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Abstract

Our study presents an innovative material for application in the construction of biocomposites produced from agro-industrial
by-products, constituted by the matrix of 70% raw rice bran, reinforced with 15% of rice husk fibers of different particle
sizes (> 1 mm, > 500 um, >250 um and <250 um) and 15% glycerol as a plasticizer. The materials were manually mixed
and then molded by thermal compression in a hydraulic press with heating using a tray format. The molded parts were sub-
mitted to tests of biodegradability, contact angle, water absorption and impact resistance. The obtained results showed the
influence of the incorporation of the rice husk fibers in the improvement of the evaluated properties when compared to the
biocomposite produced only with rice bran. The different particle sizes of the rice husk fibers used in this study presented
minor influence on the evaluated properties. Nevertheless, it should be noted that biocomposites with grain sizes > 250 pum
and < 500 um showed significant improvements, such as greater impact performance, higher initial contact angle and minor

mass losses in composting experiments.
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Introduction

The demand for new environmentally friendly materials,
due to the conscious exploitation of natural resources, has
led scientists to develop materials that use elements present
in nature, especially those that are considered waste or by-
products [1]. Biocomposites are increasingly used, replac-
ing conventional materials formed from synthetic materials,
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allowing for energy savings in processing, reduction of
greenhouse gas emissions, valuation of organic by-products
and lowering of waste discarded in landfills or improper
places [2, 3].

Over the last decades, a growing interest for the creation
of environmental protection practices has emerged, which
has generated a great interest from researchers in bio-based
materials, including biofibers, biopolymers and biocom-
posites that may be able to replace synthetic materials [4].
However, the interest in natural fibers for biocomposites sur-
passes its advantages in the formulation of improved materi-
als. Actually, it has also being driven by a global concern
about the impact of plastics on the environment and a grow-
ing awareness of the need to establish a circular economy,
where waste such as biomass and lignocellulosic materials
can be valued and used as a new raw material for industrial
processes [5].

Natural fibers are eco-friendly materials used as rein-
forcement in the manufacture of biocomposites, suitable
for many industrial applications [6]. Composites reinforced
with vegetable fibers and/or biopolymers have been devel-
oped in recent years because of their significant processing
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advantages: biodegradability, low cost, low relative density,
high specific resistance and renewable nature. Nevertheless,
several industrial applications of biocomposites still depend
on improvements, such as sensitivity to humidity and tem-
perature, difficulties associated with the control of their
biodegradation, low long-term mechanical performance,
as well as low impact resistance, high energy consumption
for processing and low durability [7]. Another reason that
explains the use of natural fibers is their availability in the
environment, in the form of bio-based residues and process-
ing by-products, valuing these materials and consequently
reducing their disposal in landfills [2].

Oryza sativa L. (Poaceae) is one of the most produced
and consumed cereals in the world [8]. In the O. sativa pro-
cessing, a by-product known as rice bran (RB) is generated.
It represents 11% of the volume of processed rice [9], so
that around 83 million tons of this material are annually pro-
duced in the world [10]. RB presents about 11.3-14.9% pro-
tein, 62.0% carbohydrates (mainly starch) and 15.0-19.7%
oil in its composition [11].

Rice husk (RH), another by-product generated in the pro-
cessing of rice, constitutes about 20% of the annual rice
production in the world (750 million tons of grain), being
equivalent to approximately 150 million tons [12]. The RH
is the protective covering of the rice grain, being an agro-
industrial by-product generated after the grain separation
process. It is mainly composed of cellulose (35%), hemicel-
lulose (25%), lignin (20%), ash (17% in which 94% is silica)
and about 3% crude protein [13]. The addition of RH in the
composite can lead to improvements in its physical capaci-
ties, resulting in materials with better mechanical properties,
thermal resistance, greater resistance to moisture and lower
costs [14].

The analyzed by-products have been used by the indus-
try with different purposes. For example, RB can be used
commercially for oil extraction; animal feed or boiler fuel
while the most common uses of rice husk include its use as
a biosorbent, animal feed, fuel for boilers, electricity and
steam generation, as well as in paper and board produc-
tion [12, 15]. Commonly, RHs are burned after harvesting
close to cultivation areas, causing negatives environmental
impacts. Therefore, the recycling and the use of this material
as a basis for new products is necessary and will contribute
to reduce atmospheric pollution [16].

Kale et al. [17] prepared RB composites with polyani-
line, starch, polypyrrole, aniline chitosan and pyrrole chi-
tosan that were employed for the adsorption of the malachite
green dye. The results obtained by the authors demonstrated
that the composites have potential for adsorption of mala-
chite and possibly for the adsorption of textile waste water
dyes. Bhatti et al. produced an acylation of the micro-
crystalline cellulose surface using RB oil. This practice
resulted in reduced polarity, increased crystallinity, reduced
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permeability to water vapor, better mechanical, thermal and
barrier properties [18].

Kargarzadeh et al. [19] elaborated a biodegradable com-
posite and a nanocomposite made of cassava starch and rice
husk fiber (RHF) using the casting method. The authors
verified that the storage module, the tensile properties and,
the thermal stability of the starch biocomposite increased,
whereas water uptake decreased. Santhosh et al. [20] man-
ufactured Prosopis juliflora composites filled with RHs
through compression molding, revealing that the inclusion
of rice husks significantly improved the mechanical behavior
of the material by up to 45%.

In this work, a biocomposite composed of 70% RB and
15% GL was developed for packaging material, which was
reinforced with different granulometric fractions of 15%
RHF (> 1 mm, > 500 um, >250 pum and <250 um). Bio-
degradability, contact angle, water absorption and impact
resistance tests were used to prove the effectiveness of the
biocomposite produced with different granulometric frac-
tions of RHF associated with RB and GL, as well as to com-
pare them with a sample produced with 100% RB.

Methodology

Samples of biocomposites were produced consisting of a
matrix of 70% raw RB, reinforced with 15% RHF of different
particle sizes (> 1 mm,>500 um, > 250 pm and <250 pm)
and 15% GL as a plasticizer, in addition to a matrix of 100%
raw rice bran. The materials were manually mixed and
then molded by thermal compression in the form of trays
at 140 °C and pressure of 4 tons with a total cycle time of
5 min. These molded parts were subjected to tests of bio-
degradability, contact angle, water absorption and impact
resistance.

Materials

RH and RB used to produce biocomposites were supplied
by Cooperativa Agroindustrial Rio Pardo (COPARROZ)
while glycerol (GL) (Quimica Moderna brand) with a mini-
mum density of 1.2570 (g/cm?® at 25 °C) was adopted. The
RH were ground in a hammer mill (forage crusher Garten
GT2000LD) to obtain RHF and separated granulometrically
using a Tyler series sieve system, corresponding to the par-
ticle sizes of: > 1 mm, > 500 pum, > 250 pum, and <250 pm.
RB was used in its original granulometry without being
sieved, as we also aimed, during the experiments, to seek a
way to reduce energy consumption for possible uses in the
industrial environment. The images of the materials used in
the present study are shown in Fig. 1.

The mixture of RB, RHF and GL was carried out manu-
ally at room temperature. Five sample compositions were
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Fig. 1 Materials used: a rice bran (RB); b rice husk (RH); ¢ rice husk flour>1 mm (RHF); d rice husk flour>500 pym (RHF); erice husk

flour > 250 um; f rice husk flour <250 um (RHF)

Table 1 Mass compositions of biocomposites samples

Samples RB (%) RHF (%) RHF granulom- GL (%)
etry (um)

a 100 - - -

b 70 15 > 1000 15

c 70 15 > 500 15

d 70 15 >250 15

e 70 15 <250 15

prepared; the first one was made only with RB, whereas
the other four samples were incorporated 15% RHF and
15% GL. These arrangements were selected based on pre-
liminary assays, so that the best results were replicated in
this study aiming to verify the differentiation behavior of
the grain sizes of RHF. The investigated compositions are
presented in Table 1.

For the conformation of the samples, a hydraulic press
with heating (Solab SL11) was used. The pieces molded
in the shape of trays were processed by compression mold-
ing, at a temperature of 140 °C and a pressure of 4 tons
during the period of 5 min. Thereupon the conformation,
the specimens were prepared, going through a drying pro-
cess for 72 h at 60 °C. Images of the trays representing

the biocomposites molded by thermal compression, with
different formulations, and composed with different grain
sizes of RHF, are depicted in Fig. 2.

Statistical analysis

The tests were performed at least in triplicate and the
single-factor ANOVA and the Tukey post-test were used
to verify statistical differences between the groups with
95% confidence. The analyses of variance were performed
using the Past software (version 4.04): Paleontological
statistics software package for education and data analysis
software.

Characterization
Water absorption

Samples of the biocomposites measuring 4 cm x 2 cm were
weighed and immersed in distilled water, being analyzed ini-
tially at hourly intervals up to 5 h and then at 24 h and 48 h.
At the end of each period, the samples were removed from
the water and weighed again. The amount of water absorbed
was calculated gravimetrically, according to Eq. (1), where
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Fig.2 Molded parts using different compositions: a RB; b RB/RHF > 1000 um /GL; ¢ RB/RHF> 500 um/GL; d B/RHF > 250 ym/GL; e RB/

RHF <250 ym/GL

Abs corresponds to the percentage of water absorbed, Fm
corresponds to the final mass of the sample after time in
water and Im corresponds to the initial mass of the foam.
The analyses were performed in triplicate for each formula-
tion [21]:

Fm —1Im

Abs(%) = x 100 (1)

Contact angle

This practice is based on goniometry, which involves observ-
ing a sessile drop of the test liquid on a solid substrate. The
procedure described in ASTM D7334 [22] standard was
used as the base and distilled water as the test liquid. The
acquisition of the images was carried out through a digital
optical microscope (brand U500X digital) and the calcula-
tions of the contact angle (8) were carried out automatically
by a Surftens software of image analysis based on Eq. (2),
where D is the diameter, & the drop height and 6 is the con-
tact angle:
0 2h

tan = = —
an > =7 )
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Impact assay

The IZOD impact resistance test was performed follow-
ing the ASTM D256 [23] standard on an IMPACTOR II
machine and using a 0.5 J hammer. The sample dimensions
were 6 mm X 12 mm X 3 mm, and the obtained results were
the test means of six independent samples. All the experi-
ments were conducted at room temperature at a relative
humidity of approximately 60%.

To better understand the properties of the biocomposites
analyzed in this work, the data obtained in the tests were
compared with research results that analyzed samples of
polylactic acid (PLA). A comparison between RB/GL and
RB/GL/RHF biocomposites and neat PLA was performed to
assess whether the products developed in this research meet
the requirements to be used as raw material for packaging
production.

Biodegradability assay

The biodegradation test was performed according to
the ASTM G 160-03 [24] standard, where samples of
2 cm X 4 cm were weighed and photographed. After-
wards these samples were placed inside a nylon enve-
lope (9 cm X 5.5 cm). This envelope presented holes that
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facilitated the contact of the specimen with the ground, since
one of the objectives was to evaluate the biodegradability
process of the specimens.

Subsequently the envelopes containing specimens were
buried in a polypropylene tray with a depth of 13 cm, posi-
tioned in a covered place and kept in this condition for a total
period of 56 days. The soil moisture was weekly checked,
and if necessary, water was added to keep it between 20
and 30% according to the ASTM G 160—03 standard. After
the test period, alterations in the visual aspect of the sam-
ples were evaluated. This procedure was adopted in order
to verify the occurrence of degradation. Samples were
cleaned, dried and weighed to assess mass loss. The test
was performed in triplicate, using composted soil purchased
commercially.

For the control of the medium where the composted sam-
ples were exposed, temperature, relative soil humidity and
precipitation were monitored on the test days, in the city of
Santa Cruz do Sul-RS—Brazil, in the Universitario district
(latitude 29° 41" S, longitude 52° 26’ W); data recorded were
obtained from the Meteorological Station of the University
of Santa Cruz do Sul (UNISC), located at 29° 41’ 53” south
latitude and 52° 26" 28" west longitude on the UNISC Cam-
pus at 40 m altitude, by an Automatic Meteorological Station
brand DAVIS INSTRUMENTS, model Vantage Pro Plus,
using the Weather Link software. The precipitation data are
depicted in Fig. 3. The average temperature recorded in the
period was of 25.20° and the relative humidity of the soil
remained close to 30% In addition, the pH of the soil was

24

analyzed, resulting in a variation between 6.5 and 5.5 in the
period.

Results and discussion

In order to evaluate the biocomposites, the characteristics
presented by the samples based on RB, RHF and GL were
analyzed, as well as the influence of the grain size of the
RHF on the physical and mechanical properties.

Water absorption

Water absorption plays an important role on dimensional
stability (service life) and the mechanical properties of bio-
composites. The results obtained in the study, regarding
water absorption, are directly linked to the addition of RHF.
This is due to the chemical composition, size, and surface
area of the fibers used [25]. Thus, adding RHF to RB and GL
composites produces a material with better finishing, result-
ing in lower water absorption rates. The results of the water
absorption of the samples over the monitoring period (48 h)
can be visualized in Fig. 4. Based on them, it is possible to
observe that the water absorption was intense in the first 3 h
and that the granulometry of the RHF used as reinforcement
in the manufacture of the biocomposite did not significantly
(p <0.05) influence the results obtained for water absorption.

In composites reinforced with natural fibers, there are
three mechanisms of diffusion by water absorption: through

21

Rainfall (mm)
[~}

il

M 3 5 7 9 11 13 15 17 19 21

Days

23 25 27 29 31 33

35 37 39 41 43 45 47 49 51 53 55

Fig. 3 Monitoring of the rainfall during the study period (from 02/05/2020 to 03/31/2020)
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Fig.4 Relationship between water absorption due to the decrease in the grain size of rice husk flour used as a reinforcement in the biocomposite

microgaps between polymer chains, diffusion via capillary
transport in cracks and penetration of water molecules in
micro-cracks in the matrix, resulting from the swelling of
the fiber [26].

Analyzing the results, it is possible to verify that the sam-
ple containing only rice bran (a), presented the highest water
absorption when compared to the others, considering that
the formulations (b), (c), (d) and (e) had reinforcing fiber
(RHF) and GL in their composition. According to the lit-
erature, the use of hydrophilic plasticizer negatively affects
the water resistance of biocomposites. However, its use is
necessary to avoid cracking of the samples during their pro-
cessing and along with the hydrophobicity provided by the
lignin and silica present in the RH, guaranteed lower sorp-
tion capacities to the proposed material [27, 28].

Abdurrahim developed chitosan/clay/glycerol nanocom-
posite films, in which the addition of 20% of the plasticizer
in question reduced the water absorption of the material.
According to the authors, this may be related to the interac-
tion between the glycerol hydroxyl groups and the chitosan
functional groups forming a network that does not allow
water to interact further with the polar groups of chitosan,
preventing water molecules from penetrating the films [29].

Biocomposites contact angle

The contact angles were measured 3 s after the drop of
water was deposited on the surface (initial contact angle)
and then after 3 min the drop was deposited, in order to
study the degree of hydrophilicity of the sample surface,
by spreading the sample drop and wettability of surfaces.
The wettability of biocomposites can be greatly affected by
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surface properties, such as morphology, chemical properties,
roughness, among others [30]. Figure 5 presents the contact
angles measured on the surface of the biocomposites in 3 s
and 3 min.

Reinforced materials with RHF (<250 um and > 500 pm)
exhibited higher contact angles (3 s and 3 min) compared to
the composite produced only with RB and GL. Through the
scanning electron microscopy (SEM) assays conducted by
Cano et al. [31], Arun et al. [32], and Suresh et al. [33], it is
possible to examine the surface of raw rice bran. According
to the results of Cano et al. [31], the use of raw rice bran in
a biocomposite material creates a product with an irregu-
lar surface, as the large particles present in the rice bran
induce microfissures. The surface of rice bran contains a
large amount of starch granules that are highly hydrophilic,
which is due to the presence of hydroxyl groups (—OH) on
the surface of the granules [34]. On the other hand, through
micrographs of the rice husk surface, carried out by Mazilan
et al. [35] and Kolar and Jin [36], it is possible to observe
the structure of the lignocellulosic material. Srivastava et al.
[37] observed an increase in the contact angle with the use of
rice husk as reinforcement in corn starch-based biocompos-
ites. There was also an increase in the surface roughness of
the material; however, rice husk is insoluble and has a high
proportion of lignin and silica (15-20%), which contains
water-resistant crystalline portions [38], demonstrating that
RH had a strong interfacial interaction with the RB, filling
its micropores and hindering water penetration.

Through a comparison between the samples rein-
forced with RHF, it is possible to verify that the sam-
ples containing RHF > 250 um presented the highest
contact angles in the period of 3 s, just as the samples
containing RHF <250 um obtained the best results in the
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Fig.5 Contact angle (after 3 s and 3 min) of biocomposite samples

period of 3 min, demonstrating a significant improvement
(p <0.05). The results corroborate the findings of Mu
et al. [39], where shorter and wider natural fibers, used as
reinforcement in biocomposites, result in materials with
lower water affinity, as they generate surfaces with lower
roughness. The reduction in the granulometry increases

the contact area of the RHF reinforcement with the RB
matrix, creating a better adhesion and strong interaction
between them, causing difficulties for permeation and
water molecules diffusion on the material surface [40],
especially when compared with the sample that presents
only RB in its composition.
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Fig. 6 Impact resistance in relation to the decrease in granulometry of rice husk flour used as reinforcement
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Biocomposite impact resistance

The results of the biocomposites resistance to impact can
be visualized on Fig. 6. A significant (p <0.05) increase of
the resistance to the impact is observed in the sample that
contains RHF particle size > 250 pm. This result is directly
related to the fact that smaller particle sizes of material
used as reinforce in the matrix of a composite tend to form
better interfacial adhesions between the matrix and the
fiber, decreasing the micro-spaces between them [41]. The
micro-space between fiber and matrix is created due to
the weak interfacial connection, contributing to several
micro-cracks where there is an impact, and so facilitating
the propagation of cracks and reducing the resistance to
impact [42].

The material proposed in this work still needs improve-
ments in its composition so that it can have commercial
potential, as according to the results obtained by Malay-
arom et al. [43], the impact strength test result of pure
PLA (commercial PLA grade 4043D) is equivalent to 27.6
(J/m).

Biodegradability assay

Since RB and RH are organic materials, it is expected
that the biocomposites formed by these materials are
naturally biodegradable. However, the grain size of the
used RHF combined with the addition of plasticizer and
thermal compression bonding may cause changes in their
biodegradability. Thus, in this stage, we assessed possible
changes in degradation by means of microorganisms due
to the differences in the granulometry of the RHF used to
manufacture the biocomposite samples.

In Fig. 7, samples of biocomposites can be observed at
different times of exposure to the soil. Based on them it
can be inferred that the bonds formed by the added compo-
nents did not change their biodegradability, but postponed
the time in which degradation occurs.

It is possible to verify that, at the end of the 56 days,
all the samples showed great fragility and loss of visual
mass, a fact that could already be perceived from the 14th
day. Keeping in view the ASTM G 160-03 standard, all
biocomposites presented a high biodegradation rate, being
greater than 60% of mass loss, according to the exposure
period. The sample containing only RB in its composition
showed a significant degradation (p <0.05) when com-
pared to samples composed of RB/RHF/GL. This result
can be explained by the presence and distribution of fibers
in the matrix that affected humidity, microorganisms and
other elements, in a way that it hampered the diffusion in
the matrix [44]. Biodegradation occurs in two simultane-
ous processes, hydrolysis and microbial attack [45].
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Fig.7 Chronological images of the biodegradation of samples

When comparing only the samples produced with RB/
RHF/GL, the most significant result (p <0.05) of biodegra-
dation of the biocomposites was obtained using RHF with
particle size > 500 um, followed by samples with RH particle
sizes > 1 mm, being directly linked to the results obtained
in the water adsorption test, where fibers with larger parti-
cle size showed worse results. This can be explained by the
fact that larger and longer fibers generate a coarser material
with a rough surface [40], favoring water penetration into the
composite interior, and consequently promoting microbial
attack and accelerated degradation of the biocomposite [46].
The results are in accordance with Srivastana et al. [37], in
which the addition of RHF generated lower biodegradability
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Fig.8 Mass loss after 56 days for buried samples of the evaluated biocomposites

rates in biocomposites produced with corn starch, consider-
ing that the insolubility of rice husk in water, in addition to
its hydrophobic composition, hinders the adsorption of water
and consequent degradation of the material.

The percentage of mass loss of each sample can be visu-
alized in Fig. 8, where the losses are presented after the
period of 56 days the specimens were buried. However, even
presenting a significant percentage of mass (p <0.05), it is
possible to verify that RB biocomposites and RB plus RHF
and GL have already lost their physical integrity, being frag-
mented after the soil exposure period of 56 days.

Table 2 aims to present the main environmental benefits
of using biocomposites in packaging formulation.

According to Table 2, it is possible to observe similar
advantages to composites produced with RB/GL/RHF, con-
sidering that its use is innovative in the environmental area,
as in addition to reducing dependence on non-renewable
resources [56], it guarantees the revaluation of by-products
produced by agroindustry [57]. Thus, the biocomposites

produced in this research focus on the circular economy
[58], ensuring that low-cost materials are produced, with
reduced electrical energy costs for processing, that have bio-
degradable characteristics and that have high availability of
raw materials [59].

Conclusions

On the one hand, biocomposites showed to be biodegrad-
able, with significant weight losses (p <0.05) ranging
between 68 and 77% during the composting in the study
period (56 days). The incorporation of RHF and GL in the
matrix (RB) promoted significant (p < 0.05) lower water
absorption, reaching a plateau after the fourth day of immer-
sion in water as well as a significant increase (p <0.05) of
the impact resistance when compared to the RB matrix.

On the other hand, the different RHF grain sizes used
in this study presented little influence on the evaluated

Table 2 Sustainability aspects in biocomposites used for packaging production

Type of material

Advantages—environmental gains

Author

Cellulose films Biodegradable

Based on renewable resource
Poly lactic acid (PLA) composites  Biodegradable

Based on renewable resource

Chamathka et al. [47], Chu et al. [48], Wang et al. [49]

Chen et al. [50], Palaniyappan et al. [51], Ziiniga et al. [52]

Low energy consumption for production
Low generation of GHGs during production

Recyclability potential

Starch biocomposite films Biodegradable

Alves et al. [53], Benito-Gonzalez et al. [54], Mueller et al.

Low energy consumption for production [55]

Based on renewable resource
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properties. Nevertheless, it must be pointed out that biocom-
posites with a granulometries > 250 um and < 500 pum that
showed significant improvements (p <0.05), such as greater
impact performance, greater initial contact angle and lower
mass loss in composting during the evaluated period.

Considering that there are several possibilities for
applications of by-products and agro-industrial residues,
it is necessary to expand the research in order to find new
solutions for their reuse, and thus, increase the number of
biodegradable materials that can replace the same objects
produced with synthetic materials.

Lastly, through the results obtained in the production
of the biocomposite using RB, RHF and GL, it is recom-
mended that future researches should evaluate and test the
produced biocomposites for industrial application in order
to favor the development of eco-friendly products.
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