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Abstract

High-density polyethylene (HDPE) reinforced with cellulose from rice husk (RH) were prepared and studied. The RH
biomass was submitted to acid extraction and bleaching process and then analyzed for its cellulose extraction efficiency
by X-ray diffraction (XRD) and Fourier transformation infrared spectroscopy (FTIR). After that, the RH cellulose
(RHC) was incorpored to the HDPE matrix by melt blending with different filler contents (5, 10 and 15 wt%), and then
characterized in terms of mechanical properties and morphology. The RHC incorporation in the HDPE matrix resulted
in an increase in elastic modulus regardless the filler content added; also, the impact resistance was maintained for
RHC contents up to 10%. The morphological analysis of the composites showed that the cellulose was well dispersed
in the matrix, which contributed to the improvement of the final rigidity of these materials, indicating the feasibility of
incorporating this residue in the production of HDPE composites.
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1. Introduction

Polymeric composites reinforced with vegetable fibers
have been the target of great academic and industrial interest
for replacing, generally with cost advantages and lightness,
materials made of conventional polymeric composites.
These composites are less aggressive and toxic, since they
are reinforced with raw materials of plant origin, such as
oils, starch and cellulose. Besides coming from renewable
sources, meeting the requirements of biodegradability
and preservation of the environment throughout its cycle
of lifel"], they can be an alternative for the reduction of
inappropriate waste disposal when the utilized fibers are
from agroindustrial waste!.

Rice is the most popular food in the world, its importance
can be noted by its numbers of consumption and production.
The consumption of rice as food for 2017 was estimated
at 53.7 kg/person. To meet this demand, rice production
forecasts, for the same year, were estimated at 759.6 million
tonnes according to the Food and Agriculture Organization
(FAO)PL. In this context, the Brazilian production of rice
is in the order of 12 million tons/year and the state of
Rio Grande do Sul represents 60% of this production!*.
For each ton of rice produced, it is estimated that 0.23 ton
of RH are formed during the rice refining process, being
the most voluminous by-product™. In this way, RH is an
agroindustrial large quantity residue in Rio Grande do Sul.
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The average chemical composition of RH is defined
in 35% cellulose, 25% hemicellulose, 20% lignin and
20% of others [°!. It is important to note that these contents
may vary significantly according to type of paddy, crop
year, climatic and geographical conditions and sample
preparation for analysis.

These peels have low commercial value because the
contained silica (SiO,) and the fibers do not have nutritional
value, therefore they are not used in human or animal feeding.
The destination found for the RH, in the last years, has
been the discharge into crops and river bottoms, resulting
in serious environmental impacts. In other cases, RH has
been used as a source of energy for parboiling, but it is also
a problem as it contributes to air pollution.

Polymeric composites using cellulose as reinforcing
agent have several advantages, generally these natural
reinforcements are lighter, more economically attractive and
provide greater resistance when compared with inorganic
reinforcing agents 7). But interestingly, there are no reports
on the use of cellulose obtained from RH in HDPE matrix.

Therefore, the objective of this work was to evaluate
the use of cellulose extracted from RH in the obtention
of composites with HDPE by melt blending, offering an
alternative reuse for this agroindustrial residue. The work
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also aimed to promote an improvement in the mechanical
properties of HDPE.

2. Materials and Methods

High density polyethylene - HDPE (GM9450F)
obtained from Braskem S/A was used as polymeric matrix.
The rice hulks were obtained from a cereal supply located
in Pelotas/RS — Brazil. All reagents used in this work had
analytical grade.

2.1 Cellulose obtaining from RH

Figure 1 presents a flowchart of the methodology used
for the RHC obtention.

Firstly, the rice hulks were milled in a knife mill
(Marconi —Model MA 340). After that, the milled biomass
was submitted to the first step treatment which consists in
an acid treatment to remove the hemicellulose and lignin
present in the RH . The milled RH was added in a solution
of water, acetic acid and nitric acid at a ratio of 6:5:1 v/v,
respectively, under mechanical stirring and reflux at 80°C
for 4h. The resulting material was washed and filtered with
distilled water untill reached the neutral pH.

The bleaching process was done by the imersion of the
resulting material from the first step in a solution of sodium
hypochlorite for 24h. After the steady time, the material
was filtered using distilled water untill was neutralized.
The non-passing material was the RHC, which was dried
at 60°C for 24h.

2.2 Cellulose characterization

2.2.1 X-ray diffraction (XRD)

The XRD analyzes were performed using a diffractometer
(D8 Advance Bruker) with wavelength of & = 1,541 A,
operating at 40 KV and 40 mA. The scans were performed
in the range of 20 between 10 and 50°, at a rate of 1/min.

2.2.2 Fourier transformation infrared spectroscopy (FTIR)

The analyses were done using a Spectrum 1000
spectrophotometer from Perkin Elmer, in the range between
400 and 4000 cm “'. Each spectrum corresponds to the
average of 10 scans at a resolution of 4 cm'.

Milled Rice
husks

Rice husks

Ratio of 1:20 biomass/solution
80°C under stirring for 4 hours

Figure 1. Flowchart of the RHC obtention process.
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2.2.3 Scanning electron microscopy (SEM) analysis

The microscopy analyses of the RH in natura, the RH
after the first treatment and the RH cellulose were performed
by SEM using a Shimadzu, modelo SSX-550 Superscan
equipament.

2.3 HDPE/Cellulose composites preparation
2.3.1 Melting blending pocess

To produce the composites, a single screw extruder (CIOLA,
model MEP-18) with L/D = 22 was used. The temperature
profile used was 180/190 °C in the two heating zones and
190 °C for the matrix. The composites were obtained with
5,10 and 15 wt% by mass of cellulose. The pure polymer
also was obtained using the same processing conditions in
order to have their results compared to those obtained to
the composite materials.

2.3.2 Composites molding

The materials obtained from the extrusion process were
pelletized and then molded by compression at 200°C in a
hydraulic press (Marconi, MA098/A) using the following
cycle: pre-heating (for 2 min) / pressing (3 ton for 2 min) /
relief / pressing (5 tons for 2 min) / forced cooling in water
at room temperature. This process results in plates with
10 cm of length, 10 cm of width and 3.2 mm of thickness.
The specimens for tensile and impact mechanical tests were
stamped from the plates obtained.

Figure 2 shows a schematic of all the steps involved in
processing of the composites.

2.3.3 Composites evaluation

2.3.3.1 Mechanical characterization

The mechanical properties were determined by tensile
and Izod impact tests. The dimensions of the samples were
defined according to the American Society for Testing
Materials (ASTM) standards.

Tensile strengh test

The tensile tests were performed according to ASTM
D-638 on a universal testing machine (INSTRON E3000)
with a load cell of 5000 N, distance between claws of
115 mm and deformation rate of 5 mm.min'. The widths
and thicknesses of the specimens were measured using a
caliper gauge (Mitutoyo, £ 0.001 mm).

=
Pulp after
acid treatment

Rice husk
Cellulose - RHC

0,1M NaClOz2 solution (pH 4.0)
80 °C under stirring
for 2 hours
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Izod impact test

For the Izod impact tests (RESIL 25, from Ceast) the
specimens were notched with a depth of 2.54 £ 0.1 mm,
with minimum notch speed in accordance with ASTM D256.
The tests were performed at room temperature.

2.3.3.2 SEM analysis

The fracture surfaces of the impacted specimens were
observed by SEM, using a Jeol JISM- 6610LV equipament.
A thin layer of gold was deposited on the material with
metallizer.

3. Results and Discussions
3.1 Cellulose characterization

The in natura RH color is brown and after the first
chemical treatment a brown-orange coloration was observed.
After the bleaching, the material appears completely white
(see Figure 1). These color changes are directly associated
with the removal of non-cellulosic materialst®l. Thus, the
white color observed in the final product was an indication
of a high purity of the cellulosic material. However,
further analysis is required, such as chemical composition,
morphology, crystallinity and functional groups for its
characterization®’.

HDPE
Pellets

Rice husk

- 0
Cellulose - RHC Hot zone 01 - 180°C

Haot zone 02 - 190°C
Matrix - 190°C

Figure 2. Flowchart of the composites processing.

3.1.1 X-ray diffraction (XRD)

X-ray diffraction was used to investigate the crystalline
structure of RH before and after the chemical treatments used.
In addition, microcrystalline cellulose (MCC) of commercial
origin was analyzed for comparison. The diffractograms are
represented in Figure 3.

It is reported in the literature, that cellulose have
crystalline sctructure, due to Van der Waals’ bonds, while
hemicellulose and lignin have an amorphous characteristic!'.
As expected, natural rice husk has low crystallinity. There is
an increase in the crystallinity of the samples according to
the chemical treatments used, which may be related to the
partial elimination of hemicellulose and lignin, indicating
the efficiency of the procedure used to obtain the cellulose
from rice husk. The peaks at approximately 16°, 22° and 34°
are characteristic of type I cellulose™, corresponding to the
(101), (002) and (004) planes, respectively.

3.1.2 Fourier transformation infrared spectroscopy (FTIR)

Figure 4 shows the spectra of the in natura rice husk,
after acid extraction, RHC and MCC.

It is possible to observe in all spectra the presence of
two major regions of absorbance!'!!. The first region at
high wavenumbers (2700-3500 cm™) can be atribuited
to different vibrations in polysaccharides and the second

Izold

Impact Test
Preheating 200° C
3 ton. for 2 minutes
5 ton. for 2 minutes

Tensile
Strength Test

Intensity (a.u)

10

s Rice Husk Cellulose
" i N S T F P
Microcrystalline cellulose
Acid Treatment
Vo o Natural Rice Husk
~ ey, P b AR N Mt g A g A S AR
T T T I T T T T ! T T T T I T T T T I T T T T
25 30 35 40 45
20

Figure 3. X-ray diffractograms of RH, RH after acid treatment, RHC and MCC.
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region at lower wavenumbers (800 to 1800 cm™) is typical
assigned to cellulose!'?l.

The peak in the region between 3500-3000 cm™! confirms
the presence of hydroxyl groups (O-H). For the RHC, the
increase in the area of this band indicates the presence of
a greater number of OH groups!'* and, consequently, an
increase in RHC hydrophilicity.

The peak in 2921 cm™ is observed in all spectra and
it is due to the presence of C-H stretching vibration in
polysaccharides, evidencing the presence of cellulose and
hemicellulose!'>',

The bands in the range of 1700-1730 cm! are attributed
to the vibration of acetyl and uronic groups of hemicellulose,
or even to the ester linkage of carboxyl and p-coumaric acids
in lignin"*!. In this region a peak reduction was observed,
according to the chemical treatment sequences, thus confirming
the partial removal of hemicellulose and lignin!'). A small
band was observed in the range of 1629-1621 cm!, which
can be attributed to the water absorbed in cellulose!'?.
In general, the FTIR spectra have confirmed that RHC have
a more open structure related to their greater wettability
as the hemicellulose is dissolved or removed!']. The band
at 1170 cm! corresponds to the asymmetric stretching of
the C-O-C bond of cellulose, hemicellulose and lignin!'®).

The bands observed at approximately 1030 cm™ and
at 800 cm™! in the spectra correspond to the stretching
bonds of C=0 in guaiacyl rings!'”’ and CH deformations in
cellulose!™, the latter one presents an increase in intensity
as the treatment is performed, indicating an increase in
cellulose content.

3.1.3 SEM analysis

Through the SEM images it was possible to investigate
the changes in the structure of the RH, as well as the cellulose,
as shown in Figure 5.

The RH, Figure 5A, presented a more compact structure,
with an irregular outer surface of hemicellulose, lignin,
inorganic components and lumps or protuberances!'®, when
compared to the RHC, Figure 5B and C, in which the bleached
fibers had a fibrous and rough structure, with a mean diameter
of 5 um!®; also some particulates are observed, which can
be related to residual material from the synthesis or even
remained impurities. It was also observed the presence of
some pores in the rough surface of the fibers, indicating
that there may be an increase in the effective surface area
for contact with the polymeric matrix, which contributes to
the improvement of the mechanical properties.

e~
It ST T

‘Absorbance (a.u)

e (ST SN I (NN S O S T s |

g o _Rice Husk Cellulose

e gttt g

Microcrystalline cellulose

Acid Treatment

Natural Rice Husk

b P o i

|
3500 2500

T T T T T T

I
2000

Wavenumber (cni')

Figure 4. FTIR spectra of HR biomass, HR after the acid extraction, RHC and MCC.

Figure 5. SEM micrographs of: (A) RH; (B) and (C) RHC.
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3.2 Composites characterization

3.2.1 Mechanical characterization

Figure 6 presents the graphs for the mechanical
characterization.

Tensile strength test

In Figure 6A it is possible to observe that the modulus
of elasticity of the composites presented different behaviors
in relation to the HDPE. The HDPE composites have higher
elastic modulus than pure HDPE. On the other hand, when
analyzing the results obtained for composite materials
prepared with different filler contents, it is verified that the
values of elastic modulus presented by these materials have
no significant difference. It is known that when a composite
is reinforced with cellulose, the tensile modulus of the
polymer compound can improve considerably. However,
this property change will also depend on the strength and
effectiveness of the interfacial adhesion between cellulose
and matrix '), which can be improved with prior treatment
and also of the amount of filler used. Low contents of
cellulose can form regions of high mechanical stress, by
a not so homogeneously dispersed mixture, resulting in a
decrease in elastic modulus. Higher contents of cellulose,
in its turn, can result in a better distribuition of stresses, and
thus greater modulus 2.

This small increase in the values of elastic modulus
indicates a low interaction between the polymer and the
matrix, and this can be explained by its lack of chemical
affinity, since the HDPE is apolar and the cellulose is known
for its polarity, as can be confirmed by FTIR.

Izod impact test

In Figure 6B it is observed that HDPE presented an
average impact resistance of 178.65 J/m, higher than the
composites with 5, 10 and 15 wt% of cellulose, with values
0f'172.99 J/m, 162.54 J/m and 126.36 J/m, respectively. Its
already established in literature that HDPE has a high Izod
impact strength, which is decreased when reinforced with
vegetable fibers 2!,

EHDPE ®a HDPE 10% RHC
L2IHDPE 5% RHC T HDPE 15% RHC

- ==

600+

2

Elastic Modulus (MPa)

:

(=]

(A)

Impact Strength (J/m)

Considering the standard deviations, it can be affirmed
that the addition of up to 10 wt% of RHC does not promote
significant reductions in the impact resistance when compared
to pure HDPE. The HDPE/15 wt% RHC presented a greater
decrease impact resistance, breaking more easily, and also
making it a material with greater rigidity lower tenacity. This
can be explained since the introduction of reinforcements
can promote stress concentration, generating the presence
of micro-interfacial voids, which make the microcracks
to propagate easily in the composite, and then reducing
impact resistance 2. Also, RH is fragile and therefore, have
a low capacity to absorb energy during the propagation of
the fracture. Similar results of decrease in impact strength
with increasing cellulose content was observed in literature
9 who reported an increase in its brittleness due to large
amounts of cellulose in a HDPE matrix. This decrease
in impact strength of the polymer matrix can also be
reverted by the use of impact modifiers, which improve
the matrix / reinforcement interface.

3.2.2 SEM analysis

Its well established that interfacial adhesion matrix/filler
and dispersion of the filler in the polymer matrix are
determining factors in mechanical properties of any
composite material ), In this way, the mechanical results
can be confirmed to the observed in SEM analysis. Figure 7
presents SEM micrographs obtained from the fracture surface
of the samples after the [zod impact tests were performed.

The micrographs revealed a heterogeneous distribution
of the RHC in HDPE matrix, with RHC presenting different
morphologies, such as rods-like structures, particulates and
also agglomerates. These different morphologies can be
justified by the fragmentation of RHC during the composites
extrusion and the agglomeraion due the greater affinity of
cellulose with itself than with the matrix.

Considering the amount of RHC used represents most of
the composite volume, we can affirm that it was possible to
achieve a good adhesion between the phases, with the RHC
distributed in the polymer, contributing to the increase of the
elastic modulus when comparing to the HDPE. However,
it is possible to observe regions of detachment of the RHC

EHDPE @a HDPE 10% RHC
1 STiHDPE 5% RHC TRZ HDPE 15% RHC

(B)

Figure 6. (A) Elastic modulus and (B) Impact strength for pure HDPE, HDPE 5wt% RHC, HDPE 10wt% RHC and HDPE 15wt% RHC

composites.
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Figure 7. SEM micrographs of (A) HDPE 5wt% RHC, (B) HDPE 10wt% RHC and (C) HDPE 15wt% RHC.

from the matrix, forming voids. The more RHC was used,
the more detachments could be perceived, due to the higher
amount of RHC. In the same way, more voids are formed.
The appearance of defects as voids with the increase in the
amount of RHC used, justifies the results obtained by the
impact resistance tests.

All observed fracture surfaces are rough, indicating that
the addition of RHC did not change the fracture behavior
of the polymeric matrix, which remained plastic.

4. Conclusions

Considering that the results of FTIR, XRD and SEM
are in agreement with the literature, we can say that the
treatment used was efficient for obtaining cellulose from
RH biomass.

The addition of RHC in the HDPE polymer matrix had
good effect on the elastic modulus of the composites, as
we can confirm by the improvement in the rigidity of the
composites when compared to the pure matrix, but without
significant changes for higher contents of RHC. The impact
strength have decreased as the RHC content increase in the
polymeric matrix. Micrographs obtained by MEV from the
fractured surface obtained by impact test of the composites,
revealed some adherence between RHC-matrix. In this
context, the results obtained for the HDPE composites with
the addition of RHC present a superiority over the pure matrix
and thus create the possibility of its use in composites and
an alternative to use this residue.

5. Acknowledgements

The authors would like to acknowledge the CAPES
(Coordination for the Improvement of Higher Education
Personnel), the Centro de Microscopia Eletronica do Sul
(CEMESUL) of Federal University of Rio Grande, the
Department of Materials Engineering of Federal University
of Sdo Carlos (DEMa/UFSCar) and the Laboratorio de
Materiais Poliméricos (LaPol) of Federal University of
Rio Grande do Sul (UFRGS) for the use of infrastructure.

6. References

1. Ligowski, E., Santos, B. C., & Fujiwara, S. T. (2015).
Materiais compositos a base de fibras da cana-de-agucar e
polimeros reciclados obtidos através da técnica de extrusdo

6/7

10.

TT - Composite materials based on fibers from sugar cane
and recycled polymers obtained by extrusion technique.
Polimeros: Ciéncia e Tecnologia, 25(1), 70-75. http://dx.doi.
org/10.1590/0104-1428.1605.

Yang, H. S., Kim, H. J., Park, H. J., Lee, B. J., & Hwang, T. S.
(2006). Water absorption behavior and mechanical properties
of lignocellulosic filler-polyolefin bio-composites. Composite
Structures, 72(4), 429-437. http://dx.doi.org/10.1016/j.
compstruct.2005.01.013.

Food and Agriculture Organization of the United Nations —
FAO. (2018). Seguimiento del mercado del arroz de la FAO
(Informe FAO de actualizacion de precios del arroz, Vol. 21,
No. 1, 10 p.). Rome: FAO. Retrieved in 2019, June 22, from
http://www.fao.org/3/19243ES/19243es.pdf

Santos, P., & Costa, A. C. S. (2013). X-ray diffraction and
thermal analysis of kaolins particle size fractions. Semina.
Ciéncias Exatas e Tecnolégicas, 34(1), 9-22. http://dx.doi.
org/10.5433/1679-0375.2013v34n1p9.

Chandrasekhar, S., Satyanarayana, K. G., Pramada, P. N.,
Raghavan, P., & Gupta, T. N. (2003). Processing, properties
and applications of reactive silica from rice husk - an overview.
Journal of Materials Science, 38(15),3159-3168. http://dx.doi.
org/10.1023/A:1025157114800.

Wu, G., Qu, P, Sun, E., Chang, Z., Xu, Y., & Huang, H. (2015).
Physical, chemical, and rheological properties of rice husks
treated by composting process. BioResources, 10(1),227-239.
Retrieved in 2019, June 22, from https://bioresources.cnr.ncsu.
edu/resources/physical-chemical-and-rheological-properties-
of-rice-husks-treated-by-composting-process/

Campos, A., Teodoro, K. B. R., Marconcini, J. M., Mattoso,
L. H. C., & Martins-Franchetti, S. M. (2011). Efeito do
tratamento das fibras nas propriedades do biocomposito de
amido termoplastico/policaprolactona/sisal. Polimeros, Ciéncia
e Tecnologia, 21(3),217-222. http://dx.doi.org/10.1590/50104-
14282011005000039.

Johar, N., Ahmad, I., & Dufresne, A. (2012). Extraction,
preparation and characterization of cellulose fibres and
nanocrystals from rice husk. /ndustrial Crops and Products,
37(1),93-99. http://dx.doi.org/10.1016/j.indcrop.2011.12.016.
El Halal, S. L. M., Colussi, R., Deon, V. G., Pinto, V. Z.,
Villanova, F. A., Carrefio, N. L. V., Dias, A. R. G., & Zavareze,
E. R. (2015). Films based on oxidized starch and cellulose
from barley. Carbohydrate Polymers, 133, 644-653. http://
dx.doi.org/10.1016/j.carbpol.2015.07.024. PMid:26344323.
Prado, K. S., & Spinacé, M. A. S. (2015). Characterization
of Fibers from Pineapple’s Crown, Rice Husks and Cotton
Textile Residues. Materials Research, 18(3), 530-537. http:/
dx.doi.org/10.1590/1516-1439.311514.

Polimeros, 29(4), 2019058, 2019


https://doi.org/10.1590/0104-1428.1605
https://doi.org/10.1590/0104-1428.1605
https://doi.org/10.1016/j.compstruct.2005.01.013
https://doi.org/10.1016/j.compstruct.2005.01.013
https://doi.org/10.5433/1679-0375.2013v34n1p9
https://doi.org/10.5433/1679-0375.2013v34n1p9
https://doi.org/10.1023/A:1025157114800
https://doi.org/10.1023/A:1025157114800
https://doi.org/10.1016/j.indcrop.2011.12.016
https://doi.org/10.1016/j.carbpol.2015.07.024
https://doi.org/10.1016/j.carbpol.2015.07.024
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26344323&dopt=Abstract
https://doi.org/10.1590/1516-1439.311514
https://doi.org/10.1590/1516-1439.311514

Mechanical characterization of HDPE reinforced with cellulose from rice husk biomass

11.

12.

13.

15

16.

Jonoobi, M., Harun, J., Shakeri, A., Misra, M., & Oksmand,
K. (2009). Chemical composition, crystallinity, and thermal
degradation of bleached and unbleached kenaf bast (Hibiscus
cannabinus) pulp and nanofibers. BioResources, 4(2), 626-639.
Retrieved in 2019, June 22, from https://bioresources.cnr.ncsu.
edu/resources/chemical-composition-crystallinity-and-thermal-
degradation-of-bleached-and-unbleached-kenaf-bast-hibiscus-
cannabinus-pulp-and-nanofibers/

Hospodarova, V., Singovszka, E., & Stevulova, N. (2018).
Characterization of cellulosic fibers by FTIR spectroscopy for
their further implementation to building materials. American
Journal of Analytical Chemistry, 09(06),303-310. http://dx.doi.
org/10.4236/ajac.2018.96023.

Rong, M. Z., Zhang, M. Q., Liu, Y., Yang, G. C., & Zeng, H.
M. (2001). The effect of fiber treatment on the mechanical
properties of unidirectional sisal-reinforced epoxy composites.
Comporsites Science and Technology, 61(10), 1437-1447. http://
dx.doi.org/10.1016/S0266-3538(01)00046-X.

. Adel, A. M., Abd El-Wahab, Z. H., Ibrahim, A. A., & Al-Shemy,

M. T. (2010). Characterization of microcrystalline cellulose
prepared from lignocellulosic materials. Part I. Acid catalyzed
hydrolysis. Bioresource Technology, 101(12),4446-4455. http://
dx.doi.org/10.1016/j.biortech.2010.01.047. PMid:20185300.

. Pelissari, F. M., Sobral, P. J. A., & Menegalli, F. C. (2014).

Isolation and characterization of cellulose nanofibers from
banana peels. Cellulose (London, England), 21(1), 417-432.
http://dx.doi.org/10.1007/s10570-013-0138-6.

Rosa, M. F., Medeiros, E. S., Malmonge, J. A., Gregorski, K.
S., Wood, D. F., Mattoso, L. H. C., Glenn, G., Orts, W. J., &
Imam, S. H. (2010). Cellulose nanowhiskers from coconut
husk fibers: effect of preparation conditions on their thermal
and morphological behavior. Carbohydrate Polymers, 81(1),
83-92. http://dx.doi.org/10.1016/j.carbpol.2010.01.059.

. Silvério, H. A., Flauzino Neto, W. P., Dantas, N. O., & Pasquini,

D. (2013). Extraction and characterization of cellulose
nanocrystals from corncob for application as reinforcing

Polimeros, 29(4), 2019058, 2019

18.

19.

20.

21.

22.

23.

agent in nanocomposites. Industrial Crops and Products, 44,
427-436. http://dx.doi.org/10.1016/j.indcrop.2012.10.014.
Oliveira, J. P., Bruni, G. P., Lima, K. O., Halal, S. L. M. E.,
Rosa, G. S. D., Dias, A. R. G., & Zavareze, E. D. R. (2017).
Cellulose fibers extracted from rice and oat husks and their
application in hydrogel. Food Chemistry, 221, 153-160. http:/
dx.doi.org/10.1016/j.foodchem.2016.10.048. PMid:27979125.
Boran, S. (2016). Mechanical, morphological, and thermal
properties of nutshell and microcrystalline cellulose filled
high-density polyethylene composites. BioResources, 11(1),
1741-1752. http://dx.doi.org/10.15376/biores.11.1.1741-1752.
Spadetti, C., Silva, E. A., Fo., Sena, G. L., & Melo, C. V. P.
(2017). Propriedades térmicas e mecanicas dos compositos de
polipropileno pds-consumo refor¢ados com fibras de celulose.
Polimeros, Ciéncia e Tecnologia, 27(spe), 84-90. http://dx.doi.
org/10.1590/0104-1428.2320.

Morais, J. A., Gadioli, R., & De Paoli, M.-A. (2016). Curaua
fiber reinforced high-density polyethylene composites: effect
of impact modifier and fiber loading. Polimeros, Ciéncia e
Tecnologia, 26(2), 115-122. http://dx.doi.org/10.1590/0104-
1428.2124.

Poletto, M., & Zattera, A. J. (2017). Mechanical and dynamic
mechanical properties of polystyrene composites reinforced
with cellulose fibers : coupling agent effect. Journal of
Thermoplastic Composite Materials, 30(9), 1242-1254. http://
dx.doi.org/10.1177/0892705715619967.

Mathew, A. P., Oksman, K., & Sain, M. (2005). Mechanical
properties of biodegradable composites from poly lactic
acid (PLA) and microcrystalline cellulose (MCC). Journal
of Applied Polymer Science, 97(5), 2014-2025. http://dx.doi.
org/10.1002/app.21779.

Received: June 22, 2019
Revised: Nov. 20, 2019
Accepted: Feb. 11, 2020

77


https://doi.org/10.4236/ajac.2018.96023
https://doi.org/10.4236/ajac.2018.96023
https://doi.org/10.1016/S0266-3538(01)00046-X
https://doi.org/10.1016/S0266-3538(01)00046-X
https://doi.org/10.1016/j.biortech.2010.01.047
https://doi.org/10.1016/j.biortech.2010.01.047
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20185300&dopt=Abstract
https://doi.org/10.1007/s10570-013-0138-6
https://doi.org/10.1016/j.carbpol.2010.01.059
https://doi.org/10.1016/j.indcrop.2012.10.014
https://doi.org/10.1016/j.foodchem.2016.10.048
https://doi.org/10.1016/j.foodchem.2016.10.048
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27979125&dopt=Abstract
https://doi.org/10.15376/biores.11.1.1741-1752
https://doi.org/10.1590/0104-1428.2124
https://doi.org/10.1590/0104-1428.2124
https://doi.org/10.1177/0892705715619967
https://doi.org/10.1177/0892705715619967
https://doi.org/10.1002/app.21779
https://doi.org/10.1002/app.21779

Revista Brasileira de
Engenharia e Sustentabilidade

PROPRIEDADES TERMICAS DE COMPOSITOS DE POLIETILENO DE
ALTA DENSIDADE REFORCADOS COM CELULOSE

BOSENBECKER, M. W."; CROCHE, S.?; CHOLANT, G.?; ROSA, P.2; PASSADOR, F.3; MARINI, J.3; OLIVEIRA, A.“.

'Universidade Federal de Pelotas

“Universidade Federal de Pelotas - Centro de Desenvolvimento Tecnoldgico/CDTec - Pelotas/RS

*Instituto de Ciéncia e Tecnologia (ICT) - Engenharia de Materiais - Universidade Federal de S&o Paulo (UNIFESP), Sao José
dos Campos/SP

“Universidade Federal de Pelotas - Programa de Pds Graduacao em Ciéncia e Engenharia de Materiais/PPGCEM - Pelotas/RS

Palavras-chave: celulose, Resumo

polietileno de alta densidade, Este trabalho buscou desenvolver compésitos utilizando como matriz polimérica

casca de arroz, compdsitos o polietileno de alta densidade e como reforco foi utilizada a celulose obtida a
partir da casca de arroz. Os compositos obtidos foram preparados nas proporcoes
de 5, 10 e 15% em massa de celulose, utilizando-se para isto uma extrusora
de rosca simples. A celulose obtida foi caracterizada por difracao de raios X.
Os materiais compdsitos foram caracterizados através das técnicas de analise
termogravimétrica e calorimetria exploratdria diferencial. Por meio dos resultados
dedifracdode raios X foi possivel comprovarum aumento do indice de cristalinidade
da celulose apos sucessivos tratamentos quimicos, assim como ligeiro aumento
na estabilidade térmica com a adicdo de carga. No entanto, os dados obtidos por
calorimetria exploratéria diferencial mostraram que aparentemente a celulose
ndo apresenta influéncia significativa nas temperaturas de transicao do polimero.

THERMAL PROPERTIES OF HIGH-DENSITY POLYETHYLENE COMPOSITES REINFORCED WITH
CELLULOSE

Keywords: cellulose. Abstract
high  density  polyethylene. This study sought to develop composites using polymeric matrix the high-density
rice husk. composites  polyethylene and cellulose was used as reinforcement obtained fromrice husk. The

composites were prepared in the proportions of 5, 10 and 15% by mass of cellulose,
usingforthisasingle screwextruder. The cellulose pulp obtained was characterized
by x-ray diffraction. Composite materials were characterized by thermogravimetric
analysis and differential scanning calorimetry. Through the results of x-ray
diffraction it was possible to demonstrate an increase in the index of crystallinity
of cellulose after successive chemical treatments, as well as a slight increase in
thermal stability with the addition of load. However, the data obtained by differential
scanning calorimetry did not show a significant improvement in their results.
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INTRODUCAO

A crescente demanda por materiais de fontes

renovdveis com propriedades diferenciadas tem
possibilitado a inser¢ao de produtos e residuos da
agricultura (agroindustriais) em diferentes dreas de
pesquisa. O aproveitamento de residuos da atividade
agricola na produgao de compésitos e nanocompdsitos
poliméricos,pode reduzir os custos do produto final,
além de promover um destino adequado a estes
residuos, agregando-lhes valor (SIQUEIRA et al,
2010).

Neste sentido, estudos tém demonstrado interesse na
incorporagao de fibras vegetais em matrizes poliméricas,
proporcionando melhoria de suas propriedades e por
substituirem, geralmente com vantagens econdmicas
e de densidade, os convencionais reforgos inorganicos
como as fibras de vidro (POLLANEN, 2013).

A casca de arroz (CA) é um residuo agroindustrial
produzido em grandes quantidades no Rio Grande do
Sul (IBGE, 2018). Estas cascas possuem baixo valor
comercial, pois a silica e as fibras contidas nao possuem
valor nutritivo e por isso nao sao usadas na alimentagao
humana ou animal, resultando em sérios impactos
ambientais. Mais recentemente este material tem
sido empregado também como refor¢o em materiais
compdsitos poliméricos. A CA caracteriza-se também
por ser considerada como a fonte mais abundante de
celulose a partir de residuos agroindustriais do mundo
(ROSAetal., 2012; JOHAR; AHMAD; DUFRESNE,
2012).

Além disso, ndo hd trabalhos publicados na
literatura sobre a utilizagao da celulose obtida a partir
da CA em matriz de polietileno de alta densidade
(PEAD) principalmente em pesquisas realizadas
no Brasil) (BATTEGAZZORE et al., 2014). Neste
contexto, o objetivo deste trabalho foi caracterizar a
celulose e avaliar o efeito da utilizacio de diferentes
concentracoes de carga nas propriedades térmicas de

materiais compdsitos com matriz de PEAD.

MATERIAL E METODOS

Materiais
O polimero utilizado neste trabalho foi o polietileno
de alta densidade (PEAD), conhecido comercialmente

como PEAD 1G58, fornecido pela Petroquimica
Braskem S/A. A casca de arroz utilizada foi doada pela
empresa Cerealista Polisul, localizada na cidade de
Pelotas-RS, Brasil.

Obtengio da Celulose a partir da Casca de Arroz

A obtencio das fibras de celulose a partir da casca
de arroz envolveu duas etapas: tratamento alcalino e
branqueamento. O tratamento alcalino foi realizado
com o objetivo de remover a hemicelulose e a lignina
da casca.

Para isto, 35 gramas de casca na forma de um
p6 fino, doada pela empresa Cerealista Polisul, foi
colocada em uma solugao de 700 ml de dgua destilada,
290 ml de 4cido acético (CH3COOH) e 60 ml de
dcido nitrico (HNO3), esta solugao foi deixada em
banho-maria durante 4 horas. No término da reacio, a
solugio foi filtrada e o material s6lido obtido foi lavado
vdrias vezes até atingir um pH neutro.

Apés  tratamento  alcalino, o processo de
branqueamento foi realizado com adi¢io da casca
tratada em solucio de 700 ml de hipoclorito de sédio
(NaClO) comercial durante 24 horas. O material
resultante foi filtrado e também lavado com dgua
destilada. Em seguida, foi seco em estufa de secagem
da marca Quimis a 60°C, por 24 horas.

Preparagiao dos Compésitos PEAD/Celulose

Os compésitos foram obtidos pelo método de
mistura no estado fundido, com o auxilio de uma
extrusora de rosca simples com temperaturas de 180°,
180° e 190°C, nas zonas 1, 2 e 3, respectivamente.

Difragao de Raios X (DRX)

A técnica de DRX permite identificar a estrutura
cristalina do material, bem como o seu grau de
cristalinidade.

As andlises de DRX foram realizadas utilizando-
se um difratbmetro D8 Advance Bruker, com
comprimento de onda (A= 1,541 A), operando a 40
KV e 40 mA. A varredura foi realizada na faixa de 24
entre 10 e 50°, a uma taxa de 1°/min.

Com os difratogramas obtidos foi possivel
determinar o indice de cristalinidade da celulose de
acordo com a Eq. 1, segundo a metodologia proposta
por Segal et al. (1959):

_ 1(002) — I{am)

- * Q,
le 1{002) 100%

Eq. (1)
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onde: I, é o valor de intensidade maximo de difracao
do pico préximo a 20 = 22°, relacionado a parte
cristalina do material, enquanto [ éa intensidade do
halo de difragao do pico de que representa o material
amorfo em 26 -~ 18° (SEGAL et al., 1959).

Anilise Termogravimétrica (TGA)

A anilise termogravimétrica tem como objetivo
avaliar a estabilidade térmica do material estudado.
Para esta anilise foi utilizado um equipamento da TA
Instruments, modelo TGA Q50, a uma taxa de 20°C/
min, a partir da temperatura ambiente até 700°C, sob
atmosfera de nitrogénio.

Calorimetria Exploratdria Diferencial (DSC) do
Compésito

A calorimetria exploratéria diferencial (DSC)
foi realizada para avaliar o efeito da celulose nas
temperaturas de fusao (T ), de cristaliza¢ao (T ), e no
grau de cristalinidade do polimero. Foi utilizado um
equipamento da TA Instruments, modelo Q-1000,
com nitrogénio como gds de arraste, em fluxo constante
de 50 ml/min (ASTM E1269 - 11).

As amostras foram inicialmente aquecidas da
temperatura ambiente até 200 °C a uma taxa de
aquecimento de 10 °C/min, permanecendo nesta
temperatura por 3 minutos. Logo apds foram
resfriadas até 30 °C a uma taxa de 10 °C/min para
a determinagio da temperatura de cristalizagao (T) e

novamente foram aquecidas até 200 °C a uma taxa

6000

5000

4000

3000

Intensidade (a.u)

2000
1000
10 15 20 25

20

Figura 1. Difratograma de raios-x das amostras obtidas

de 10 °C/min. Para a realizacio das andlises foram
utilizados os termogramas do segundo aquecimento
por nio possuirem influéncia da histéria térmica das
amostras.

Através da Eq. 2 foi determinado o grau
de cristalinidade (X) dos materiais estudados

(CANEVAROLO, 20006):

AHm

Xc = m" 100%

Eq.(2)

RESULTADOS E DISCUSSAO
O Difracao de Raios X (DRX)

A difratometria de raios X foi utilizada para
investigar a estrutura cristalina da casca de arroz antes e
apds os tratamentos quimicos. A celulose é de natureza
cristalina devido a interagoes de ligagoes de hidrogénio
e forgas de Van der Waals entre moléculas adjacentes
contrdrias 3 hemicelulose e a lignina, que possuem
uma estrutura amorfa (PRADO; SPINACEA, 2015).

Os difratogramas de raios X das amostras obtidas
estao apresentados na Figura 1, no qual podemos
observar a presenga de trés picos caracteristicos de
celulose tipo I, em aproximadamente 16°, 22° e 34°
correspondentes aos planos (101), (002), (040),
respectivamente (HALAL et al., 2015).

64,12%

Casca de arroz
----- Tratamento alcalino

Celulose apos Branqueamento

30 35 40 45 50

Na Tabela 1, estao apresentados os resultados para cristalinidade obtidos a partir do método de Segal et al

(1959). Pode-se notar o aumento da cristalinidade para a celulose obtida apds branqueamento em relagio a casca

Revista Brasileira de Engenharia e Sustentabilidade, v.5, especial, p.7-12, dez. 2018
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de arroz, a qual apresentou um Ic de 64,12%, este

resultado é devido a remocgio de materiais nio

celuldsicos (BETTAIEBA et al., 2015).

Tabela 1.indice cristalinidade (% IC) calculado através
do método de Segal

Tratamento Alcalino

58,65

Amostras

% Cr

Casca de Arroz

47,80

Branqueamento

64,12

Anilise Termogravimétrica (TGA)
Os termogramas de TGA da celulose e dos

compésitos com 5, 10 e 15% de celulose sdo relatados

A.

E - —Jreap - 5% cotuos
— PEAD = 10% Celutos
— + — PEAD + 15% Celuloss)
L T ) Celulose
1 1 1 ]
[} 300 500 900

Temperatura (*C)

na Figura 2A enquanto na Figura 2B a derivada das
curvas de perda de massa (DTG) ¢ apresentada.

Segundo a literatura, a decomposicao térmica das
fibras naturais ocorre em diferentes temperaturas. A
decomposi¢io da hemicelulose inicia-se por volta de
220°C e continua até os 300°C, a celulose tem sua
degradacao iniciada perto dos 310°C até os 400°C,
enquanto a lignina apresenta temperaturas de
degradacao entre 200°C até 700°C (ABRAHAM et
al., 2011).

Através da andlise da curva de TGA para a celulose

é possivel observar dois processos de decomposic¢ao.

B.

Ll

== —{PEAD + 5% Cettose
FEAD + 10% Cealuloss|
— *# — PEAD + 15% Celulose|
| Celulose
N 1 N )
o i 300 " 500 ! 900

Temperatura (°C)

Figura 2. A. Curvas de TGA e B. Curvas de DTG da celulose e dos compésitos estudados.

O primeiro processo refere-se 3 uma perda de
massa inicial em torno de 100°C , ficando em
aproximadamente em 2% para a celulose, que foi
devido a desidratagio do material, que, mesmo
tendo sido seco antes das andlises, apresenta cardter
hidrofilico, dificultando a total eliminagao de dgua. A
segunda perda de massa ocorreu entre 200 e 400°C e
foi atribuido a degradagio da hemicelulose, pectina,
lignina e celulose (ROSA et al., 2010).

Analisando os resultados obtidos para os materiais
compésitos podemos notar que hd um pequeno
aumento da estabilidade térmica do compésito com o
aumento do teor de carga (ROSA, et al 2010).

O resultado deste trabalho estd de acordo como
reportado por Johar e Ahamad (2012), onde o
compdsito praticamente nio perdeu peso em 400°C;
contudo, a partir de 450 °C, a perda de peso foi rdpida
e acentuada, resultando em residuos minimos.

A Figura 2B mostra a curva da primeira derivada da
perda de massa (DTG), onde é observado um primeiro

pico em aproximadamente 327 °C para a celulose,

referente 3 maxima taxa de decomposi¢ao da celulose.
Um segundo pico é evidenciado em aproximadamente
487 °C e que equivale 2 mdxima taxa de decomposicao
do PEAD, onde observa-se uma sobreposicao dos
picos, indicando que a adigao de celulose na matriz
polimérica contribui para a obtengio de compésitos
sem gerar perdas na estabilidade térmica (BORSOI et
al., 2011).

Calorimetria Exploratéria Diferencial (DSC)

Na Figura 3A e B encontram-se os termogramas
de DSC do resfriamento e do segundo aquecimento,
respectivamente, que foram utilizados para caracterizar
o PEAD e os compésitos com 5, 10 e 15% em massa
de celulose. Os valores correspondentes a temperatura
de fusdo cristalina (Tm), entalpia de fusio (AHm),
(To),

cristalizacio (AHc), estaio demonstrados na Tabela 2.

temperatura de cristalizagao entalpia de

Revista Brasileira de Engenharia e Sustentabilidade, v.5, especial, p.7-12, dez. 2018
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2l [E-gPEAD
— = — PEAD = 5% Caluloce

PEAD - 10%Celulose
== v PEAD = | 5% Celulose
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Figura 3. A - B. Termogramas de DSC dos materiais estudados referente ao resfriamento e segundo aquecimento,

respectivamente.

Tabela 2. Valores obtidos por DSC da temperatura
de cristalizagao (T ), temperatura de fuséo (T, entalpia
de cristalizacdo (AH ), entalpia de fusdo (AH) e grau de
cristalinidade (%X ).

Amostra T (°C) T (°C) AH_(J/lgy AH_(J/g) X (%)
PEAD 115,52 132,54 164,50 182,20 62,18
PEAD + 5% 116,82 132,61 99,04 134,20 45,80
Celulose
PEAD + 10% 117,90 131,06 140,20 158,40 54,06
Celulose
PEAD + 15% 116,63 132,01 138,60 160,60 54,81
Celulose

Analisando a Tabela 2 é possivel observar que os
valores de temperaturas de fusio e de cristalizagao
dos materiais compdsitos foram similares aos valores
obtidos para o PEAD puro. (BORAN et al., 2016).
Resultados semelhantes foram obtidos por Fernandes
(2015), que estudou materiais compdsitos com matriz
de epéxi reforcada com cinza de casca de arroz. O
autor observou que as curvas de DSC dos compésitos
e da matriz sio muito similares, indicando que a
presenca de diferentes concentragdes de cinza nao
alterou significativamente o comportamento térmico
do polimero (FERNANDES, 2015).

Analisando as entalpias de fusio e cristalizagao,
percebe-se um aumento dos valores de entalpia com
o aumento do teor de celulose, porédm com uma
pequena reducio para o compésito de 15% de celulose
e quando comparado com o PEAD puro, observa-se
uma diminuigao bastante pronunciada em relagio aos
compésitos estudados.

Os valores de grau de cristalinidade para os

compésitos foram calculados usando a cristalinidade

do PEAD virgem (AH 100%) como parimetro, 293
KJ/mol. O grau de cristalinidade encontrado neste
trabalho (62,18%) estd de acordo com o relatado na
literatura, onde a faixa do grau de cristalinidade para o
PEAD estd na faixa de 62 e 82% (BECERRA, 2015).

Todos os compdsitos apresentaram um grau de
cristalinidade menor que o PEAD, que pode ser um
indicio de que as cargas utilizadas nio atuaram como
agentes nucleantes, que aumentariam a cristalinidade

do compésito conforme relatado na literatura

(GOMES; VISCONDE; PACHECO, 2013).

CONCLUSAO

O método utilizado para a obtengao da celulose
a partir da casca de arroz foi eficiente, revelando
um aumento da cristalinidade apds tratamentos
quimicos. Verificou-se um ligeiro aumento na
estabilidade térmica com a adigio de carga a matriz
polimérica, no entanto, nio foi observado uma
mudanga significativa nas temperaturas de fusio e de
cristalizacdo para as amostras estudadas. Vale ressaltar
que o reaproveitamento deste residuo contribui para a

diminui¢io do impacto ambiental e reutilizagio deste

material.
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Centro de Desenvolvimento Tecnoldgico
Colegiado do Curso de Engenharia de Materiais

ATESTADO

ATESTO, para os devidos fins, que a Msc. Mariane Weirich Bosenbecker participou, na
qualidade de Co-orientadora, da banca examinadora do Trabalho de Conclusao de Curso da estudante
EDUARDA VIEIRA SILVA, com o projeto intitulado “Anélise da agdo compatibilizante do tanino em
compositos de polietileno verde de baixa densidade refor¢ado com fibra de bambu” cuja defesa foi
realizada em 08 de dezembro de 2022. Também participaram da banca o Prof. Dr. André Luiz Missio,
a Prof’. Dr*. Amanda Dantas de Oliveira e o Dr. Guilherme Kurz Maron.

Pelotas, 08 de dezembro de 2022.

Prof*. Dr*. Cristiane Wienke Raubach Ratmann
Coordenadora do Curso de Engenharia de Materiais

Documento assinado eletronicamente por CRISTIANE WIENKE RAUBACH, Coordenadora de Curso
de Graduagio, Colegiado do Curso de Engenharia de Materiais, em 19/12/2022, as 20:31,

conforme horario oficial de Brasilia, com fundamento no art. 42, § 32, do Decreto n? 10.543, de 13
de novembro de 2020.
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MINISTERIO DA EDUCACAO
UNIVERSIDADE FEDERAL DE PELOTAS

A Universidade Federa de Pelotas, certificaque

MARIANE WEIRICH BOSENBECKER

Participou como DEBATEDOR(A) no XXV Encontro de P6s-Graduacéo (ENPOS), da 9% Semana Integrada de
Inovagéo, Ensino, Pesquisa e Extensdo, realizado na UFPel, no periodo de 20 a 24 de novembro de 2023.

Pelotas, 30 de novembro de 2023.

A autenticidade deste documento pode ser verificada através da URL :

https://cobalto.uf pel .edu.br/autenti cacao/documento/ e informe o cadigo de validagdo AA36323LRY




92 LDIL
CONGRESSD
BRASILEIRD
POLIMERDS

16th Brazilian Polymer Conference
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This certificate is presented to L :
(e ®
Mariane Bosenbecker
4 for attending do 16™Brazilian Polymer Congress, in Ourfo Preto - Brazil, from 24—'28th, October 2021. P
e
® &

Prof.2 Kélﬁﬁ;—rrrem{ Novack

Coordenadora Geral
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Rodrigo Oréfice
Coordenador Cientifico
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A autenticidade deste documento pode ser verificada através da URL :
https://cobalto.uf pel .edu.br/autenti cacao/documento/ e informe o cadigo de validagdo P13352181Q
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MINISTERIO DA EDUCACAO
UNIVERSIDADE FEDERAL DE PELOTAS

A Universidade Federa de Pelotas, certificaque

MARIANE WEIRICH BOSENBECKER

Apresentou o trabalho “OBTENCAO E CARACTERIZACAO DE NANOCRISTAISDE CELULOSE
DERIVADOSDA FIBRA DE BAMBU” no XXIIl Encontro de Pos-Graduacao, da 72 Semana Integrada de
Inovagao, Ensino, Pesquisa e Extensdo, realizado na UFPel, no periodo de 18 a 22 de outubro de 2021. O referido
trabalho possui 0(s) seguinte(s) autor(es): BOSENBECKER, Mariane Weirich; CHOLANT, Gabriel Monteiro;

MARINI, Juliano; OLIVEIRA, Amanda Dantas de, sob orientagcao do(a) Prof.(a) Amanda Dantas de Oliveira.

Pelotas, 30 de novembro de 2021.
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MINISTERIO DA EDUCACAO
UNIVERSIDADE FEDERAL DE PELOTAS

A Universidade Federa de Pelotas, certificaque

MARIANE WEIRICH BOSENBECKER

Apresentou o trabalho “OBTENCAO E CARACTERIZACAO DE NANOCRISTAISDE CELULOSE
DERIVADOSDA FIBRA DE BAMBU” no XXIIl Encontro de Pos-Graduacao, da 72 Semana Integrada de
Inovagao, Ensino, Pesquisa e Extensdo, realizado na UFPel, no periodo de 18 a 22 de outubro de 2021. O referido
trabalho possui 0(s) seguinte(s) autor(es): BOSENBECKER, Mariane Weirich; CHOLANT, Gabriel Monteiro;

MARINI, Juliano; OLIVEIRA, Amanda Dantas de, sob orientagcao do(a) Prof.(a) Amanda Dantas de Oliveira.

Pelotas, 30 de novembro de 2021.
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MINISTERIO DA EDUCACAO
UNIVERSIDADE FEDERAL DE PELOTAS

A Universidade Federa de Pelotas, certificaque

MARIANE BOSENBECKER

Participou como AVALIADOR(A) de trabalhos submetidos ao VI Congresso de Ensino de Graduacéo, da 72
Semana I ntegrada de Inovacdo, Ensino, Pesguisa e Extensdo, realizado na UFPel, no periodo de 18 a 22 de outubro de
2021.

Pelotas, 30 de novembro de 2021.

A autenticidade deste documento pode ser verificada através da URL :

https://cobalto.uf pel .edu.br/autenti cacao/documento/ e informe o cadigo de validagdo NJ33421INRP
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SEMANA INTEG
VI CONGRESSO DE
ENSINO DE GRADUACAOQO

CERTIFICADDO

Certificamos que

MARIANE WEIRICH BOSENBECKER

Participou como AVALIADOR(A) de trabalhos submetidos ao VI Congresso de Ensino de Graduacgéo, da 62 Semana
Integrada de Inovacao, Ensino, Pesquisa e Extensao, realizado na Universidade Federal de Pelotas, no periodo de 23 a 27 de
novembro de 2020.

9 Pl e Spoi
Prof2. Dra3. Maria de Fatima Céssio Profa. Dr2. Carine Dahl Corcini
Pré-Reitora de Ensino Chefe do Nucleo de Programas e Projetos

A autenticidade deste certificado pode ser verificada acessando o original online em https://cti.ufpel.edu.br/siepe/certificados/valida/2020X589
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MINISTERIO DA EDUCACAD
UNIVERSIDADE FEDERAL DE PELOTAS

A Pro-Reitoria de Extensdo e Cultura, no uso de suas atribuicdes, certificaque

MARIANE WEIRICH BOSENBECKER

participou como Avaliador(a) de trabalhos submetidos ao V111 Congresso de Extensao e Cultura, da 72 Semana
Integrada de Inovacéo, Ensino, Pesquisa e Extensdo realizado pela Universidade Federal de Pelotas

Pelotas, 14 de setembro de 2021.

A autenticidade deste documento pode ser verificada através da URL

https://cobalto.uf pel .edu.br/autenti cacao/documento/ e informe o cadigo de validagdo D525621M 07
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MINISTERIO DA EDUCACAO
UNIVERSIDADE FEDERAL DE PELOTAS

A Universidade Federa de Pelotas, certificaque

MARIANE WEIRICH BOSENBECKER

Participou como DEBATEDOR(A) no XXXII Congresso de I niciacdo Cientifica (CIC), da 92 Semana Integrada de
Inovagéo, Ensino, Pesquisa e Extensdo, realizado na UFPel, no periodo de 20 a 24 de novembro de 2023.

Pelotas, 30 de novembro de 2023.

A autenticidade deste documento pode ser verificada através da URL :

https://cobalto.uf pel .edu.br/autenti cacao/documento/ e informe o cadigo de validagéo 9L 34123QHV




Verifique o cédigo de autenticidade 4785592.2820229.6.5.507748808388497 em https://www.even3.com.br//documentos

! "
universidade federal de pelotas

CDTec

centro de desenvolnmento tecnologco

v MATERIAIS

Certificamos que

Mariane Weirich Bosenbecker

participou, na qualidade de Palestrante, do evento VIII Semana Academica da Engenharia
de Materiais da UFPel, realizando a atividade Mesa-redonda - De onde viemos, onde

estamos e para onde vamos, uma perspectiva do curso Eng. de Materiais com carga
horaria total de 3 hora(s).

’;?E\C‘{‘\”\O\"‘e)& %.\g}\’efci(%n 8 O YeA /%/ ;)d /’”‘%EWM

Amanda Aparecida Gomes ristiane W. R. Ratmann
Presidente do DAEM Coordenadora do Curso
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C 2 : Congresso Brasileiro de Engenharia e Ciéncia dos Materiais
“E 4;‘ 06 a 10 de Novembro de 2022 | Aguas de Lindodia - SP - Brasil
Ci M

1lg06-007

Certificamos que o trabalho OBTENCAO E CARACTERIZACAO DE
FILMES BASEADOS EM MATERIAIS COMPOSITOS UTILIZANDO
AMIDO PROVENIENTE DA BATATA INGLESA COMO MATRIZ de autoria
Sa, M.R.; Bosenbecker, M.W.; Oliveira, A.D.; Reichert, A.A. foi
apresentado por Amanda Dantas de Oliveira no 24° Congresso Brasileiro
de Engenharia e Ciéncia dos Materiais (24 CBECIMAT) no periodo de 06 a
10 de Novembro de 2022, em Aguas de Linddia - SP - Brasil.
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C 2 : Congresso Brasileiro de Engenharia e Ciéncia dos Materiais
“E 4:'5 06 a 10 de Novembro de 2022 | Aguas de Lindodia - SP - Brasil
CiM

1lg06-008

Certificamos que o trabalho OBTENCAO E CARACTERIZACAO DE
NANOCRISTAIS DE CELULOSE DERIVADOS DA FIBRA DE BAMBU de
autoria Bosenbecker, M.W.; Marini, J.; Oliveira, A.D. foi apresentado por
Amanda Dantas de Oliveira no 24° Congresso Brasileiro de Engenharia e
Ciéncia dos Materiais (24 CBECIMAT) no periodo de 06 a 10 de Novembro
de 2022, em Aguas de Lindéia - SP - Brasil.
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B INSTITUTO FEDERAL

BN DE EDUCACAO, CIENCIA E TECNOLOGIA
MW Sul-rio-grandense

CERTIFICADO

O Céampus Avancado Intermediario Novo Hamburgo do Instituto
Federal de Educacao, Ciéncia e Tecnologia Sul-rio-grandense certifica que

Mariane Weirich Bosenbecker

com CPF 03366867060 concluiu o curso de INGLES - MODULO 1,
realizado no periodo de 1° de setembro de 2021 a 8 de dezembro de 2021,
com carga horéaria de 180 horas.

Novo Hamburgo, 10 de dezembro de 2021.

Marcus Ribeiro Joseida Zizemer Camila De Bona

Diretor-geral do Coordenadora de Ensino do Coordenadora do
IFSul Campus Novo Hamburgo IFSul Campus Novo Hamburgo Curso FIC em Inglés




PROGRAMA DO CURSO - INGLES MODULO 1
E-TEC IDIOMAS SEM FRONTEIRAS

|dentificagdo e Caracterizacdo Pessoal (Personal Identification).
Localizacdo no Tempo e no Espaco (Time and Space). Meios de
Transporte (Means of Transportation). Familia (Family). Rotina e
Habitos em Casa (Habits and Routine at Home). Rotina e Habitos
no Meio Académico (Habits and Routine at College). Alimentagao
- Lista de Supermercado (Food - Shopping List). Vestuario
(Clothing). Clima (Weather). Atividades de Lazer e Esportes
(Leisure Activities and Sports). Moradia — Permissées (Housing —
Asking for Permission). Comparativos e  Superlativos
(Comparatives and Superlatives). Alimentagdo - Restaurantes
(Food — Restaurants). Corpo e Doencas (Health). Atividades de
Lazer (Leisure Activities). Lugares e Pessoas (People and Places).
Viagens e Documentos (Trips and Travel documents).

CARGA HORARIA TOTAL: 180 HORAS
FREQUENCIA DO PARTICIPANTE: 100%

0O Quadro Europeu Comum de Referéncia para as Linguas (QECR) categoriza o
conhecimento dos estudantes, nas diversas etapas da aprendizagem de lingua estrangeira,
mediante uma hierarquia de niveis: iniciantes (Al e A2), independentes (B1 e B2) e
Proficientes (C1 e C2). Os cursos do Programa e-Tec Idiomas Sem Fronteiras foram
definidos para serem desenvolvidos em trés moédulos interdependentes, de acordo com os
niveis do QECR: o Mddulo 1 - nivel AL, o Mddulo 2 — nivel A2, o Mdédulo 3 - nivel B1.

61b356¢1-ala8-47e0-9690-d60dac1400bS

Verifique a validade deste
certificado acessando
http://bit.ly/certificadoeadifsulnh
e digitando o cédigo
61b356c1-ala8-47e0-9690-d60dac1400b5

E-mail: if-idiomas@ifsul.edu.br

Instituto Federal de

Educacao, Ciéncia e Tecnologia
Sul-rio-grandense, instituido
pela Lei n° 11.892, artigo 5°,
inciso XXXI, de 29 de
dezembro de 2008. Esse curso
foi oferecido pelos campus
Novo Hamburgo, Santana do
Livramento e Charqueadas.
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MINISTERIO DA EDUCACAO
UNIVERSIDADE FEDERAL DE PELOTAS

A Universidade Federa de Pelotas, certificaque

MARIANE WEIRICH BOSENBECKER

Participou como DEBATEDOR(A) no XXXII Congresso de I niciacdo Cientifica (CIC), da 92 Semana Integrada de
Inovagéo, Ensino, Pesquisa e Extensdo, realizado na UFPel, no periodo de 20 a 24 de novembro de 2023.

Pelotas, 30 de novembro de 2023.

A autenticidade deste documento pode ser verificada através da URL :

https://cobalto.uf pel .edu.br/autenti cacao/documento/ e informe o cadigo de validagéo 9L 34123QHV
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BB E INSTITUTOFEDERAL
. Rio Grande do Sul

CERTIFICADO

O Instituto Federal de Educag@o, Ciéncia e Tecnologia do Rio Grande do Sul, sob CNPJ 10.637.926/0001-46, certifica que

Mariane Weirich Bosenbecker

CPF n° 03366867060, concluiu o curso de Educacao Profissional e 0 Novo Ensino Médio, com o aproveitamento de 80,00 % e duragio de

25 horas, no periodo de 24 de setembro de 2024 a 2 de outubro de 2024.

Bento Gongalves, 2 de outubro de 2024.

Certificado digital n% 66£fd9120-9394-4aa2-8a89-21600ade0006

Fdbio Azambuja Margal

Pro-reitor de Ensino

66fd9120-9394-4aa2-8a89-21600ade0006




DADOS DO CURSO: Educacao Profissional e o Novo Ensino Médio

CONTEUDO PROGRAMATICO

Educacao Profissional; Novo Ensino Médio;

ESTUDANTE: Mariane Weirich Bosenbecker

CPF: 03366867060

Certificado digital n®: 66£d9120-9394-4aa2-8a89-21600ade0006
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EDITAL 00172024

Link para a pagina do certame: http://ces.ufpel.edu.br/conctecadmed0001_2024/

1. LISTA GERAL DE CANDIDATOS CLASSIFICADOS NA AMPLA CONCORRENCIA:

Curso de Geoprocessamento -
CENG

23110.038499/2023-81

UNIDADE/PROCESSO CH AREA APROVADOS CLASSIFICAGAO / NOME / | SITUACAO
RESULTADO FINAL
40h Musica - Piano 1° CELSO LUIZ BARRUFI DOS SANTOS Convocado em 11/04/2024
Curso de Musica - Licenciatura -
JUNIOR
CA
23110.047241/2023-75
40h Violino 1° ANDRE ROCHA DE SOUZA BORBA Convocado em 10/04/2024
Curso de Musica - Violino (Bach.)
-CA
23110.048206/2023-73 2° RICARDO ALBERTO CHACON
CASANOVA
) 40h Fisico-Quimica 1° RAFAEL FONSECA NEVES QUADRADO Convocado em 10/04/2024
Area Académica de Quimica -
CCQFA
23110.036377/2023-50 2
2° MARCELO DOURADO MONCKS
Curso de Turismo - CCSO 40h Turismo 1° LUCIMARI ACOSTA PEREIRA" Convocada pela reserva de
23110.047888/2023-05 cotas em 10/04/2024
40h Saneamento 1° TIAGO LIBERALESSO
Curso de Engenharia Hidrica - €onvocadoenr19764/2624
Basico
CDTEC
Desisténcia
23110.046359/2023-86
40h Geologia 1° VIVIANNE ANDRADE BASTOS
Curso de Engenharia Geologica -
CENG
Convocadaen 2970572024
23110.045944/2023-69
Desisténcia
40h Banco de Dados 1° STEFAN DOMINGUES NACHTIGALL Convocado em 10/04/2024

2° ALESSANDER OSORIO

https://wp.ufpel.edu.br/progep/convocacoes-edital-001-2024/
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Departamento de Zootecnia -
FAEM

23110.043228/2023-47

Producao de

Nao Ruminantes

UNIDADE/PROCESSO CH AREA APROVADOS CLASSIFICACAO / NOME / SITUACAO
RESULTADO FINAL
40h Matematica 1° CRISTIANE SCHWARTZ VENZKE Convocada em 10/04/2024
Nucleo Basico - CENG
Aplicada
23110.029320/2023-02
2° MARIANE WEIRICH BOSENBECKER Convocada em 13/06/2024
40h Linguistica e 1° GABRIELLA CRISTINA VAZ CAMARGO
Cursos de Licenciatura e Bach.em €onvocadaenTioF04/2024
Ensino
Letras e Jornalismo - CLC
Desisténcia
23110.045479/2023-66
2° AMANDA CANTERLE BOCHETT Convocada em 11/04/2024
3° FELIPE ALVES PEREIRA AVILA Convocado em 23/05/2024
. 40h 1° MATEUS KLUMB Convocado em 10/04/2024
Area de Alemado/Curso de Linguas
Licenciatura em Letras Portugués Estrangeiras
e Alemao - CLC Modernas -
23110.042819/2023-05 Lingua Alema
40h Linguas 1° CAMILA QUEVEDO OPPELT Convocada em 11/07/2024
Curso de Licenciatura em Letras -
Estrangeiras
Portugués e Inglés - CLC
Modernas - 2° ALINE BEHLING DUARTE
23110.045474/2023-33 Inglés ConvocadaenT676372625
Desisténcia
3° GISELE MEDINA NUNES Convocada em 18/03/2025
4° LETICIA BERNEIRA CARDOZO* Convocada pela reserva de
cotas em 10/04/2024
40h Biodinamica 1° FERNANDO DA SILVA FIORIN
Departamento de Desportos - Convocadoem 070472024
ESEF
Desisténcia
23110.047023/2023-31
40h Sistemas de 1° ALINE ARASSIANA PICCINI ROLL Convocada em 10/04/2024

2° GINO LUIGI BONILLA LEMOS PIZZI

Convocado-em20/03/42025

desisténcia

https://wp.ufpel.edu.br/progep/convocacoes-edital-001-2024/
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Departamento de Museologia,

Conservagao e Restauro - ICH

https://wp.ufpel.edu.br/progep/convocacoes-edital-001-2024/

UNIDADE/PROCESSO CH AREA APROVADOS CLASSIFICAGAO / NOME / SITUAGAO
RESULTADO FINAL
40h 1° VALDIRENE HESSLER BREDOW Convocada em 10/04/2024
Departamento de Fundamentos Filosofia da
da Educagao - FAE Educagao OU
2° ANA GABRIELA DA SILVA VIEIRA Convocada em 19/04/2024
23110.047008/2023-92 Historia da
Educagao OU
3° JEZUINA KOHLS SCHWANZ Convocada em 03/05/2024
Sociologia da
Educagao
4° SABRINA MEIRELLES MACEDO
5° SUSANA SCHNEID SCHERER
40h Linguagem 1° CARMEN REGINA GONCALVES Convocada em 19/04/2024
Departamento de Ensino - FAE
FERREIRA
23110.047806/2023-14
2° BRUNA DA ROSA DE LOS SANTOS Convocada em 03/01/2025
3° VERGILIA SPIERING DAME
4° MARIANA MULLER DE AVILA
40h Atengao Basica 1° FERNANDO FERREIRA LIMA Convocado em 10/04/2024
Departamento de Medicina Social
a Saude
- FAMED
23110.025037/2023-01
40h Arqueologia 1° MARCUS VINICIUS BEBER Convocado em 10/04/2024
Departamento de Antropologia e
. Brasileira
Arqueologia - ICH
23110.046088/2023-69
40h Ensino de 1° CLAUDIO JOSE BERTAZZO Convocado em 10/04/2024
Departamento de Geografia - ICH
Geografia
23110.046613/2023-46
2° KELI SIQUEIRA RUAS Convocada em 22/07/2024
3° DIONE DUTRA LIHTNOV
40h Museologia 1° JOSSANA PEIL COELHO
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Departamento de Arquitetura e
Urbanismo - FAURB

23110.046074/2023-45

Urbanismo

UNIDADE/PROCESSO CH AREA APROVADOS CLASSIFICACAO / NOME / SITUACAO
RESULTADO FINAL
23110.046528/2023-88
2° HELENA THOMASSIM MEDEIROS
3° DIEGO RABELO NONATO" Convocado pela reserva de
cotas em 10/04/2024
4° CAROLINA GOMES NOGUEIRA
5° CARINA KAISER MEDEIROS DA SILVA
1° FERNANDA TOMIELLO Convocada em 08/07/2024
40h Arquitetura e

2° MARIA LUCIA LOPES

Convocada em 08/07/2024

3° CAROLINARITTER

Convocadaen07/92/2025

(desisténcia)

4° ISABELLA KHAUAM MARICATTO

Convocada em 10/02/2025

5° ISADORA BAPTISTA ALVES

b

6° GABRIEL SILVA LOPES FERNANDES

7° ENILTON BRAGA DA SILVA FELDMANN

8° NATALIA TORALLES DOS SANTOS
BRAGA

9° BARBARA DE BARBARA HYPOLITO

https://wp.ufpel.edu.br/progep/convocacoes-edital-001-2024/
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2. LISTA GERAL DE CANDIDATOS CLASSIFICADOS NA RESERVA PARA CANDIDATOS NEGROS:

UNIDADE/PROCESSO AREA Classificagao/Nome Situacao

Turismo 1°-LUCIMARI ACOSTA Convocada pela reserva de m

Curso de Turismo - CCSO PEREIRA em 10/04/2024

23110.047888/2023-05

Museologia 2°-DIEGO RABELO NONATO Convocado pela reserva de cotas
Departamento de Museologia,

em 10/04/2024
Conservagao e Restauro - ICH
23110.046528/2023-88
3. LISTA GERAL DE CANDIDATOS CLASSIFICADOS NA RESERVA PARA CANDIDATOS PCD:
UNIDADE/PROCESSO AREA Classificagdo/Nome Situacao
] ) Linguas 1° LETICIA BERNEIRA Convocada pela reserva de
Curso de Licenciatura em Letras — | g4 1 eiras CARDOZO cotas em 10/04/2024
Portugués e Inglés - CLC
Modernas -
23110.045474/2023-33 Inglés

https://wp.ufpel.edu.br/progep/convocacoes-edital-001-2024/ 8/9
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MATEMATICA

A Pré-Reitora do CENTRO UNIVERSITABIO FAEL, no uso de suas atribuicdes e tendo em vista a
concluséo do curso de Graduagcdo em MATEMATICA, em 31 de dezembro de 2025 e colagéo de grau em
13 de fevereiro de 2025, confere o titulo de LICENCIADA em MATEMATICA a MARIANE WEIRICH
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30/01/1993, nacionalidade brasileira, e outorga-lhe o presente Diploma, a fim de que possa gozar de
todos os direitos e prerrogativas legais.
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Abstract: Low-density green polyethylene (LDGPE) composites reinforced with 5 wt% of bamboo
fiber and 3 wt% of a compatibilizing agent (polyethylene grafted with maleic anhydride and tannin)
were processed through extrusion and injection molding. Bamboo fiber, Bambusa Vulgaris, was
characterized using Fourier-transform infrared spectroscopy (FTIR). The molded specimens were
analyzed for their thermal, mechanical, and morphological properties. The estimated concentration
was chosen to provide the best mechanical strength to the material studied. FTIR analysis of the
fibers revealed the presence of groups characteristic of bamboo fiber and tannin. Differential scanning
calorimetry revealed that both compatibilizing agents increased the matrix’s degree of crystallinity.
However, scanning electron microscopy (SEM) showed that, despite the presence of compatibilizing
agents, there was no significant improvement in adhesion between the bamboo fibers and LDGPE.

Keywords: bioeconomy; maleic anhydride; tannin; sustainable composites; natural fibers

1. Introduction

The demand for more sustainable alternatives in the manufacture of materials has
increased in recent decades, aiming to reduce the negative impacts on the environment and
overcome the scarcity of non-renewable resources [1]. Several studies are being carried
out with the aim of finding solutions to reduce the use of raw fossil materials and reuse
of agroindustry residues, such as the development of biobased polymers and the use of
lignocellulosic materials to produce composite materials.

Polymer composites can achieve great properties with low density, replacing several
conventional materials. They are formed via a matrix and a dispersed phase, present
in smaller quantities to enhance their characteristics [2], and widely used for structural
purposes in the automotive, civil construction, bioengineering, and aerospace areas [3]. In
this context, green polyethylene, a semi-crystalline polyolefin material developed from
ethanol extracted from sugar cane, stands out having the advantage of reducing CO,
emissions in the atmosphere since its precursor is a renewable raw material, and it can
be recycled at the end of its consumption cycle [4,5]. In addition to the environmental
advantages that this new line of polymers offers, it has similar performance in terms of
properties, processability, and applications to petroleum-based polyethylene [6,7].
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https://www.mdpi.com/journal /polymers


https://doi.org/10.3390/polym16131760
https://doi.org/10.3390/polym16131760
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0002-2284-9713
https://orcid.org/0000-0002-4911-2631
https://orcid.org/0000-0003-2351-3477
https://orcid.org/0000-0002-8382-9492
https://orcid.org/0000-0001-9373-6313
https://orcid.org/0000-0001-7766-2377
https://doi.org/10.3390/polym16131760
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym16131760?type=check_update&version=1

Polymers 2024, 16, 1760

20f13

Natural fibers have been widely used in composite materials as reinforcement because
they have a low cost, are a renewable natural resource, have no toxicity, have good mechan-
ical properties, and are biodegradable and recyclable [8,9]. Fibers can be obtained from jute,
sisal, coconut, bamboo, etc. [10], and among them, the use of bamboo from the Bambuseae
genus must be highlighted as an alternative in replacing structural materials such as steel
and concrete [11], presenting good mechanical properties, lightness, versatility, and a low
cost, while being applied in various sustainable composites [12,13].

However, there is a crucial parameter for polymer composites reinforced with natural
fibers that must be taken into consideration: interfacial adhesion, which is responsible for
the load transfer from the matrix to the fibers [14,15]. Since the polymer matrix generally
has hydrophobic characteristics, while the fibers have hydrophilicity, it is necessary to use a
coupling agent (compatibilizer) to achieve the chemical mediation between the matrix and
the reinforcement improving the adhesion without impairing the mechanical properties of
the composite [16,17]. Polymers grafted with maleic anhydride, such as polyethylene (PE-g-
MA) and polypropylene (PP-g-MA), are the most widely used compatibilizing agents since
these copolymers promote good interface adhesion, resulting in satisfactory properties
for the composite when compared to those that are non-compatibilized [18,19]. However,
besides being manufactured from petrochemical resources, they have a high energy cost
during production and a high price compared to natural raw materials. Therefore, re-
searchers investigate natural coupling agents from lignocellulosic sources for composites,
such as lignin and tannin, in order to replace synthetic compatibilizers [20-22].

Tannins are water-soluble phenolic compounds found naturally in various parts of
plants such as fruits, wood, leaves, bark, and herbs [23]. This compound has antioxidant
characteristics and is traditionally used in the leather tanning process and also as flocculants,
adhesives, and coatings [24]. Chemically, tannins can be classified as hydrolyzable and
condensed, having different applications. Condensed tannins have oligo/polyphenol
units containing polar and non-polar parts in their composition, which resembles synthetic
compatibilizers, where the apolar aromatic groups have an affinity with the polymer matrix,
while the hydroxyl groups interact with the lignocellulosic fibers, anchoring the matrix to
the reinforcement agents [25].

In view of the promising properties of tannin for applications as a coupling agent in
the production of sustainable composites, this work aims to analyze the compatibilizing
effect of polyethylene grafted with maleic anhydride (PE-g-MA) and tannin in bamboo
fiber-reinforced, low-density green polyethylene composites.

2. Materials and Methods
2.1. Materials

The polymer matrix was a low-density green polyethylene (LDGPE), commercially
known as SLD4004 resin (I'm greenTM), supplied by Petroquimica Braskem (Triunfo, Brazil),
with a melt flow index of 0.2 g-min~! (190 °C- 2.16 kg !) and a density of 0.923 g-cm 3.
The bamboo was collected from a bamboo grove in March 2022. It was then cut, dried in
an oven at 50 °C, and subsequently ground in a knife mill, and then a 32-mesh sieve was
used to control the granulometry of the resulting fibers (BF). Polyethylene-graft-maleic
anhydride (PE-g-MA) and tannin (TA) were used as compatibilizing agents. The PE-g-MA
was donated by the company Cristal Master (Joinville, Brazil) and has about 1 to 3% of

maleic anhydride content, whereas the tannin was supplied by Tanac (Montenegro, Brazil).

2.2. Processing of the Composites
2.2.1. Extrusion Compounding

After the raw materials were dried, the composite with 5 wt% of BF (according
to the parametrization of other works, the addition of bamboo fiber as a reinforcement
of up to 5 wt% improves the mechanical properties by up to 13% [26]) and 3 wt% of
compatibilizer (according to the parametrization of other works [27]) were produced using
a single-screw extruder (Eco Solugdes, Vigosa, Brazil) with L/D of 20. The equipment has
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four heating/temperature control zones, from the hopper to the die, and the following
temperature profile was set: 140 °C (zone 1), 145 °C (zone 2), 150 °C (zone 3), and 190 °C
(die). The pure polymer (with no filler) was also processed under the same conditions for
comparison purposes. Table 1 shows the mass compositions of the studied composites.

Table 1. Mass compositions of the studied composites.

Sample Content (wt%)
LDGPE 100
LDGPE/5%BF 95/5
LDGPE/5%BF/3%PE-g-MA 92/5/3
LDGPE/5%BF/3%TA 92/5/3

2.2.2. Injection Molding

After the samples’ extrusion compounding, they were granulated and dried. Then,
they were submitted to the injection molding process in a mini bench injector, model
AXINJET, AX Plasticos Maquinas Técnicas (Diadema, Brazil). The specimens were made to
be used in the mechanical tests for tensile strength and Izod impact strength, according to
ASTM D-638 [28] and ASTM D-256 [29], respectively.

2.3. Characterization of the Composites
2.3.1. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) analyses were performed to investigate the
influence of the reinforcing filler and compatibilizers on the thermal properties (melting
temperature (Tr,) and crystallization temperature (T)) and degree of crystallinity (Xc) of
the composites. Equipment from TA Instruments (New Castle, DE, USA), model Q-2000,
was used, with nitrogen as a carrier gas, at a constant flow of 50 mL-min—!. The samples
were initially heated from 30 to 200 °C at a heating rate of 10 °C-min~!, remaining at this
temperature for 3 min to eliminate the thermal history of the samples. After, they were
cooled at 10 °C-min~1, from 200 to 30 °C for the determination of T, and again heated
up to 200 °C at a rate of 10 °C-min~!. The degree of crystallinity (X.) of the samples was
determined using Equation (1) [30].

AH,,

=" %100% 1)
AHY(1—-W)

C

where X_ is the degree of crystallinity (%), AHp, (J-g ') is the melting enthalpy of the sample,
AHY, (J-g~ 1) represents the theoretical melting enthalpy of a 100% crystalline LDGPE, that
is, 293 ]~g’1, and W corresponds to the weight fraction of fiber in the formulation [31].

2.3.2. Uniaxial Tensile Test

Tensile tests were performed according to ASTM D-638 [28] in an Instron Universal
Testing System, model 5568, with a load cell of 5 kN and strain rate of 10 mm-min~!. At
least five specimens were tested per sample.

2.3.3. Izod Impact Strength Test

Izod impact strength tests were performed using Ceast equipment, model RESIL 25
(Instron, Sao José dos Pinhais, Brazil), according to ASTM D-256. The injection-molded
specimens were notched in a Ceast notching machine to a depth of 2.54 &+ 0.1 mm. At
least eight specimens were tested per sample, at room temperature. In this work, a 5.5 ]
hammer was used, and none of the specimens suffered total fracture, only partial, which
was classified as an NB (non-break).
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2.3.4. Scanning Electron Microscopy (SEM)

SEM (Jeol, Tokyo, Japan, model JSM-6610LV) was used to evaluate the matrix-
reinforcement adhesion under the use of different coupling agents. Micrographs of the
fractured Izod impact strength specimens were obtained. A thin gold layer was deposited
onto the material with a metallizer (Bal-Tec, Los Angeles, CA, USA, Mult Coating Sys-
tem MED020).

3. Results
3.1. Characterization of the Composites
3.1.1. Differential Scanning Calorimetry (DSC)

DSC analysis was used to determine possible crystallinity changes to the matrix after
the addition of reinforcement and compatibilizers. DSC thermograms of the cooling and
second heating are illustrated in Figure 1, using samples obtained after the extrusion process.
The values corresponding to the crystallization temperature (T.), crystallization enthalpy
(AH.), melting temperature (Tr,), and melting enthalpy (AH,) are given in Table 2.
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Figure 1. DSC thermograms for the (a) cooling and (b) second heating of the samples studied.

Table 2. Thermal parameters obtained from the DSC analysis.

Samples T CC) AH (g 1) Tm(CCO AHn (gl Xc(%)
LDGPE 97.7 634 111.9 69.4 237
LDGPE/5%BF 97.3 61.0 1121 63.6 228
LDGPE/5%BF/3%PE-g-MA  96.8 59.3 1125 63.4 27
LDGPE/5%BF/3%TA 97.6 62.9 111.7 62.8 25

As shown in Table 2, the addition of bamboo fiber and the compatibilizing agents
resulted in small changes in T, and T, when compared to LDGPE and a slight increase in
Tm of the LDGPE/5%BF and LDGPE/5%BF/PE-g-MA composites when compared to the
pure polymer. Furthermore, for T, a slight reduction was noted, in which it was considered
that the addition of compatibilizers inhibited the growth of LDGPE crystals, which had the
effect of forming small and imperfect crystals [21].

It is important to note that the only composite that had a Ty, lower than that of pure
LDGPE was the one with the addition of TA, following trends already portrayed in the
literature. In the work developed by Kim et al. [32], the T, and T, of polyvinyl alcohol
and hydrothermally treated tannic acid (HTA) composite films decreased as the HTA
content increased, related to the increasing disruption in the PVA molecular chains caused
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Elastic modulus (GPa

by its hydrogen bonding with the HTA. Similar results were found by Liao et al. [33],
who observed a decrease in Ty, in PP and cross-linked tannin (TH) composites before UV
accelerated weathering, as the TH content became higher.

When referring to AHy,, a significant decrease in the enthalpy of the composites was
observed when compared to the polymeric matrix alone. In general, LDGPE molecular
chains can crystallize on their own through an effect known as self-nucleation or via the
introduction of a nucleant, an effect known as heterogeneous nucleation [34]. Additionally,
the AH, also showed a decrease for the LDGPE/5%BF composite compared to the poly-
meric matrix, and when added, the compatibilizing agents induced different behaviors
in enthalpy values in relation to the LDGPE/5%BF composite: while the use of PE-g-MA
was responsible for decreasing the enthalpy of crystallization, the TA caused an increase in
this value.

In addition, the composites exhibited a progressive decrease in X, when compared
with the LDGPE. When comparing the values of crystallinity of the compatibilized and
without compatibilizer composites, it can be seen that the incorporation of maleic anhydride
and tannin presented decreases in the crystallinity of the materials, attributed to the
enhanced adhesion between the LDGPE matrix and the BFs, which disturbs the mobility of
polyethylene chains.

3.1.2. Uniaxial Tensile Tests

From the literature, it is known that bamboo fibers present good reinforcement poten-
tial for polymeric composites since their unidirectional arrangement provides high stiffness,
although their mechanical properties depend on variables such as the type of bamboo and
environmental conditions during its growth [35].

Regarding the elastic modulus (Figure 2a), it can be observed that the composites
presented a differentiated behavior when compared to pure LDGPE; it was proven that the
bamboo fiber provided a considerable increase in the modulus (~40%). However, similar
results were found for the compatibilized composites (LDGPE/5%BF/3%PE-g-MA and
LDGPE/5%BF/3%TA) when compared to the uncompatibilized sample (LDGPE /5%BF).
This behavior may be an indication that the presence of compatibilizing agents did not
improve the interfacial adhesion and/or dispersion state of the bamboo fiber through the
LDGPE matrix [36].
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Figure 2. Elastic modulus (a) and tensile strength at rupture (b) of the LDGPE composites. Values
followed by at least one letter in common indicate non-significant distinctions at a 95% confidence
(p < 0.05) level according to Fisher’s LSD test.
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For thermoplastic composites, the elastic modulus is generally improved by incorpo-
rating a reinforcement because the filler restricts the mobility of the polymer chains and also
has a higher stiffness compared to the matrix, contributing to an increase in the stiffness of
the composite [22]. It is also believed that the ability of a composite interface to transfer
elastic deformation depends on the interfacial stiffness and static adhesion strength [37]. A
similar trend was demonstrated in the work of Daramola et al. [38], where an increase in
the elastic modulus of high-density polyethylene (HDPE)/bamboo fiber composites was
noted when compared to the polymer matrix.

The LDGPE/5%BF and LDGPE/5%BF/3%TA composites showed a slight improve-
ment in tensile strength (Figure 2b). However, for the LDGPE/5%BF/3%PE-g-MA compos-
ite, no increase was observed. Meanwhile, as previously discussed, the elastic modulus
increased for all composites reinforced with BF, which was related to higher stiffness by
other authors [39]. The increase in tensile strength at breaking suggests a small addi-
tional degree of interfacial compatibility between the filler and matrix [40], with similar
results being found in the work conducted by Salmah et al. [41]. Generally, compatibilized
composites with higher crystallinities compared to non-compatibilized composites may
result in the improvement of their mechanical properties [42]. In this work, although the
crystallinity of the composites was not increased, the tensile strength of the LDGPE/5%BF
and LDGPE/5%BF/3%TA composites proved to be the highest found among all the com-
positions tested (both in the same statistical homogeneous group), elucidating a possible
ability of TA to prevent tearing or the breakdown of BF and possibly improving the transfer
of mechanical stress between the polymeric matrix and the reinforcing agents.

The addition of tannin could potentially increase the plasticity of the LDGPE/5%FB/
3%PE-g-MA composite, suggesting that the tannin could be uniformly dispersed in the
polymeric matrix and possibly form stable hydrogen-bonding interactions with the bam-
boo fiber [43], while its non-polar parts (such as aromatic rings) could interact with the
LDGPE [44]. In these scenarios, it is important to highlight that the dispersion of compati-
bilizers, especially TA, was not investigated in the present research. Furthermore, some
studies suggest the ability of compatibilizers to cleave the polymer chain length, causing a
decrease in the mechanical performance of the matrix itself [45,46]. Considering this, the
low gains obtained in the tensile strength values of compatibilized composites may be due
to a weakened matrix.

Based on the values found in Figure 3, it was observed that the composites exhibited
a progressive decrease in the strain at break when compared to the LDGPE, having as a
consequence the weak matrix-reinforcement interaction [47], which was unexpected since
the strain in the rupture of the reinforced composite and the PE-g-MA- and TA-containing
composites was statistically the same. In contrast, the LDGPE/5%BF /3% PE-g-MA and
LDBPE/5%BF/3%TA composites showed a slight improvement over LDGPE/5%BF due
to the use of compatibilizing agents, which are responsible for providing better interfacial
adhesion.

3.1.3. Izod-Type Impact Strength Test

The impact strength test is used to measure a material’s toughness, i.e., its ability to
absorb energy during impact. The value generated through this analysis is an important
measure in the selection of materials for engineering applications. The results of this test
can be seen in Figure 4 and Table 3.

The composites showed higher impact energy than the LDGPE. The sample LDGPE/
5%BF showed a mean increase of 18% compared to the polymer matrix. The introduction
of bamboo fibers promoted an improvement in the impact strength of the composites
compared to the matrix; i.e., the energy required to break the samples was higher, proving
that the fibers act as reinforcement in the composites [48]. In this work, the composites
presented the “fiber bridging” mechanism, in which not all components were fractured
during the impact. This happens because part of the load applied to the matrix is transferred
to the fibers, which deform, increasing the impact strength of the composite [48]. Similar
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observations were made by Candido et al. [49], where the authors prepared polyester
composites reinforced with sugarcane bagasse.

35 T T

Strain at rupture (%)

Figure 3. Values of the strain at rupture of tensile strength tests. Values followed by at least one letter
in common indicate non-significant distinctions at a 95% confidence level (p < 0.05).
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Figure 4. Izod-type impact strength. Values followed by at least one letter in common point to
non-significant distinctions at a 95% confidence condition (p < 0.05).

Table 3. Impact strength test values.

Samples Impact Resistance (J/m)
LDGPE 408.4 = 64.7
LDGPE/5%BF 482.1 £58.2
LDGPE/5%BF /3% PE-g-MA 394.7 £ 54.4

LDGPE/5%BF/3%TA 393.1 £47.6
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However, when the compatibilizing agents were added, no significant improvements
were observed. This could be explained due to the increased compatibility of the composite
after the addition of the PE-g-MA and TA, causing the increased brittleness of the material,
which contributes to the composite fracture mode changed from “fiber extraction” to “fiber
breakage” [50], in addition to fiber agglomeration [38].

The decrease in impact strength or reduced variation in strength upon the addition
of compatibilizer may also be due to the induction of micro-spaces between the fiber
and the LDGPE, which generate numerous micro-cracks when impact occurs, enabling
crack propagation [13]. It has been noted that PE-g-MA acted as an “anticompatibilizer”
in polypropylene composites and that it may have contributed to the pull-out of the
reinforcement, as the compatibilizer used was incompatible with the matrix [51]. In the
work developed by Yang et al. [21], it was found that, as reinforcement was added, the
mechanical properties of the polypropylene/cellulose fiber composites suffered a decrease.
This could be explained because the filler used could not be homogeneously dispersed
with the tannin. Previous records in the literature report that the molecular weight of the
grafted polymer chain, as well as the spacing of the MA units resulting from the grafting,
could induce the aforementioned behavior [52-54].

3.1.4. Scanning Electron Microscopy (SEM)

The morphology of composites is closely related to their properties and particularly
to their mechanical strength. As such, changes in the structure of composites can explain
the trends that are obtained from their mechanical parameters. Figure 5 shows the SEM
micrographs obtained from the fracture surface of the samples after performing the Izod
impact strength tests.

100um

Figure 5. SEM micrographs obtained from the fracture surface of the samples: (a) LDGPE;
(b) LDGPE/5%BF; (c) LDGPE/5%BF/3%PE-g-MA; (d) LDGPE /5%BF/3%TA.

As shown in Figure 5a, the fracture surface of LDGPE is comparatively smooth with
crack propagation marks [55]. The unstable propagation of cracks is not a consequence of
the lack of reinforcement; rather, the lack of reinforcement to control crack growth results



Polymers 2024, 16, 1760

90of 13

in the type of cracks observed. Cracks propagate unstably under external loading, and the
main consequence is a lack of reinforcement to control their growth. Although the crack
progresses rapidly through the material, there may be a stretching mechanism. This is
because this property is directly related to the stress supported and the deformation before
rupture [56].

The addition of bamboo fiber in the matrix promotes a significant increase in impact
strength, with values of 482.14 J/m. This improvement is fundamentally associated with
the ability of the fibers to transfer loads longitudinally, and it can be justified by fracture
toughness theory. When the LDGPE/5%BF composite is subjected to impact conditions,
several micro-cracks are generated. Consequently, the fibers along these micro-cracks
unfold, thus finishing their growth. It was also observed that the presence of short fibers
significantly improved the properties related to impact strength [30].

As shown in Figure 5a, the LDGPE has a loose and flaky structure with the presence
of microvoids, showing ductile failure at multiple points, which may be related to the fact
that its surface is not fully impermeable to moisture and its mechanical integrity is limited
in the absence of reinforcement [38].

For the LDGPE/5%BF composite in Figure 5b, several fibers can be described as
clustered together, which contributes to a gradual increase in the number of holes and
voids, suggesting a ductile fracture. The fibers appear to have separated from the polymer
matrix during deformation, which is a clear indication of poor interfacial adhesion [42].
However, the fibers of this material break apart when the composites are broken. This
phenomenon occurs due to the good mechanical properties of bamboo fiber, for which more
energy is required to break the composites, which results in a higher impact strength [57].

In the work of Daramola et al. [38], it was observed that HDPE composites reinforced
with concentrations above 4%-by-weight bamboo fiber exhibited fiber displacement and
pullout. The congestion observed for the composites reinforced with 10% by weight means
that more load is absorbed via the fibers. The poor adhesion observed for this composite
also provides a free path for moisture ingress. The results of Daramola et al. [38] corroborate
our findings and reinforce the importance of fiber concentration as a determining factor
in failure due to displacement and fiber pullout in HDPE composites. Roumeli et al. [42]
found that all HDPE composites reinforced with hemp fibers separated from the polymer
matrix during deformation, with a clear indication of lower interfacial adhesion, in addition
to voids between the fibers and HDPE.

The failure characteristics shown on the fracture surface of the composites in Figure 5c,d
comprise microcracks in the matrix, fiber breakage, and detachment. The micrographs
show that the fibers, although pulled out of the matrix (pull-out phenomenon), did not
break along with the fracture surface [55]. The pull-out occurrence happened less intensely
for the LDGPE/5%BF /3% PE-g-MA composite, in which part of the fibrils of the reinforce-
ment was coated with a polymer. However, for the LDGPE/5%BF/3%TA composite, this
phenomenon was more pronounced. This may be closely associated with the structure of
this composite consisting of individual microfibrils, which are characterized by forming an
irregular fiber surface, and a slight increase in the fiber/matrix interaction area [58]. There
was also poor adhesion between fibers and a decrease in impact strength for compatibilized
composites and only a slight increase in strength for the LDGPE/5%BF composite [55].
In the study by Anggono et al. [59], it was observed that sugarcane bagasse-reinforced
polypropylene composite compatibilized with maleic anhydride showed the displace-
ment and separation of one fiber of the polypropylene, while the fracture of some fibers
also occurred.

The LDGPE/5%BF and LDGPE/5%BF/3%TA composites present similar failure char-
acteristics, such as microcracks in the matrix, breakage, and the detachment of fibers
(Figure 5¢,d). However, in-depth analysis reveals differences in the intensity and distri-
bution of these failure mechanisms between materials. In the LDGPE/5%BF composite,
fiber detachment is the dominant mechanism, observed in the separation of fibers from the
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matrix without their fracture [55]. This characteristic can be attributed to good compatibility
between the matrix and the fibers, providing an efficient stress transfer [58].

In contrast, the LDGPE/5%BF/3%TA composite presents a more intense pullout of
fibers, evidenced by the partial removal of the fibers from the matrix, accompanying fracture
in some cases [55]. This difference is due to the structure of the fibers in this composite,
formed via individual microfibrils that generate an irregular surface and increase the area
of interaction with the matrix. Furthermore, poor adhesion between the fibers and the
matrix, evidenced by a decrease in impact resistance [60], contributes to more pronounced
fiber pullout.

Similar studies using polypropylene composites compatibilized with maleic anhydride
also demonstrated the displacement and separation of fibers, with the fracture of some
of them [59]. Liao et al. [37], in their research, used tannin and lignin as compatibilizers
in polypropylene composites and, through results obtained via SEM, observed the poor
adhesion of the reinforcement/matrix. In addition, cross-linked tannin particles of irregular
shapes were found, confirming the formation of thermosetting tannin particles. Agiiero
etal. [61], on the other hand, reported that the presence of a significant gap in PLA-flax fiber
composites was related to low toughness, and this gap did not allow a good load transfer
from the matrix to the fiber. Another factor that may have contributed to the decrease in
the related properties is the shear action in single-screw extruders being relatively weaker
than in twin-screw extruders, causing less fiber pull-out from the main bundles [62].

4. Conclusions

Natural plant-based fibers have a great advantage over traditional synthetic fibers due
to their lightweight, non-abrasive, non-toxic, and biodegradable nature. The composites
prepared with 3% PE-g-MA or TA did not act as nucleation agents since the crystallinity of
the composites did not increase. Mechanical analysis revealed a progressive decrease in the
strain at rupture, with the LDGPE/5%BF composite exhibiting the highest impact energy.
In tensile strength tests, the LDGPE/5%BF composite showed an improved elastic modulus
compared to LDGPE alone, while the LDGPE/5%BF/3%TA composite demonstrated the
best tensile strength among all tested compositions. This suggests the potential of TA as
a compatibilizing agent in composites. Although the crystallinity of the composites was
not enhanced, the LDGPE/5%BF/3%TA composite exhibited the highest tensile strength,
indicating TA’s possible role in preventing tearing or the breakdown of BF and enhancing
the transfer of mechanical stress between the polymeric matrix and the reinforcing agents.
Future work can make valuable contributions to this topic through the development and
study of composites blended exclusively with TA, helping uncover the impacts of this
natural agent in LDGPE matrices.
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Abstract

This work reports the use of Bambusa vulgaris bamboo fibers (BF) as a biomass source for obtaining cellulose nanocrystals
(CNCs). The fibers were first subjected to an alkali treatment, followed by bleaching and subsequent acid hydrolysis with
concentrated sulfuric acid. The materials were chemically characterized according to TAPPI standards. Moreover, their
structural, thermal and morphologic characteristics were studied through Fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and scanning elec-
tron microscopy (SEM). FTIR and XRD results demonstrated a reduction in non-cellulosic constituents and an increase in
crystallinity after bleaching and acid hydrolysis. TGA and DSC analysis revealed a good thermal stability of CNCs. From
SEM and TEM images, defibrillation of the fibers occurred, and the CNCs have a needle/time-like structure with nanometer
dimensions. These results confirm the production of CNCs with high potential for application in nanocomposites. These
results confirm the production of CNCs with high potential for application in nanocomposites.

Keywords Bamboo fiber - Bambusa vulgaris - Cellulose nanocrystals - Natural fibers

1 Introduction

Recent global environmental issues have driven researches
around the world to look for the development of cleaner,
sustainable and ecologically friendly materials. Biomass
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is a renewable and abundant resource of natural materials
that attracted great interest due to the depletion of natural
sources and new environmental regulations [1]. Cellulose
is the most abundant biopolymer in earth and has attracted
considerable attention due to its biodegradability, renewabil-
ity, sustainability, biocompatibility and possibility of numer-
ous modifications. Due to these characteristics, cellulose has
been continuously considered as a green alternative to fossil
fuels-based polymers for a wide range of applications [2, 3].

Cellulose can be obtained from different sources, which
includes algae, wood pulp, cotton, bamboo, among others
[4-6]. Among the most desirable non-woody raw materi-
als for the paper industry, bamboo is known as a renewable
alternative resource for the production of wood-based cellu-
lose due to its combination of high cellulose content, excel-
lent tensile strength, rapid growth and regrowth, easy propa-
gation and large planting areas in many countries [7, 8].
However, it is still a challenge to isolate pure cellulose from
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bamboo due to the complex structure of cellulose fibrils sur-
rounded by the lignin matrix and hemicellulose [9].

In recent years, different mechanical, chemical and che-
momechanical methods have been reported to extract cel-
lulose from bamboo [5]. Alkaline treatment, acid chlorite
(bleaching), acid hydrolysis, TEMPO ((2,2,6,6-tetrameth-
ylpiperidin-1-yl) oxyl) mediated oxidation and enzymatic
treatment are the most commonly used chemical methods.
Alkaline treatment ensures the segregation of amorphous
segments present in cellulosic biomass including hemicel-
lulose and lignin [10]. Acid-chlorite treatment is used for
delignifying cellulosic fibers and is extensively employed
in the pulp and fabric industry [11]. Acid hydrolysis eradi-
cates the disordered domains in cellulose leaving behind the
ordered ones. Mechanical treatments like ultrasonication,
high-speed grinding, ball milling, etc. ensure the cleavage
of large microfibrils up to nanometer-scale by high-intensity
shear forces [12].

Some researchers have successfully extracted the nano-
cellulose/nanocrystals of various natural fibers using dif-
ferent methods such as chemo-mechanical, cryocrushing
and high-speed grinding [13]. Mandal and Chakrabarty
obtained nanocellulose of bagasse by acid hydrolysis, with
improved thermal stability and crystallinity when compared
to other fibers. The same method was also used to isolate
the nanocrystalline cellulose of bamboo, and it was found
that its crystallinity index (71.98%) was higher than that of
other non-wood materials [14]. Chandra et al. (2016) [15]
extracted nanocellulose of areca nut husk with an average
diameter less than 3-5 nm and a good aspect ratio ranging
from 120 to 150 using the chemo-mechanical method.

Furthermore, when cellulose is produced as nanofibers,
excellent properties such as high mechanical strength, high
surface area, biocompatibility, low density, biodegradabil-
ity and non-toxicity are achieved, resulting in potential of
application in food packaging, papermaking, and as a rein-
forcement in polymer composites [16]. The nanocellulose
properties are known to be strongly dependent not only on
isolation process, but also on the extraction sources such
as leaves, stems and roots of plants. Compared with cel-
lulose microfibrils, cellulose nanocrystals (CNCs) have a
large specific surface area [17, 18]. High strength, specific
modulus, high aspect ratio (L/D), presence of reactive and
low density hydroxyl groups that can facilitate the grafting
of chemical species from the surface, non-abrasive nature,
non-toxic character, biocompatibility and biodegradability
are some specific useful characteristics of CNCs that make
them promising nanoparticles [19].

Hydrolysis with sulfuric acid has been described as the
most widely used route to prepare CNCs, since it is simple
process that results in nanoparticles with high crystallinity,
rigidity and also proved to be effective in eliminating amor-
phous components [20].

@ Springer

2 Experimental
2.1 Materials

The Bambusa vulgaris bamboo biomass was collected dur-
ing March 2021, in the interior of Rio Grande do Sul State,
Morro Redondo, Brazil, and can be seen in Fig. 1. The bio-
mass was crushed in knife mill, dried in an oven a 50 °C
overnight and had its particle size standardized in a 32-mesh
sieve. Commercial brands of sodium hypochlorite (NaClO,
from Girando Sol), sodium hydroxide (NaOH) and sulfuric
acid (H,S0O,), obtained from Dindmica Quimica Contem-
poranea LTDA, Brazil, were used for CNC extraction. All
solvents and reagents were used without further purification.

2.2 Preparation of cellulosic material

The bamboo-derived cellulose fiber was obtained through
the typical alkaline treatment followed by bleaching and
was prepared similarly as the processes described by Qian
et al. (2018) [20] and Wijaya et al. (2019) [21]. Firstly, the
bamboo biomass was treated with an alkaline 10% treatment
(w/v) NaOH solution at 80 °C for 1 h. The resulting material
was filtered and washed several times with distilled water
until reaching neutral pH. Subsequently, the biomass was
bleached with a 20% (w/v) NaClO solution. The mixture was
filtered with distilled water and oven dried for 24 h at 50 °C.
Figure 2 shows a schematic representation of the process for
obtaining cellulose.

Fig. 1 Bamboo culm sections cut in 50 cm long
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Fig.2 Schematic representa-
tion of the process of obtaining
cellulose

d s
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80°C during 1 h

-

Filtration and washing

—

Treated fiber Cellulose + NaClO

Drying at 50°C Filtration and washing

Cellulose

/

2.3 Preparation of CNCs

The CNCs were obtained by acid hydrolysis performed at
45 °C for 1 h using a 35 wt% H,SO, solution. In a typical
experiment, the cellulosic material was mixed with H,SO,
in a 1:20 mass/volume ratio (1 g of cellulose and 20 ml of
H,SO,). Then, cold distilled water was added to the solu-
tion, followed by centrifugation at 3600 rpm for 10 min.
The resulting precipitate was dialyzed with distilled water
to reach neutral pH and freeze-dried through lyophilization
for further characterizations [20]. Figure 3 illustrates the
process of obtaining CNCs derived from bamboo fiber.

2.4 Characterizations

The chemical composition of the cellulose was investigated
according to TAPPI standards T 258, T 204, T 222, T 257
and T 204, aiming to evaluate the content of soluble extrac-
tives, insoluble lignin, hemicellulose, holocellulose and cel-
lulose, respectively. All tests were performed in triplicate
for statistical comparison. The bamboo fibers, cellulose and
CNC:s were also characterized by Fourier-Transform Infrared

Spectroscopy (FTIR), in a Shimadzu Prestige-21 equipped
with ATR-8200 HA. The spectrum was recorded from 400 to
4000 cm™! with 32 scans and 4 cm ™! resolution. The crystal-
linity of the samples was determined using a D8 Advance
diffractometer Bruker, with wavelength (A=1.541 A), oper-
ating at 40 kV and 40 mA. Scanning was performed in the
20 range between 10 and 60°, at a rate of 1°/min. The Segal
crystallinity index [22] was calculated according to the fol-
lowing equation:

Ie = (Lao0) = Liamy /1 200) X 100% €))

where I, refers to the maximum intensity of the 200
lattice diffraction peak at 26 =22° and [, is the intensity
of diffraction for the amorphous part at 20 =18.5°.

The thermal behavior of the samples was first evaluated
by differential scanning calorimetry (DSC), using a TA
Instruments equipment, model Q 2000, with nitrogen as
carrier gas, in a constant flow of 50 ml/min, heating ramp
of 10 °C/min, from 20 to 200 °C. The thermal stability of
the materials was measured by thermogravimetric analysis
(TGA, TA Instruments, model Q50). Tests were performed
in N, atmosphere, from 30 to 800 °C, with heating rate of

Fig. 3 Illustration of the process
for obtaining CNCs derived

-

from bamboo fiber i .
S |
\. *
» -

|-

) - =l
Cellulose + Centrifugation Dialysis and CNCs

H2S04 freeze drying

\

/
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20 °C/min. The morphology of the bamboo fibers, cellulose
and CNCs was observed by scanning electron microscopy
(SEM, Jeol, JSM-6610LV). CNCs were also observed by
transmission electron microscope (TEM, Jeol, JEM-1400).

3 Results and discussion
3.1 Chemical composition

The chemical composition of the cellulose obtained from the
bamboo fiber biomass after the alkaline and bleaching treat-
ments was determined according to TAPPI standards, and
the results are summarized in Table 1. As it is well known,
the bamboo fiber has a highly stable structure, which is
mainly composed of cellulose, hemicellulose and lignin.
Cellulose provides structural support in cell walls, while
the hemicellulose and lignin are complex organic polymers
that acts as binding agents, being responsible for holding
cellulose fibers together, providing rigidity to the structure.
These three components are entangled in a thin layer and are
responsible for the formation of bamboo cell walls [23, 24].
In addition to lignocellulosic structures, bamboo also con-
tains a variety of low-molecular-weight organic compounds
known as extractives (resins, fatty acids, waxes and phenols)

that the methodology was efficient for the fabrication of the
cellulosic material.

The natural fibers exhibited a green coloration, which
changed to a dark-brown after the alkaline treatment due
to the degradation of hemicellulose and lignin [27]. After
the bleaching process, the fibers displayed the typical white
color of cellulosic-based materials, suggesting that the treat-
ment was effective in purifying the cellulose fibers, remov-
ing non-cellulosic components, such as a part of lignin,
hemicellulose, pectin and other extractives [28, 29].

3.2 X-ray diffraction

The XRD patterns of the bamboo fiber biomass before and
after the alkaline treatment, cellulose and CNCs are shown
in Fig. 4.

The presence of two peaks at 22.30° and 34.56° was
clearly observed, corresponding to the (200) and (004) crys-
tallographic planes, respectively [35, 36]. The main peak at
22.30° suffered a slight right shift for the samples that were
subjected to alkaline and bleaching treatments, as can be
seen in detail in the inset of Fig. 3a. This can be ascribed to
a change of crystal order in the (200) plane, which induces
hydrolytic cleavage of glycosidic bonds, releasing individual

that can be removed [23, 25]. During the heat treatment, the '\/L

chemical components of bamboo undergo chemical reac- E)

tions, which induce changes in the contents of holocellu- % ”\‘/¥

lose, a-cellulose, lignin and extractives. The mass fraction = g

of cellulose, hemicellulose, holocellulose and lignin were E) gs 8 < h

70.04%, 17.13%, 64.08% and 3.37%, respectively, which are S M s ® e (degres)

compatible with other similar studies reported as described '5'>; CNCs

in Table 1. Furthermore, a low fraction of extractives was S __/\A_

obtained, which can be attributed to their dissolution associ- IS Cellulose

ated to the degradation of cellulose and hemicellulose [26].

Similarly, the relatively low concentration of hemicellulose

suggests that the chemical treatment partially degraded is

structure. Hemicellulose is a heterogeneous low molecular : : : :

weight material composed of acetyl and glycosyl groups, 10 20 30 40 50 60

which are not thermally stable structures. Also, the high 26 (degree)

portion of cellulose and the low fraction of lignin indicate

Fig.4 X-ray diffraction patterns

Tablell CompariIS(.)n of the Biomass Extractives Lignin Hemicellulose Cellulose Ref

chemical composition of

cellulose obtained in this work Bambusa vulgaris 0.33% 3.37% 17.13% 70.04% This work

r“:;gr‘t’;ger similar studies Bamboo grid 5.77% 24.37% 23.05% 41.03% [23]
Bamboo pulp - 0.08% 15.10% 79.34% [8]
Pineapple - 7.3% 9.9% 73.6% [30]
Jute - 14% 21.8% 62.1% [31]
Corypha taliera fruit - 17.6% 21.78% 55.1% [32]
Shwetark - 16.82% 0.2% 69.65% [33]
Acalypha indica - 18.75% 0.24% 67.82% [34]
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Table 2 Crystallinity index of

Samples Crystal-
the samples after each step of linity
production index

Bamboo fibers 47.96

Alkaline treatment ~ 55.72

Cellulose 63.52

CNCs 72.40
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: and bending . T o5
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Fig.5 Fourier transform infrared spectroscopy of the cellulosic-based
materials

crystallites [37, 38]. Moreover, two overlapped bands were
observed at between 14 and 16° corresponding to (1-10)
and (110) crystalline reflections, respectively. According to
the literature, all crystallographic planes observed confirmed
that the cellulose was successfully extracted from the bam-
boo biomass and indicated that the structural type of CNC
samples was I cellulose [38, 39]. Furthermore, the crystal-
linity index of bamboo fiber was 47.56% (Table 2), while for
the CNCs the crystallinity was 72.24%, indicating that the
amorphous components related to lignin and hemicellulose
were removed [38].

3.3 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of bamboo fiber before and after the alka-
line treatment, cellulose and CNCs are shown in Fig. 5. All
samples presented similar results, with the typical bands
characteristic of cellulose, suggesting that the cellulose
structure was preserved after all processes and that the meth-
odology was effective, which is in agreement with the results
of chemical composition and XRD. A large band between
3000 and 3500 cm™" and a peak at 1637 cm™' were observed
in all samples and are attributed to OH stretching and

bending vibrations of the adsorbed water, respectively. The
presence of OH in CNC:s is essential for good bonding with
a polymer matrix, aiming at their use as a reinforcing agent
[40]. The band at 2900 cm™" is characteristic of asymmetric
stretching of C—H bonds on —CH, —-CH, and -CH; groups
[40]. The peaks at 1463 cm~! and 1512 cm™! are related to
the deformation of the methyl group and elongation of the
C—C bond of the lignin aromatic ring, respectively for natu-
ral bamboo fiber and alkaline treatment. These two peaks
were not observed in the cellulose and CNC samples, con-
firming the removal of lignin after the acid treatments. Thus,
the peak at 1736 cm™" was attributed to the elongation of the
C-0 bond of hemicellulose, which was observed only in the
bamboo fiber [41]. Characteristic peaks of cellulose were
observed between 850 and 1500 cm™" for all samples. The
peak at 1057 cm™! corresponds to C—O bond at the C-3 posi-
tion of cellulose. The range between 1200 and 1236 cm™"
is attributed to the C—OH bond in the C-6 plane [42]. The
peaks at 1061 and 897 cm™! are associated to C—O and C-H
stretching of cellulose, suggesting that there was no loss of
cellulosic material during acid hydrolysis [43].

3.4 Thermal analysis (TGA and DSC)

The thermal stability of the samples was investigated
through TGA, and the results are shown in Fig. 6a. It was
observed three well-defined weight loss stages: the first
in the range of approximately 20—180 °C, which is a non-
accentuated weight loss (inferior to 5%) attributed to the
evaporation of moisture or volatile residues generated dur-
ing the nanocellulose isolation processes [5, 44]. The sec-
ond between 180 and 360 °C, corresponding to a weight
loss of approximately 80%, related to the degradation of
hemicellulose, lignin and a-cellulose, depolymerization of
cellulose chains, dehydration, decarboxylation and decom-
position of glycosyl cellulose units; and finally, the third
stage at temperatures higher than 360 °C, which is mainly
associated to decomposition of a or L-cellulose. Thus, the
high stability of lignin groups coincides with the degrada-
tion that leaves ash as a residue, generating products of
low molecular weight for temperatures higher than 200 °C
[31]. In the case of bamboo fiber, the decomposition region
for hemicellulose, cellulose and lignin was 200-380 °C,
250-380 °C and 180-800 °C, respectively. Then, with
increasing temperature, the cellulose dehydrated and depo-
lymerized intensely, competing to form CO, CO,, H,0O and
coal [5]. The alkaline treatment and the bleaching process
apparently have not influenced the thermal stability fibers,
since the thermal degradation temperatures of the samples
were similar. These results are in accordance with previ-
ous studies, where it is described that the alkaline treat-
ment and bleaching process did not modify the thermal
behavior of cellulosic materials obtained from biomass

@ Springer
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Fig.6 TGA (a), DTG (b) and DSC (c) analysis of the cellulose-based materials obtained from bamboo fiber biomass

[45, 46]. On the other hand, the thermal degradation of
CNCs presented a weight loss of 77% in the temperature
range of 230-370 °C. The greater surface area of CNCs
can play an important role in reducing thermal stability,
in which it is essential for CNCs to be used as an effective
reinforcement material. CNCs can provide high rigidity
and favorable strength for reinforced composites as there
are rich hydroxyl groups on the surface of CNCs. In fact,
CNCs have good matrix compatibility and can be evenly
distributed in the matrix, which is useful to improve the
mechanical properties of nanocomposites [47] (SHEN, P
et al., 2022). Cao et al. (2008) [48] extracted CNCs from
hemp fibers by sulfuric acid hydrolysis to reinforce nano-
composite materials, successfully improving mechanical
properties. In addition, in the process of acid hydrolysis
using sulfuric acid, the crystalline and amorphous struc-
tures are decomposed, which results in structures that are
more sensitive to temperature [49]. Roman and Winter

@ Springer

(2004) [49] reported that the activation energy for the
degradation of CNCs is significantly reduced by the use of
sulfuric acid in the hydrolysis process [44].

According to the data found, the studied samples have dif-
ferent pyrolysis behaviors, with different temperature ranges;
the chemical treatment performed increased the thermal sta-
bility of the fibers, although the thermal stability of CNC
was lower than that of cellulose, but sufficient for most prac-
tical applications. It was also possible to notice that the high
portion of cellulose and low fraction of lignin indicate that
the methodology used was effective for the production of
cellulosic material as reported by previous characterization
techniques such as chemical composition, XRD and FTIR.
Therefore, the CNCs developed in this work have feasible
thermal stability to be applied in food packaging, such as
polyolefins, since both the processing temperature and the
working temperature of these packaging materials are lower
than the CNC degradation temperature [50].
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Table 3 Values of crystalline melting temperature (7)) and enthalpy
of melting (AH,,) obtained from DSC analysis

Sample T, (°C) AH,, (/)
Bamboo fiber 108.49 44.08
Alkaline treatment 106.80 49.96
Cellulose 109.97 52.58
CNCs 101.02 74.18

Results obtained from DTG shown in Fig. 6b confirm that
the main stage of mass loss occurs between 180 and 360 °C
for all samples, which is in agreement with other studies that
described a similar behavior [8]. Figure 4c further shows
the DSC thermograms of the samples, and the values cor-
responding to the crystalline melting temperature (7,,) and
enthalpy of melting (AH,,)) are described in Table 3. The T,
showed a slight deviation, while the AH,, values increased
after each treatment performed to obtain the CNCs. Through
the DSC results, it was also verified that the initial thermal
transition occurs around 100 °C for each of the analyzed
samples; such behavior can be attributed to the absorption
of thermal energy [51].

3.5 Morphologic characterization

The surface characteristics of the samples were observed by
SEM, and the micrographs are shown in Fig. 7. In addition,
the TEM micrograph of the CNCs can be seen in Fig. 8.
The bamboo fibers (Fig. 7a) exhibited a rough surface cov-
ered by globular particles. Thus, the presence of amorphous

Fig.7 SEM images of the
bamboo fibers (a), the fibers
after the alkaline treatment (b),
cellulose (¢) and CNCs (d)

Fig.8 TEM micrograph of CNCs isolated from bamboo fiber

constituents such as lignin and hemicellulose was also
observed [52]. After the alkaline treatment (Fig. 7b), the
fibers became less stacked, i.e. the removal of lignin sepa-
rated the fibers into individual structures [53-55]. The cel-
lulose (Fig. 7c) showed more uniform fibrils in terms of
morphology, with the elimination of residual lignin [7, 56]
indicating that the pre-treatment with sodium hypochlorite
(NaClO,) induced the oxidation of aromatic rings of lignin
and removed most of non-cellulosic constituents, which cov-
ered the outer surface of the cell wall of the fibers [52, 57].
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Finally, the CNCs were fragmented into crystals, resulting
in a uniform fibrous morphology [57]. The CNCs presented
a structure similar to small stems, which are connected to
each other, as can be seen in Fig. 7d. It is also verified that
the CNCs presented a less aggregated morphology and with
fibrils with smaller diameter compared to the other sam-
ples. This result can be attributed to differences in cellulosic
materials and chemical treatment conditions [36].

Through the TEM analysis depicted in Fig. 8, it can be
stated that the CNCs exhibit individual needle-like nano-
metric structures, thus confirming the expected morphology
for CNCs isolated from bamboo fiber [58]. The micrograph
shows individual nanocrystals and some aggregates. This is
due to the high density of hydroxyl groups on the surface
of the cellulose chain molecules, coming from the forma-
tion of hydrogen bonds [59, 60]. The surface availability of
hydroxyl groups is due to the hydrophilic nature of CNCs
[61].

The existence of fibers as fine filaments suggests that
the amorphous region has been removed during the acid
hydrolysis process. The existence of the aggregates may also
be a result of the TEM sample preparation when the disper-
sion medium was removed [62] (Shojaeiarani, J., Bajwa, D.
S., & Chanda, S. (2021)). The reinforcing capacity depends
mainly on its structure. The type of morphology is important
in determining its surface area, since the greater the surface
area, the greater its reactivity and the better the likelihood
that CNCs will be used as reinforcement in polymer nano-
composites [63].

The length of CNCs ranges from 200 to 300 nm in length,
which is in agreement with the bamboo-derived CNC in the
study reported by [58]. Furthermore, the CNC width found
in this work ranged from 10 to 20 nm is also in the range of
values found for hemp (15 nm) [65] and sisal (9.45 nm) [66].
The aspect ratio (length/width) found for the CNCs was 10
to 15. In the literature, the aspect ratio ranges from 10 to 70
for different natural sources of CNCs. The high aspect ratio
provides high stiffness for the nanoparticles and results in
increased reinforcement effect, which is important for the
use of CNC:s as filler in composites [29].

4 Conclusion

This work described an effective methodology to produce
CNCs derived from bamboo pulp. Results demonstrated that
the proposed experimental process was able to produce high
aspect ratio nanocrystals using bamboo fibers as resource.
Isolated cellulose and CNCs contained low amounts of
hemicellulose and lignin, as confirmed by chemical charac-
terization, XRD and FTIR results. The CNCs showed sub-
stantially higher crystallinity compared to the other samples,

@ Springer

and the TGA revealed good thermal stability of CNCs. The
CNCs showed a stem-shaped morphology, which can help
to achieve good dispersion and interaction of these materials
with polymer matrices in nanocomposites.
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Abstract: This study investigates the sustainable use of Eucalyptus spp. bark through
different chemical (hydrothermal, acid, alkaline, and bleaching) and physical (milling) pre-
treatments in the production of sustainable films. Valorization of agro-industrial residues
and the demand for sustainable materials pose challenges for environmentally responsible
solutions. Eucalyptus spp. bark, rich in cellulose, hemicellulose, and lignin, is a promising
source for creating sustainable materials like films. In this study, the use of chemical and
physical treatments aims to optimize biomass extraction and improve the chemical, thermal,
mechanical, and optical properties of the films. The films showed an excellent light barrier
capacity, with a transmittance below 1%. Crystallinity indices varied with the pretreat-
ment: 8.15% for hydrothermal, 7.01% for alkaline, 7.63% for acid, and 10.80% for bleaching.
The highest crystallinity value was obtained through bleaching, by removing amorphous
components like lignin and hemicellulose. The alkaline pretreatment yielded stronger
films (maximum stress of 8.8 MPa, Young’s modulus of 331.3 MPa) owing to the retained
lignin and the hemicellulose reinforcing the material. This study contributes to the field of
sustainable development by converting residues into valuable materials and by advancing
the circular economy. The films’ specific properties make them suitable for applications
like sustainable packaging, addressing environmental and industrial challenges.

Keywords: sustainable materials; chemical pretreatments; physical treatment; films;
crystallinity

1. Introduction

The genus Eucalyptus, belonging to the Myrtaceae family, is native to Australia, New
Guinea, and Indonesia, and has been widely introduced in various parts of the world owing
to its adaptability to different environmental conditions [1]. This forest genus, known for
its robustness and accelerated growth capacity, has played a crucial role in the commercial
forestry sector, being a predominant genus in the formation of forests for the pulp and
paper industry [2]. Owing to their adaptability, Eucalyptus spp. have become some of
the most extensively cultivated species globally. In Brazil, they serve as the primary raw
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material for planted forests dedicated to cellulose production, highlighting their significant
economic importance in the industrial sector [3].

The extensive cultivation of Eucalyptus spp. has brought significant economic benefits,
such as the provision of timber for construction [4], pulp for paper [5], and medicinally
active products [6]. However, the introduction of this genus outside of its native range has
also brought substantial ecological challenges, including competition with native species
and reduced biodiversity [7]. These negative impacts are a direct consequence of the
expansion of eucalyptus plantations, which often suppress local ecosystems and affect
native flora and fauna [8].

In the industrial context, a significant part of eucalyptus biomass is harvested during
felling, which generates residual sawdust composed of pieces of bark, leaves, and sawn
trunks [9,10]. Eucalyptus spp. bark, which can correspond to 10-18% of the total volume of
processed wood, is a notable example of this type of residue frequently discarded or used
for energy generation [11,12].

Eucalyptus spp. bark is an abundant source of valuable constituents, including cellulose
(60-65%), hemicellulose (15-30%), and lignin (16-35%) [10,13,14]. This composition makes
it a promising raw material to produce new materials, such as biodegradable polymeric
films. Recent studies have explored the use of barks from several plant species as raw
material to produce sustainable films for different purposes, such as food, packaging,
pharmaceuticals, biocomposites, and drug carriers [15]. Notable examples include the use
of willow bark [16] and western red cedar bark [17], both of which have demonstrated
promising mechanical characteristics such as high strength and flexibility.

These plant-based materials are distinguished by their remarkable properties, such as
high strength, flexibility, and their ability to degrade in the environment without leaving
toxic residues, making them a sustainable alternative to traditional polymers [14,18]. In
this context, the use of Eucalyptus spp. bark is especially relevant, considering that Brazil is
one of the world’s largest producers of this tree, with cultivations occupying 5.1 million
hectares [19], corresponding to almost 61.5% of the areas designated for forestry [20].

To transform eucalyptus bark into films, it is necessary to make significant modifi-
cations to the structure of the biomass, a process which is complex due to the presence
of lignin and other components that hinder the accessibility and processing of the cellu-
lose [21]. Therefore, chemical pretreatments are essential in this process, as they facilitate
the separation and purification of the main components of the biomass [22]. Methods
such as acid and alkaline hydrolysis play a crucial role, as acid hydrolysis degrades the
hemicellulose and part of the lignin, while alkaline hydrolysis removes the lignin more
efficiently [23-25]. These treatments, along with other chemical and physical processes,
such as bleaching, aim to improve film-forming properties such as mechanical strength,
transparency, and crystallinity. The hydrothermal pretreatment, which uses only water
and heat, stands out as a more sustainable option, as it eliminates the need for chemical
agents in film formation [26]. Among the advantages of these processes is their efficiency
in cellulose purification and film property improvement, making them interesting for
various industrial applications [15]. Furthermore, these methods offer greater flexibility,
enabling adaptation of the material’s characteristics according to the specific needs of each
application. However, challenges include environmental impacts associated with the use of
strong acids and chlorinated agents, which generate potentially harmful residues, requiring
proper treatment to minimize contamination. Another challenge is the high energy and time
consumption, especially in relation to thermal and chemical processes, which can increase
operational costs. Finally, it is crucial to balance the technical efficiency of pretreatments
with the need to mitigate environmental impacts, reinforcing the importance of balancing
technical efficiency and environmental impact in the development of sustainable materials.
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Although each pretreatment technique has different yields, advantages, and limita-
tions, this study aims to explore the potential of Eucalyptus spp. bark for film production,
applying chemical and physical pretreatments to optimize the extraction of lignocellulosic
biomass constituents and improve the properties of the films. The uniqueness of this
research lies in the combination of chemical and physical techniques without the addition
of additives, such as crosslinkers, plasticizers, or stabilizers, for film formation, expanding
its relevance in the literature.

This study significantly contributes to the valorization of agro-industrial waste, such as
Eucalyptus spp. bark, through the implementation of sustainable practices aligned with the
principles of the circular economy. The transformation of this material into biodegradable
films through chemical and physical pretreatments demonstrates an innovative and efficient
approach that combines advanced technologies with environmental responsibility.

Therefore, this study directly contributes to the Sustainable Development Goals
(SDGs), especially SDG 12 (responsible consumption and production), by promoting cir-
cular economy practices and waste reduction, using Eucalyptus spp. bark to produce
renewable materials. Moreover, by applying technologies that enhance the lignocellulosic
structure, the work supports SDG 9 (industry, innovation, and infrastructure), developing
biodegradable alternatives to replace conventional polymers. The study also supports
SDG 13 (climate action) by reducing human dependence on non-renewable materials and
mitigating environmental impacts, such as carbon emissions and plastic pollution [27].
Thus, this work demonstrates how scientific and technological advancements can align
technical efficiency with global sustainability goals, contributing to a more responsible and
ecological future.

2. Materials and Methods
2.1. Material

The raw material used was woody biomass, more specifically tree bark of the genus
Eucalyptus spp., provided by the company CMPC (Compafiia Manufacturera de Papeles y
Cartones, Pelotas, Brazil), located in the port of the city of Pelotas-RS, Brazil. The reagents
used in this study were: sulfuric acid (H,SOj, technical grade 98%, Labsynth, Diadema,
Brazil), sodium hydroxide (NaOH, technical grade 98%, Dinamica Quimica Contemporanea
LTDA, Indaiatuba, Brazil), and sodium hypochlorite (NaClO, technical grade 6%, Dindmica,
Indaiatuba, Brazil).

2.2. Material Preparation

The Eucalyptus spp. bark was previously conditioned in an oven with air circulation at
60 °C for 24 h and was then manually separated and ground in a knife mill (MARCONI, MA
340, Piracicaba, Brazil). Subsequently, the raw material was sieved to obtain standardized
particles with a granulometry of 60 mesh [28].

2.3. Chemical Pretreatments

The raw material was subjected to different chemical pretreatments, with the aim of
separating the constituents such as cellulose, hemicellulose, lignin, and others (Figure 1).
The acid pretreatment was based on the methodology of Acosta et al. (2022) [29]. A total of
30 g of raw material was added to a glass bottle with a lid containing 2% H»SOy, ratio of
1:10 (w/v). The system was autoclaved at 121 °C and 0.101 Pa for 1 h. After autoclaving,
the solution was vacuum filtered and washed with hot water until it reached a neutral
pH, followed by drying in an oven at 50 °C for 24 h. An alkaline pretreatment with 7%
NaOH was performed under identical conditions but for a duration of 30 min based on the
methodology described by Alvira et al. (2010) [30].
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Figure 1. Mean values and standard deviations of the chemical constituents of the different analyzed
samples of Eucalyptus spp. bark. The same letters above the values indicate non-significant statistical
differences according to Fisher’s LSD test at a significance level of 5%.

The hydrothermal pretreatment was based on Aridi et al. (2021) [31]. A totalof 30 g
of raw material was mixed with distilled water at a ratio of 1:10 (w/v) in a sealed glass
jar. The mixture was then autoclaved at 121 °C and 0.101 Pa for 30 min. Then, the sample
was mechanically mixed at a speed of 3600 rpm, performing the process three times for
10 min, with the function of flexibilization and defibrillation of the particles. Subsequently,
it was vacuum filtered and washed with hot water until it reached a neutral pH, followed
by drying in an oven at 50 °C for 24 h.

The bleaching pretreatment occurred in two stages. The first stage involved delig-
nification as described in the alkaline pretreatment but using 120 g of raw material. The
second stage was based on the methodology described by Asadieraghi et al. (2014) [32].
For this, a 2% NaClO solution was added to the sample, in a proportion of 1:10 (w/7v), for
20 h at room temperature. Then, it was vacuum filtered and washed with hot water until it
reached a neutral pH before being placed in an oven at 50 °C for 24 h.

2.4. Physical Treatment

A total of 20 g of samples from each chemical pretreatment was processed in a su-
permass colloider mill (Masuko Sangyo, Kawaguchi-city, Japan) at 1500 rpm, in multiple
passes, with the addition of distilled water until a homogeneous gel was obtained. The
final concentration was adjusted to 2% by weight of each pretreatment, according to the
methodology described by Acosta et al. (2022) [29].

2.5. Film Production

The films were obtained following a methodology based on Acosta et al. (2022) [29].
A total of 3.5 mL of gel, previously obtained in the physical treatment, was used and
diluted in 4 mL of distilled water. The resulting solution was submitted to a filtration
system (kitassato, Biichner filter, and nylon filter membrane with a diameter of 47 mm
and a porosity of 0.22 pm) connected to a vacuum pump. The films formed on the nylon
membrane were stored in a desiccator until the water completely evaporated and the films
were formed.
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2.6. Characterization Techniques
2.6.1. Chemical Analysis

A chemical analysis was performed according to TAPPI T 222 om-11 standards [33]
using powdered samples of lignocellulosic biomass after chemical pretreatments. The
following determinations were made: ethanol-toluene extractive content, Klason lignin
content, cellulose content, holocellulose (remaining mass up to 100%), moisture content,
and ash content to quantify inorganic materials. The results, presented as the mean + SD,
were analyzed with ANOVA and Fisher’s LSD tests to identify significant differences, using
a significance level of 5% to compare the means between treatments and the control.

2.6.2. Morphological Analysis

Morphological analyses were performed using a scanning electron microscope (SEM,
model JEOL JSM-6610LV, Tokyo, Japan), operating with a beam current of 1 pA and a
voltage of 15 kV. Images were obtained at magnifications of 500x and 1000x, allowing
detailed observation of the particle surface and providing information on the morphology
and structure of the samples at the microscopic level. For preparation, the films were fixed
to aluminum sample holders with carbon adhesive tape, according to a methodology based
on the study by Ribeiro et al. (2023) [34].

2.6.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The films were analyzed using a Fourier transform attenuated total reflection infrared
(FTIR) spectrometer (Shimadzu Prestige-21, Kyoto, Japan). The analyses were performed
with 90 transmittance scans in the range of 600 cm ™! to 4000 cm !, with a spectral reso-
lution of 4 cm™!, in accordance with the guidelines of ASTM E1252-13 [35] for infrared
spectroscopy. For each test, the equipment lamp was aligned, and the background spectra
were collected. This approach allowed us to identify the main functional groups present in
the samples.

2.6.4. Thermal Analysis

The thermal stability of the samples was evaluated by thermogravimetric analysis
(TGA) using a Shimadzu DTG-60 thermal analyzer (Kyoto, Japan), following the ASTM
E1131-08 [36] standard for determining the thermal properties of solid materials. The
samples were heated from 28 °C to 800 °C, with a heating rate of 10 °C/min, under an
inert nitrogen (N,) atmosphere at a flow rate of 50 mL/min. The mass loss and mass
loss as a function of temperature (dw/dt) were determined, allowing for the accurate
characterization of the thermal concentration and thermal stability of the films.

2.6.5. Wettability Analysis

The contact angle measurement is a standard method for evaluating the wettability and
surface properties of materials. The films were placed on a glass slide and positioned in an
optical tensometer (Theta Lite; TL100, Stockholm, Sweden) controlled by the OneAttension
software. A microsyringe was used to deposit a drop of distilled water on the surface of the
films, and the image of the drop was recorded using the goniometer camera immediately
after contact. The analysis software was used to measure the contact angle between the
water drop and the surface of the films for 60 s.

2.6.6. Tensile Strength Analysis

The films produced were mechanically analyzed in a universal texturometer LY-TX-700
(Lamy Rheology, Champagne-au-Mont-d'Or, France) with a 10 N force sensor. The tensile
test was performed following the parameters described by ASTM D882-18 [37], adjusted to
a speed of 12 mm/min. The data obtained for maximum stress and modulus of elasticity
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were subjected to normality and variance analyses, with subsequent Fisher least significant
difference (LSD) analysis to detect significant differences between the values found. All
analyses were conducted at a significance level of 5%.

2.6.7. Transmittance Analysis

To characterize the optical properties of the obtained films, transmittance spectroscopy
analyses were performed in the UV-Vis region. The transmittance spectra were recorded
using an UV-Vis spectrophotometer (Shimadzu, model UV-2600, Kyoto, Japan), in the
wavelength range of 400 nm to 800 nm, allowing for the evaluation of the interactions
between the films and electromagnetic radiation in this spectral region.

2.6.8. Colorimetric Analysis

To determine the colorimetric parameters, the CIELab system (L* a* b*) was used
using the following coordinates: luminosity (L*), green-red axis (a*), and blue-yellow axis
(b*). A CR-400 colorimeter (Konica Minolta, Tokyo, Japan), with an observation angle of
10° calibrated with the porcelain calibrator and configured using a D65 light, was used to
determine the coloration of the films. This analysis was performed in triplicates.

The colorimetric parameters were analyzed: (i) L*, the closer to 100, the lighter the
color and the closer to O, the darker the color, (ii) a*, green-red coordinate, negative
markings indicate green colors, positive markings indicate red colors, and (iii) b*, blue—
yellow coordinate, negative markings indicate blue colors, positive markings indicate
yellow colors. For the analysis of color changes (AE), Equation (1) was used:

AE = \/(AL? + Ad* + Ab?) (1)

where AE is the variation of all colors, AL is the variation of lightness, Aa is the variation
of the red—green coordinate, and Ab is the variation of the blue-yellow coordinate. The
results, presented as the mean + SD, were analyzed through ANOVA and Fisher’s LSD
tests to identify significant differences, using a significance level of 5% to compare the
means between treatments.

3. Results and Discussion
3.1. Chemical Analysis

Figure 1 presents the results of the mean values and standard deviations of the chem-
ical characterization of the moisture, ash, extractive, lignin, hemicellulose, and cellulose
content of the samples studied after each pretreatment, in addition to the in natura material
from the bark of Eucalyptus spp.

The contents of the in natura form were found to consist of 49% cellulose, 24% hemi-
cellulose, 23% lignin, 3% extractives, 4% ash, and 9% moisture. These results are consistent
with the values found in lignocellulosic materials, such as eucalyptus residues, which
have structures rich in plant fibers. The studies by Fernandes et al. (2022) and Souza
et al. (2021) [10,13] reveal similar compositions, with approximately 50-60% cellulose,
20-30% hemicellulose, 20-30% lignin, 2-5% extractives, and 4-7% ash. These compo-
nents are responsible for the rigidity and resistance of the biomass, which can be used in
several applications.

The hydrothermal pretreatment resulted in 71% cellulose, 7% hemicellulose, and 15%
lignin. The extractive and moisture contents were 2% and 8%, respectively, while the ash
content was 6%. As observed by Mosier et al. (2005) [38], hydrolysis causes the partial
depolymerization of hemicellulose and lignin, facilitating the release of cellulose. These
findings were corroborated by Alvira et al. (2010) [30], who emphasize that hydrolysis
can be performed on the entire biomass, allowing for a greater recovery of cellulose.
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Furthermore, the hydrothermal pretreatment does not require specific reagents, using only
water to neutralize the hemicellulose present. Thus, it promotes the formation of non-toxic
acetyl groups and reduces the presence of inhibitory substances, characterizing itself as an
ecological and sustainable process [39,40].

The results found for the NaOH pretreatment reveal a cellulose content of 57%, a
hemicellulose content of 21%, and a lignin content of 18%. This confirms the effects of the
alkaline treatment, which breaks the bonds between the lignin and the hemicellulose, in
addition to removing phenolic compounds. According to Sun and Cheng (2002) [41], the
use of NaOH is effective at degrading the lignocellulosic matrix, facilitating the total or
partial removal of lignin and hemicellulose. Studies also state that NaOH can increase the
cellulose content in the lignocellulosic biomass by up to 60%, aligning with the results of
this study [42].

It was observed that the extractive and moisture contents were relatively low, 2%
and 6%, respectively; however, the ash, which presented a value of 18%, increased as a
result of the addition of salts during the treatment. Alkaline solutions, such as NaOH, are
widely used in the extraction of cellulose for composites, as they promote the structural
desquamation of the fibers, especially by removing hemicellulose and lignin. This process
favors defibrillation, exposing the hydroxyl groups on the surface of the fibers and forming
active sites for interaction with the polymer matrix. As a result, adhesion is improved,
since a larger surface area of the fibers allows interactions, such as hydrogen and covalent
bonds, improving the mechanical properties of the composite.

After the pretreatment by bleaching, the cellulose content was 72%, the hemicellulose
content was 9%, the lignin content was 4%, the extractive content was 0.7%, the mois-
ture content was 2%, and the ash content was 3%. According to the study by Aridi et al.
(2021) [31], NaClO is one of the most effective oxidizing agents at removing lignin and hemi-
cellulose, increasing the cellulose content. This process removes unwanted compounds,
such as lignin and other components present in the pulp, which can impart color and affect
the quality of paper production [43].

In the HySO4 pretreatment, there was a small increase in the cellulose content, which
was 43%, while the hemicellulose content was degraded to 19% and the lignin content was
reduced to 12%. Both moisture content, at 4%, and extractive content, at 3%, remained
low, while the ash content increased to 10%. According to Kumar et al. (2009) [44],
acid hydrolysis with HySO, preferentially degrades hemicellulose, generating soluble
components that are removed during washing, but it can also partially degrade cellulose,
as observed in this study. Taherzadeh and Karimi (2007) [45] also highlight that HySO4
is widely used for hemicellulose degradation, although cellulose loss is a disadvantage
in acidic conditions. The cellulose obtained from this process undergoes acid hydrolysis
mainly in the amorphous regions, preserving the crystalline regions which can be beneficial
for specific applications, including reinforcement in composites and packaging [46].

By comparing the pretreatments, it can be concluded that NaClO showed the best
results with respect to increasing cellulose content, followed by hydrothermal and alkaline
treatments with NaOH, while the treatment with H,SO4 was the least effective. These find-
ings agree with several studies that demonstrate the significant influence of pretreatments
on the chemical composition of the lignocellulosic biomass. Variations in ash, extractive,
and moisture contents reflect the conditions of each process and their impact on the final
structure of the biomass, being essential for selecting the most appropriate treatment for
specific applications.
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3.2. Morphological Analysis

The SEM images, presented in Figure 2, show changes in the structure of the fibers in
the film matrix, allowing a detailed evaluation of the changes that occurred.

Figure 2. Micrographs at (a1,b1,c¢1,d1) 500x and (a2,b2,c2,d2) 1000 x of the biomass films pretreated
as follows: (al,a2) hydrothermal, (b1,b2) NaOH, (c1,¢2) bleaching, and (d1,d2) H,SOy,.

In the biomass, lignin acts as a ‘binding agent’ between the cellulose and hemicellulose
chains, conferring rigidity and resistance to the biomass. The hemicellulose, on the other
hand, is intrinsically more of a ‘filling agent’. The presence or absence of these materials
influence the morphological properties of the films.

The films obtained from the hydrothermally pretreated biomass in Figure 2(al,a2)
presented an irregular surface. In contrast, the films from the biomass pretreated with
NaOH in Figure 2(b1,b2) revealed a more uniform and compact surface. These results
differ from the studies by Babu et al. (2022), Khathirselvan et al. (2019), and Jiang et al.
(2019) [47-49]. The studies by Babu et al. (2022) and Khathirselvam et al. (2019) [47,48]
indicate that an alkaline pretreatment generates more irregular surfaces in the fibers and is
potentially applicable to the reinforcement of polymeric matrices. Jiang et al. (2019) [49],
when analyzing films with different lignin contents, found that the film with the highest
lignin content presented a denser and more compact surface.

As reported in Section 3.1., alkaline pretreatments are effective at destructuring the
lignocellulosic matrix, facilitating the removal of lignin and hemicellulose. Although NaOH
does not completely remove lignin and hemicellulose [50], the residual amount of these
compounds present between the voids of the fibers, in addition to the roughness of the
cellulose fibers caused by this pretreatment followed by a physical treatment, suggests
a greater exposure of the hydroxyl groups (-OH) in its structure, which favors cohesion
between adjacent cellulose fibers, resulting in a more compact film and a smoother surface
appearance, in contrast to the micrograph obtained following the hydrothermal treatment.
From Figure 2(c1,c2), it can be seen that the bleaching process resulted in more fragmented
fibers compared to the alkaline pretreatment. This pretreatment removed most of the
biomass constituents, leaving the cellulose more evident.

Alternatively, films derived from biomass pretreated with H,SO, (Figure 2(d1,d2))
presented micrographs with smaller particle sizes, with a more irregular surface distribution
and the presence of pores on the surface of the films, resembling the results of Ban et al.
(2022) [51] from biomass pretreated with sulfuric acid for biochar production. Wang et al.
(2020) [52] explain that the cellulose resulting from acid hydrolysis makes the amorphous
regions of these fibers more susceptible to chemical reactions with strong acids, due to the
natural disorganization of the molecules in this region. This facilitates the accessibility of
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acids and, consequently, the hydrolysis of the cellulose chains present in these regions, in
contrast to the crystalline regions which are insoluble in these products.

Additionally, acid hydrolysis also modifies the structure of these crystals. H;SOy4
reacts with the hydroxyl groups on the surface of these cellulose crystals through an
esterification process, allowing the grafting of anionic sulfate ester groups [52]. Lin and
Dufresne (2014) [53] report that these sulfate groups are randomly distributed on the
surface of cellulose nanoparticles, and these negatively charged sulfate ester groups induce
the formation of a negative electrostatic layer and promote their dispersion in solvents,
resulting in electrostatic repulsion between individual nanoparticles.

By combining these reports, from a morphological point of view, it can be concluded
that H,SOy selectively hydrolyzes the less crystalline parts of the cellulose fibers, leaving
the crystalline regions intact, the latter being represented by particles. In this way, these
particles are modified by the insertion of sulfate groups obtained after the pretreatment
and thus acquire electrostatic repulsion, a phenomenon which suggests the formation of
pores on the surface of the films.

In summary, the controlled presence of lignin and hemicellulose, the exposure of the
hydroxyl groups of the cellulose fibers, and the interaction between these constituents can
influence the morphology of the films obtained through different pretreatments of euca-
lyptus bark biomass, possibly affecting the physical, chemical, and colorimetric properties.
These topics are discussed in more detail later.

3.3. FTIR Analysis

Figure 3 presents the normalized FTIR spectra of the films. The analysis allowed
for the identification of the changes in the functional bonds and chemical groups present,
providing interesting information about the structural transformations resulting from the
different biomass pretreatments applied.
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Figure 3. FTIR spectra of the films from the pretreated biomass.

The characteristic bands of OH (3500-3000 cm 1), C=0 (1870-1540 cm '), C-H
(2900 cm~1), C=C (17001400 cm~!), C-O—C (1500-1000 cm 1), and C-H (900-500 cm 1)
are associated with lignin, cellulose, and hemicellulose [54-56], explained in more detail in
Table 1.
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Table 1. FTIR spectral range of cellulose, hemicellulose, and lignin.

Spectral Range (cm~1) Vibration Functional Group Chemical Compound Reference
3500-3000 O-H stretching Hydroxyls Cellulose, hemicellulose, lignin [54,55,57-59]
1870-1540 C=0 stretching Carbonyls Hemicellulose [55,57,59]

2900 C-H stretching Aliphatic C-H Cellulose, hemicellulose, lignin [54,55,57-59]
1700-1400 C=C stretching Aromatic ring (C=C) Lignin [55,57,59]
1500-1000 C-O-C stretching C-O-C (glucose/ester) Cellulose, hemicellulose, lignin [54,55,57-59]

900-500 C-H stretching C-H in aromatic rings Lignin [54,55,59]

The alkaline pretreatment, compared to the hydrothermal pretreatment, for example,
resulted in a more intense band in the region of 3600-3000 cm !, a phenomenon which
aligns with the study by Qi et al. (2023) [60] on the surface properties for white oak and
poplar wood, reflecting the greater exposure of the hydroxyl groups which may be due to
the removal of lignin and hemicellulose, as reported in Section 3.2. Furthermore, the de-
crease in the bands at 1730 cm !, 1625 cm ™!, and 1239 cm ™! suggests a significant removal
of lignin and hemicellulose, contributing to the structural alteration of plant fibers [48]
which is consistent with the findings of Ajouguim et al. (2019) [61] for the plant Stipatenacis-
sima L. Additionally, Poulose et al. (2022) [50] report that alkaline pretreatments partially
remove lignin, waxes, hemicellulose, and pectin that surround cellulose in cell walls.

The chromophore groups present in the lignin structure, such as quinones, for example,
which can be conjugated with C=C bonds and C=0 functional groups, play an essential role
in light absorption, directly influencing the optical properties and color of the films, since
they are responsible for darker tones [62,63]. Pretreatment with NaOH, combined with
a physical treatment, in addition to modifying the cellulose structure, was able to reduce
the intensity of aromatic bands such as C=C and C=0, a phenomenon which may have
caused the rupture of the bonds, leading to the partial discoloration of the lignin which can
cause an increase in the luminosity (L*) of the films, as discussed in Sections 3.7 and 3.8 of
this study.

In the film obtained from the biomass bleaching pretreatment, the characteristic band
at 1625 cm ! also showed a reduction in its intensity compared to that of the films obtained
from the hydrothermal and alkaline pretreatments. Sayakulu and Soloi (2022) [64] found
similar characteristics when analyzing the effect of different concentrations of NaOH
(4-13%) on the cellulose yield through the pretreatment of empty oil palm bunches followed
by the bleaching process with 1.7% sodium chlorite (NaClO) solutions. They observed that
the frequency of the aromatic C=C group of the lignin (~1600-1590 cm~!) was reduced
after the alkaline treatment and completely absent after bleaching.

The acid pretreatment showed more intense bands, mainly around 3500 cm™!,
2900 cm~!, 1625 cm~!, and 1460 cm~!. Poulose et al. (2022) [50] report that acid hy-
drolysis, in addition to removing lignin and hemicellulose, can introduce sulfate groups on
the surface of cellulosic materials, as well as producing simpler sugars and/or altering the
cellulose structure, phenomena which may justify the broadening of the bands.

The crystallinity of the films was evaluated based on the calculation of the ratio of the
areas of the cellulose crystalline bands (around 1370 cm~1, 1425 em ™1, and 2900 cm’l) to
the total area of the spectrum, as shown in Equation (2) [65]. These areas were estimated
from the integration of the FTIR spectra using the Origin software (version 2018, 95E).

CI(%) = Crystalline region spectrum area < 100 @)
* 7 Total region spectrum area

Therefore, the total spectrum crystallinity index (CI) assumed values of 8.15%, 7.01%,
7.63%, and 10.80% for the hydrothermal, alkaline, acid, and bleached pretreatments, respec-
tively. The bleaching pretreatment promoted the highest crystallinity index owing to the
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removal of fewer crystalline constituents, such as lignin and hemicellulose. The chemical
and physical pretreatments had a direct impact on the crystallinity index and, consequently,
on the optical properties of the films. More crystalline structures tend to have a greater
density and molecular packing, phenomena which can result in greater light absorption
and, thus, lower transmittance.

3.4. Thermogravimetric Analysis

Based on the data in Figure 4a for the film formed from the hydrothermally pretreated
biomass, multiple stages of decomposition can be analyzed. The first stage, which presented
a mass loss of 6.11%, occurred at relatively low temperatures in the range of 104.85 °C
to 129.63 °C and was associated with the evaporation of residual water or the release of
light volatile compounds. This observation is consistent with previous studies reporting
the volatilization of light compounds and the removal of moisture in thermally treated
lignocellulosic materials [66].
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Figure 4. TGA analysis for films obtained from biomass subjected to different pretreatments: (a) hy-
drothermal, (b) NaOH, (c¢) NaClO, and (d) H,SOyq.

The second stage, characterized by a mass loss of 5.47% between 198.15 °C and
219.04 °C, was related to the initial decomposition of light organic components, such as
hemicelluloses. The presence of two subsequent stages, i.e., third and fourth, with signif-
icant mass losses of 41.14% (302.38 °C to 351.64 °C) and 31.11% (429.56 °C to 477.02 °Q),
respectively, was attributed to the thermal decomposition of cellulose and more resis-
tant components, such as lignin. This behavior has been widely documented in studies
on the thermal decomposition of biomaterials [67]. The Tonset and Tpeak for the main
decomposition stages can be found in Table 2.
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Table 2. Tonset and Tpeak values obtained for the main stage of thermal decomposition of the films
analyzed by TGA.

Main Stage
Films Obtained by Pretreatment Tonset (°C) Tpeak (°C) Mass Loss (%)
Hydrothermal 302.38 351.64 41.14
NaOH 300.53 361.24 50.11
NaClO 281.70 350.48 50.44
H,SO4 311.65 357.42 64.54

The last, i.e., fifth, stage, which occurred between 593.89 °C and 635.46 °C, presented
a small mass loss of 1.68%, possibly associated with the decomposition of carbonaceous
residues or the oxidation of inorganic materials present in the film. These results suggest
that the film derived from the lignocellulosic material subjected to the hydrothermal
process has a moderate thermal stability up to 219.04 °C, which may be adequate for some
applications, but may limit the use in high-temperature environments, as indicated by
other authors when evaluating similar materials [68].

Figure 4b shows the TGA for the film resulting from biomass pretreated with NaOH.
This chemical treatment, known to remove hemicelluloses and other impurities, resulted
in a matrix rich in cellulose and lignin. Two main significant stages were observed. The
first, occurring between 300.53 °C and 361.24 °C and characterized by a mass loss of
50.11%, indicates the degradation of a relatively pure matrix of cellulose and hemicellulose,
possibly due to the simplification of the biomass structure by the treatment. The literature
supports this observation, showing that the alkaline treatment promotes the removal of
hemicelluloses and the exposure of cellulose, resulting in a thermal decomposition range
of around 300 °C [41].

The second stage, occurring between 697.40 °C and 702.34 °C and characterized by a
mass loss of 14.96%, corresponds to the decomposition of lignin or carbonaceous residues
modified by NaOH, making them more resistant and requiring temperatures above 700 °C
for decomposition. This behavior was observed by other researchers, who highlight the role
of NaOH in modifying the lignocellulosic structure, conferring greater thermal resistance
to carbonaceous residues [68]. The film obtained from biomass pretreated with NaOH,
therefore, demonstrates greater initial thermal stability, concentrating the decomposition
within a higher temperature range which may be desirable in applications that require a
polymeric matrix with a lower impurity content.

Figure 4c shows the TGA for the film formed from the bark pretreated with NaClO, also
revealing two significant stages: the first stage, with a mass loss of 50.44% between 281.70 °C
and 350.48 °C, and the second stage, with a mass loss of 8.20% between 705.20 °C and
710.85 °C. The magnitude of the loss in the first stage indicates that this is the main phase of
degradation of the material and decomposition of the main components, such as cellulose
and lignin. The pretreatment by bleaching (oxidizing agent) may have weakened the
structure of both cellulose and lignin, facilitating the breakdown of these macromolecules
and resulting in a large mass loss. NaClO can introduce oxygenated groups into the
structure, making it more susceptible to thermal decomposition [57,69].

The second stage probably reflects the decomposition of carbonaceous residues or
resistant components that were not completely degraded in the first stage. Compared to
the hydrothermal and NaOH treatments, the NaClO treatment resulted in a significant
loss of mass at lower temperatures, suggesting a lower thermal stability of the material, as
reported in studies using similar treatments [70].

Finally, Figure 4d shows the TGA for the film obtained from the biomass pretreated
with HySOy. This pretreatment also revealed two main stages of decomposition. The first,
with a significant mass loss in the temperature range of 311.65 °C to 357.42 °C, corresponds



Polymers 2025, 17, 105

13 of 24

to the main decomposition of the polymeric components, such as cellulose and lignin. The
high mass loss of 64.54% suggests that most of the structural components of the film are
degraded during this stage, in accordance with studies indicating that HySO4 promotes
acid hydrolysis, fragmenting the polymer chains [32].

The second main stage of decomposition, with a mass loss of 13.11% between 665.43 °C
and 671.15 °C, suggests the presence of carbonaceous residues or components more resistant
to decomposition.

It was observed that the films obtained from the biomass subjected to the alkaline
and acid pretreatments presented a high amount of carbonaceous residue in relation to the
other pretreatments. The literature indicates that strong acids or bases tend to form more
complex carbonaceous residues, a phenomenon which may explain the observed thermal
resistance [71,72]. These results suggest that the treatment with H,SO4 weakened the film
structure, facilitating its thermal degradation in comparison to other pretreatments.

The thermogravimetric analysis (TGA) results provide critical insights into the practi-
cal applicability of the films in real-world scenarios, particularly in the context of packaging
solutions for environments with extreme temperatures. NaOH-treated films, which exhibit
an improved thermal stability, are particularly suitable for applications requiring resis-
tance to elevated temperatures. These include packaging for processed foods, ready-to-eat
meals, or products subjected to reheating or thermal processes during transportation and
storage [73,74].

In contrast, the films treated by bleaching, which demonstrate a lower thermal stability,
may be more appropriate for packaging solutions intended for cold storage environments,
where thermal demands are lower. Additionally, these films often exhibit good optical
clarity, making them ideal for applications where product visibility is crucial, such as in the
display of fresh produce or refrigerated goods [75].

The selection of the pretreatment process, and, consequently, the type of film, should
not only consider thermal properties, but also account for the specific requirements of the fi-
nal application, such as mechanical strength and optical clarity. The results presented herein
highlight the potential of NaOH-treated films for applications in hot environments, while
bleached films offer sustainable solutions for conditions involving reduced temperatures.
By tailoring the pretreatment methods to the intended use, these biopolymer-based films
can address a range of practical needs, aligning with sustainability goals and expanding
the applicability of bio-based materials in diverse packaging industries.

3.5. Wettability Analysis

Figure 5 presents the results of the surface wettability analysis of the films studied
over 60 s, allowing for the evaluation of their hydrophilic (6 < 90°) or hydrophobic (6 > 90°)
behavior. These contact angle values, used to determine the degree of wettability, are in
agreement with the parameters established by [76,77].

The results obtained show significant differences with respect to the hydrophobic and
hydrophilic behavior of the different films. The film resulting from the biomass subjected
to the hydrothermal pretreatment initially presented a contact angle of 6~96°, indicating a
hydrophobic behavior. However, over time, this value decreased, until it reached 6~48° at
60 s, reflecting an increase in hydrophilicity. This behavior can be attributed to the presence
of functional groups exposed on the surface of the film. The hydrothermal pretreatment
exposes a greater number of hydroxyl groups, intensifying the interaction with water.
These results are in agreement with the observations by Wang and Howard (2017) [78], who
reported that thermal pretreatments modify the surface structure of the films, resulting in
significant variations in wettability.
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Figure 5. Wettability analysis of films from the pretreated biomass.

For the film originated from the biomass pretreated with NaOH, the initial contact
angle was 0~64°, indicating a greater hydrophilicity compared to the film derived from the
hydrothermal pretreatment. Water absorption occurred more slowly, resulting in an angle
of 0~21° at 60 s. The action of NaOH promoted the partial removal of surface constituents,
exposing a greater number of hydroxyl groups which, in turn, increased the hydrophilicity
of the films. These results corroborate those reported by Li et al. (2017) [79].

The films obtained from the biomass that was processed by bleaching exhibited
an initial contact angle of approximately 6~105°, presenting a slower water absorption
compared to the other films analyzed. After 60 s, the final contact angle was 6~85°, which
indicates a smaller variation in wettability and a greater stability of the film surfaces.

According to Rbihi et al. (2020) [80], monolayer (6~52.9°) and bilayer (6~45.6°) cellu-
lose films demonstrate a greater tendency toward wettability, while cellulose/TiO; films
exhibit reduced contact angles (6~10° in 5 min). On the other hand, the bleached films
showed more pronounced hydrophobic properties, attributed to the efficient removal of
lignin and hemicellulose. This removal resulted in greater compaction of the cellulose
fibers, conferring greater resistance against water penetration. These characteristics make
the bleached films promising for applications requiring stability and low water absorption.

The chemical bleaching process removes non-cellulose components and impurities
from the surface of the fibers, resulting in greater exposure of the cellulose fibers. This
removal increases the contact area between the fibers, favoring more robust physical and
chemical interactions between them. With the cellular structure more exposed, the fibers
intertwine more effectively, increasing the density and integrity of the fibrous network.
As a result, the surface of the films becomes more resistant to water absorption, since the
greater compaction of the fibers reduces moisture permeability, making it difficult for water
molecules to penetrate.

The films generated from the biomass pretreated with H,SO; initially exhibited a
contact angle of approximately 6~110°, which suggests a more pronounced hydrophobic
behavior compared to the other films analyzed. This high contact angle value indicates
a low affinity with water in the initial interaction phase. However, over time, a rapid
water uptake was observed, with the contact angle decreasing drastically to 0~15° in
just 15 s, evidencing a transition to a highly hydrophilic behavior. This phenomenon
can be explained by the hydrolysis promoted by the acid treatment which results in the
partial degradation of the surface components of the material and the exposure of hydroxyl
groups. As described by Wu et al. (2020) [81], acid hydrolysis breaks the bonds between
macromolecules, exposing polar groups such as hydroxyls which significantly increase the
interaction of the material with the water molecules.
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3.6. Tensile Strength Analysis

Figure 6 shows the data resulting from the tensile strength tests performed on the films.
It is important to highlight that the film obtained from the biomass pretreated with H,SO4
could not be analyzed, since the acid hydrolysis process caused structural damage to the
cellulose chains, resulting in a fragile and brittle film which made it difficult to perform
the analysis. According to Huang and Fu (2013) [82], H,SO4, when catalyzing hydrolysis,
attacks the glycosidic bonds of the cellulose, converting the cellulose polymers into smaller
molecules, such as oligosaccharides and monosaccharides. Thus, this process reduces the
length and integrity of the cellulose chains, weakening the overall structure of the material.
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Figure 6. Mechanical properties in terms of (a) stress—strain curves, (b) maximum stress, and
(c) Young’s modulus of the films produced from differently pretreated biomass. The same letters
above the bar charts indicate non-significant statistical differences according to a Fisher’s LSD test at
a significance level of 5%.

As illustrated in Figure 6b, the maximum stresses of the films subjected to the different
pretreatments varied as follows: the films resulting from the hydrothermally pretreated
biomass presented a maximum stress of 4.1 MPa, with NaOH, they reached 8.8 MPa, while
the bleaching resulted in a maximum stress of 3.3 MPa. Although the differences between
the treatments were not statistically significant, it can be observed that the film of the
bark pretreated with NaOH stood out both in terms of the Young’s modulus (331.3 MPa)
(Figure 6¢) and in terms of the maximum stress (8.8 MPa), surpassing the films obtained
from the other pretreatments.

The removal of lignin and hemicellulose during chemical pretreatments plays a crucial
role in improving the mechanical properties of films. Lignin, being a highly branched
three-dimensional polymer, contributes to the rigidity and compressive strength of biomass.
Its partial or total removal increases the ability of cellulose fibers to interact with each
other, creating a more compact and cohesive matrix. Similarly, hemicellulose, which acts
as an amorphous polymer around the fibers, limits the formation of interfacial bonds. Its
removal allows for a closer positioning of the cellulose fibers, contributing to increased
mechanical strength.
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The superior performance of the film formed from the biomass pretreated with NaOH
can be attributed to its action in the partial depolymerization process of lignin which
promotes the breaking of long polymer chains into smaller segments. This phenomenon
facilitates the integration of lignin into the cellulose matrix, improving its homogeneous
dispersion within the polymer structure. The presence of lignin with shorter and better
distributed chains results in a reduction in film porosity, as reported in Section 3.2. Less
porous films tend to exhibit better mechanical properties, as they present greater mechanical
strength. In addition, the physical treatment performed after the pretreatment with NaOH
contributed to an additional reduction in particle size which further contributed to the
dispersion and reduction of film porosity. This combination of treatments, both chemical
and physical, resulted in the formation of a more cohesive and mechanically stable structure,
explaining the increase in tensile strength and the superior performance in terms of Young’s
modulus (Figure 6c¢).

Another relevant factor is related to the interaction between the polymer chains of
the cellulose. The depolymerization promoted by NaOH exposes free hydroxyl groups
(OH) in the cellulose chains, allowing the formation of stronger hydrogen bonds between
the chains and contributing to a greater internal cohesion of the material. These additional
bonds result in a mechanically resistant matrix.

The results obtained for the films pretreated with NaOH are consistent with the study
by Sun and Cheng (2002) [41], who reported a mechanical strength in the range of 8-10 MPa
for lignocellulosic films treated with alkaline solutions. This similarity reflects the positive
impact of lignin removal and exposure of active functional groups on improving structural
cohesion. In contrast, the hydrothermally treated films presented lower values, in line with
the results of Mosier et al. (2005) [38], who report reduced strength due to the presence of
residual hemicellulose.

In comparative terms, the mechanical properties of the films obtained in this study
are as good as those of other biodegradable films reported in the literature. For exam-
ple, Xia et al. (2021) [24] report a tensile strength of 7 MPa for modified cellulose films,
values slightly lower than those obtained with the alkaline pretreatment described here.
Furthermore, the observed maximum strength exceeds that of films based on starches or
chitosans, which generally present values between 3 MPa and 6 MPa, as reported by Chen
et al. (2019) [18].

The differences in mechanical properties can be attributed to the interaction between
the type of pretreatment and the resulting structural characteristics. The alkaline pre-
treatment not only efficiently removes lignin and hemicellulose, but also facilitates a
homogeneous distribution of the fibers and the formation of robust intermolecular bonds.
In contrast, the pretreatment by bleaching, although effective at removing lignin, results in
more fragmented fibers and less exposure of hydroxyl groups, compromising the mechani-
cal performance.

These observations highlight the importance of aligning pretreatments with the spe-
cific demands of the end applications, whether they are focused on mechanical strength,
flexibility, or biodegradability.

NaOH-treated films, owing to their greater mechanical strength, are particularly
suitable for applications where a robust and durable material is required. Examples include
packaging for the transport of heavy or sharp products, such as metal tools and utensils,
and industrial applications where materials are subjected to significant mechanical stresses.
In addition, their high strength makes them ideal for use in protective films that require
durability under adverse conditions, such as in logistics processes or prolonged storage.
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3.7. Transmittance Analysis

The transmittance of a film is a crucial parameter for evaluating its optical properties,
especially with respect to applications such as biodegradable packaging, where trans-
parency can directly influence the functionality and aesthetics of the final product [83].
Films with high transmittance are desirable for applications that require visibility of the
contents, while films with low transmittance can be useful as protective light barriers [84].

In this study, the transmittance of the films was evaluated, as illustrated in Figure 7,
and the values are presented in Table 3. The transmittance analysis was performed at
two specific wavelengths, i.e., 400 nm (at the UV-visible edge) and 633 nm (in the visible
range), to evaluate the impact of the pretreatments on the optical properties of the films.
It is important to highlight that the analysis of the film obtained from the acid-pretreated
biomass could not be performed. This is due to the fact that the film proved to be fragile
and brittle, as previously reported.
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Figure 7. UV-Vis spectra of the films from the pretreated biomass.

Table 3. Transmittance values of the films from the pretreated biomass.

Films Obtained by Pretreatment T (%) at 400 nm T (%) at 633 nm
Hydrothermal 0.002 0.038
NaOH 0.048 0.492
Bleaching 0.039 0.160

The films resulting from the pretreated biomass presented significant variations in
transmittance values (%T), reflecting the different compositions and structures resulting
from these pretreatments.

In general, the films had a high light barrier capacity, exhibiting a relatively low
transmittance range of less than 1%. With respect to applications requiring a light barrier,
such as light-sensitive food packaging or visual control materials, these films are the most
promising owing to their low transmittance values.

The film obtained from the hydrothermally pretreated biomass showed extremely
low values of optical transmittance in the wavelength ranges of 400 nm (0.002%) and
633 nm (0.038%). This sharp reduction in transmittance can be attributed to changes in
both the morphology and crystallinity of the material. The morphological analysis by SEM
in Section 3.2 revealed an irregular and rough surface, which intensifies the scattering and
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absorption of light, directly contributing to the decrease in transmittance. Rough surfaces
generate multiple points of reflection and refraction of light, reducing the transparency of
the film. Another factor to be considered is the crystallinity of the film. Film resulting from
hydrothermally pretreated biomass showed a higher crystallinity index (CI%) than the films
pretreated with NaOH and bleach, as reported in Section 3.3. Crystallinity affects the optical
properties of the material by influencing the degree of ordering of the polymer chains [85].
In contrast, the film obtained from the biomass pretreated with NaOH, which presented a
higher transmittance of 0.048% at 400 nm and 0.492% at 633 nm, had a smoother surface
and a lower degree of crystallinity, explaining the better optical performance observed.

The film obtained from the biomass pretreated by bleaching presented a transmittance
of 0.039% at 400 nm and a transmittance of 0.160% at 633 nm, indicating an optical behavior
intermediate between that of the films subjected to hydrothermal and NaOH pretreatments.
This behavior may be related to the partial degradation of the cellulose during bleaching,
a process that enhances the oxidation of cellulose hydroxyls, altering its crystallinity and
increasing light absorption, thus contributing to the greater opacity of the film.

The scattering properties and light absorption of the films developed in this study can
be compared with those of materials commonly used as light barriers in packaging, such
as synthetic polymers (e.g., opaque polyethylene terephthalate) and metallized polymers.
While synthetic polymers do not have additives to reduce transmittance, films derived
from hydrothermally treated biomass exhibited effective light barrier abilities with a trans-
mittance of only 0.002% at 400 nm, owing to their high crystallinity index and irregular
surface which intensify light absorption and scattering. Likewise, films treated with NaOH,
despite presenting lower crystallinity, also demonstrated good efficiency as light barriers,
comparable to opaque polymers owing to their structural uniformity and ability to scatter
light. Unlike metallized materials, which have high environmental impacts, biomass-based
films stand out for their sustainable origin and biodegradability, providing a sustainable
alternative with a competitive performance in the context of applications that require
light protection.

Thermogravimetric analysis results provide critical insights into the practical ap-
plicability of films in real-world scenarios, particularly packaging solutions for extreme
temperature environments. NaOH-treated films, which exhibit improved thermal stability,
are particularly suitable for applications requiring resistance to elevated temperatures.
This includes packaging for processed foods, ready-to-eat meals, or products subjected to
reheating or thermal processes during transportation and storage. The improved thermal
stability of these films can be attributed to the efficient removal of amorphous components,
such as hemicellulose, and to the exposure of the hydroxyl groups which increase the
structural cohesion of the material [56,61]. In contrast, bleach-treated films, which demon-
strate a lower thermal stability, may be more appropriate for packaging solutions intended
for cold storage environments, where thermal demands are lower. Furthermore, these
films generally exhibit a superior optical clarity, making them ideal for applications where
product visibility is crucial, such as in the display of fresh or refrigerated products [77,78].
The selection of the pretreatment process, and, consequently, the type of film, should not
only consider thermal properties, but also the specific requirements of the end application,
such as mechanical strength and optical clarity. The results presented here highlight the
potential of NaOH-treated films for applications in hot environments, while bleached films
offer sustainable solutions for conditions involving reduced temperatures. By tailoring the
pretreatment methods to the intended use, these biopolymer-based films can address a
variety of practical needs, aligning with sustainability goals and expanding the applicability
of bio-based materials across a range of packaging industries.
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3.8. Colorimetric Analysis

The chromaticity results are associated with the removal of biomass constituents
which occurs because of the different chemical pretreatments applied. This removal directly
impacts the optical properties of the films, reflecting significant changes in their color, as
shown in Figure 8 for the chromatic parameters L*, a*, and b*.
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Figure 8. Colorimetry: (a) luminosity (L*), (b) green—red coordinate (a*), (c) blue-yellow coordinate
(b*), (d) variation of all colors (AE*). The same letters above the bar charts indicate statistically
insignificant differences according to a Fisher’s LSD test at a 5% significance level.

In general, luminosity (L*) varied significantly across the different pretreatments. The
films from the biomass pretreated hydrothermally and with H,SO4 presented lower L*
values of 40.89 and 42.34, respectively, indicating a darker coloration. In contrast, the films
produced from the biomass subjected to alkaline and bleaching pretreatments exhibited
higher luminosity values of 57.65 and 52.57, respectively. The abundance of lignin is a
crucial factor for the decrease in the luminosity of the films, since lignin contributes to the
darker coloration, usually brown [86].

In the case of the film formed from the hydrothermally pretreated biomass, which
presented a significant lignin content of 15%, as reported in Section 3.1, this resulted in
low luminosity and a darker appearance. The film resulting from the bark subjected to
the alkaline pretreatment, such a bark containing an even higher lignin content of 18%,
exhibited a lighter coloration. This discrepancy in luminosity can be attributed to the effect
of the alkaline pretreatment, which is capable of removing or modifying the chromophore
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compounds present in the lignin which are responsible for light absorption and the dark
coloration. NaOH causes the breaking of the chemical bonds in chromophore groups, such
as C=0 and C=C, resulting in partial discoloration of the lignin and, consequently, in films
with higher luminosity.

Thus, although both biomass pretreatments resulted in films containing high amounts
of lignin, the difference in the chemical processing explains the significant variation in the
color of the resulting films.

The chromaticity of the a* coordinate (green—red) resulted in films exhibiting reddish
tones, except for the film obtained from the biomass subjected to the bleaching pretreatment.
This can be explained by the fact that, in such a treatment, lignin is practically eliminated,
with the cellulose remaining predominant. In the b* coordinate (blue—yellow), all films
presented a yellowish tone.

4. Conclusions

The study demonstrates that Eucalyptus spp. bark, subjected to different chemical and
physical pretreatments, is a promising source to produce biodegradable films with varied
chemical, thermal, mechanical, and optical properties. The alkaline pretreatment resulted
in films with a greater mechanical strength and thermal stability, while the bleaching
pretreatment promoted increased crystallinity and lower hydrophilicity. Conversely, the
hydrothermal pretreatment influenced the reduction in optical transmittance and the
modification of the surface morphology, generating films with a greater light barrier
capacity. Each biomass pretreatment conferred specific characteristics to the films, making
them interesting for different applications, such as biodegradable packaging and materials
with improved optical properties. To improve performance and sustainability, further
optimization of the pretreatment conditions—such as adjusting temperature, time, and
reagent concentrations—could enhance film properties, including mechanical strength
and thermal stability. Additionally, the incorporation of natural fibers or nanoparticles
could increase the functionality of the films, providing further advantages in terms of
resistance and performance. The development of multilayer films or active coatings could
extend their use, not only as food packaging but also for agricultural purposes, such as
biodegradable seed coatings or soil moisture control. Thus, this work contributes to the
development of sustainable solutions by valorizing agro-industrial waste and promoting
the use of biopolymers to replace conventional polymers, in line with the principles of
the circular economy. These solutions could significantly reduce plastic waste in the food
packaging and agricultural sectors, demonstrating a path toward a more sustainable future.
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