I.Ll I.Ll

Pt ot 'y Journal of K\
ety . . MD\Pﬂ
it Composites Science

o R -
Article

Utilization of Wood Flour from White Oak Branches as
Reinforcement in a Polypropylene Matrix: Physical and
Mechanical Characterization

José Angel Hernandez-Jiménez !, Rosa Maria Jiménez-Amezcua %, Maria Guadalupe Lomeli-Ramirez !,

José Antonio Silva-Guzman !, José Guillermo Torres-Rendén * and Salvador Garcia-Enriquez

check for
updates

Citation: Hernandez-Jiménez, J.A.;
Jiménez-Amezcua, R.M.; Lomeli-
Ramirez, M.G.; Silva-Guzman, J.A.;
Torres-Rendon, J.G.; Garcia-Enriquez,
S. Utilization of Wood Flour from
White Oak Branches as
Reinforcement in a Polypropylene
Matrix: Physical and Mechanical
Characterization. J. Compos. Sci. 2022,
6,184. https://doi.org/10.3390/
jcs6070184

Academic Editors: Francesco

Tornabene and Farshid Pahlevani

Received: 18 May 2022
Accepted: 17 June 2022
Published: 22 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,%

Department of Wood, Cellulose and Paper, University of Guadalajara, Zapopan 45220, Mexico;
jose.hernandez2610@alumnos.udg.mx (J.A.H.-J.); maria.lramirez@academicos.udg.mx (M.G.L.-R.);
jantonio.silva@academicos.udg.mx (J.A.S.-G.)

Department of Chemical Engineering, University Guadalajara, Guadalajara 44430, Mexico;
rosa.jamezcua@academicos.udg.mx

*  Correspondence: jose.torres@academicos.udg.mx (J.G.T.-R.);
salvador.genriquez@academicos.udg.mx (S.G.-E.)

Abstract: Compared to other fibrous materials, plant fibers can act as a reinforcement in plastics due
to their relatively high strength and rigidity, low cost, low density, biodegradability, and renewability.
In this context, this study examines the effect of the particle size and content of white oak wood flour
(Quercus laeta Liemb), obtained from its branches, on the properties of commercial polypropylene. In
Mexico, wood from the branches of Quercus laeta Liemb is barely utilized despite its abundance and
viability. The main objective of this study is to demonstrate that this waste material can be exploited
to prepare useful materials, in this case composites with competitive properties. Tensile and flexural
tests, as well as impact strength and melt flow index were evaluated. In addition, density and water
absorption capacity were also tested. Results showed that the water absorption increased with the
incorporation of wood particles. Mechanical properties were strongly influenced by particle content.
A reduction in elongation and strength was observed, while Young’s modulus and flexural modulus
increased with the incorporation of wood particles. Impact strength increased with particle size and
particle content.

Keywords: wood—plastic composites; white oak flour; polypropylene; mechanical properties;
water absorption

1. Introduction

Materials used to make utensils have played a key role in the advancement of civ-
ilization. Among these materials, polymers are the ones that revolutionized the science
of materials. Polymers have been used in endless applications thanks to their unique
properties, versatility, lightness, and ease of processing, among other characteristics [1].
One way of use them is through mixtures with other materials, called composites, thus
achieving properties that the polymer alone cannot have. An example of this is the addition
of reinforcing agents [2] in polymeric matrices” plastic matrix. Such reinforcements can be
glass fibers [3,4], carbon fibers [5], glass fibers/carbon nanotubes [6], kenaf [7], and Kevlar
fibers [8], among others.

In recent decades, researchers have added natural fibers (cellulose-based fibers) to
polymeric matrices [9], such as hemp [10,11], sugarcane bagasse [12,13], corn stalk fiber [14],
jute [10,15,16], sisal [10,15,17], lino [15], rice straw stem fibers [18], henequen [19-21],
agave [22-24], palm [25], coconut [26], pine cone residues [27,28], and cotton [29], among
others, and were the subject of different studies such as processing methods, mechanical
characterization [28], and biodegradation [30,31], among others. To improve adhesion and

J. Compos. Sci. 2022, 6, 184. https:/ /doi.org/10.3390/jcs6070184

https://www.mdpi.com/journal/jcs


https://doi.org/10.3390/jcs6070184
https://doi.org/10.3390/jcs6070184
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://doi.org/10.3390/jcs6070184
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/article/10.3390/jcs6070184?type=check_update&version=2

J. Compos. Sci. 2022, 6, 184

2 of 14

mechanical properties, compatibilizers [24,32-35] and chemical modifications of natural
fibers have been used [32,36-38].

Wood particles have also been used as reinforcements in polymeric matrices. This
combination generates a material called wood-plastic composite or WPC. These materials
have significant advantages over wood, since, in addition to being lighter, they are more
resistant to humidity, have greater dimensional stability, and are resistant to biodegradation
caused by insects, bacteria and fungi, mainly at low reinforcement concentrations, and
therefore have longer useful lifetimes [31]. Among the materials obtained from wood
that have been used are pine particles [23,31,35], maple [31], oak [31,39], oyamel [12],
eucalyptus [35,40,41], poplar [42], guaje [43], and birch [44]. These materials have been
used mainly in the construction and automotive industries [45,46], being of particular
interest because of their great potential for synergism in mechano-static properties.

In the case of oak trees, they have been used by man since ancient times to obtain
wood, food, tannins, and medicine. These plants, also known as oaks or acorns, belong
to the Quercus genus, one of the most important worldwide [47-49]. In Mexico, oaks are
considered the second most important forest resource for timber after the Pinus genus [49].
Oak wood has a very high value as a raw material when properly processed. However,
due to its hardness, its less homogeneous geographic distribution compared to pines, and
the specific variability in its technological characteristics, its most common use is still as
fuel [50,51].

The Quercus genus is the most diverse within the Fagaceae family, distributed mainly
in temperate regions and secondarily in tropical and subtropical regions of the northern
hemisphere [51]. The richness of Quercus species is difficult to determine, but it is estimated
that there may be between 300 and 600 species on the planet. In Mexico there are between
135-161 species of oaks, which makes it the holder of the largest number of species world-
wide [52,53]. Nevertheless, wood utilization programs for Quercus laeta Liemb (an endemic
species) are nonexistent in Mexico [54,55]. In particular, applications for wood from its
branches are very scarce. This is mainly due to their twisted shape and lack of interest in
their exploitation.

Najera-Luna et al., reported that the density of Quercus laeta wood is 0.68 g/cm3, which
is classified as high. The volumetric shrinkage is 18.1%, with the tangential plane having
the greatest shrinkage at 10.7%. The fiber saturation point (FSP) is established at 30.1%
moisture content. The anisotropy ratio (ANR) is 1.74, classified as high, indicating low
dimensional stability of the wood [56].

In this paper, we report the preparation of composites based on polypropylene (PP)
and white oak wood particles (from the branches). The aim of this study is to demonstrate
that wood from the branches of Quercus laeta Liemb can be exploited to produce wood-
plastic composites with competitive properties.

2. Materials and Methods
2.1. Materials

For this work, Quercus laeta Liemb wood was obtained from the state of Jalisco’s
highlands. Indelpro brand polypropylene, an extrusion-grade homopolymer with a fluidity
index of 3.8 g/10 min, and a density of 0.9 g/cm?, was used as the thermoplastic matrix.

2.2. Wood Particles Preparation

The branches, approximately 15 cm in diameter, without bark, were reduced in size
in a Bruks Mekaniska chipping machine. The chips were exposed to ambient conditions
(25 °C and atmospheric pressure) to reduce humidity. A second stage of size reduction
was carried out in a Plastic Pulvex grinder. Again, the lignocellulosic material was dried
at ambient temperature. A particle size classification of the lignocellulosic material was
carried out by retaining the particles in the meshes of a Tyler sieve, from which the particles
that passed a 30 mesh were selected and then retained in the meshes 40 (594—421 um), 50
(420298 um), 65 (297-211 pm) and 100 (210-150 um).
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Determination of L/D Ratio

A Leica MZ7.5 series stereomicroscope was used equipped with a 0.8 x and 0.63 X lens,
giving a measurement field of 113.7 mm? with a measurement of 1 pixel = 0.0125 mm with
the adapted camera. The average L/D ratio was calculated according to:

. Eh(5)

n

)
where A is the L;/D; ratio average. A total of 200 wood particles were analyzed for each mesh.

2.3. Preparation of Wood-Plastic Composites

Before processing, the lignocellulosic material was dried in an oven at a temperature
of 60 °C for 24 h. The mixing of polypropylene and the lignocellulosic material was carried
out in a Leistritz twin-screw extruder model MICRO 27 GI/GG 32D, operating with 27 mm
diameter co-rotating screws with intermeshing. The processing temperature was ramped
from 170 °C to 200 °C at the extruder exit. The speed of the central screws was 260 RPM.
Polymer and fiber feeding was done separately, feeding the polymer first and the fiber
30 cm later. A three-strand output die was used. Wood flour concentrations were 10 wt%,
30 wt%, and 50 wt%. Pure polypropylene was also processed, as a reference. The processed
composites were pelletized and dried for 48 h at 60 °C in a temperature-controlled oven
for storage and labeling. Subsequently, the pellets were used to make plates in a press
(Schwabentan model Polistat 200T). The obtained materials (plates) were used to prepare
samples for analysis according to ASTM standards [57-60].

2.4. Characterization of Composites
2.4.1. Water Absorption Capacity

Water absorption capacity was determined in samples with dimensions of
0.5 x 1.0 x 10.0 cm®. These samples were first dried at 104 °C, then they were immersed in
double distilled water (pH 7) in an isothermal bath at 25 °C for 4 weeks. After removing the
samples from the water, they were dried on their surfaces with absorbent paper, weighed,
and then put back in the water. The weight increments at different times were recorded
using an electronic balance with a readability of 0.1 mg. The amount of water absorbed
was calculated according to:
Wi — Wo

Wo

where: W; = weight of the hydrated sample at certain time, Wy = weight of the sample at
time 0. The diffusion coefficient (D) was calculated according to the method described by
Cranks [61] which states that:

%H = x 100 @)

M, 8 o 1 (_D(2n+1)2n2t> )

12

where [ is the thickness of the sample, M is the mass of water absorbed at equilibrium,
and M; corresponds to the mass of water absorbed at time .

2.4.2. Melt Flow Index (MFI)

A Tinus Olsen plastometer was used to measure MFI according to ASTM D1238-13 at
190 °C [60]. In order to avoid thermal degradation of the wood flour, the lower temperature
was chosen.

2.4.3. Mechanical Tests

Mechanical tensile and flexural tests were performed on a United model ASMF-100
universal testing machine, with a speed of 5.0 mm/min and equipped with a 2000 1b load
cell. ASTM D638-14 [57] and ASTM D790-15e2 [58] standards were used to evaluate the
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tensile and flexural properties, respectively. The operating speed on the crosshead was
4 mm/min and a 200 Ib load cell was used.

The impact test was performed on a Custom Scientific Instruments, Inc. C5-126G-285
(CSI), with a free-fall dart of known weight (172 g). A total of 20 samples of each formulated
composite were used. The test was performed according to ASTM D 5628-96 [59].

2.4.4. Environmental Scanning Electron Microscopy (ESEM)

Cross sections of the samples, subjected to tensile testing, were used to be observed
under the ESEM microscope Hitachi model TM-1000. No pretreatment was applied to
the samples.

2.4.5. Apparent Density

The apparent density was obtained using a gas pycnometer (ULTRAPYC 1200e, Quan-
tachrome Instruments Anton Paar, Ashland, VA, USA). Nitrogen was used as the gas phase.
Results are the average of five measurements.

3. Results and Discussion
3.1. Wood Particles

Table 1 shows the retention values and L/D ratio obtained for the groups of particles
evaluated. The mesh with the highest quantity of retained particles was 40 (594-421 pm).
The L/D ratio is very similar between the 50 and 65 meshes, with the L/D ratios of the 40
and 100 meshes being the most different from each other. The smaller particles showed a
lower ratio, which could be due to shearing during the size reduction process. One of the
most important parameters controlling the mechanical properties of short fiber-based com-
posites is the fiber length or more precisely its aspect ratio (length/diameter) [62]. Maldas
etal., reported the effect of wood species on the mechanical properties of wood /thermoplastic
composites. They observed that differences in morphology, density, and aspect ratios
between wood species explain the different reinforcing properties in thermoplastic com-
posites [63]. Stark and Rowlands, also reported that aspect ratio, rather than particle size,
has the greatest effect on strength and rigidity [64].

Table 1. Mesh type, retention and L/D ratio.

Mesh Retention (%) L/D Ratio
40 (594-421 pm) 35.04 4.60 +0.20
50 (420-298 pm) 21.62 4.32 +0.19
65 (297-211 pum) 16.16 429 +0.22
100 (210-150 pm) 16.95 3.93 £ 0.16

3.2. Composites

Table 2 shows that the density of the composites increases as more lignocellulosic
particles are added. The density of the composites depends mainly on the content of
reinforcement in the plastic matrix. The greater the amount of fiber, the higher the density
of the composite.

Table 2 also shows values obtained in the melt flow index characterization, where
it is observed that composites with the highest amounts of lignocellulosic particles have
the lowest values. Interestingly, the particle size did not have a significant effect on the
melt flow index. One could assume that having smaller particles in the system means
higher MFI. However, that was not the case in our experiments. We can assume that,
because of their higher superficial area, the smaller particles had more influence over the
polypropylene than bigger particles at the same concentrations. A moderate resistance to
flow could have been generated by this “better” integration of particles in the matrix.
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Table 2. Apparent density, melt flow index, maximum water absorption, and water diffusion
coefficient of samples.

Mesh Concetration Apparent Melt Flow W ate.r
. Water Diffusion
Samples and of Wood Density Index Absortion (%) Coefficient

(Aspect Ratio)  Particles (wt%) (g/cm®) (g/10 min) ¢ 13 .2
(10°° m*/s)

PP processed - - 0.89 4+ 0.011 511+0.14 0 -

PP-WO4010 40 10 0.89 £ 0.010 417 £ 0.16 4.99 £0.15 2.72 £0.09
PP-WO4030 (4.6 + 0.20) 30 0.91 £ 0.007 1.88 £0.14 12.04 4+ 0.48 3.03 £+ 0.08
PP-WO4050 ' ' 50 0.98 £ 0.019 0.91 £ 0.04 16.47 + 0.58 4.69 +0.11
PP-WO5010 50 10 0.88 £ 0.010 493 £0.13 6.71 £0.30 2.86 £ 0.06
PP-WO5030 (432 + 0.19) 30 0.92 £ 0.008 3.07 £0.10 8.52 +0.28 2.97 +£0.07
PP-WO5050 ' ' 50 0.97 £0.018 1.04 £+ 0.03 17.25 + 0.48 4.86 +0.10
PP-WO6510 65 10 0.88 £ 0.010 4.66 +0.11 4.66 = 0.18 2.56 £ 0.05
PP-WO6530 (4.29 + 0.22) 30 0.92 £ 0.007 3.18 £ 0.09 9.46 + 0.24 3.01 +0.07
PP-WO6550 ' ’ 50 1.04 +0.013 1.06 £ 0.04 15.04 + 0.47 4.08 £ 0.08
PP-WO10010 100 10 0.91 £ 0.010 4.02 +£0.12 1.90 + 0.06 2.26 £ 0.05
PP-WO10030 (3.93 + 0.16) 30 0.92 £ 0.008 2.23 £ 0.08 9.429 £+ 0.37 3.03 £ 0.08
PP-WO10050 ' ' 50 1.07 £ 0.014 1.07 £ 0.04 12.57 £+ 0.33 3.61+£0.7

Sample identification: PP-WOXXYY where XX or XXX is the mesh in which wood particles were retained and YY
is the concentration of particles in the composite.

The maximum water absorption values, displayed in Table 2, show that water absorp-
tion increased with quantity. It can also be observed that when the aspect ratio decreased,
water absorption decreased as well. This could be attributed to a better fiber-matrix adhe-
sion. Physicochemical equilibrium was reached after two weeks of immersion in distilled
water (Figure 1). Experimentally, no changes in dimensions or deformation of samples was
observed. Najera-Luna et al., reported that the saturation point of white oak fiber was 30.1%
moisture content [56]. Water absorption in WPCs is an important quality indicator because
these materials absorb less moisture and do so more slowly than wood. WPCs are more
resistant to fungal decay and have better dimensional stability when exposed to humid-
ity [31,63,65]. Water absorption capacity is affected by the nature of the wood particles and
the thermoplastic matrix [66]. Ideally, the polymer completely covers the wood particles,
preventing contact between them and with the outside. The actual process involves contact
between the wood particles, as well as the surface particles with the outside, so the rate of
water absorption is very slow, due to the fact that the internal wood particles absorb water
only by capillarity. The diffusion coefficient increases with the amount of wood particles,
the values of the coefficients varied from 2.26 x 10713 to 4.69 x 10~!3, which corresponds
to the composites that absorbed the least and most water, PP-W0O10010 and PP-WO5050,
respectively. Mishra, and Verma [67], and Tajvidi et al. [68], suggested that this is due to the
increase in the number of free OH groups of cellulose contained in the fiber. These free OH
groups come into contact with water and form hydrogen bonds, resulting in an increase in
weight in the composite material.
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Figure 1. Water absorption kinetics for all the composites evaluated.

3.3. Impact Tests

The effect of particle concentration is presented in Figure 2, where it is observed that
the higher the concentration of lignocellulosic particles, the greater the energy required to
cause a failure. This effect is greater for the particle sizes retained in 40 and 100 mesh, with
the latter having a higher value. The closest value to processed polypropylene (PP) belongs
to composites having particles retained in the 100 mesh at 50 wt%. In composites having
10 wt% and 30 wt% of wood fibers, samples with particles with the highest aspect ratios
(from particles of meshes 65 and 100) needed more energy to reach rupture. However, in
composites with 50 wt% of fibers, samples that had the highest and lowest aspect ratios
(from particles of meshes 100 and 40 respectively) were the ones with the better bending
stress. It is possible that composites having 50 wt% of particles (from the mesh 40) had
fibers oriented in a certain manner (perpendicular to the direction of the impact) that
increased their bending strength. Ashori, determined that the impact resistance of PP
increases when combined with wood fibers in proportions between 10 and 40 wt% [63].
The impact properties of composites are usually directly related to hardness, which is
influenced by the nature of the constituent materials and the fiber-matrix interface [69].
Nourbakhsh and Ashori, worked with compositions between 10 wt% and 40 wt% black
poplar wood particles and found that higher impact strength is obtained with the 10 wt%
concentration [70].

10%
e
E 4 .
5 v
X i
=
5 g Y
[ = -~
o a 4
@ 0 2
gﬁ L L] Size particle
=
5 B Mesh 40
S ® Mesh 50
® A Mesh 65
2 ¥  Mesh 100
[4] 10 20 30 40 50

Wood Flour Concentration (%)

Figure 2. Bending strength as a function of wood particle content.
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3.4. Flexion Tests

Figure 3 shows the effect of incorporating white oak lignocellulosic particles in the
polypropylene matrix. At higher particle concentrations, the flexural strength increased
for composites having particles retained in the 100 mesh, followed by those containing
particles retained in the 40 mesh, while the increase for the 40 mesh particle size was
at lower concentration. Figure 3 shows the behavior of the flexural modulus for all the
composites evaluated. It was observed that the higher the particle concentration, the higher
the flexural modulus increases for the composites containing reinforcements retained in
the 100 mesh, followed by those with particles retained in the 40 mesh. On the other hand,
the lower the particle concentration, the higher the value of this parameter in composites
having wood flour retained in the 40 mesh. In general, the bending modulus is significantly
affected by the particle quantity and not so much by the size. The aspect ratio of the fibers
did not have any clear relationship with the flexural modulus. It is possible that other
factors, such as the orientation of the fibers, trumped the effect of this fiber characteristic.
It is worth mentioning that in this test a perpendicular force is applied to the sample and
the geometry of the lignocellulosic particles has a direct influence. Since their lengths are
greater than their diameters, the particles that are axially oriented presented resistance to
bending which improves the flexural modulus in the polymeric matrix.

Size particle
—O—Mesh 40
1.4 Mesh 50 P/
— —Mesh 65
Mesh 100

0.8

&; Flexural modulus (GPa)

0§

) 10 70 30 a0 50
Wood Flour Concentration (%)

Figure 3. Flexural modulus as a function of particle content.

3.5. Tensile Tests

Table 3 shows the values of tensile properties, Young’s modulus, ultimate tensile
strength and elongation at break. Young’s modulus is affected by the addition of ligno-
cellulosic particles (Figure 4a). In most composites, as the amount of particles increases,
Young’s modulus increases, which means that they become stiffer. In general, as the particle
size decreased, Young’s modulus increased for composites with 10 wt% and 50 wt% of
reinforcement. The values reported in this work are consistent with those reported by
Ichazo et al., for PP/WF (mixture of mahogany cedar, pine, oak, and saki-saki) compos-
ites [71]. Nair, Diwan, and Thomas, proposed that if the fibers are oriented perpendicular to
the crack propagation direction, the crack may be obstructed, and this explains the increase
in modulus [72].

When lignocellulosic particles are added, the ultimate tensile strength decreases for
all particle sizes, obtaining the lowest values for 50 wt% concentration in PP-WO10050
composites (Figure 4b). In general, as the concentration increases and the oak wood particle
size decreases, the ultimate tensile strength decreases due to the increase in area for a given
mass, which generates a greater amount of interface between the lignocellulosic particles
and the polymeric matrix. The values reported in this work are consistent with those
reported by Ichazo et al., for PP/WF composites [71].
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Table 3. Mechanical properties of composites.

Impact Flexural Tensile
. Bending oy Maximum g¢ Flexural o Ultimate . £t Young's
Formulations Strength Strength Modulus Tensile Elg?eg;;:l(?;)at Modulus
(KJ/m?) (MPa) (GPa) Strength (MPa) ’ (GPa)
PP processed 10.2+0.20 40.03 £ 0.98 0.94 £ 0.005 26.80 £ 1.08 420 +10.5 1.73 £ 0.04
PP-WO4010 457 £0.15 39.03 £1.71 0.97 + 0.002 19.35 £1.27 1.49 £ 0.04 1.54 +£0.01
PP-WO4030 470 £0.18 3242 +0.34 0.98 + 0.003 16.79 £ 0.90 1.14 £0.03 2.52 +0.02
PP-WO4050 820 £0.13 35.25 + 0.45 1.31 4+ 0.006 11.22 + 041 0.71 £0.01 2.73 £0.03
PP-WO5010 5.01 £0.16 322+1.14 0.88 + 0.008 19.78 £1.22 1.69 £ 0.05 1.70 £ 0.01
PP-WO5030 532+0.28 31.49 +1.01 0.93 + 0.005 18.64 +1.41 1.16 £ 0.03 2.44 +0.02
PP-WO5050 7.75 £ 0.09 28.13 £ 0.90 1.11 4+ 0.009 9.85 £ 0.47 0.62 £+ 0.01 2.68 £ 0.02
PP-WO6510 542 +0.17 32.34 +1.05 0.85 + 0.008 19.42 +£1.08 1.71 £0.03 1.42 £+ 0.02
PP-WO6530 5.55+0.23 33.66 £ 0.61 1.02 £ 0.009 13.2 +£0.67 1.06 £ 0.02 1.96 £ 0.06
PP-WO6550 721 £0.18 35.45 + 041 1.25 4+ 0.010 9.12 £ 0.45 0.48 £ 0.01 2.54 £0.02
PP-W0O10010 6.42 +0.26 34.56 + 0.55 0.90 £ 0.009 17.56 £ 0.92 1.38 £ 0.03 1.76 = 0.01
PP-WO10030 7.74 £0.20 32.68 £0.23 1.05 + 0.012 14.88 +0.93 1.11 £ 0.03 1.98 £ 0.03
PP-WO10050 8.46 £0.29 39.10 £ 048 1.41 4+ 0.009 8.21 £ 0.40 0.52 £ 0.01 2.60 £+ 0.03

Elongation at break is affected by the incorporation of particles, as can be seen in
Figure 4c. As the number of particles increases, elongation at break decreases, indepen-
dently of the particle size. The smallest elongations at break occurred for the PP-WO6550
composite. In general, the maximum elongation tends to decrease with increasing concen-
tration. No clear effects on the tensile parameters from the size and aspect ratio of the wood
particles were identified. It seems that other factors overshadowed the effect that these
particle characteristics could have had over the tensile mechanical properties. One of these
factors could be the orientation of the wood particles, which at the moment we cannot fully
control. Wood is known for having anisotropic mechanical properties, which can greatly
influence the tensile mechanical properties of the material that contains them [73].

Table 3 shows the mechanical properties of all composites evaluated. Fiber concentra-
tion is the factor that has the strongest effect on mechanical properties. Table 4 displays
several studies dealing with polypropylene-based WPCs having lignocellulosic materials
as reinforcements. It is important to mention that direct comparison of the mechanical
properties of such composites is difficult, since those properties greatly depend on many
factors, such as the preparation method and characteristics of reinforcements such as their
size, morphology and chemical composition. Also, the type of polypropene, concentration
of components, orientation of reinforcements and presence of coupling agents have a con-
siderable impact. From Table 4 it is clear that our composites have comparable properties
with other similar PP/oak-based composites reported [74,75]. It is important to notice that
those composites were prepared with other oak species. Our composites had the highest
Young’s modulus (2730 MPa) but at a higher concentration of fibers (50 wt%) compared
to the other PP/oak composites (~2050 MPa with 40 wt% and ~790 Mpa with 30 wt%).
Interestingly, only three types of composites, the ones containing pine, eucalyptus and
olive stones, reported higher Young ‘s modulus values than ours, which demonstrates the
competitiveness of our composites. In the case of the tensile strength, we have a slightly
below average value compared to those reported by the rest, including the two PP/oak
studies. This is expected since in theory our material is one of the most brittle. Moreover,
our values of flexural modulus and flexural strength are comparable to those from all
composites included in Table 4.
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Figure 4. Mechanical properties of tensile tests: (a) Young’s modulus, (b) ultimate tensile strength,
and (c) elongation at break as functions of particle size and concentration.
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Table 4. Mechanical properties of polypropylene (PP)-based composites reinforced with lignocellu-
losic materials.

Composition Mechanical Properties
Fiber/Particl . Tensile . Flexural Flexural Ref
tber/Tarticie Pa rtil:clll;e(rxﬁlt"/ ) C.a.* (“I;tl‘;) Modulus TeHSI(IK/S,t:f ngth Strength Modulus elerences
° ¢ (MPa) (MPa) (MPa)
(Z?frlr?;) 30 70 ~1230 ** ~1300 * Ashori 2009 [62]
- - Perez-Fonseca et al.,
Agave 30 70 600 235+ 0.1 433+ 1.8 1632.62 2014 [23]
Agave 30 70 2221+ 60.4 232+ 043 39.2+0.53 1176 + 36.3 Langhorst etal,
8 - ik =0 : 2018 [46]
Birch 20 80 ~1080 ~7 Kakroodi et al.
40 60 ~1290 ** ~15.5** 2012 [44]
* Maziero et al.,
Eucalyptus 40 60 ~3800 * ~22.8 ** ~2600 ** 2019 [35]
Coir fibers and Zainudin et al.,
oil palm 30 70 ~2134 ~30.851 ~53.012 ~2920 2014 [26]
30 70 38.2
Cotton strands 0 60 7 Serra et al., 2017 [29]
10 90 20.60 27.61
Mohanty et al.,
Jute 15 85 21.67 32.63 2004 32]
30 70 24.20 34.31
Ashori and
(C):Slz ;I%I‘fe;ﬁ‘;)s 40 2 60 ~2050 ** ~4* ~31 ~2350 ** Nourbakhsh,
2010 [75]
Oak (Quercus Borysiak and
pedunculata L.) 30 70 ~790 ~26 Paukszta, 2008 [74]
Oak (Quercus 10-50 90-50 1420-2730 9.12-19.42 28.13-39.10 850-1410 Our Work
Laeta Liemb)
. Naghmouchi et al.
~ ** - 7
Olive stones 30 70 3450 24 2015 [34]
Goulart et al.,
Palm 5 2 93 244409 783.7 £ 83.6 2011 [25]
. Ayrilmis et al.,
Pine and beech 40 3 57 48.1 +2.17 5005.2 £+ 109.4 2010 [27]
. N . 5 - N - Maziero et al.,
Pine 40 60 3100 21.3 2550 2019 [35]
: Perez-Fonseca et al.,
Pine 30 70 ~620 ** 28.0+ 1.0 462 +2.0 1427 4+ 41 2014 [23]
. Stark and Rowland,
Pine 40 60 3200-3610 21.7-25.5 38.7-42.9 2690-3150 2003 [64]
Ashori and
Pine 40 2 60 ~1750 ** ~19 ** ~27 ** ~2000 ** Nourbakhsh,
2010 [75]
. Borysiak and
Pine 30 70 ~750 ~24 Paukszta, 2008 [74]
20 80 14425 4+ 68.7 223 +0.8 372+21 960.7 + 139.2 .
Sugar cane bagasse Cerqueira et al,,
10 90 1027.1 +82.9 23.0 £ 0.6 355+ 3.6 1200.8 + 112.9 2011 [12]

* Coupling agent. ** Estimation of the value (from Figures).

3.6. Scanning Electron Microscopy (SEM)

According to the obtained SEM images, composites having 10 wt% of wood particles
with the larger (PP-WO4010) and smaller wood particles (PP-W010010) within are shown in
Figure 5a,c, respectively. The PP-WO4010 samples showed uniform distribution throughout
the polymer matrix. In both images, a single wood particle can be observed immersed
in a plastic matrix with apparent adhesion at the wood—polymer interface as expected
for a low wood particle concentration. SEM images Figure 5b,d, show the composites
made with the highest wood particle content (50 wt%) containing the largest and smallest
particles, respectively (PP-WO4050 and PP-WO10050). No adhesion failure is evident at
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the wood-—plastic interface. However, the particles tend to agglomerate into larger clusters
of uneven, non-directional distribution and at a considerable distance from each other. It is
because of these large gaps between the clusters that the impact flexural strength is reduced
in this type of composite, as the dynamic load resistance is largely dictated by the weaker
polymer with little participation of the stronger wood filler.

> R
sWooed particle clusters

Figure 5. SEM micrographs of fracture surfaces of (a) PP-W0O4010, (b) PP-W0O4050, (c¢) PP-WO10010,
and (d) PP-WO10050 composites.

4. Conclusions

According to the results, it is feasible to use wood from the branches of Quercus laeta
Liemb to obtain wood—plastic composites at different concentrations and wood particle
sizes. The index flow rate was affected mainly by the percentage of lignocellulosic particles:
the higher the percentage, the lower the flow rate. The rupture energy in the impact test
was affected mainly by the concentration of lignocellulosic particles: the greater the amount,
the more energy is needed to have a failure. Likewise, the larger the particle size, the lower
the bending strength. The flexural strength and flexural modulus increased for particles
retained in the 40 and 100 meshes at a concentration of 50 wt%. The flexural modulus
increased as the concentration of particles increased. Young’s modulus, ultimate tensile
strength, and elongation at break were directly affected by the presence of lignocellulosic
particles: as the percentage of wood particles increased, elongation at break decreased,
and ultimate tensile strength and Young’s modulus increased. Composites with the best
properties (less brittleness and higher mechanical properties, lower water absorption) were
found at a percentage of 30 wt% of particles retained in the 50 to 65 mesh.
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