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Abstract

Poly(lactic acid)/bacterial cellulose nanocomposites were prepared by solvent casting. Aiming to reduce the incompatibility
between polar bacterial cellulose (BC) and the nonpolar poly(lactic acid) (PLA) matrix which induces filler aggregation and
poor reinforcement dispersion, BC was acetylated by the use of a non-conventional route catalyzed by citric acid. The deri-
vatized BC (AcBC) was incorporated into de PLA matrix at varying filler loadings, and optical, morphological, structural,
thermal, tensile and barrier (water vapor) properties of PLA/AcBC in comparison with PLA/BC were evaluated. Notice-
able changes in the nanocomposite properties were ascribed to the success of the route proposed to surface hydrophobize
BC, which significantly improved its dispersibility within the PLA matrix and the matrix-filler interaction. By the way, the
variation of filler loading allowed attaining remarkable increases in the nanocomposite films stiffness without significant

reductions in tensile strength and water vapor permeability.
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Introduction

In the last decades, the increasing consciousness of society
on the limited availability of fossil fuel resources has pro-
moted much interest on bio-based materials. At the same
time, the large use and non-biodegradable character of tra-
ditional plastics derived from fossil fuels which have led
to significant waste accumulation, has triggered extensive
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research on biodegradable polymers which under appropri-
ate conditions will break down far more quickly [1]. Among
them, poly(lactic acid) (PLA) is a biodegradable thermoplas-
tic polyester totally produced from renewable resources and
based on agricultural, biological, and chemical technologies
[2, 3]. Advantageously, some of its properties such as high
mechanical strength and stiffness, UV stability and gloss are
comparable to those of many commodity polymers. Thus, in
the last years, PLA has gained increasing attention in sev-
eral fields of application, such as the automotive industry,
medicine and packaging [4—6]. However, the lack of tough-
ness, poor crystallization behavior and, sometimes, its low
gas barrier properties or low thermal resistance, often limit
PLA applications [6].

A well-established strategy to improve PLA properties
is the development of composites with different reinforce-
ments. Among them, due to their abundancy and renewable,
biodegradable and non-toxic character, a variety of natural
fibers and, more recently, several nanocellulosic substrates
have been successfully used [7-9]. Cellulosic reinforcements
with dimensions in the nanoscale usually display superior
reinforcing capability due to their high aspect ratio and
high stiffness of the crystal regions. In terms of nanocellu-
lose availability and isolation methods, nanofibrillated and
nanocrystalline celluloses are commonly obtained from


http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-019-01581-1&domain=pdf

different vegetable sources by mechanical and/or chemi-
cal routes [10-12]. In addition, nanofibrillated cellulose in
the form of nanoribbons can be obtained in fermentation
processes mediated by specific bacteria [13, 14]. In con-
trast to plant cellulose, bacterial cellulose (BC) is devoid of
macromolecules such as lignin or hemicellulose, and it is
recognized for its ribbon-shaped fine fiber network structure,
high crystallinity, high water-holding capacity, distinguished
mechanical properties and good strength-to-weight ratio [5,
15].

Even if PLA/nanocellulose nanocomposites have widely
been prepared using different processing techniques such
as casting/evaporation and melt compounding, the incom-
patibility between cellulose and hydrophobic PLA is still a
challenge which needs to be addressed. Compatibilization
of PLA with nanocellulosic substrates can be achieved by
physical adsorption of surfactants or polyelectrolytes [16,
17], polymer grafting [18-21] and chemical modification
of nanocellulose by for example silylation or esterifica-
tion [22-24]. In particular, acetylation of both nanofibrillar
and nanocrystalline celluloses has been often performed to
improve their compatibility with PLA. With this aim, the
main target of most derivatization strategies available in the
literature has been to keep the ultrastructure of nanocellu-
lose intact and to hydrophobize only its surface [25-30],
being perchloric and sulfuric acids the catalysts most often
used with this purpose. Additionally, our group has previ-
ously assayed the acetylation of bacterial nanocellulose in
presence of citric acid, confirming surface hydrophobiza-
tion with tunable derivatization extent [31, 32]. The result-
ing surface acetylated BC samples were recently assayed as
reinforcement of PLA, evidencing clear improvements in
the nanofiller dispersibility and derived properties as a con-
sequence of BC hydrophobization. With the reinforcement
percentage assayed (3 wt%) the stiffness of the nanocompos-
ites showed an increase of about 15% with respect to PLA
reinforced with pristine BC [33]. With basis on the previous
findings, in the current contribution, microbial nanocellu-
lose acetylated in the presence of citric acid to a degree of
substitution (DS) of 0.49 is used as reinforcement of PLA
at varying loadings, aiming to prepare bio-nanocomposites
with further improved mechanical profile. The effect of rein-
forcement content on the morphological, optical, structural,
thermal, mechanical and barrier (water vapor) properties is
particularly analyzed.

Materials and Methods
Materials

Commercial PLA (Nature Works®, trade name 3051D) with
a molar mass of ca. 1.42x 10* g/mol and a density of 1.24 g/

cm?® [34] was used as the matrix of the nanocomposites.
Polymer pellets were dried under vacuum at 98 °C for 3 h
before use.

Anhydrous dextrose (Biopack), yeast extract (Brita-
nia, Laboratorios Britania S.A.), meat peptone (Britania,
Laboratorios Britania S.A.), citric acid (Merck), disodium
phosphate (Anedra), glycerol (Sintorgan) and corn steep
liquor (Ingredion), were all part of the formulation of BC
fermentation medium. Acetic anhydride (Cicarelli), acetic
acid (Cicarelli), chloroform (Cicarelli), citric acid (Merck)
and acetone (Sintorgan) were used for BC acetylation and
nanocomposites preparation. All other chemicals were of
analytical grade and were utilized as received without fur-
ther purification.

Bacterial Cellulose Production

Bacterial cellulose (BC) was produced by the bacterial strain
G. xylinus NRRL B-42 in static culture and under conditions
optimized in a previous work [35]. The bacterial inoculum
was previously cultured in 100 mL Erlenmeyers flasks with
20 mL of Hestrin and Schramm (HS) medium [36] and incu-
bated with orbital agitation (200 rpm) at 28 °C for 48 h.
For BC production, 1% (v/v) inocula were transferred to
10 L steel trays containing 5 L of fermentation medium with
4% (w/v) glycerol and 8% (w/v) corn steep liquor, and stati-
cally incubated at 28 °C. After 14 days, cellulose pellicles
were harvested and thoroughly rinsed with distilled water
to remove the remaining culture medium. The washed pel-
licles were then homogenized for 5 min in a blender with
KOH solution 5% (w/v) and left in alkali for 14 h at room
temperature. BC was finally rinsed with distilled water until
neutralization. Field emission scanning electron micros-
copy (FESEM) images of BC revealed a network of twisting
nanoribbons of 30-70 nm width and micrometric in length.

Acetylation of Bacterial Cellulose

Previously homogenized BC pellicles (2.5 g dry weight)
were solvent exchanged from water through acetic acid into
acetic anhydride (20 mL each time). BC was then placed
in a 500 mL glass flask equipped with a reflux condenser
containing 250 mL of acetic anhydride and 1 g of citric
acid (0.34 mmol/mmol AGU). The mixture was heated up
to 120 °C and kept at this temperature for 3 h in a ther-
mostatized oil bath under continuous magnetic agitation.
After this period, the derivatized BC (AcBC) was filtrated
under vacuum and exhaustively washed with ethanol and
distilled water until neutrality of the wash waters. The BC
esterification level achieved was quantified by heterogene-
ous saponification of properly dried samples as described
elsewhere [37].



PLA/BC and PLA/AcBC Nanocomposites Preparation

Nanocomposites were prepared by solvent casting. With this
purpose, BC and AcBC aqueous suspensions were solvent
exchanged first in acetone (twice) and then in chloroform
(twice). After each solvent exchange suspensions were
homogenized at 18,000 rpm using a handheld homogenizer
(Ultra Turrax D160).The nanocellulose dispersions (BC
and AcBC, both in chloroform) were then mixed with PLA
previously dissolved in the same solvent at proper concen-
trations to attain final nanofiller contents in the nanocom-
posites of 3, 5 and 10 wt%. Suspensions were homogenized
at 18,000 rpm for 15 min and finally casted onto 90 mm
glass Petri dishes and dried for 48 h at RT. The films were
then placed in a vacuum oven at 40 °C for 4 weeks before
characterization. The obtained films had a nominal thick-
ness of &~ 250 pm. For comparison, a neat PLA film was also
prepared. Films were named according to Table 1.

Characterization of Nanofillers and Composites
Field Emission Scanning Electron Microscopy (FESEM)

Drops of diluted aqueous suspensions of BC and AcBC were
deposited on microscope glasses and dried at 100 °C for
5 min. For the PLA/BC nanocomposites cryo-fractured sur-
faces obtained at liquid nitrogen temperature for the different
samples were analyzed in a Zeiss Supra 40 microscope at
an accelerating voltage of 3 kV. All samples were sputtered
coated with a thin layer of gold before observation.

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectra of reinforcements (BC
and AcBC) were collected with an IR Affinity-1 Shimadzu
Fourier Transform Infrared Spectrophotometer in absorb-
ance mode. Carefully dried (12.5 mg, 110 °C, 1 h) powdered
samples were mixed with previously dried KBr (130 °C,
overnight) at 1:20 ratio and pressed into a disc. The IR spec-
tra were recorded between 4000 and 900 cm™! with 40 scans
at a resolution of 4 cm™!. Spectra were baseline corrected

Table 1 Nanocomposite formulations

System PLA (wt%) BC (wt%) AcBC (wt%)
PLA 100 - -

PLA/3BC 97 3 -

PLA/5BC 95 5 -
PLA/10BC 90 10 -
PLA/3AcBC 97 - 3
PLA/5AcBC 95 -

PLA/10AcBC 90 - 10

and normalized against the intensity of the absorption at
1165 cm™! corresponding to the (C—O—C) link of cellulose
[27, 38].

Solid-State Nuclear Magnetic Resonance Spectroscopy (CP/
MAS '*C NMR)

High-resolution *C solid-state spectra of neat and acetylated
BC were recorded using the ramp {1H} — {13C} CP/MAS
pulse sequence (cross-polarization and magic angle spin-
ning) with proton decoupling during acquisition. Experi-
ments were carried out at RT in a Bruker Avance I1-300
spectrometer equipped with a 4-mm MAS probe. The oper-
ating frequency for protons and carbons was 300.13 and
75.46 MHz, respectively. Glycine was used as an external
reference for the'>C spectra and to set the Hartmann-Hahn
matching condition in the cross-polarization experiments.
The recycling time varied from 5 to 6 s according to the
sample. The contact time during CP was 2 ms for all of
them. The SPINAL64 sequence (small phase incremental
alternation with 64 steps) was used for heteronuclear decou-
pling during acquisition with a proton field H1H satisfying
®1H/2r=YHHI1H =62 kHz. The spinning rate for all the
samples was 10 kHz.

X-ray Diffraction Analysis (XRD)

X-ray diffraction patterns of neat and acetylated BC as well
as those of PLA/BC and PLA/AcBC composites were col-
lected in a Rigaku D/Max-C Wide Angle automated X-ray
diffractometer with vertical goniometer, using Cu/Ka radia-
tion source (0.154 nm) at 40 kV and 30 mA. Diffractograms
were recorded in a 20 interval of 10-40° at a step size of
0.02°. The crystallinity index of BC and AcBC samples was
estimated by use of Segal’s empirical equation [39]:

Cl = (Iooy = Lum) /Too2 X 100 ey

where 1), corresponds to the maximum intensity of the
002 lattice diffraction and accounts for both crystalline and
amorphous material, and /,,, is the intensity at 20 =18°
which represents amorphous material only. The crystallin-
ity of the composite films was determined from the ratio of
the crystalline peaks area to the total diffractogram area.

Light Transmittance Analysis

Composite films were characterized in terms of contact
transparency and by recording their light transmittance curve
using a Shimadzu UV/visible spectrophotometer (Model
UV-1650pc) in the range of 200-800 nm. Spectra were
recorded in at least three different positions within the films.



Differential Scanning Calorimetry (DSC)

Thermal properties of PLA and the composites were deter-
mined by DSC (Shimadzu DSC-60) using a heating/cooling/
heating cycle. A first heating scan at 10 °C/min from 30 to
200 °C was applied. Samples were then kept at 200 °C for
2 min in order to erase any thermal history, further cooled
from 200 to —25 °C at 10 °C/min, and finally heated again
from — 25 to 200 °C at 10 °C/min. Crystallization (7}), cold
crystallization (7,.) and melting (7,,) temperatures were
determined as the maximum of the exothermic and endo-
thermic signals, respectively. Glass transition temperature
values (7,) were obtained from cooling scans. The degree
of crystallinity of the casted films was calculated according
to Eq. (2), where wp; 4 is the weight fraction of PLA in the
sample, AH,, is the melting enthalpy determined from the
area of the endothermic peak of the first heating cycle,and
AH,, is the melting enthalpy for a 100% crystalline PLA
taken as 93.7 J/g [40, 41]:

X = (1/Wp4)(AH,,/AH,,,) X 100 )

Uniaxial Tensile Tests

Uniaxial tensile tests were performed on dumbbell samples
(at least five per system) cut out from the PLA matrix and the
PLA/BC and PLA/AcBC composites films in an INSTRON
dynamometer 5982. Stress—strain curves were obtainedat
1 mm/min and using a load cell of 1 KN in accordance with
the ASTM D638 standard. From these tests average Young’s
modulus, tensile strength, and strain at break and their devia-
tions were calculated.

Water Vapor Permeability (WVP)

The water vapor transmission rate (WVTR) of the mate-
rials was determined following ASTM E96/E 96 M-05
(Desiccant method) whenever possible. Briefly, samples
were sealed to the open mouth of acrylic test dishes (test
area=3.8 x 10* m?) containing silica gel (0% relative
humidity) as desiccant, and the assemblies were placed in a
chamber with controlled atmosphere at 24 °C and 53% rela-
tive humidity, the latter achieved by use of saturated solu-
tion of magnesium nitrate. Periodic weighings performed
during 10 days allowed determination of the rate of water
vapor movement through the films into the desiccant. Three
specimens of each sample were tested by the same method.

Weight data collected over time was plotted against the
elapsed time and the rate of water vapor transmission was
determined from the slope of the straight line fitting the first
points of the plot (Kg/s) divided by the test area (m?). Water
vapor permeability (WVP, Kg/msPa) was then determined
from Eq. (3):

WVP = WVTR/Ap x d = WVTR/(S X (R1 —R2)) X d

where WVTR is the rate of water vapor transmission (Kg/
m?s), Ap is the vapor pressure difference (Pa), S is the satu-
ration vapor pressure at the test temperature (Pa), R/ is the
relative humidity at the chamber expressed as a fraction,
R2 is the relative humidity at the vapor sink expressed as a
fraction, and d is the sample thickness (m).

Results and Discussion

Characterization assays of derivatized BC evidenced that
acetyl functional groups (CH;—C=0) were effectively
introduced onto BC nanoribbons, whereas saponification of
AcBC indicated that a degree of substitution of 0.49 was
attained. Esterification became evident from FTIR spectrum
of AcBC (C=0 and C-O stretching observed at 1745 cm™!
and 1240 cm™! respectively, and C—H bending at 1368 cm™)
(Fig. 1a); and from new resonances characteristic of acetyl
groups that emerged in the high-resolution *C solid-state
NMR spectrum of AcBC (methyl carbons at 21 ppm and car-
bonyl carbons of the acetate groups at 171.5 ppm) (Fig. 1b).
No resonance characteristic of citric acid/citrate ester was
observed at 44 ppm.

FESEM images of BC and AcBC are shown in Fig. Ic,
with their characteristic nanometric-in-width and micro-
metric-in-length intertwined ribbons. The morphology and
dimensions of bacterial cellulose was conserved upon deri-
vatization with no visible damage on the fibrils surface. The
similarity between neat BC and AcBC X-ray diffraction pat-
terns (typical cellulose I structure with three well-defined
diffraction peaks centered at 20 =14.4° (101), 16.7° (10-1)
and 22.6° (002) (Fig. 1d)), as well as their corresponding
CI values calculated by Segal’s empirical method (92% for
BC and 91% for AcBC), suggested surface-only derivatiza-
tion, which was actually the target aiming to avoid cellulose
ultrastructure modification. Confinement of BC acetyla-
tion to the nanofibers surface or to their more accessible
amorphous cellulose domains, is highly desirable to avoid
affecting crystalline regions of the inner layers of cellulose
fibers and their main mechanical and morphological proper-
ties [29]. Main characterization data for BC and AcBC are
summarized in Fig. 1.

BC and AcBC were then used at 3, 5 and 10 wt% to pre-
pare PLA/BC and PLA/AcBC composites by solvent cast-
ing. Figure 2 contains representative photographs of the
films obtained. The quality of filler dispersion in the PLA
matrix was visually evaluated in terms of the transparency
of the resulting films, since if the reinforcement is not in the
nanoscale (i.e. aggregated nanofibers), the light transmit-
tance of the material decreases due to the increased light
scattering [42]. In Fig. 2, whereas the neat PLA film looks
homogeneous and the characteristic transparency of neat
PLA films is recognized, incorporation of pristine BC results
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Fig.1 BC and AcBC main characterization. a FTIR spectra, b *C solid-state NMR spectra, ¢ FESEM micrographs and d XRD patterns

in films less traslucent in which nanofiller aggregates are
clearly evident to the naked eye, even for the lowest BC per-
centage assayed. The previous is associated with the well-
known incompatibility of BC and less polar PLA, which
promotes nanofibers aggregation and hinders their proper
dispersion within the polymeric matrix. As it was expected,
the addition of higher BC contents (i.e. 5 and 10 wt%) was
accompanied by more visible reductions in films transpar-
ency. The qualitative observations described before are fur-
ther supported by light transmittance data (Fig. 3), which
illustrate the progressive reduction of transmittance in the
whole wavelength interval assayed as a result of the incor-
poration of higher unmodifed BC loadings into the PLA
matrix.

On the other hand, PLA/AcBC nanocomposites were
much more homogenous, with noticeable improvements
in transparency with respect to the counterparts involv-
ing unmodified BC. Similar observations were previously
described for composites of PLA containing unmodified

microfibrillated cellulose (MFC) of plant origin which were
off-white in colorwith the appearance of MFC aggregates
as white dots all over the film. In contrast, in the films with
acetylated MFC as filler the presence of aggregates progres-
sively vanished with the modification extent achieved, and
the films became increasingly translucent, indicating signifi-
cant improvement of MFC dispersion in the PLA film upon
acetylation [43].

The transmittance curves of the films further illustrated
the observations just made (Fig. 3). The data collected for
the PLA/3AcBC film was actually very close to that of the
neat PLA film, suggesting successful dispersion of nanor-
ibbons within the matrix as a result of hydrophobization
of their surface. Significant retention of the original neat
PLA film transparency upon incorporation of surface acety-
lated BC pellicles has been previously attributed to bacte-
rial cellulose presence in the form of nanosized fibrils, so
that the nanocomposite is free from light scattering [44]. On
the other hand, higher AcBC loadings (i.e. 5 and 10 wt%)



Fig.2 Photographs of neat
PLA, PLA/BC and PLA/AcBC
nanocomposites films with
different nanofiller content
illustrating their relative trans-
parency

Fig.3 Light transmittance
curves of neat PLA, PLA/BC
and PLA/AcBC nanocomposite
films
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gradually reduced the films transparency, from which it may
be infered that, despite acetylation, partial aggregation of BC
took place for such filler contents promoting the scattering
of light. In any case, qualitative and quantitative comparison
of PLA/5AcBC and PLA/10AcBC with the nanocompos-
ites containing equal amounts of neat BC undoubtedly high-
lighed the much better dispersion of BC nanoribbons in PLA
achieved upon their surface hydrophobization. In this way,
due to acetylation, significantly higher filler loadings could
be used with a comparable concomitant transparency loss.

Fig.4 FESEM micrographs of
cryogenic fracture surfaces of
neat PLA, PLA/BC and PLA/
AcBC nanocomposite films.
White arrows point towards the
voids around BC aggregates

Important improvements in nanofibrillated celluloses disper-
sion in PLA upon acetylation (achieved by other routes) have
been previously reported [29, 45].

FESEM micrographs of cryogenic fracture surfaces of the
different composites obtained are shown in Fig. 4. Irrespec-
tively of the filler content, samples with AcBC presented
more uniform fracture surfaces with less evidence of nanor-
ibbons aggregation than samples with pristine BC, which
exhibited voids around larger BC aggregates. Similar find-
ings have been previously reported for PLA reinforced with



microcrystalline cellulose which have been associated with
poor adhesion between composite components [46]. The
more homogeneous morphology presented by PLA/AcBC
samples (better filler dispersion) can be attributed to the
higher compatibility of BC with the PLA matrix achieved
from derivatization, in agreement with observations previ-
ously reported for similar composites [29].

In addition to macroscopic and FESEM images of the
films, BC and AcBC presence in the composites became
also evident from XRD data. Figure 5 collects the X-ray dif-
fractograms of the composite films with the highest nanocel-
lulose content used, i.e. PLA/10BC and PLA/10AcBC. As it
is shown, besides PLA strong crystalline peak at 20=16.6°
and its weaker peak at 19.1°, typical of semicrystalline PLAs
[47, 48], composite diffractograms showed the presence of a
crystalline peak at 22.3° associated with the (002) plane of
bacterial cellulose. Even if PLA itself actually has a minor
peak centered at 22.4°, the marked increase of its intensity
upon incorporation of 10 wt% of BC or 10 wt% of AcBC
is inarguable. Due to overlapping with crystalline signals
of the PLA herein used, BC typical diffractions could not
be identified at lower filler contents [33]. Conversely, XRD
data from composites involving less crystalline PLAs have
often evidenced the presence of typical BC crystalline peaks
more clearly, especially as increasing nanofiller contents
were assayed [44, 49]. According to XRD data, all materi-
als investigated herein displayed crystallinity values within
the 37-39% range.

Thermal properties of the different samples were ana-
lyzed from DSC data. First and second heating traces as
well as cooling thermograms for neat PLA, PLA/BC and
PLA/ACcBC films are shown in Fig. 6, and key data are sum-
marized in Table 2.
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Fig.5 X-ray diffraction patterns of BC, neat PLA, PLA/10BC and
PLA/10AcBC nanocomposite films

Upon first heating (Fig. 6a) all samples exhibited an
endothermic melting peak with 7, in the 149-152 °C inter-
val, and AH,, values in the 30-33 J/g range (Table 2), glob-
ally indicating that no remarkable differences in the ther-
mal behavior among the different materials obtained were
observed. Crystallinity values calculated from first heating
DSC data were found to be within the 32-36% interval, in
quite good agreement with XRD results.

During the cooling scan, PLA showed no crystalliza-
tion event at the cooling rate assayed. On the other hand,
small exothermic peaks at 96-98 °C related to crystalliza-
tion phenomena were observed for all composites contain-
ing pristine BC (Fig. 6b), which indicated that the addition
of unmodified BC favored PLA crystallization. In fact, the
magnitude of the crystallization event increased with the
BC content (Table 2). The nucleating effect of BC on the
crystallization of PLA has been already observed by others
[44, 50]. However, crystallization upon cooling could not be
detected in the nanocomposites containing acetylated BC.
It has been reported in the literature that reinforcing fibers
may not only act as nucleation sites for the crystallization of
PLA, but also they may restrict the mobility of the polymer
chains [41]. These two actions can always be present when
the polymer is cooled in the presence of well-dispersed fib-
ers. Herein, results suggest that when pristine BC is used as
filler, nucleation is promoted; whereas in nanocomposites
with AcBC this effect might have been counteracted by PLA
chains inmobilization. 7, values determined from the cooling
scan were in all cases in the 58-59 °C range, in accordance
with the values reported in the literature for this type of
PLA [34].

During the second heating (Fig. 6¢) neat PLA showed
neither exothermic peak attributed to its cold crystalliza-
tion nor crystals fusion events. Contrarily, all composites
exhibited both cold crystallization and melting peaks at
different temperatures and with varying intensity depend-
ing on whether BC or AcBC was used as filler. For PLA/
BC composites a double melting behavior with one peak
at ~ 147-149 °C and a second one at =~ 152-153 °C was
observed. This phenomenon has been previously attributed
to the presence of small and imperfect crystals or to lamellar
species with different perfection degrees, which later change
into more stable crystals through melting and recrystalli-
zation at low heating rates [51].The double melting peak
behavior shown in Fig. 6¢ for PLA/BC has been previously
observed in second heating scans of composites of PLA
and unmodified sisal fibers. In the mentioned case, authors
claimed that the presence of the two melting peaks were
indicative of two crystal fractions (meta-stable and perfect
crystals) formed during the original cooling of the sample
and the subsequent cold crystallization [52]. The existence
or not of those peaks underlines the difference in the abil-
ity to re-crystallize of the different composites. A higher
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Table 2 Thermal properties of PLA, PLA/BC and PLA/AcBC nanocomposite films

Sample First heating scan Cooling scan Second heating scan
T,CC) AH,(/g X&) T,(0) T.(°C) AHc(U/g) T, (°C) AHc /g T, (0 AH,, J/g)

PLA 150 30 32 58 - - - - - -
PLA/3BC 152 32 34 59 96 3 111 16 149; 153 21
PLA/3AcBC 152 33 35 59 - - 118 23 150 24
PLA/5BC 149 33 36 59 96 6 108 13 147,152 23
PLA/5AcBC 152 33 35 59 - - 117 25 150 26
PLA/10BC 149 33 35 58 98 10 102 11 147,152 24

PLA /10AcBC 152 32 34 58 - - 114 18 150 21

molecular mobility of PLA in the presence of an incompat-
ible filler like BC may justify the double melting behavior
exhibited by the PLA/BC composites as a result of their
better recrystallization ability. On the other hand, in sam-
ples containing AcBC the cold crystallization peak shifted
to higher temperatures and a single melting behavior was
observed. This could be attributed to the restricted mobil-
ity of polymer chains induced by the higher compatibility

between PLA and acetylated BC. However, the existence of
cold crystallization phenomena in PLA/AcBC nanocompos-
ites (which were not present in neat PLA), suggested that
AcBC fibers still acted as nucleating agents. Similar results
regarding the effect of acetylation of BC on PLA crystalliza-
tion have been previously reported [45].

In terms of mechanical properties, in uniaxial tensile tests
neat PLA exhibited ductile behavior, whereas all composites



were much more brittle, in agreement with previous observa-
tions [33]. Tensile parameters values are presented as rela-
tive values with respect to neat PLA in Fig. 7. As it can be
observed in this figure the incorporation of pristine BC into
PLA led to a reduction in stiffness and strength, as a result
of the important aggregation and deficient dispersion of the
BC nanoribbons within the much less polar PLA matrix. In
addition, poor interfacial adhesion between composite com-
ponents reduced the ability to transfer stress from the matrix
to the reinforcement, thereby limiting the tensile strength of
the composites [53].

In contrast, functionalization of BC led to significantly
improved filler dispersion and filler/matrix interaction. As
a result, with the increase of the AcBC content the stiffness
of the nanocomposites was remarkably improved (up to 40%

(a)

with respect to neat PLA), while the tensile strength of the
matrix was mantained. The improvement in the mechanical
properties of nanocomposites has been related to the incor-
poration of a less compliant phase in the polymer matrix.
In this case, part of the external stress is absorbed by the
harder phase, while some is dissipated by particle—particle
and particle-polymer friction [54]; provided proper nano-
filler dispersion and reinforcement/matrix compatibility are
achieved. The increasing trend in stiffness found with AcBC
loading suggests that even at the highest filler content inves-
tigated (10 wt%), acetylated BC was still adequatly dispersed
within the PLA matrix. Better filler dispersion and subse-
quent improvement in stiffness and strength values were pre-
viously reported for PLA reinforced with microfibrillated
cellulose acetylated with a similar degree of substitution

(b)
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Fig. 7 Tensile parameters values of PLA, PLA/BC and PLA/AcBC nanocomposite films presented as relative values with respect to neat PLA. a

Young’s modulus, b tensile strength, c strain at break



than the one conferred to BC in this work [55]; and also
for PLA reinforced with other esterified bacterial celluloses
[56].

Composites ductility, on the other hand, was significanlty
reduced respect to neat PLA irrespectively of the filler sur-
face chemistry, as expected from the introduction of a stiffer
filler into a higher ductility matrix [57].

The results of tensile strength obtained herein were also
analyzed in terms of the model proposed by Pukanszky
et al. 1988 [58]. This model presents a quantitative evalua-
tion of the composition dependence of composite strength,
and it is able to determine the extent of interfacial interac-
tion and detect the effect of filler aggregation. According to
this model, the composite strength is determined by three
components: the matrix strength, the effective load-bearing
cross-section, and the interaction between phases. The sim-
plified form of this model for small deformations is [59]:

o =0,[(1=v) /(1 + 2.5v)] X exp (B vf) )

where ¢ and ¢, are the tensile strength of the composite and
the matrix, respectively; vfis the filler volume fraction and
B is a parameter related to the filler load-bearing capacity.
The parameter Bcan be obtained from the linear form of the
above equation and, in general, a higher B value indicates
a stronger interfacial interaction [60]. Reduced composite
strength can be expressed by rearranging Eq. (4):

Oreqg = 0(1 +2.5vf) [ (0,(1-vf)) = exp (Bvf) )
The natural logarithm of Eq. 5 should depend linearly on
composition having a slope of B. The linear plot also allows
to check the validity of the model and the presence of struc-
tural effects such as filler aggregation, as revealed from any
deviation from a straight line.

The plot of the natural logarithm of reduced strength
values as a function of BC or AcBC volume fraction is pre-
sented in Fig. 8. A rather good linear fit was obtained for
the nanocomposites reinforced with acetylated BC. The B
parameter value was found to be 2.41 for these nanocom-
posites, which is in the same range of values reported in
the literature for different PLA composites reinforced with
lignocellulosic fibers [59, 61, 62]. For the composites with
pristine BC, in contrast, all data points were scattered and
completely deviated from a linear correlation, indicating the
presence of some structural effects such as filler aggregation
[63]. These results are in close agreement with the analysis
of morphology by SEM, as well as with the results of light
transmittance of the films (Figs. 4 and 3, respectively).

Finally, the water vapor permeability (WVP) of PLA
and the composite films was assayed. Under the condi-
tions used, the WVP of the neat PLA film was found to be
4.6x107"%+ 1.4x107!* kg/msPa, which is in the order of
values previously reported for PLA [64]. Besides absolute
values -which may actually vary with the type of PLA and
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Fig. 8 Natural logarithm of reduced tensile strength values as a func-
tion of filler volume fraction
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Fig.9 Water vapor permeability of neat PLA, PLA/BC and PLA/
AcBC nanocomposite films

the assay conditions used-, data summarized in Fig. 9 clearly
indicate that the addition of pristine BC increased the WVP
values of the composites with respect to neat PLA, with rela-
tive change values in the order to those previously reported
for this type of systems [65, 66]. The behavior (which was
observed for all BC contents assayed) may be explained in
terms of the addition of a filler with free surface hydroxyls
groups which results in a strong incompatibility with the
PLA matrix, both effects promoting water vapor transmis-
sion across the films.

Contrarily, the incorporation of acetylated BC resulted
in a slight reduction in the WVP of the nanocomposite
films with respect to the PLA matrix, especially for the
PLA/3AcBC nanocomposite. This result again suggests a
better dispersion of the nanofibers upon hydrophobization
which may have allowed the formation of a finer nano-sized



fibrils network providing a more tortuous path to water vapor
[64, 67]. Similar results have been previously reported for
other PLA nanocomposites modified with cellulose nanofib-
ers. In these composites, the addition of 1 and 3 wt% of pris-
tine cellulose nanofibers led to increased WVP, whereas the
addition of 1 and 3 wt% acetylated cellulose nanofibers not
only improved the mechanical properties of the nanocom-
posites, but also allowed keeping the original permeability
value of PLA due to a better distribution and high compat-
ibility with the matrix [65]. On the other hand, the relatively
higher WVP values shown in Fig. 9 for PLA/5AcBC and
PLA/10AcBC may be explained in terms of partial aggre-
gation of the nanofibers at such filler contents, which could
have reduced the slight barrier effect attained when AcBC
was incorporated at 3 wt%. These results are in agreement
with the relative filler dispersion evidenced in Fig. 3 (light
transmittance curves) for varying filler contents. Increasing
WYVP values at high cellulose nanofibrils loading has been
often associated with filler aggregation providing channels
or domains in the film that allow more rapid water permea-
tion [66].

Conclusions

In the current contribution, non-conventional sustainable
acetylation of BC mediated by citric acid was carried out.
Functionalized BC was used as reinforcement of PLA at
varying filler contents and the optical, morphological, struc-
tural, thermal, mechanical and barrier properties of the com-
posites were assayed as a function of the nanofibers load.
Comparison of characterization results obtained for PLA/
AcBC with those of PLA/BC complementarily illustrated
the compatibilization effect achieved upon acetylation of
BC by the route proposed. Reduction of nanofibers polarity
promoted better nanofiller dispersion within the hydropho-
bic PLA matrix, as clearly denoted by SEM micrographs
and light transmittance analysis. Besides, the analysis of
the effect of the filler content on the films transparency
also indicated that at the lowest AcBC percentage assayed
(i.e. 3 wt%) the light transmittance of neat PLA could be
retained. On the other hand, whereas composites stiffness
was significantly reduced by BC incorporation, the addition
of AcBC resulted in significant increases in the Young’s
modulus of the films. In fact, the analysis of the effect of
the AcBC content evidenced that by increasing it up to
10 wt% stiffness values ~40% higher than that of the neat
PLA matrix could be reached. Furthermore, in terms of the
barrier properties of the films, the water vapor permeability
of PLA was moderatly affected by the presence of the rein-
forcements, with higher WVP values when pristine BC was
used as filler, and slight reductions in WVP with respect
to neat PLA when the filler incorporated was AcBC. No

evident effect of filler percentage could be inferred from
WVP data. Finally, results also showed that the addition of
the nanofibrillated microbial celluloses had a prominent role
in inducing PLA crystallization, whose low crystallization
rate is often a drawback for industrial applications. In this
regard, the increased compatibility between the matrix and
the esterified filler induced upon acetylation came also evi-
dent from significant modifications in the polymer crystalli-
zation behavior induced by restricted mobility of PLA chains
upon improved fiber—matrix interaction.

Overall, optical, morphological, thermal, mechanical and
water vapor barrier properties illustrated the better dispersa-
bility of BC within PLA achieved upon acetylation; whereas
the evaluation of the filler content showed its prominent role
in terms of the mechanical profile and the light transmittance
of the nanocomposites.
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