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This work aimed to evaluate the effect of including different concentrations of bamboo nanofibrils on
physical, mechanical, morphological and structural properties of nanocomposites from cassava starch
and polyvinyl alcohol (PVA). Nanocomposites were prepared with blends of starch/PVA and nanofibrils
of bamboo. Chemical pre-treatments and mechanical defibrillation were used to obtain the nanofibrils.
The mixture containing 3% of starch and 4% of PVA in the proportion of 20/80 (starch/PVA) were chosen
after preliminary testing. Atomic force microscopy (AFM) and transmission electronic microscopy (TEM)

ﬁi{l ‘ggﬁsﬂs were used to characterize the bamboo nanofibrils. Microstructure of the nanocomposites was evaluated
Bionanocomposite using scanning electron microscopy (SEM) and X-ray diffractrometry (XRD). Physical and mechanical
Bamboo pulp properties were also evaluated. Results showed that pre-chemical treatments increased the content of

the alpha-cellulose in bleached pulp by approximately 112% in relation to the native fiber. Increasing the
number of passages through the defibrillator reduced the average diameter of the bamboo nanofibrils
(from 82 4+ 29 nm to 10 + 6 nm). Addition of 6.5% nanofibrils improved the tensile strength and elongation
at the break of the nanocomposite by 24 and 51%, respectively, but reduced the tensile modulus by 40%
in relation to control (unreinforced) blend. Nanofibrils decreased the transparency of the nanocomposite
films. The water vapor permeability and water solubility of the nanocomposite containing high contents
of nanofibrils decreased up to 20% and 30%, respectively, in relation to the control blend.

© 2015 Elsevier B.V. All rights reserved.

Mechanical defibrillation

of blending (Mohanty et al., 2000; Averous and Boquillon, 2004;
Olobarrieta, 2005).
Several studies have examined blending starch with other

1. Introduction

Ecological concern has increased the interest on natural and

renewable materials, making plant fibers and biodegradable poly-
mers an interesting and secure alternative for development of
new materials. Most common biodegradable polymers are obtained
from polysaccharides and polyesters. Between the polysaccharides,
thermoplastic starch (TPS) has been largely used, despite pre-
senting some disadvantages, such as strong hydrophilicity, poor
mechanical properties in comparison to conventional polymers
and variations of post-processing properties. Some strategies have
been presented to improve these properties, including the use
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polymers due to the relative facility of obtaining materials with
desirable properties with no need to significant changes or invest-
ments on the conventional process. Thus, polymeric blends are a
versatile technological solution to obtain polymeric materials with
myriad specifications at relatively low cost using combinations of
polymers with properties of interest (Utracki, 1989; Ishiaku et al.,
2002). Many types of biodegradable PVA-based composites have
been prepared through mixture with starch (Follain et al., 2005;
Lawton, 1996; Siddaramaiah et al., 2004; Cinelli et al., 2006; Zhai
et al., 2003; Khan et al., 2006). Chemical modification, including
cross linking with glutaraldehyde and epichlorohydrin, has also
been used by several authors to improve the physical properties
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Fig. 1. Visual appearance: (a) ground bamboo native fiber; (b) refined pulp without bleaching; (c) refined pulp bleached for one time (1x); and (d) refined pulp bleached for

two times (2x).

and limitations of these polymers (Nabar et al., 2006; Beliakova
et al., 2004; Ramaraj, 2007; Sreedhar et al., 2006).

In recent years, nanofibrils and nanocrystals obtained from
plant fibers have been studied as reinforcement in starch-based
nanocomposites. The use of these two types of cellulosic nanor-
einforcements in polysaccharides matrices has increased because
of their great affinity. Large specific surface area, high aspect ratio
and high capacity to form structured nets make cellulosic nanofib-
rils excellent low-cost and non-toxic reinforcement agents (Chang
et al., 2010; Chang et al., 2010). This class of materials presents
micrometric lengths and nanometric widths, leading to interest
potential for several applications, including drugs (Villanova et al.,
2011), dietary food (Okiyama et al., 1993), special papers (Nguyen
and Tan,2009), reinforcement in packaging/films (Siro and Plackett,
2010; Syverud et al., 2011) and polymeric matrices (Orts et al.,
2005; Azizi Samir et al., 2005; Siqueira et al., 2010).

The present work aimed to evaluate the effect of includ-
ing various concentrations of bamboo nanofibrils on mechanical,
morphological, structural and physical properties of cassava
starch/PVA-based nanocomposites.

2. Materials and methods
2.1. Materials

Commercial unbleached refined bamboo cellulose pulps from
Bambusa Vulgaris Schrad (around 2 years of age), were obtained
from CEPASA - Celulose e Papel de Pernambuco S/A, Jaboatdo dos
Guararapes, Brazil. The bamboo pulp was produced by the soda-
anthraquinone process (NaOH-AQ), with approximately, 18% NaOH
and 0.03% anthraquinone (Ci4HgO,) per unit of solid mass, pH
between 12 and 13, and with a fiber yield estimated in 46%. After
batching in a Pandia continuous digester at 6-7 bar and 170 °C for
45 min, samples were disk refined until a Schopper Riegler (SR)
index of around 25-30.

Composite matrix was formed by: modified cassava starch -
FMM (Cargill, lot 1,209,035, type A), crystallinity index (CI) of
around 45% and amylopectin content of 85%; polyvinyl alcohol
- PVA (Sigma-Aldrich, lot MKBK3473V), with molecular weight
(Mw) of 130.000g/mol, 99% hydrolyzate; and liquid glycerol
(Sigma-Aldrich) as plasticizer agent, with Mw of 92.09 g/mol, >
99% concentration and density of 1.26 g/mL.

2.2. Pre-treatment and characterization of the bamboo pulp

Before obtaining bamboo nanofibrils, the refined pulp sample
was subjected twice to alkaline treatment as proposed elsewhere
(Corradini et al., 2006) followed by bleaching (Pereira et al., 2010)
but maintaining the pH at 11 in order to prevent brightness rever-
sion. Before repeating or starting a new treatment, samples were
washed with tap water until the pH becomes neutral. In order to
calculate fiber yield, the samples were oven dried at 60°C for 24 h
and weighted before and after each treatment.

Chemical composition of the refined pulps, with and with-
out treatments, was determined. Sample preparation for chemical
analysis followed the procedures described in T264 cm-97 (TAPPI,
1999a) and T257 cm-97 (TAPPI, 1999b) standards. The percent-
age of holocellulose (cellulose + hemicelluloses) was determined
as described in T9m-54 (TAPPI, 1999c). The contents of alpha-
cellulose and lignin (insoluble in acid) were estimated according to
T203 cm-99 (TAPPI, 1999d) and T222 cm-88 (TAPPI, 1999e) stan-
dards, respectively. The content of hemicelluloses was calculated
from the difference between the values of holocellulose and alpha-
cellulose, and the contents of ash and extractives were calculated
in accordance with T211cm-93 (TAPPI, 1999f) and T204 cm-97
(TAPPI, 1999¢g) standards, respectively. The procedure for deter-
mining solubility in ethanol-toluene (1:2, v/v) was conducted for
6 h in ethanol/toluene and 4 h in ethanol. All determinations were
performed in triplicate.

After pre-treatment and characterization, the native fiber and
refined pulp without bleaching were called FNA and PRST, respec-
tively, and the pulp twice alkaline treated and bleached were
called PRM2 and PRM2B2, respectively. Fig. 1a-d show the ground
bamboo native fiber, refined pulp without bleaching, refined pulp
bleached for one time (1x) and refined pulp bleached for two times
(2x).

2.3. Production of bamboo nanofibrils

Bamboo nanofibrils were obtained by mechanical defibrilla-
tion of the pre-treated (twice alkaline treated and twice bleached)
refined pulp fibers using a Super Masscolloider Masuko Sangyo
MKCAG6-3 defibrillator at 1500 rpm (Ifuku et al., 2010). Initially, the
bamboo pulp was immersed (at 1.2% w/v concentration) in water
for 48 h for hydration to guarantee the swelling of the fiber cell wall.
The gap between the silicon carbide stones in the defibrillator was
adjusted to 100 pm (Nakagaito and Yano, 2004) and suspensions
from refined/bleached fibers were fed several times until form a
gel, which began to happen after 15 passages through the defib-
rillator (Bufalino et al., 2014; Guimardes Junior et al., 2015). The
number of passages adopted for this study was 5 and 30, and the
electric current consumed was kept at 6 A. Sonication was applied
after defibrillation, for 30 min, using a Branson sonicator with a
13 mm tip, at 450 W (25% amplitude) and 20-25 KHz, which led to
840]/mL energy.

The suspensions were called NRB5x and NRB30x for nanofibrils
obtained after 5 and 30 passages through the defibrillator, respec-
tively. Fig. 2 shows the steps of production the bamboo nanofibrils
from the solution of bleached refined pulp until obtaining the gel
after 30 passages through the mechanical defibrillator.

2.4. Characterization of the bamboo nanofibrils

Transmission electron microscopy (TEM) was performed in
order to evaluate the morphology of bamboo nanofibrils, using a
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Fig. 2. Stages of production of bamboo nanofibrils: (a) refined and twice bleached bamboo pulp (Guimardes Junior et al., 2015); (b) aqueous solution of the same bamboo
pulp; (c) Super Masscolloider Masuko Sangyo MKCA6-3 defibrillator; (d) visual appearance of the gel formed after 30 passages of the solution of bamboo pulp through the
defibrillator (Guimaraes Junior et al., 2015); (e) and (f) AFM micrographs of bamboo nanofibrils.

Fig. 3. (a) FMM/PVA blend film (P80/A20); (b) nanocomposite with bamboo
nanofibrils (6.5% dry mass) obtained after 5 passages through the defibrillator; (c)
nanocomposite with nanofibrils (6.5% dry mass) obtained after 30 passages through
the defibrillator. Diameter of the films=15cm.

Carl Zeiss EM 912 instrument with corrected Omega filter peels, at
tension of about 100 kV. Aqueous solutions of cellulose nanofibrils
(0.05 g/L) stained with uranyl acetate were deposited and dried on
copper microgrids of 400 mesh. Nanofibril dimensions were mea-
sured using the Image ] 1.47 V software. At least 100 measurements
were randomly performed to determine the average diameter of
the nanofibrils.

Atomic force microscopy (AFM) was performed with an Agilent
5500 N9410S microscope. A drop of a dilute suspension of approx-
imately 0.05 g/L was deposited on a cleaved mica surface and dried
at 60°C for 12 h. The images were obtained in dynamic mode at
room temperature with a scan rate of 1 Hz, using silicon tips with a
curvature radius of less than 10 nm and spring constant of 42 N/m.
Image processing and diameter measurements were performed
using 64-bit Gwyddion software. The diameters of the nanofibrils
were estimated by measuring their heights to eliminate the con-
volution effect between the probe tip and the bamboo nanofibrils
(Kvien et al., 2005). Around 100 nanofibrils were randomly cho-
sen for each condition, and two height measurements were used to
determine the average diameter (Silvério et al., 2013). The surface
roughness of the mica surface after the deposition of the nanofib-

rils was measured in 5 pm x 5 wm scanned areas, using the average
surface roughness parameter (Ra in Eq. (1)) of the 64-bit Gwyddion
software (Kaboorani and Riedl, 2012). Roughness (Ra) was evalu-
ated in order to estimate how is dispersion of nanofibrils for each
number of passages through the defibrillator.

1 .
Ra=H)]}"=121—Zm, (1)
where:
1 .
Zm = ﬁEin=1 Zi (2)

Ra (average roughness) is the arithmetic mean of the absolute
deviation values from the surface height. Zm is the average height
of the sample points, and Zi is the height of each sample point. The
number of points within each area is represented by n.

2.5. Preparation of the control blend and nanocomposites

A solution of starch (FMM) was prepared with 3% starch (FMM),
12% glycerol and 85% water. A PVA solution was prepared with 4%
PVA, 25% glycerol and 71% water. Both combinations were defined
based on previous investigations regarding different proportions
of raw materials, and on the ensuing results of water vapor per-
meability, mechanical and physical properties. For preparing the
solutions, both FMM and PVA powders remained immersed for
24h in distilled water under mechanical stirring at 100rpm at
room temperature for hydration. Then, glycerol was added and both
solutions of FMM and PVA were submitted to magnetic stirring at
500 rpm at 80 and 90 °C, respectively for 20 min. FMM and PVA solu-
tions were mixed in the proportion of 20/80 (FMM/PVA) at room
temperature in a homogenizer at 15,000 rpm for 5 min. Around 40 g
of the final solution was poured into Plexiglas acrylic plates (15 cm
in diameter) for obtaining of the control sample (called P80/A20)
by film casting. Finally, it was sonicated and placed in a controlled
room at 20°C and 60% relative humidity for 10 days for drying
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Fig. 4. Permeability cell for determination of water vapor permeability. (a) hole in the cap for diffusion of water through the specimen; (b) flat portion of contact between
the cap and the vial, to avoid interferences between the pressures created; (c) plastic ledge that press the flat specimen in the flat portion of the vial; and (d) parts that

permeability cell.

and moisture stabilization. The thickness of the control blend films
varied between 0.064 and 0.093 mm.

The nanocomposites were also prepared by film casting with
the blends of starch (FMM) and PVA at 20/80 (FMM/PVA) ratio and
reinforced with four different contents (0.5, 1.5,4.5 and 6.5% in rela-
tion to total solid mass of the film) of bamboo nanofibrils obtained
with 5 and 30 passages through the defibrillator. The aqueous sus-
pensions of nanofibrils were added to the FMM/PVA blend under
mechanical stirring at 750 rpm at room temperature for 15 min, and
homogenized at 15,000 rpm at room temperature for 20 min. Then,
the blend solutions with nanofibrils were subjected to 1 h of soni-
cation at 450 W with 25% amplitude (energy of around 1.7 KJ/mL).
Finally, the solutions were poured into Plexiglas acrylic plates and
placed in a controlled room at 20°C and 60% relative humidity for
10 days for drying and moisture stabilization. The thickness of the
nanocomposite films varied between 0.073 and 0.121 mm. Fig. 3
shows the blend films and flexible nanocomposites obtained.

2.6. Characterization of the nanocomposites

2.6.1. Mechanical properties

The maximum tensile strength (TS), the elongation at breaking
(TB) and the tensile modulus (TM) of nanocomposites were deter-
mined in an INSTRON model 5966-E2 instrument with an 1 kN load
cell, deflection rate of 50 mm/min, and initial distance between the
clamping jaws of 50 mm. The tensile test was performed following
the ASTM D 882-00 standard. Test specimens with 15 mm width
and 100 mm length were used, and the TM was calculated from the
tangent of the initial linear function of the stress- strain curve. Five
repetitions were used for each percentage of bamboo nanofibrils
tested.

2.6.2. Scanning electron microscopy (SEM)

A Shimadzu SSX-550 scanning electron microscope (SEM) oper-
ating in a high vacuum chamber at acceleration voltage of 15 kV was
used to analyze the surface morphology of the blend and nanocom-
posite films. A secondary electron detector was used to capture the
images. A nanolayer of gold particles was deposited on the film
surfaces for 2 min at 330V and 20 mA in a physical vapor depositor
(PVD).

2.6.3. X-ray diffractometry (XRD)

The crystallinity index of the nanocomposites were estimated
from X-ray diffraction using a Shimadz XRD- 6000 diffractometer
at room temperature, step size of 0.05° and an integration time of
1s. The radiation used was CuKa (1.5406 A), which was generated
by 40 kV and an incident current of 30 mA. Flat pieces of nanocom-
posites were cut and fixed in the glass sample holder. Crystallinity
index was calculated by deconvolution of the diffraction peaks
using a Lorentzian function of the crystalline and amorphous peaks

(Chen et al., 1999). A Savitzky-Golay filter was used to smooth the
curves.

2.6.4. Physical properties

2.6.4.1. Optical transmittance (Tr). The transmission of light
through the nanocomposites was measured in a Shimadzu UV-vis
1601 spectrophotometer, with a double-beam tungsten lamp,
accuracy of 0.5nm and a spectral band of 2 nm. This technique
allowed the evaluation of the total percentage of incident light
that is transmitted through the nanocomposites before and after
the incorporation of bamboo nanofibrils. The scan was performed
between 400 and 800 nm, and transparency was evaluated accord-
ing to procedures described elsewhere, (Kampeerapappun et al.,
2007; Chen et al., 2008). Specimens were cut into rectangles with
10mm x 50mm and adhered to the internal wall of the quartz
cuvette of the spectrophotometer (Park and Zhao, 2004). Three rep-
etitions were performed for each nanofibril content. The empty
quartz cuvette was used as the totally transparent control. The
device was programmed to display the light transmittance value
(%) passed through the nanocomposites.

2.6.4.2. Water vapor permeability (WVP). The water vapor trans-
mission rate (WVTR) of the blend and nanocomposites was
determined by gravimetry using the ASTM E 96-00 standard. The
test specimens were cut with a radius of 5.25mm and placed
between the cap and the amber glass vials of the permeability cell
(Fig. 4) with %4 of its volume containing CaCl, (desiccant) previously
dried. Then, the amber glass was placed in hermetic desiccators at
18.5+2°C, whose a volume of water sets the water activity to 0.1
in contact with the upper face of the specimen. The weight gain
was measured each 24 h until 10 days of moisture exposure. A plot
of weight gain versus time was used to determine the WVTR. The
slope of the linear portion of this plot represents the steady state
amount of water vapor diffusing through the specimen. Three rep-
etitions were performed for blend and each nanofibril content. The
water vapor permeability (WVP) was calculated by multiplying the
steady WVTR by the specimen thickness (mm) and dividing that
by the water vapor pressure difference (Ap=2.1297 kPa; Tetens,
1930) across the specimen (Bourtoom and Chinnan, 2008). Fig. 4
shows details of the permeability cell.

2.6.4.3. Solubility. Water solubility was determined using circu-
lar test specimens of 3.14cm?. The initial dry mass was obtained
after drying at 554 2°C for 24 h. Specimens were immersed in a
vessel containing 30 mL of distilled water and magnetic stirred at
50rpm for 24 h at room temperature. The resultant suspensions
were filtered, and the residues were dried at 105 °C for 24 h. After
weighing, the amount of non-solubilized material was determined.
The solubility of the specimens was expressed as percentage of
mass solubilized inrelation to the initial mass (Gontard et al., 1994).
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Fig. 5. Average and standard deviation values of chemical constituents of the bamboo native fiber (FNA), refined bamboo pulp without pre-treatments (PRST), refined
bamboo pulp twice treated with NaOH (PRM2), refined bamboo pulp twice treated with NaOH and twice bleached (PRM2B2). AC=alpha-cellulose; HC = holocellulose;

HE = hemicellulose; EX = extractives; AS = ashes; and TL = total lignin.

2.6.5. Statistical analysis

Sisvar 5.0 was used for carrying out statistical analyzes of data
through average comparison. Fisher’s least significant difference
and Scott-Knott test were used at 95% confidence level for mechan-
ical and physicals properties.

3. Results and discussion
3.1. Characterization of the native fiber and bamboo pulp

Lignin and hemicelluloses removal from surrounding the cel-
lulose micro/nanofibrils of the plant cell wall is one of the
most important steps for obtaining cellulose nanofibrils, since
lignin and hemicelluloses act as binders in the fibrillar struc-
ture, preventing their individualization (Nakagaito and Yano, 2004;
Dufresne et al., 1997; Dinand et al., 1999). Purely mechanical
processes can cause excessive cellulose fibril breaking and incur
an increase in energy consumption (Siro and Plackett, 2010).
The combination of both chemical and mechanical methods can
lead to nanofibrils with excellent quality and with low energy
consumption.

Fig. 5 presents the chemical constitution of the fibers after
the pre-treatments. The native bamboo fiber (FNA) presented
lower percentages of alpha-cellulose (AC=40.3%) and holocel-
lulose (HC=67.4%), and higher percentages of hemicelluloses
(HC=27.0%), total lignin (TL=18.4%), extractives (EX=13.4%) and
ash (AS=2.2%) compared to the pre-treated pulps. After pulping
with NaOH-AQ (sodium hydroxide + anthraquinone) followed by
refining (PRST), the content of alpha-cellulose (AC) and holocellu-
lose (HC) of the pulp increased significantly to 74.3% and 84.8%,
respectively, while the content of hemicelluloses (HE), total lignin
(TL) and extractives (EX) decreased to 10.5, 6.6 and 7.1%, respec-
tively. Results agree with values found in literature for the same
studied species (Gomide et al., 1982; Morais et al., 2000; Gomide,
1986) and within the range for other bamboo species with age
between 2 and 4 years (Mwaikambo, 2006; Li et al., 2007; Wahab
et al, 2013).

After the second bleaching (PRM2B2), there was an increase of
111.7 and 42.0% in the content of AC and HC, while values of HE,
TL and EX reduced by 61.5, 96.0 and 82.1%, respectively in rela-
tion to natural fiber (FNA). The high content of AC and HC after
pre-treatment indicate the opening of the lignocellulosic structure
of the fibers, causing hydrolysis of the hemicelluloses and cleav-
age of lignin-hemicelluloses bonds, which resulted in removal of
hemicelluloses and almost all the lignin of the pulp (Suess, 2010).

3.2. Characterization of the bamboo nanofibrils

3.2.1. Morphological analyses

Fig. 6a and b depicts AFM images of the bamboo nanofibrils
obtained after 5 and 30 passages through the defibrillator, respec-
tively. The mechanical disruption caused by defibrillation resulted
in fibrillar structures with lengths estimated on tens of microm-
eters and diameters predominantly smaller than 100 nm (Fig. 6¢
and d). The reduction of the average diameter with the increase of
number of passages (i.e., from 5 to 30) was of around 88%. The diam-
eters changed from 82 29 nm to 10 & 6 nm, turning the nanofibril
suspensions more stable for the sample with 30 passages through
the defibrillator. Furthermore, the suspension with 30 passages
presented 66% of nanofibrils with diameter between 5 and 15 nm
(Fig. 6d), while 5 passages let to around 37% of nanofibrils in the
same range (Fig. 6a). The analysis of roughness (Ra) of the surface
after nanofibril deposition showed high values of Ra for samples
obtained with 5 passages, which is evidence of low quality disper-
sion of nanofibrils, and indicates the presence of nanofibril clusters
(Kaboorani and Riedl, 2012).

Fig. 7a and b show TEM images of bamboo nanofibrils after 5 and
30 passages through the defibrillator. Again, it is observed that 30
passages (Fig. 7b) improved the individualization of the nanofibrils
in relation to 5 passages (Fig. 7a). Fig. 7c and d present the diam-
eter distribution (measured in the TEM images) of the nanofibrils.
The values measured after 5 and 30 passages were 123.1+14.7 nm
and 19.3 £ 9.2 nm, respectively, which were higher than those mea-
sured in the AFM images. Similar behavior was found in literature
(Flauzino Neto et al., 2013). Results of the morphology obtained
in the present work are consistent with nanofibers extracted from
other sources (Karimi et al., 2014; Chen et al., 2011 Li et al., 2014;
Abe and Yano, 2010; Tonoli et al., 2012).

3.3. Characterization of the nanocomposites

3.3.1. Mechanical properties

Fig. 8 shows the average and standard deviation values of ten-
sile strength, elongation at break and tensile modulus of the blend
(P80/A20) and nanocomposites reinforced with different contents
of nanofibrils obtained with 5 (Fig. 8a-c) and 30 (Fig. 8d-f) pas-
sages through the defibrillator. Tensile strength, elongation at break
and tensile modulus of the control blend (P80/A20) were 26.3 MPa,
186% and 503MPa, respectively. No significant (p < 0.05) increase in
tensile strength was observed for inclusion of bamboo nanofibrils
obtained with 5 passages (Fig. 8a). Nanocomposites reinforced with
4.5% of nanofibrils from 5 passages presented significant (p (00.05)
higher values of elongation at break than the other samples, and
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Fig. 6. Typical atomic force microscopy (AFM) images (topography) of the bamboo nanofibrils: (a) 5 passages (Guimardes Junior et al., 2015); and (b) 30 passages through the
defibrillator (Guimardes Junior et al., 2015). Diameter distribution (determined from measurements in the AFM images) of the bamboo nanofibrils: (c) 5 passages (Guimardes
Junior et al., 2015); and (d) 30 passages through the defibrillator (Guimaraes Junior et al., 2015). Average diameter of the nanofibrils and roughness (Ra) provided with the

nanofibrils is presented. Scanning area was 25 pm? (5 pm x 5 pm).

leading to around 29% more ductile film than the control blend
(Fig. 8b). Tensile modulus increased significantly (12% in relation
to the control blend) for nanocomposite with 0.5% nanofibrils and
decreased significantly for nanocomposites with 4.5% and 6.5% of
nanofibrils (Fig. 8c).

The addition of 4.5 and 6.5% of bamboo nanofibrils obtained
with 30 passages resulted on significant (p <0.05) improvements
of tensile strength (Fig. 8d) and elongation at break (Fig. 8e) of the
nanocomposites. For 6.5% of nanofibrils the increase was of around
24% for tensile strength and 51% for elongation at break in relation
to control blend. Tensile modulus decreased significantly (around
40%) in relation to the control blend (Fig. 8f).

The lower performance of the nanocomposites with nanofib-
rils obtained with 5 passages in relation to 30 passages is probably
because the former presents some agglomeration of nanofibrils
that may cause fissures and/or cracks in the microstructure of
the nanocomposites. On the other hand, for nanocomposites rein-
forced with nanofibrils from 30 passages through the defibrillator,
the large surface area of the smaller nanofibrils permitted greater
efficiency in the load transference from the matrix to the nanofib-
rils (Bilbao-Sainz et al.,, 2011). The improved distribution of the
nanofibrils led to more efficient packaging and compact structure.
Similar results were found elsewhere (Petersson et al., 2007; Lu
et al., 2008; Jonoobi et al., 2010; Xu et al., 2013).

The values of tensile strength obtained in the present work
are similar to those of linear low density polyethylene - LLDPE
(37 MPa), polycaprolactone - PCL (20.7-42 MPa), and polypropy-
lene - PP (35MPa); and higher than values presented by low
density polyethylene - LDPE (6.9-16.0 MPa), polyesteramide — PEA
(17MPa) and highly branched LDPE (8.5-10.5MPa); which are
polymers frequently used in flexible packages for food industry

and agricultural sector (Doak, 1986; Averous, 2004; Auras et al.,
2004).

3.3.2. Morphology of the blend and nanocomposite surfaces

SEM analyses permits visualize the homogeneity of the sur-
face microstructure, including the presence of fissures, cracks and
delaminations that may affect mechanical and barrier properties of
the material. Fig. 9a and b present SEM micrographs of the control
blend, which presented continuous and cohesive surface. No sep-
arations of the polymer phases (starch and PVA) were observed,
demonstrating good interactions between them. Previous studies
(Frost et al., 2011; Han et al., 2009; Tudorachi et al., 2000) also
showed good compatibility between cassava starch and PVA due to
the high presence of hydrogen bonding energy in both polymers.
Nanocomposites with 0.5% nanofibrils obtained after 5 passages
presented some cracks and erupted bubbles (Fig. 9c). Similar results
were reported by Jayasekara et al. (2004) and Rindlav-Westling
et al. (2002), whose fissures may have been caused by surface
wrinkling due to the drying process or differences in the drying
shrinkage related to the presence of the nanofibrils and agglom-
erates. Specimens with 1.5 and 6.5% of nanofibrils obtained with
5 passages also presented great roughness due to the forma-
tion of agglomerates/clusters of nanofibrils (Fig. 9d and f). Among
all nanocomposites reinforced with nanofibrils obtained with 5
passages, those with 4.5% concentration presented the best distri-
bution within the blend matrix (Fig. 9e). It agrees with the higher
average values of tensile strength (Fig. 8a) and elongation (Fig. 8b)
for these nanocomposites in the previous section.

Fig. 10 depicts SEM micrographs of nanocomposites reinforced
with nanofibrils obtained with 30 passages through the defibril-
lator. In this case nanofibrils are better dispersed in the matrix
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Fig. 7. Typical transmission electron microscopy (TEM) images of bamboo nanofibrils obtained with: (a) 5 passages; and (b) 30 passages through the defibrillator. Diameter
distribution (determined from measurements in the TEM images) of the bamboo nanofibrils: (c) 5 passages; and (d) 30 passages.
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Fig. 8. Average and standard deviation values of: (a) and (d) tensile strength; (b) and (e) elongation at break; and (c) and (f) tensile modulus of the control blend (P80/A20)
and nanocomposites reinforced with different contents (0.5%, 1.5%, 4.5% and 6.5% dry basis) of bamboo nanofibrils obtained with 5 passages (a-c) and 30 passages (d-f)
through the defibrillator Dotted lines indicate the average values of the reference material (control blend: P80/A20). Lower case letters in the bars (a, b, ¢, d and e) represent
statistical comparisons using Fisher’s test, while different letters indicate significant (p <0.05) differences between the films.
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Fig. 9. Typical scanning electron microscopy (SEM) micrographs of: (a) and (b) control blends (P80/A20-80% of PVA and 20% of starch) with magnification of 300x and
1000x, respectively; and nanocomposites reinforced with different contents of bamboo nanofibrils obtained with 5 passages through the defibrillator: (c) 0.5%; (d) 1.5%, (e)
4.5% and (f) 6.5%, with magnification of 500x. Arrows and circles indicate fissures and the formation of clusters.

for all concentrations. The more compact surface, the cohesive-
ness, the homogeneity of the film, the absence of phase separation
and minimum presence of bubbles, clusters and fissures are good
evidences of the improved microstructure of this nanocomposites

(Mali et al., 2004). As reported in the previous section, with 30
passages through the defibrillator, the nanofibrils showed a better
interaction with the blend matrix due to the reduction of nanofibril
diameter that improves surface contact and increase free hydrox-

Fig. 10. Typical scanning electron microscopy (SEM) micrographs of nanocomposites reinforced with different contents of bamboo nanofibrils obtained with 30 passages
through the defibrillator: (a) 0.5%; (b) 1.5%; (c) 4.5%; and (d) 6.5%. Arrows show fissures. Magnification: 500 x.
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Fig. 11. X-ray diffraction (XRD) pattern of nanocomposites reinforced with: (a) bamboo nanofibrils in different contents (0.5%, 1.5%, 4.5% and 6.5% dry basis) obtained with 5
passages through the defibrillator; and (b) bamboo nanofibrils in different contents obtained with 30 passages. P80/A20 refers to the control blend of PVA and starch. Arrow
indicates the order of the samples (as presented in the legends), while values in parentheses are the calculated crystalline indexes of the films.

yls groups for bonding. Again, this result is consistent with the
mechanical performance.

3.3.3. X-ray diffractometry — DRX

In general, starch presents some crystalline structure attributed
to well organized amylopectin molecules (Moorthy, 2002). PVA is
typically semicrystalline with an amorphous band and some degree
of crystallinity depending on its degree of hydrolysis (Bassner and
Klingenberg, 1998).Fig. 11 shows the characteristic diffraction peak
of PVA at 2 Theta=19.6° (Das et al., 2010), and a shoulder at around
2 Theta=22.5°, which is assigned to the (00 2) lattice plane of cel-
lulose I in bamboo nanofibrils and to the crystal structures of the
starch. Fig. 11b shows that bamboo nanofibrils obtained with 30
passages increased the crystallinity index of the nanocomposites in
relation to those reinforced with nanofibrils obtained with 5 pas-
sages (Fig. 11a). This is because well-dispersed nanofibrils probably
acted as nucleating agents for the crystals (Fujisawa et al., 2014;
Wang et al., 2014).

3.3.4. Physical properties

3.3.4.1. Optical transmittance (Tr). Fig. 12 shows the Tr curves
for the blend and nanocomposites. Blends are more transparent
(Tr=85% at 800 nm wavelength) than nanocomposites. Nanocom-
posites reinforced with bamboo nanofibrils obtained with 30
passages presented higher values of transmittance (Tr between
79% and 84% at 800 nm wavelength) in relation to 5 passages, for
all contents of nanofibrils (Fig. 12b). This is because nanofibrils
from 30 passages are well dispersed and presents lower diameters,
improving transparency of the films. Nanocomposites reinforced
with nanofibrils from 5 passages (Fig. 12a) presented lower trans-
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mittance values (Tr from 60% to 78%) probably due to the nanofibrils
with high diameters and occasionally due to the poor dispersion of
them.

Nanocomposites became more opaque as the concentration of
nanofibrils increased for both passage numbers (5x and 30x),
because of the formation of a percolated web and some nanofib-
ril clusters that block the transmittance of the light. The SEM
images corroborate this discussion (Figs. 9c-f and Fig. 10a-d). Sim-
ilar results were presented elsewhere (Bilbao-Sainz et al., 2011;
Savadekar and Mhaske, 2012; Iwamoto et al., 2005; Bielecki et al.,
2005; Chavez-Pacheco et al., 2004). The optical properties are an
important issue for packaging films, because may influence the
appearance of the products. Normally, a transparent packaging is
desirable in order to allow of viewing the packed product (Brawn,
1992). In other cases, it is necessary to protect the product from
light in order to reduce catalyzed deteriorations (Sarantépoulos
et al., 2002).

3.3.4.2. Water vapor permeability (WVP). The average values of
water vapor transmission rate (WVTR) and water vapor permeabil-
ity (WVP) for nanocomposites reinforced with nanofibrils obtained
with 5 and 30 passages are presented in Table 1. Lower contents
(0.5% and 1.5%) of nanofibrils led to some increase of WVTR and
WVP probably because they are not enough to form a consis-
tent network of nanofibrils capable of retain the penetration of
water vapor. Instead, this low content of nanofibrils forms clus-
ters and some porosity that causes a negative effect on barrier
properties (Sanchez-Garcia et al., 2007). SEM images presented
in previous sections (Fig. 9c-d and Fig. 10a-b) corroborate with
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Fig. 12. Average and standard-deviation values of light transmittance (Tr) in the range of 400-800 nm wavelength, through the blend and nanocomposites: (a) containing
bamboo nanofibrils (in different contents) obtained with 5 passages through the defibrillator; (b) obtained with 30 passages. The filled triangles refer to the control blend

(P80/A20, composed of 80% PVA and 20% cassava starch).
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Table 1

Average and standard deviations values of water vapor transmission rate (WVTR) and water vapor permeability (WVP) of the control blend (P80/A20) and nanocomposites
reinforced with different concentrations of bamboo nanofibrils obtained with 5 and 30 passages through the defibrillator.

Material Nanofibrils® (%) Thickness” (mm) WVTRS (gH,0/m? day) WVP* (g mm/KPa day m?)
Nanocomposite with 0.5 0.085 + 0.009 33.68 + 0.61 131 + 0.02d
nanofibrils from 5 1.5 0.099 + 0.007 30.34 + 0.95 1.26 + 0.01c¢
passages 4.5 0.143 + 0.012 24.60 + 0.97 1.07 £ 0.02a
6.5 0.118 + 0.011 27.16 £ 1.57 1.16 £ 0.03b
Nanocomposite with 0.5 0.081 + 0.006 31.54 + 0.64 1.25+0.02b
nanofibrils from 30 1.5 0.099 + 0.008 29.82 + 1.18 1.23 £ 0.01b
passages 4.5 0.127 + 0.011 21.16 + 0.44 0.98 +£ 0.03 a
6.5 0.105 + 0.009 20.67 + 1.09 0.94 + 0.02a
Control blend (P80/A20)¢ - 0.077 + 0.002 29.13 + 0.22 1.18 £ 0.01b

2 Content indry weight.
b Average of 10 measurements.
¢ Average of 3 measurements.

4 Blend composed of 80% PVA and 20% cassava starch. Lower case letters (a-d)in the SOL column represent statistical comparisons using Scott-Knott test, while different

letters indicate significant (p < 0.05) differences between the values.

Table 2

Average and standard deviations values of water solubility (SOL) for the control blend (P80/A20) and nanocomposites reinforced with different concentrations of bamboo

nanofibrils obtained with 5 and 30 passages through the defibrillator.

Material Nanofibrils?® (%) Thickness” (mm) SOLE (%)
Nanocomposite with 0.5 0.0803 + 0.012 30.08 + 8.4c
nanofibrils from 5 1.5 0.0887 + 0.011 2833+ 9.7b
passages 4.5 0.1231 + 0.012 2582 + 10.8a
6.5 0.1064 + 0.014 25.66 + 9.8a
Nanocomposite with 0.5 0.0776 + 0.009 2854+ 7.7d
nanofibrils from 30 1.5 0.0883 + 0.012 2582+ 9.1c
passages 4.5 0.1131 + 0.009 2116+ 7.7b
6.5 0.1077 £ 0.011 1733 £ 9.1a
Control blend (P80/A20)¢ - 0.0682 + 0.004 2547 + 4.6¢

2 Content in dry weight.
b Average of 10 measurements.
¢ Average of 3 measurements.

d Blend composed of 80% PVA and 20% cassava starch. Lower case letters (a—d)in the SOL column represent statistical comparisons using Scott-Knott test, while different

letters indicate significant (p <0.05) differences between the values.

this results, showing the formation of pores, and fissures/cracks on
those nanocomposite surfaces.

Addition of high contents of nanofibrils (4.5% and 6.5%) from
5 and 30 passages decreased the WVTR and WVP values of the
nanocomposites in relation to the control blend (P80/A20). This
decrease in permeability may be explained by the percolated net-
work formed by the nanofibers, leading to a continuous network of
hydrogen bonds that reduces the diffusion of water vapor (Sreekala
et al., 2008; Lai and Padua, 1998; Kaushik et al., 2010). Similar
behavior was found elsewhere (Mikkonen et al., 2011; Svagan
et al., 2009; Dufresne et al., 2000). The values of WVTR observed
in the present work (20-30g/m?.day) are higher than to values
found for some polymers used in the packaging sector (low-density
polyethylene — LDPE =3.7 g/m?.day; high-density polyethylene —
HDPE =3.5g/m2.day) and polylactic acid - PLA=12.6g/m? day)
(Petersen et al., 2001).

3.3.4.3. Water solubility (SOL). The control blend and all nanocom-
posites evaluated became opaque after 24 h immersed in water,
while continuing flexible and foldable. Water solubility was signif-
icantly higher (p >0.05) for nanocomposites with 0.5% nanofibrils
(in both number of passages) (Table 2). Water solubility was around
30% lower (in comparison to the control blend) for nanocompos-
ites reinforced with 6.5% of nanofibrils obtained with 30 passages
through the defibrillator. As discussed before, this result is con-
sequence of the lower diameters of the nanofibrils produced in
this condition, which improved the percolated network (Miiller
et al., 2009) and decreased pores and fissures in these nanocom-

posites. In contrast, the formation of fissures and pores occurred
in specimens with fibril agglomerations or insufficient amount of
nanofibrils bonded together. Results of water solubility agree with
the findings for vapor permeability.

4. Conclusions

Bamboo nanofibrils were effectively isolated from commer-
cial refined bamboo pulp. Chemical pre-treatments (alkaline and
bleaching) were used to improve the individualization of the
nanofibrils in the mechanical defibrillator. Morphological analy-
sis using atomic force microscopy (AFM) indicated a reduction of
around 88% (from 82 + 29 nm to 10 &+ 6 nm) in the average diameter
of the nanofibrils obtained with 30 passages through the defib-
rillator, which made the nanofibril suspensions more stable in
relation to 5 passages. Tensile strength and elongation at break-
ing of the nanocomposite films were increased in up to 24 and
51%, respectively, for the high contents (4.5 and 6.5) of nanofibrils
compared to the control blend. Light transmission of the nanocom-
posite films were better for nanofibrils obtained with 30 passages,
and decreased with the increase on the nanofibril content. Results
showed that the higher contents (4.5% and 6.5%) of nanofibrils
reduced up to 20 and 30% the values of water vapor permeability
and water solubility, respectively, in relation to the control blend.
The present work demonstrates the feasibility of producing bam-
boo nanofibrils (by mechanical defibrillation) that can be used as
reinforcement to engineer polymeric nanocomposites for a myriad
of applications.
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