Minimat 2000, Rheometrics Scientific) at room temperature.
The samples were cut in 30 X 5 mm rectangular specimens.
Initial grip separation was set at 22 mm, and crosshead rate was
set at 2 mm/min following ASTM D1708 standard. At least
eight samples were tested for each set of samples, being the
average values reported.

Contact Angle Measurements

Contact Angle measurements were performed at 24 °C in a
Video-Based Contact Angle System model OCA (optical contact
angle). Contact Angle measurements were obtained by analyzing
the shape of a distilled water drop after it was placed over the
film for 20 s.

Biodegradability Tests

To ensure the biodegradability of the bionanocomposites, soil
biodegradation tests were carried out under aerobic conditions
at 60 °C (the minimum temperature for the degradation of the
PLA) and at room temperature. To simulate real soil environ-
ment, the soil used in this study was a natural soil collected
from the mountain of Basque country, in the ground surface
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Figure 2. 13C NMR spectra of the bionanocomposites from the solutions (a) 5% PLA-PEG, (b) 10% PLA-PEG, and (c) 15% PLA-PEG. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and the biodegradation was monitored using the processes of
degradation and disintegration as strong indicators (but not as
quantitative measures). Samples with different compositions
were buried in the soil. Two specimens were tested for each sys-
tem. After burying the samples, they were incubated and aer-
ated every 4-5 days to ensure aerobic conditions. Water content
was checked regularly, and water was added to ensure constant
moisture content. For different time periods, sample extractions
were performed in order to observe the state of them.

RESULTS AND DISCUSSION

Determination of BC/PLA Percentages in the Final

Bionanocomposites

The CP/MAS ">C NMR spectra recorded on the neat BC, PLA-

group and methyl group (~CH3) of PLA," thus confirming the
successful incorporation of PLA-PEG blend to the BC mem-
brane. Moreover, comparing BC’ and bionanocomposites’ spec-
tra it can be observed in the latest ones a widening of the
cellulose peak at 69 ppm. This is ascribed to the peak overlap
corresponding to the —CH- of the PLA. From these results, it
has been possible to determine the actual composition of the
synthesized films. Table I gathers the final composition of the
bionanocomposites obtained from the starting solutions with
different PLA-PEG concentrations. As it can be seen, the maxi-
mum PLA uptake was achieved with the concentration of 5%
PLA-PEG and it decreases with increasing concentration. This
occurred due to an increase of the viscosity in the solution,
which hinders the incorporation of the PLA-PEG blend into the
BC membrane network.

PEG blend, and bionanocomposites in the dry state are shown
in Figures 1 and 2. A typical CP/MAS "*C NMR spectrum
of isolated cellulose presents resonances in the shift ranges of
0 ~ 102-108 ppm (attributed to the C; of cellulose), 6 ~ 80—

to the Starting Solutions

Table I. Final Composition of Synthesized Bionanocomposites According

92 ppm (attributed to the C4), and 6 ~ 57-67 ppm (attributed

to the C4) [see Figure 1(a)]."®* The carbons C,, Cs, and Cs of
cellulose are reflected in the signal in the range of 70-80 ppm.
After the impregnation process, there can be distinguish two
chemical shifts located at 169 and 16 ppm in the bionanocom-

Starting solution BC (%) PLA (%) System

1% PLA-PEG 94 6 BC94/PLA-PEG
5% PLA-PEG 89 11 BC89/PLA-PEG
10% PLA-PEG o1 9 BC91/PLA-PEG
15% PLA-PEG 26 4 BC96/PLA-PEG

posites’ spectra [Figures 1(c) and 2], assigned to the carbonyl
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Figure 3. FTIR spectra of (a) PLA and BC; and (b) two of the bionanocomposites. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FTIR Characterization of the BC/PLA Bionanocomposites
FTIR analysis is commonly used to identify interactions between
polymers in the composites. In Figure 3, the FTIR spectra of neat
bacterial cellulose and PLA and two bionanocomposites are
shown. BC and PLA peaks assignments and corresponding posi-
tions are given in the Table IL. '7***!

From the spectrum of BC it can be observed the bands located at
around 3400-3300 cm ™' that correspond to O-H cellulose stretch-
ing and bending vibrations. The absorption bands at 2900—
2880 cm ™' and 1460-1250 cm ™" are assigned to the CH and CH,
stretching and bending vibrations, respectively. Besides, the bands
at 1170-1050cm ™' are assigned to the vibrations of the C-O-C
bond of the glycosidic bridges. The broad band at 902 cm™' is
characteristic of f-linked glucose based polymers. Finally, the band
at around 1650 cm ™' is assigned to the water absorbed by the
cellulose.

The PLA spectrum shows the stretching peak of the C=0 at
1748 cm™'. The peaks at 2995, 2998, 2892, 1459, and
1352 cm™ ' are the asymmetric stretching, symmetric stretching,
symmetric bending, and asymmetric bending of —CH-. The
peaks at 1178 and 1080 cm ™" are attributed to the C—O stretch-
ing. In addition, the peaks of 965 and 871 cm ™' correspond to
the stretching of the C—C single bond.

Table II. Peak Assignments for PLA and BC Spectra

In the bionanocomposites’ spectra, it can be observed many
similarities with the BC spectrum due to the high cellulose con-
tent. With the incorporation of PLA the band located at
1750 cm™ ' is observed but with low intensity. However, new
peaks are not observed, what seems to confirm that chemical
interactions between PLA and cellulose have not been produced.
Other authors using cellulose nanofibers in a PLA matrix have
reported that the absence of new characteristic peaks confirms
that no new functional groups have been formed, suggesting
only physical interactions between cellulose and the PLA/PEG.*!

Film Opacity

In packaging applications, the transparency of the materials is
an important characteristic. As it can be seen in Figure 4,
whereas PLA-PEG film is fully transparent BC film is quite
translucent and bionanocomposites are clearly more transpar-
ent. BC sheet can be considered as a three-dimensional network
structure of nano-sized fibers with air interstices in between.
The effect of the light diffraction at the interface between the
cellulose fibers and these air interstices causes the opacity of the
bacterial cellulose film.*> BC bionanocomposites probably do
not contain these interstices or gaps because they have been
filled with the PLA-PEG during impregnation. This interaction
has improved with the addition of the plasticizer. Besides, the

PLA Bacterial cellulose

Assignment Peak position (cm™1) Assignment Peak position (cm™1)
-CH- stretch 2892, 2995, 2998 O-H (stretch and bend) 3400-3300
-C=0- ester 1748 CH (stretch and bend) 2900-2880

-CH- deformation (symmetric 1459, 1352 CH> (stretch and bend) 1460-1250

and asymmetric bend) Absorbed water 1650
-C-0- stretch 1178, 1080 C-0-C bond 1170-1050
-C-C- stretch 871, 965 B-linked glucose 902
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Figure 4. Photographs of BC/PLA-PEG films. (a) BC; (b) BC94/PLA-PEG; (c) BC89/PLA-PEG; (d) BC91/PLA-PEG; (e) BC96/PLA-PEG; and (f) 1%
PLA-PEG film. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

transparency of the bacterial cellulose bionanocomposites has
increased due to their smooth surface when incorporating the
PLA to the membrane since this makes the light diffraction at
the surface of the film more uniform.

Mechanical Behavior

The mechanical behavior of neat BC, PLA-PEG blend, and BC/
PLA-PEG bionanocomposites was evaluated by tensile tests and
their maximum stress (.x), Young’s modulus (E), and elonga-
tion at break (e,) are gathered in Table III. As deduced from
the table, pure BC film displayed a rigid and brittle behavior,
with a high Young’s modulus but low elongation at break. BC
film shows high modulus value attributed to the uniform, con-
tinuous, and straight 3D nanoscale network of cellulosic ele-
ments oriented in-plane, characteristics that may have been

improved by the chloroform and subsequent drying process via
compression. In previous studies of our research group, high
elastic modulus values for bacterial cellulose have also been
obtained.”»** However, it have not been reached so high values
of maximum elongation at break, so the initial vacuum and
subsequent drying process might have contributed in increasing
the strength of the films. In contrast, PLA-PEG film presented
low modulus and maximum stress values compared to BC,
although it turned out to be a very ductile material. The plasti-
cizers usually enhance the flexibility and ductility of glassy poly-
mers and also their processability. Hassouna et al. concluded
that the ductility of PLA improved when it was plasticized with
20 wt % of low molecular weight poly(ethylene glycol) (PEG).”
When incorporating PLA-PEG blend to BC, one of the biona-
nocomposites (BC94/PLA-PEG) kept the mechanical properties

Table III. Mechanical Properties, Water Vapor Transmission Rate (WVTR), and Contact Angle Measurements for Neat BC, PLA/PEG,

and Nanocomposites

WVTR Contact

E (GPa) Gmax (MPa) & (%) (g mm/m? day) angle ()
BC 12.98+2.61 244 .62+87.80 2.84+0.93 55.3 £6.9 36.5+3.8
1% PLA-PEG film 0.60+x0.17 49.92+14.00 >250 78+0.2 33.3x2.5
BC94/PLA-PEG 12.63+4.99 331.24+149.64 3.18+0.90 46.0+1.5 40.7+x3.2
BC89/PLA-PEG 4.31+3.73 169.58+20.77 4.29+0.58 354+01 41.3x4.2
BC91/PLA-PEG 6.37+3.59 105.60+74.67 2.41+0.90 29610 37.8+x1.8
BC96/PLA-PEG 9.15+x1.35 222.89+93.09 2.85+1.06 250+0.9 48.2+5.8
PLA = = = = 77.6x2.1
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Figure 5. Contact angle photograms. (a) PLA, (b) BC96/PLA-PEG, and (c) BC.

of the BC due to the high cellulose content. However, the bion-
anocomposites with 91% and 89% of BC content experienced a
reduction of Young’s modulus and maximum stress compared
to neat BC. This can be ascribed to the increase in the amount
of PLA in the films, which reduces the strength and stiffness of
the material. On the other hand, an evident decrease in the
elongation at break of the BC/PLA-PEG bionanocomposites
respect to the PLA-PEG blend was detected, thus confirming
the brittle nature of these formulations. Generally, the addition
of fibers causes a decrease of the elongation at break in the
thermoplastic composites and this is affected by various factors
such as the poor interaction between the reinforcement and the
matrix, the dispersion of the fibers in the matrix, and the added
volume fraction of reinforcement.”® In this case, the high cellu-
lose content (practically over 90% for all systems) contributes
to the low elongation at break of these materials.

BC96/PLA-PEG

Barrier Properties of the Films

The water vapor barrier and wettability properties of the films
were evaluated by measuring the water vapor transmission rates
and the contact angle values for BC/PLA-PEG films.

The combination of the cellulose with outer layers of materials
less sensitive to moisture to improve the barrier properties is a
common trend and in this case, the effect of adding PLA to the
BC matrix was analyzed. Table III gathers water vapor transmis-
sion rate values for the developed films. In the case of the PLA-
PEG film the water vapor barrier level is in the level required in
commercial packaging applications for dry food and pharmaceu-
tics (0.1-10 g/m*/day).”” The BC film had low water vapor prop-
erties, since the network structure of nano-sized fibers with air
interstices in between allows the water pass more easily through
it. The addition of PLA-PEG blend enhanced the water vapor

0 days 3 days 6 days

8 days 15 days 21 days

Figure 6. Photographs of neat BC and bionanocomposites taken at different incubation times at 60 °C. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 7. Photographs of neat PLA and PLA-PEG blend at different incubation times at 60 °C. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

barrier properties of the BC film considerably. Here, the WVTR
value was not found to decrease with the PLA-PEG content since
the bionanocomposite with less PLA-PEG content achieved the
lowest WVTR value by decreasing its value to 25 g/m*/day. This
probably occurred because the bionanocomposite obtained from
the most concentrated solution (BC96/PLA-PEG) resulted in a
layer of PLA in the BC membrane surface and it was not intro-
duced into the nanofiber network due to the increased viscosity
of the solution. Contact angle measurements were additionally
carried out to investigate the effect of the incorporated PLA-PEG
on the surface water affinity and results are gathered in Table III.
Low contact angle values, ranging from 0° to 30°, are characteris-
tic from highly hydrophilic surfaces such as glass or mica, while
high contact angle values, between 70° and 90°, are observed for
hydrophobic surfaces such as silicone or fluorocarbon polymers.*®

In this case the BC/PLA-PEG bionanocomposites turned to have
more hydrophobic surfaces than the neat BC since it can be
observed that the general tendency is an increase on the contact
angle values of the bionanocomposites with respect to the neat
BC. The increase of the contact angle can be ascribed to the fact
that the PLA has been deposited in the films surface making
them more hydrophobic. From Table III, it can be observed that
the larger the contact angle is, the lower is the WVTR value, so
the wettability properties of the samples correlate with the water
vapor transmission rates. However, the PLA-PEG film shows a
different behavior. As shown in Figure 5, PLA is an hydrophobic
material, but when PEG was added to the PLA matrix the con-
tact angle was reduced drastically respect to neat PLA despite the
low plasticizer content. This can be ascribed to the hydrophilicity
of PEG and also to the increase in roughness of the material

Room
temperature

60°C

BC BC94/ PLA-PEG

PLA-PEG

PLA

Figure 8. Photographs of neat BC, neat PLA, PLA-PEG blend, and one bionanocomposite at the 21st day at both 60 °C and room temperature. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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when the PEG is added since it leads to a decrease in the contact
angles in hydrophilic materials.*

Biodegradation Tests

In this work, disintegration of BC, PLA, PLA-PEG blend, and
their bionanocomposites was carried out. Degradation tests
were performed at both 60 °C and at room temperature in
order to determine the effect of the temperature on the samples.
The biodegradation of PLA is one of its most attractive proper-
ties for packaging applications and it takes place in two main
stages. The first one is the hydrolytic degradation when the
water starts to diffuse into the polymer. This is followed by the
enzymatic degradation when the molecular weight is reduced
and oligomers and lactic acid are formed due to the cleavage of
ester linkages. These can be assimilated by microorganisms such
as fungi and bacteria.”® Regarding the degradation temperature
of PLA, as the minimum temperature for crystallization is 60
°C, its degradation is not easy at lower temperatures and the
temperature indicated by the international standards for biode-
gradation during composting is 58 °C.*! In fact, studies have
revealed that the hydrolysis phenomenon results faster at 58 °C,
compared to 37 °C, and easy to be followed in a reasonable
range of time.”>>* Figures 6 and 7 show the samples taken out
at different times of composting at 60 °C. The disintegration
test (Figures 6 and 7) showed that neat PLA and PLA-PEG films
were almost completely disintegrated after 42 days, while a dif-
ferent behavior was detected for BC/PLA-PEG bionanocompo-
sites at different incubation times. It has been previously
reported the influence of bio-based nanoparticles on the biode-
gradation in compost of PLA, such us microcrystalline cellulose,
wood flour, wood pulp, and nanocrystalline cellulose.***** Both
bacterial cellulose and plant-derived one present two regions
known as “crystalline cellulose” and “amorphous cellulose”
which differ in the degree of orientation of the molecules. The
first one is composed of highly oriented molecules while the
second of less oriented ones. The physico-chemical characteris-
tics of each substrate greatly affect the variation of the degrada-
tion capacity of cellulolytic microorganisms. These influential
characteristics are the degree of crystallinity and polymerization
of cellulose®®*” although the crystallinity degree of cellulose is
the most important structural parameter.’” It has been previ-
ously reported that crystalline regions are more difficult to
degrade.”® BC shows much higher crystallinity compared to
plant cellulose, which results in a relatively higher resistance to
microorganism attacks. As cellulose is more easily degraded
than PLA, and composites contain a considerable amount of
BC, they were degraded in 21 days (Figure 6). The BC96/PLA-
PEG film showed the best biodegradation behavior at 60 °C
since it is the film with the highest BC content. Fragmentation
and disintegration of the neat BC and synthesized bionanocom-
posites (Figure 6) started to be observed at the sixth day, while
for PLA and PLA-PEG blend, (Figure 7) this was observed at
the 28th day. As it can be observed, during the first 6 days for
all the samples was detected some deformation and disintegra-
tion in addition to an increase of their opacity. These observa-
tions are signal that the hydrolytic degradation has started. The
loss of their transparency is related to changes in the refractive
index since during the degradation process there is a water
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absorption followed by the formation of low molecular weight
compounds by the hydrolytic degradation.’® Moreover, the crys-
tallinity increases and holes are formed, factors that may con-
tribute to the increase of the opacity.** On the other hand, the
degradation process at room temperature resulted slower. Figure
8 shows the aspect of neat BC, neat PLA, PLA-PEG blend, and
one bionanocomposites at the 21st day at both room tempera-
ture and 60 °C. It can be concluded that the temperature is an
important variable in the process of decomposition of these
materials due to the clear visual differences that present the
samples. In contrast to the neat PLA and PLA-PEG blend sam-
ples, which show no signs of onset degradation, the bionano-
composites started to present disintegration at room
temperature the 21st day.

CONCLUSIONS

In the present work, biodegradable BC/PLA-PEG bionanocompo-
sites have been developed with interesting properties for packaging
applications. To take advantage of the excellent mechanical proper-
ties of cellulose membrane obtained from its biosynthesis, PLA was
incorporated to BC membrane by impregnation and solvent cast-
ing. The diffusion and wettability between the two components
was improved by the plasticizer polyethylene glycol (PEG). The
composition of bionanocomposites (BC content) was determined
by C NMR and it was observed that the PLA-PEG uptake
decreased with solutions more concentrated than 5% PLA-PEG.
This is the result of increasing the viscosity of the solution, which
hinders the entry of the PLA-PEG blend into the BC network.
While the sheet of neat BC is quite opaque, the synthesized films
resulted more optically transparent. As expected, neat BC showed
a high Young’s modulus value, which makes it a rigid and brittle
material. Due to the high cellulose content, the bionanocomposites
showed high values of maximum stress and Young’s modulus
although the formulations with 89% and 91% of BC content pre-
sented a reduction of the mechanical properties compare to neat
BC. The incorporation of PLA-PEG blend to the BC was found to
significantly enhance the water vapor barrier properties of the BC
film and increased the hydrophobicity of the surface of these films.
Finally, biodegradation tests were carried out under real soil condi-
tions in the laboratory at 60 °C and room temperature. The study
of the degradation and disintegration of the materials was con-
ducted by doing sample extractions at different time periods. The
study revealed that the synthesized bionanocomposites were
degraded in 21 days at 60 °C. Fragmentation of the neat BC and
bionanocomposites started at the sixth day while for PLA and
PLA-PEG blend this behavior was observed at the 28th day. On
the other hand, at room temperature the degradation process was
slower, as the fragmentation of the bionanocomposite films started
at the 21st day. In conclusion, the methodology used for the incor-
poration of the PLA polymer to the BC membrane leads to obtain
BC/PLA-PEG bionanocomposites with excellent barrier properties
and biodegradable character that might be used in different fields
of packaging.
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