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ABSTRACT: Buriti or miriti (Mauritia flexuosa) is a palm tree found in the Brazilian cerrado. Herein buriti petiole, part of
the trunk that supports the leaves, was ground and used without any treatment as low density load to prepare
poly(lactic acid) biocomposites. X-ray microtomography of buriti petiole showed its porous structure, with a
wide pore size distribution determined with the aid of SEM. The obtained biocomposites with 1, 5 and 10 wt%
of buriti petiole particles were investigated by their sessile drop contact angle, FTIR, TGA and tensile test. The
tensile properties indicated poor adhesion between phases, which is crucial to optimize the biocomposite’s
performance. Further studies with fiber treatment are being planned.
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1 INTRODUCTION

Lignocellulosic fibers are widely studied as potential
reinforcing fillers in polymer matrices for producing
new eco-friendly materials. Only a few studies about
buriti palm tree fibers used as composites are found
because they areless well known and have only recently
been investigated as possible composite reinforcement
[1]. Buriti or miriti (Mauritia flexuosa) is a palm tree
found in the north Amazonian region of Brazil. Two
distinct fibers can be extracted from the buriti palm
tree, one from the leaf and the other from the petiole
part of the trunk that supports the leaves (Figure 1).
Portela et al. [1] stated that buriti petiole fibers are very
strong fibers, with tensile strength reaching 350 MPa.
Santos et al. [2] reported yield stress and modulus in
the range of 270 MPa and 10 GPa respectively for buriti
fibers extracted from the palm tree leaves. An interest-
ing characteristic of buruti petiole is its relatively low
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moisture absorption and open porosity, in association
with a density lower than 0.1 g cm? [3]. On the other
hand, the density of buriti fibers obtained from the
leaves was reported to be 1.31 g cm? [2]. This value
is comparable with other lignocellulosic fibers such as
coconut (1.15 g cm?®), banana (1.35 g cm™), sisal (1.45 g
cm®) and pineapple leaf (1.44 g cm?®) [4]. Many peo-
ple who live in the nearby islands of Guajara bay (Para
state) ensure their livelihood by cutting the petioles
and crossing the bay by boat to sell them in the mar-
kets of Belém (capital of Pard). Once in the markets,
they are transformed by the work of artisans into small
handcrafted boats and sold at low price (Figure 1).

Environmental pollution due to nondegradable
materials has steadily increased and packaging is a
large part of the problem, mainly due to inappropriate
disposal. Poly(lactic acid) (PLA) has played a central
role in replacing fossil-based polymers and the use of
PLA in packaging has largely increased over the last
five years [5]. In this context, the current study aimed
to prepare and characterize biocomposites of PLA and
buriti petiole (BP), giving buriti petiole a more techno-
logical application and adding value to it.
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Figure 1 (left) Illustration of buriti petiole; (right)
photograph of the small handcrafted boats.

2 EXPERIMENTAL

2.1 Materials

The PLA filament (natural color and 1.75 mm diam-
eter) from 3D GRAF was used. Buriti petiole (BP) was
purchased in “Ver-o-Peso” market, a market hall in
Belém, Brazil, located at Guajara Bay riverside.

2.2 Methods

First, BP was ground into a fine powder with the aid of
a grinder (IKA A10, IKA Labortechnik, Germany) and
passed through 325 mesh sieve. Composites of PLA/
BP containing 1, 5 and 10 wt% of BP were prepared
by melt mixing in a Haake Rheomix Polydrive R 600
(Thermo Fisher Scientific) at 180 °C and rotor speed of
40 rpm for 5 min. The films (0.50 mm) were produced
by the conventional method of hot pressing (Sagec
model sgpl) at 170 °C, first for 2 min at 1 MPa pres-
sure, then for 2 min at 5 MPa, and finally for 1 min at 8
MPa. Biocomposite films prepared as described were
named PLA/PB1%, PLA/PB5% and PLA/PB10%.

2.3 Characterizations

The morphology of BP was studied using X-ray
microtomography  (Skyscan 1174,  Aartselaar,
Belgium). The maximum peak voltage of the Skyscan
1174 X-ray source was 50 kV with a maximum power
of 40 W (current of 800 pA). The detection system
consisted of a 14-bit cooled CCD camera coupled to
a scintillator by lenses with 1:6 zoom ranges. While
the sample was rotated, multiple 2D X-ray projec-
tions were taken every 0.7° rotation step over 360°.
The 2D cross-sectional images were reconstructed as
three-dimensional images with the aid of a specialized
Skyscan software package.

The BP was analyzed via scanning electron micros-
copy (SEM) (Shimadzu model Vega 3LM) at an accel-
erating voltage of 10 kV. Samples for SEM were coated
with gold using a sputter coater (SPI Sputter Coater,
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SPI Supplies, PA, USA). BP mean pore size and pore
size distribution were obtained from 100 individual
measurements on SEM images by using image analysis
software (Image J, National Institutes of Health, USA).
Moreover, the total porosity was determined with
the aid of a manual pycnometer for density analysis
(Multipycnometer from Quantachrome Intruments).

The BP was analyzed on an X-ray diffractometer
(Shimadzu, model XRD-7000) using monochromatic
CuKoa radiation (A = 1.54) in the range of 26 = 5-40°
with a scanning rate of 0.1° min™. The X-ray unit was
operated at 45 kV and 40 mA.

Contact angle measurements were performed using
the sessile drop technique with a Digidrop goniome-
ter from GBX Instruments. The system was equipped
with a CCD camera connected to a computer and to
an automatic liquid dispenser. The contact angle was
determined by placing a 6 pL drop of water on the film
surface using a syringe and images were immediately
sent via the CCD camera to the computer for analysis.
The results represent an average angle between the
right and left angles. Three consecutive measurements
were made at room temperature using the Surface
Energy software mode, which allows direct measure-
ment of contact angle (in degrees).

Fourier transform infrared (FTIR) experiments
were performed with the aid of a Thermo Scientific
Nicolet™ 6700 FT-IR spectrophotometer at a 4 cm™
resolution and 256 co-added scans. The spectra were
obtained using the ATR (attenuated total reflection)
technique, in which the samples were pressed against
a ZnSe crystal and spectra were collected from 650-
4000 cm™.

The thermogravimetric analyses (TGA) were per-
formed with small dry samples weighing around 10
mg using Seiko-SII Nanotechnology Inc. model Exstar
7200 equipment under nitrogen atmosphere (flow rate
of 40 cm’® min™). Samples were heated from 25 °C to
800 °C at a 10 °C min™ heating rate.

The PLA film and biocomposites were character-
ized for their tensile properties using an Instron test-
ing machine (model EMIC 3000) with load cell of 200
N. Tensile properties were characterized according to
ASTM D-638 and at least five specimens were tested to
obtain the average values. A crosshead speed of 20 mm
min"and a gage length of 13 mm were used for the tests.

3 RESULTS AND DISCUSSION

3.1 Buriti Petiole (BP)

Figure 2 shows the BP photography and three-dimen-
sional image obtained by X-ray microtomography. The
channels which form the BP inner porous structure
can be observed, as already found in the literature [3].
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An SEM micrograph and the corresponding histo-
gram of BP are displayed in Figure 3. As can be seen,
BP exhibits a wide pore size distribution with mean
pore size in a range of 82 + 27 pm.

The total porosity was found to be 86.7 + 0.02% and
was determined according to the method described by
Donato and Lazzara [6] using Equation 1:

P(%) (=) 109 (1)

Pa

where p_is the apparent density determined by helium
pycnometry and p is the relative density.

The BP XRD profile (Figure 4) shows three peaks
around 16°, 22° and 34°, typical of cellulose I [7], cor-
responding to crystallographic planes (101), (002) and
(040) respectively [8].

The fiber crystallinity index was estimated using
Equation 2 defined by an empirical method [9]:

1(002) - I(am)
[ =2 e

x 100 (2)

1(002)

where [ = crystallinity index in percentage, [, = the

diffraction intensity peak representing the crystalline

material around 20 = 22° and [, = diffraction inten-
sity peak that represents the amorphous material
around 26 = 16°.

According to Equation 2, the crystallinity index
of BP was estimated to be 49%. This value is in
accordance with a semicrystalline material and is
mainly due to cellulose content, which is in the range

of 51% [10].

3.2 Hydrophilic/Hydrophobic Properties

of PLA and Bicomposite Films

The wettability of films was assessed by the contact
angle (0) measurements (Figure 5).

The value of 6 = 76° found for neat PLA is in accor-
dance with the literature [11]. It was observed that
when 1% of BP was incorporated, the film hydrophi-
licity was markedly increased (8 decreased from 76° to
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Figure 2 (left) Photograph of BP; (right) 3D image of BP
obtained by X-ray microtomography. Figure 4 XRD intensity profile of buriti petiole (BP).
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Figure 3 (left) SEM micrograph of BP; (right) statistical pore size (histogram) of BP.
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Figure 5 (left) Contact angle values of neat PLA and biocomposites; (right) images of sessile drops.

64°). This fact is probably due to the hydroxyl groups
present in the chemical structure of the BP. With the
increase of BP content to 5%, the value of the contact
angle increased again (6 = 66°). This behavior might
be accounted for, to some extent, by an increase in sur-
face roughness, possibly due to BP agglomeration. For
a flat hydrophobic surface (6 > 90°), 6 increases with
the increasing roughness.

Instead, for hydrophilic surfaces (6 < 90°), 6 tends to
decrease with the increasing roughness [12]. In other
words, we might suggest the existence of two oppos-
ing factors contributing to change the wettability of the
films. In the case of PLA/BP5%, the increase in rough-
ness seems to be the predominating factor and might
explain the increase in the contact angle. With 10% of
BP content the contact angle (6 = 62°) decreased again,
indicating that for higher contents of fiber the presence
of hydrophilic entities predominates in the wettability
behavior of the film. The decrease in the contact angle
might also indicate low adhesion between BP and PLA
matrix, that is, the hydroxyl groups of BP were avail-
able to interact with the water rather than with PLA.

3.3 Fourier Transform Infrared
Spectroscopy (FTIR)

In order to investigate the occurrence of some interac-
tion between the fibers and the PLA matrix, FTIR spec-
tra of BP, neat PLA and PLA/BP10% were obtained
and are shown in Figure 6.

Regarding the BP spectrum (Figure 6a), the stretch-
ing band can be seen at 3334 cm™, which is character-
istic of O-H group present in the cellulose, lignin and
hemicellulose [13]. The stretching band corresponding
to CH linkage of CH and CH, groups present in cel-
lulose and hemicellulose was observed at 2912 cm™
[14]. The band at 1730 cm™ is the characteristic band
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Figure 6 FTIR of (a) BP, (b) neat PLA and (c) PLA/BP10%.

of carbonyl (C=0) stretching due to the acetyl groups
of hemicellulose and the band at 1605 cm™ can be
explained by the presence of moisture in the fibers
[14]. Weak absorptions in the range of 1500-1350 cm'™
are reported to be due to the C-H bending and C-O
stretching of hemicellulose, in addition to the C-OH in
plane stretching of cellulose [15]. The band at 1245 cm'™
might be attributed to the vibration of C-O bonds of
ethers, esters or phenolic groups of waxes and greases
commonly found in lignocellulosic fibers [16].

The strong band with absorption peak at 1030 cm™
may be associated with the C-O stretching of hydroxyl
and ether groups in the cellulose [14]. In general,
the FTIR spectrum of BP (Figure 6a) is a character-
istic spectrum of lignocellulosic materials. A fairly
detailed description of FTIR absorptions of the main

d © 2017 Scrivener Publishing LLC
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components of lignocellulosic materials has been pre-
sented by others [13].

In the case of neat PLA spectrum (Figure 6b), the
bands’ assignments are in accordance with the lit-
erature as follows: v(CH) stretch (2900-3000 cm™),
v (C=0) ester carbonyl (1760 cm™), v(CH) deformation
(1350-1460 cm™), v(CO) stretching (1040-1270 cm™),
and v(C-C) stretching (870 cm™) [17]. It is possible to
notice that the spectrum of PLA/BP10% (Figure 6c¢) is
completely identical to that of PLA (Figure 6b). It is
likely that, due to the similarity of the bands, overlap-
ping has occurred. More interestingly, the band corre-
sponding to O-H region present in the fiber cannot be
seen. According to Thanki et al. [18], ATR-FTIR is used
for the surface characterization but the intensity of the
observed bands depends on the film thickness, among
other parameters. As reported, surface segregation of
methyl side groups at the surface is well influenced by
the thickness of the films and it is significantly reduced
in the case of thin films; for example, PLA films with
thickness of 1 pm do not exhibit surface segregation
of methyl side groups [18]. Thus, the fact that we have
worked with thicker films might partially explain the
absence of O-H band in the PLA/BP10% FTIR spec-
trum. However, this result was in disagreement with
the contact angle measurements.

In order to confirm the presence of BP in the bio-
composite, subtraction of PLA/BP10% and PLA spec-
tra was performed as shown in Figure 7.

The subtraction spectrum (Figure 7b) closely resem-
bles the BP spectrum (Figure 7a). The main difference
between the spectra of Figure 7 is the absence of the
O-H absorption band in the subtraction spectrum

100

80

60

Residual mass (%)

40

20

(Figure 7b). In spite of this, such spectrum is indicative
of BP in PLA /PB10% biocomposite.

3.4 Thermogravimetric Analysis (TGA)

Thermal stability of neat PLA, BP and biocomposites
was evaluated by their thermogravimetric (TG) curves
(Figure 8). The BP derivative thermogravimetric (DTG)
curve is shown in the upper corner of Figure 8.
Figure 8a corresponds to the BP curve. According to
the literature, fiber degradation occurs in four stages
corresponding to the moisture evaporation, hemicel-
lulose and cellulose degradation and decomposition
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Figure 7 FTIR of (a) BP and (b) spectra subtraction (PLA/
BP10%-PLA).
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Figure 8 TG curves of (a) BP, (b) neat PLA, (¢c) PLA/BP1%, (d) PLA/BP5% and (e) PLA/BP10%.
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of lignin [16]. In the BP DTG curve (upper corner), the
moisture evaporation from the fiber appears around
57 °C. This result corroborates with those reported by
others who also attributed moisture evaporation to an
initial mass loss between 25 and 75 °C for buriti peti-
ole [3]. The second event, with a maximum mass loss
at 307 °C, occurs between 247 and 358 °C and may be
related to the degradation of holocellulose (hemicel-
lulose + cellulose) [19]. Cellulose is thermally more
resistant than hemicellulose, probably due to its crys-
talline structure [20]. According to Kabir et al. [15],
in their experiments with hemp fiber, cellulose was
completely decomposed in the range of 240-350 °C,
whereas hemicellulose had already been decom-
posed at 290 °C. The two peaks at 413 and 451 °C can
be attributed to degradation of lignin that occurs in a
very wide temperature range from 150 to 450 °C [15].
According to Gongalves et al. [19], in their experiments
with banana fiber, due to its complex structure it was
not possible to observe the degradation of lignin, since
it degrades with very small mass losses in a wide tem-
perature range from 100 to 900 °C.

Monteiro et al. [3], upon analyzing the DTG curve
of buriti petiole, have suggested that it is thermally
more stable than the hemp and banana fibers. After
complete degradation a solid residue corresponding
to 4.7% of the material was left, probably carbon and
metal oxides formed from the minerals present in
vegetable fiber. The TG curve of neat PLA (Figure 8b)
shows the degradation profile in a single stage, as
has already been reported for neat PLA [21, 22].
Regarding the biocomposites, it can be observed that
as the BP content increases, the thermal stability of
composites decreases. All curves follow the same pro-
file of PLA curve, that is, one stage for degradation.
This was expected, since PLA is the main component
and was homogeneously mixed with low contents
of BP. Hence the behavior of PLA has predominated.
The biocomposites showed an intermediate thermal
behavior between PLA and BP. The same behavior
was found by Awal et al. [23] in the TG analysis of
PLA reinforced with cellulosic fibers. Likewise, Santos
et al. [2] reported intermediate thermal behavior for
composites obtained by adding buriti leaf fibers into
thermosetting resin matrix. According to Jandas et
al. [24], some studies have demonstrated that at high
temperatures the presence of fibers deforms the crys-
talline structure of PLA and decreases their thermal
stability.

3.5 Tensile Test

Figure 9 shows the tensile stress-strain curves of neat
PLA and biocomposites. The tensile property values
derived from the test are summarized in Table 1.
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Figure 9 Tensile stress-strain curves of (a) neat PLA,
(b) PLA/BP1%, (c¢) PLA/BP5% and (d) PLA/BP10%.

Table 1 Tensile properties of neat PLA and biocomposites.

Sample Tensile strength (Mpa) | Elongation (%)
Neat PLA 51.17 £2.77 17.70 + 14.71
PLA/BP1% 49.12 +2.00 19.64 + 12.60
PLA/BP5% 43.08 +1.30 16.79 +2.19
PLA/BP10% 35.67 £1.92 15.45 +4.32

The tensile strength of the natural color PLA fila-
ment was reported to be 57 MPa [25]. This value is very
close to the found value in this research. The value of
the elongation, however, is well above the value found
by these authors (2.35%), probably due to the presence
of plasticizer in the filament.

The results show that the presence of BP has neg-
atively affected the tensile strength of PLA. This is a
strong indication that, in spite of homogeneous dis-
persion in the PLA matrix, BP had low adhesion with
the matrix. Further studies involving surface modifi-
cation of BP are needed in order to improve the inter-
facial adhesion between the polymeric matrix and BP.

4 CONCLUSIONS

Due to its high porosity, buriti petiole (BP) is inter-
esting for use as low density filler. In this work, BP
was ground into a fine powder and mixed without
any treatment with PLA at 1, 5 and 10 wt%. FTIR
analysis was inconclusive regarding the occurrence
of interactions between chemical groups of PLA and
BP. Tensile properties of the obtained biocomposites
indicated poor adhesion between phases because neat
PLA properties were not improved. Further studies
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involving fiber treatment should be done in order to
reach biocomposites with higher contents of BP and
good performance in terms of mechanical properties.
Due to its low density, BP is particularly attractive as
filler and hence deserves to be better exploited.
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